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Editorial on the Research Topic
 Management of Patent Ductus Arteriosus in Preterm Infants



Since the first known description of the human ductus arteriosus by Galen almost 2,000 years ago, basic scientists and medical professionals have extensively researched the ductus arteriosus (1, 2). In 1938, surgical patent ductus arteriosus (PDA) closure was the first corrective surgery performed for congenital heart disease by Robert E. Gross in Boston. Furthermore, interventional transcatheter PDA closure was described in 1967 by Werner Porstmann at the Charité Hospital in Berlin (1–3). In addition, the pivotal roles of prostaglandins and oxygen and their mechanisms in mediating DA closure were uncovered during the 1970's, which led to the introduction of pharmacological therapies for preterm infants with PDA (1–3). However, despite over 15,000 Medline-listed publications related to the ductus (4), the PDA of preterm infants remains an elusive condition that still challenges neonatologists and pediatric cardiologists today. Specifically, there is significant uncertainty on when and how ductus arteriosus closure in preterm infants should be attempted (5, 6). Due to a high spontaneous closure rate even in very immature preterm infants, an expectant approach may be justified in numerous cases (7). On the other hand, certain selected infants with hemodynamically significant PDA (hsPDA) may benefit from intervention, be it pharmacological, interventional, or surgical (8, 9). However, there is no consensus on the clinical and echocardiographic definition of hsPDA (10). In addition, although a hsPDA may have an impact on common neonatal morbidities such as bronchopulmonary dysplasia (BPD), pulmonary and intraventricular hemorrhage (IVH), necrotizing enterocolitis (NEC), retinopathy of prematurity, neurodevelopmental impairment, and eventually mortality, clear evidence for a causal relationship between hsPDA and these conditions is scarce (5–10). Within this Research Topic we present a collection of 24 articles, including 13 original articles, 6 systematic reviews/meta-analyses, and 6 review articles, that cover different aspects of PDA in preterm infants.

First, in a comprehensive review article, Ovali provides an overview on molecular and mechanical mechanisms that regulate ductus arteriosus closure in human preterm infants. Besides a detailed description of biochemical and molecular pathways involved in physiological ductus arteriosus closure, the author also describes signaling and cellular pathways that contribute to persistently PDA in preterm infants. In their mini-review and systematic review articles, Sallmon et al. and Gonzalález-Luis et al. specifically focus on the controversial role of platelets in human preterm ductus arteriosus closure. Their combined evidence suggests that low platelet counts are associated with PDA in preterm infants, while the clinical significance of these findings is still unclear. The meta-analysis by Liu et al. further explores risk and outcome factors that are associated with PDA in preterm infants. The authors found significant associations between PDA and immaturity, chorioamnionitis, sepsis and respiratory distress, but also between PDA and BPD, IVH and NEC, among others. However, the causality between those associations remains unclear. Canpolat et al. present additional data that suggest that surfactant application beyond the first 2 h of life is associated with a higher incidence of PDA as compared to earlier surfactant administration.

In the next article, Singh et al. provide an overview on the echocardiographic diagnosis and hemodynamic evaluation of PDA with a special focus on extremely low gestational age newborn infants. In a retrospective cohort study of preterm infants, Choi et al. further explore the relationship between echocardiographically determined ductal size, markers of shunt volume, and postnatal age. They report that ductal size within the first 3 days of life cannot adequately predict shunt magnitude, thus highlighting the need for a more complex echocardiographic evaluation of the rapidly evolving hemodynamic changes that occur during the first few days of life.

The important topic of spontaneous PDA closure is covered by a systemic review article by de Klerk et al.. In another original article, Bravo et al. describe a predictive model for spontaneous PDA closure, which is based on echocardiography and gestational age. In addition, Gonen et al. present their pilot study on a scoring system for early prediction of hsPDA development, which is entirely based on clinical criteria without echocardiographic examination. Three further original articles by Huizing et al., Coviello et al., and Bardanzellu et al. examine the associations between plasma amino acids, isoprostanes, and urinary metabolomics and PDA, respectively. Beyond, exploring the potential use of those substances as early biomarkers, these investigations may also stipulate further mechanistic research on the role of certain metabolites in neonatal PDA biology.

The following articles focus on different aspects of treatment in preterm infants with PDA. Nowadays, several clinicians prefer a conservative management approach in most infants with PDA. Sung et al. provide an overview on this option with a special focus on extremely immature infants. In their meta-analysis, Hundscheid et al. compare outcome measures between retrospective and randomized controlled trial data on conservative PDA management. The authors conclude that there still is a lack of high-quality studies on conservative PDA management. Likewise, a meta-analysis by Jansen et al. which focusses on factors associated with benefit of PDA treatment, acknowledges a low quality of available evidence. In their analysis, the only benefit of PDA treatment was a reduction in IVH rate in certain infants, while other outcome parameters were not influenced by PDA treatment. In a prospective, observational cohort study comparing conservative and medical PDA management, Okulu et al. fail to demonstrate any association between PDA treatment and outcome improvement. Of note, the authors even observed higher rates of BPD and mortality in infants treated before the first 7 days of life as compared to those treated later and those who were managed conservatively. Two further original articles focus on different approaches to identify at-risk infants, thereby limiting the potential exposure to PDA therapies. Firstly, Terrin et al. present their initial results on echocardiography-guided PDA therapy and, secondly, Ibrahim et al. report on their experience after introduction of a selective treatment approach limited to high-risk infants ≤ 800 g or < 27 weeks of gestational age.

Next, Parkerson et al. present an excellent overview on contemporary PDA-management strategies based on their pioneer role in establishing transcatheter PDA closure as an alternative therapeutic option in very immature infants. Besides interventional approaches, the authors also cover conservative, pharmacologic and surgical treatment options. Interventional PDA closure in extremely premature infants is further discussed in detail in a review article by Fraisse et al. who advocate for a validation of the initially promising results on interventional PDA closure by randomized controlled trials. While transcatheter PDA closure has been approved for infants ≥ 700 g and after 3 days of birth, surgical PDA ligation may still be required in smaller infants and in PDA which are not suitable for interventional closure. Olsson et al. present their results from a matched-cohort study on extremely preterm infants with and without PDA ligation. They show that infants in the ligated group exhibited a higher rate of severe BPD, but did not differ otherwise from the non-ligated group. Furthermore, Yang et al. report on their initial experience with PDA ligation in infants with a bidirectional shunt pattern, traditionally considered a contraindication for PDA closure. They suggest that selected infants with bidirectional shunt may benefit from PDA closure, although a higher perioperative risk needs to be weighed against the potential benefits of closure. Finally, Engeseth et al. show that infants who underwent surgical PDA ligation showed a higher incidence of exercise-induced breathing and voice problems during mid-childhood as compared to infants without PDA surgery.

In conclusion, despite an improved pathophysiologic understanding of PDA, the articles presented in this Research Topic of Frontiers in Pediatrics illustrate that several aspects of PDA management in preterm infants are still controversial. While a growing body of evidence suggests that a conservative approach is safe and efficient in most infants, the identification of selected at-risk patients who likely benefit from treatment is of utmost importance in order to provide tailored-care (5–9). Careful clinical and echocardiographic examinations are required to understand the current hemodynamic situation of each patient at each given time point. However, standardized validated protocols for hsPDA assessment are still lacking (5, 10). Furthermore, the optimal timing of treatment and the choice of the therapeutic modality (conservative, pharmacologic, interventional, surgical) are still subject to debate (5–8). Thus, there is a need for additional randomized-controlled trials that specifically address these issues in the high-risk population of extremely immature infants with PDA (9). In the meantime, adopting an individualized approach based upon clinical and echocardiography parameters seems sensible and appropriate. We hope that the collection of articles presented herein will further stipulate research efforts in order to optimize the care of preterm infants with PDA.
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Introduction: Early rescue surfactant is the most effective way of administering surfactant but many infants still receive surfactant later. Our aim was to explore the association between timing of surfactant administration and the development of patent ductus arteriosus and other neonatal morbidities.

Materials and method: This retrospective study analyzed 819 preterm infants under 30 weeks of gestational age and under 1,500 g.

Results: Five hundred and ninety three infants received surfactant during the study period, of these 365 received it within 2 h of life (early group) and 228 received it after two h (late group). Patent ductus arteriosus was detected in 175 (48%) of the early group and 168 (74%) of the late group, p = 0.001. Multinominal logistic regression analysis demonstrated that receiving surfactant after 2 h of life has a OR 3.5 (2.2–5.64 95 % CI) and a p-value of 0.001 for developing patent ductus arteriosus.

Conclusion: In this study population we observed that late surfactant administration is associated with increased risk of patent ductus arteriosus.

Keywords: surfactant, early rescue, patent ductus arteriosus, respiratory distress syndrome, preterm infant


INTRODUCTION

Respiratory distress syndrome (RDS) is the most common respiratory disease among preterm infants. Surfactant replacement therapy is an effective treatment for respiratory distress syndrome (1). Surfactant therapy has been shown to reduce disease severity and air leaks leading to improved survival (1). Although management has evolved gradually over the years early rescue surfactant administration is superior to late treatment (2). Previous trials showed that surfactant given earlier in the course of disease works better than later in terms of reducing air leaks (2) and avoiding mechanical ventilation if the intubate-surfactant-extubate (INSURE) technique is used (3). European Consensus Guideline 2019 recommended that early rescue surfactant should be standard (1) and there are occasions when surfactant should be given in the delivery suite, such as when intubation is needed for stabilization.

In some previous reports, early administration of surfactant is associated with shorter duration of ventilation, longer duration of continuous positive airway pressure and longer hospital stay but had little or no impact on bronchopulmonary dysplasia and/or mortality (4). There are limited and controversial data about the effect of surfactant timing on patent ductus arteriosus (5, 6). One recent trial with a large number of patients concluded that neonates in the late surfactant group who received more than one dose of surfactant were at higher risk of bronchopulmonary dysplasia, retinopathy of prematurity and patent ductus arteriosus requiring ligation (7).

Therefore, our aim was to investigate the relationship between timing of surfactant and development of patent ductus arteriosus. A secondary aim was to compare other neonatal morbidities among these groups.



METHOD

We retrospectively analyzed 819 cases of infants hospitalized in our neonatal intensive care unit during the study period (the years 2013–2018): 593 of these babies received surfactant. The infants were born at <30 weeks of gestation and had birth weight ≤1,500 g. We divided the patients into two groups based on timing of surfactant therapy: the early surfactant group (365 infants) receiving surfactant within 2 h of life and the late group (228 infants) receiving it after 2 h.

In this retrospective cohort, preterm infants with major congenital anomalies, infants with futile or palliative care, and missing information about surfactant administration time were excluded from the study.

Although the FiO2 requirement >30% in infants with respiratory distress syndrome findings is considered to be an important predictor of the severity of respiratory distress syndrome and non-invasive ventilation failure, considering the high surfactant treatment rates in Turkey, we used administering surfactant in infants who require ≥40% FiO2 during the study period (2013–2018) as our Turkish Guideline recommended (8). All very low birth weight preterm infants received continuous positive airway pressure (CPAP) as initial respiratory support in the delivery room.


Definitions of Outcomes

Echocardiographic criteria for a diagnosis of patent ductus arteriosus (PDA) were duct size >1.5 mm, a left atrium-to aortic root (LA:Ao) >1.5, left-to-right shunting of blood, end-diastolic reversal of blood flow in the aorta or poor cardiac function in addition to signs of PDA. Two-dimensional color Doppler echocardiography was performed using a GE Vivid 7 Pro, 10S transducer (GE Healthcare, Salt Lake City, Utah). Patent ductus arteriosus was defined as the requirement for medical treatment with evidence of echocardiographic findings at least once at any time during the NICU (Neonatal Intensive Care Unit) admission.

Cranial ultrasound imaging results were based on the worst finding at any given time for this patient before discharge: intraventricular hemorrhage grade III/IV was defined as intraventricular hemorrhage with ventricular enlargement as Papile et al. reported (9). Early onset sepsis was defined as isolation of bacterial, fungal, or viral organism from blood or cerebrospinal fluid in a symptomatic infant within 3 day of life and if more than 3 days defined as late onset sepsis. Bronchopulmonary dysplasia was defined as receiving supplemental oxygen at 36 weeks postmenstrual age (10). Retinopathy of Prematurity was defined according to the International Classification of Retinopathy of Prematurity (ICROP) (11). Clinical chorioamnionitis was defined as inflammation of the chorion and amnion evidenced by presence of either maternal fever ≥38.4°C within 24 h before birth (irrespective of epidural analgesia), uterine tenderness, maternal leukocytosis of >15,000/mm3, or explicitly mentioned obstetric concern at delivery. Information about histologic confirmation was not available. Days of oxygen, continuous positive airway pressure, or mechanical ventilation were counted during the primary NICU stay before discharge. Treatment of respiratory distress syndrome in our center was according to our local guidelines. Our center generally attempts to minimize invasive respiratory support with initiation of continuous positive airway pressure for all infants at risk of respiratory distress syndrome as soon as possible after birth in the delivery room, with the exception of extremely low gestational ages such as those who are <26 weeks. Continuous positive airway pressure support is the first line of respiratory support with the option of nasal intermittent mandatory ventilation or nasal intermittent positive pressure ventilation in case of increasing episodes of apnea and increased oxygen requirements. Intubation and surfactant administration follows the early symptomatic approach supported by large trials, generally with a cut-off of around 0.4 FiO2 with concomitant radiological changes, increased work of breathing and evidence of respiratory acidosis with pH < 7.25 and pCO2 >60 mmHg, followed by conventional mechanical ventilation with high frequency modes used generally as rescue therapy. We generally use less invasive surfactant administration procedure to give surfactant to spontaneously breathing preterms (12).



Statistical Analysis

Baseline demographics and the neonatal outcomes were compared among two surfactant timing groups: infants with early and late surfactant, using Chi-square test for categorical variables and Student t-test for continuous variables. To further examine the effect of late surfactant use, multiple logistic regression models were applied to compare the primary and secondary outcomes between the surfactant timing groups. The odds ratio (95% confidence interval) of outcomes were determined based on the final multiple logistic regression models derived by backward variable selection procedure with inclusion criterion of 0.05. The factors for the full model included gender, cesarean section, antenatal steroid use as factors, gestational age, and birth weight as covariates. The data management and all statistical analyses were performed using SPSS for Windows version 22, IBM (USA). A two-sided significant level of 0.05 was used.




RESULTS

After exclusion, 819 preterm infants were analyzed in this retrospective study. Five hundred and ninety three infants received surfactant during the years 2013–2018, of these 365 received it within 2 h of life (early rescue group, first group) and 228 received it after two h (late group, second group). Mean gestational age was 27 ± 1.7 and 27.3 ± 1.5 (p = 0.1) weeks and mean birth weight was 945 ± 248 vs. 974 ± 232 g (p = 0.25), respectively. In the first group 186 (51%) and 111 (49%) in second group were boys. Antenatal steroid ratio was 68% in early and 73% in late group. Other obstetric risks were similar and shown in Table 1. Patent ductus arteriosus was detected in 175 (48%) of the early group and 168 (74%) of the late group, p = 0.001. All other early neonatal outcomes were compared in Table 2. Multinominal logistic regression analysis was made with antenatal steroids (even no difference between groups) and receiving surfactant (any time) as risk factors and gestational age and birth weight as covariates. This analysis found that receiving surfactant after 2 h of life has a OR 3.5 (2.2–5.64 95 % CI) and a p-value of 0.001 for developing patent ductus arteriosus. We grouped and analyzed patients according to gestational age and this is demonstrated in Figure 1.


Table 1. Basic clinical characteristics of study groups.

[image: Table 1]


Table 2. Comparison of clinical outcomes of study population.
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FIGURE 1. Patent ductus arteriosus incidence among gestational ages compared by early vs. late surfactant timing. PDA, patent ductus arteriosus.




DISCUSSION

According to the results of this study, administering surfactant after the first 2 h of life is associated with higher frequency of patent ductus arteriosus. Although similar studies have been published previously (6, 7), this study is the first in the literature to draw attention to this subject. In addition, the duration of continuous positive airway pressure was slightly but statistically longer in the group with late surfactant administration compared to the group with early administration.

Surfactant therapy is now accepted as the standard treatment method for respiratory distress syndrome and reduces mortality (1, 8). Recommendations for surfactant therapy include preferring natural surfactant preparations, applying it as targeted early rescue therapy, and administering by non-invasive methods if the patient is breathing spontaneously (1, 8).

However, the principles of surfactant administration may vary from country to country or between different guidelines (1, 6, 8, 13, 14). The available evidence suggests that if the patient needs surfactant administering it as early as possible is most beneficial (2, 15). There is also evidence on non-invasive ventilation in the first 72 h of life reduces the need for invasive ventilation and surfactant requirement (16), these all evidences are a part of need for surfactant. The advantages of early surfactant administration over late administration can be summarized as lower incidence of air leaks, less need for mechanical ventilation and a decreased risk of neonatal mortality and bronchopulmonary dysplasia (1, 2). In recent years, decisions regarding whether or not to administer surfactant therapy have been based primarily on an oxygen requirement threshold according to international guidelines (1). This threshold, which is 40% according to old guidelines, has also been applied in Turkey and in the present study (8). In more recent guidelines, this figure has been reduced to 30%, which suggests that surfactant will now be given much earlier and can be interpreted as promoting early surfactant administration (1).

Although early surfactant administration is recommended based on the findings of numerous trials and other studies, it is not always possible in clinical practice. Some patients may have very good clinical condition, normal or near-normal x-rays, low oxygen requirement, and very little need of respiratory support in the first hours. For reasons that are not well-understood, at postnatal age of 6–12 h or later these infants show increased oxygen requirement that cannot be met by pressure support ventilation, and the need for surfactant can arise even though it was not needed before.

This may be attributed to several factors, including the conditions of postnatal care, effectiveness of continuous positive airway pressure, the interface, and depletion and inadequacy of the infant's endogenous surfactant. If continuous positive airway pressure is not effective enough, the infant loses alveolar patency in a matter of hours and has higher tendency toward hypoxia, resulting in lung parenchyma that requires surfactant. With the administration of surfactant in addition to the effects of hypoxia on the lungs, there is a sudden reduction in pulmonary pressure and the ductus arteriosus remains patent. Surfactant administered at a later time causes sudden hemodynamic changes in a lung that has gradually deteriorated and entered this vicious cycle within hours.

This study has certain limitations. One of these is its retrospective nature. Furthermore, the fact that it was conducted at a single center based on a single guideline can also be considered a limitation. Nevertheless, our patient sample is sufficient, and to the best of our knowledge, there is no other study in the literature examining the impact of late surfactant administration on patent ductus arteriosus in a patient group of this size.

In conclusion, our findings support the well-established practice of early surfactant administration from a different angle. Early surfactant administration leads to a lower incidence of patent ductus arteriosus and reduced the need for respiratory support (continuous positive airway pressure duration) in neonates. We did not observe any differences between the groups in terms of bronchopulmonary dysplasia or other morbidities, but prospective studies based on new guidelines may provide stronger evidence as to whether such differences exist.
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Voice and Exercise Related Respiratory Symptoms in Extremely Preterm Born Children After Neonatal Patent Ductus Arteriosus
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Objective: To investigate voice characteristics and exercise related respiratory symptoms in extremely preterm born 11-year-old children, focusing particularly on associations with management of a patent ductus arteriosus (PDA).

Study design: Prospective follow-up of all children born in Norway during 1999–2000 at gestational age <28 weeks or with birthweight <1,000 g. Neonatal data were obtained prospectively on custom-made registration forms completed by neonatologists. Voice characteristics and exercise related respiratory symptoms were obtained at 11 years by parental questionnaires.

Result: Questionnaires were returned for 228/372 (61%) eligible children, of whom 137 had no history of PDA. PDA had been noted in 91 participants, of whom 36 had been treated conservatively, 21 with indomethacin, and 34 with surgery. Compared to the children treated with indomethacin or conservatively, the odds ratio (95% confidence interval) for the surgically treated children were 3.4 (1.3; 9.2) for having breathing problems during exercise, 16.9 (2.0; 143.0) for having a hoarse voice, 4.7 (1.3; 16.7) for a voice that breaks when shouting, 4.6 (1.1; 19.1) for a voice that disturbs singing, and 3.7 (1.1; 12.3) for problems shouting or speaking loudly. The significance of surgery per se was uncertain since the duration of mechanical ventilation was associated with the same outcomes.

Conclusion: Extremely preterm born children with a neonatal history of PDA surgery had more problems with voice and breathing during exercise in mid-childhood than those whose PDA had been handled otherwise. The study underlines the causal heterogeneity of exercise related respiratory symptoms in preterm born children.

Keywords: patent ductus arteriosus, extremely premature infant, extremely low birth weight infant, voice quality, respiratory symptoms, cohort study


INTRODUCTION

Extremely preterm (EP) birth may lead to long-term complications, including respiratory problems of various etiologies (1). Survival at this early stage requires respiratory interventions, such as oxygen treatment and positive pressure ventilation, often with endotracheal intubation and mechanical ventilation (2, 3). Most of these lifesaving measures also cause various types of airway injuries with long-term consequences, challenging the diagnostic skills of health care providers (4–6).

Asthma, by far the most prevalent airway disorder, tends to be a first diagnostic option in young people with airway symptoms, often solely based on parental reports (7, 8). This practice inevitably leads to diagnostic errors, and is particularly unfortunate in EP-born individuals, given their wide causal repertoire (9–11). For example, bronchial obstruction and hyperresponsiveness are well described features after EP-birth as well as in asthma (12–16). Although linked to different immunological profiles (14, 16–19), large proportions of EP-born children are exposed to asthma medication (20). Recent literature has highlighted that also upper airway pathology creates respiratory symptoms that are misunderstood as asthma in EP-born children (21–23). We should keep in mind that the larynx is the narrowest part of the airway tree, representing a large proportion of total airway resistance (24). Thus, even minor injuries might hamper airflow when ventilatory requirements are high, such as during exercise. The larynx might be traumatized from repeated intubations or from prolonged use of mechanical ventilation (21, 25, 26). Moreover, surgical treatment of a patent ductus arteriosus (PDA) has been linked to left vocal cord paralysis (LVCP) in several studies, explained by the close proximity between the PDA and the left recurrent laryngeal nerve (11, 27, 28). Few studies have investigated symptoms of upper airway abnormalities in EP-born children (21, 26). We need more knowledge on these issues in order to develop evidence based guidelines for work-up of respiratory complaints in this group. Previous studies have suggested a role for laryngoscopy (11, 29–31); however, this notion needs support from more studies.

In this study, we used parental reports of voice abnormalities and exercise related respiratory symptoms to explore potential presence of upper airway pathology in a nationwide cohort of 11-year-old children born extremely preterm. Further, we investigated associations between these symptoms and neonatal PDA and its management.



MATERIALS AND METHODS


Study Population

This investigation was part of a Norwegian nationwide prospective cohort study of all children born with gestational age (GA) 230–276 weeks or birth weight (BW) below 1,000 g born during 1999–2000 (2). Of 638 children, 174 were stillborn or died in the delivery room, 86 died in the neonatal intensive care unit (NICU), and two declined participation (2). Three children died after discharge from NICU and one died later during the follow-up period, leaving 372 children eligible for inclusion. A “clinically significant PDA” had been diagnosed in 143 survivors, of whom 47 had undergone PDA surgery (Figure 1).


[image: Figure 1]
FIGURE 1. Follow-up of a national cohort of all 372 children born extremely preterm in Norway during 1999 and 2000 at a gestational age <28 weeks and/or with a birth weight <1,000 g, according to management of patent ductus arteriosus in the neonatal period.




Sources and Collection of Data

Information on the neonatal characteristic and clinical course in the NICU was obtained from compulsory notifications to the Medical Birth Registry of Norway and custom-made study registration forms (2). GA was based on ultrasound at 17–18 weeks of gestation. Small for gestational age (SGA) was defined as a BW less than the 5th. percentile for GA and gender according to Norwegian growth curves (32). Bronchopulmonary dysplasia (BPD) was defined as still dependency on oxygen supplementation at 36 weeks' GA. The respiratory medical history of this cohort has been published (20, 33). PDA was diagnosed at the discretion of the participating NICUs, with algorithms based on echocardiographic assessment of the left atrium to the aortic root ratio (above 1.3–1.5 depending on clinical situation) and clinical signs as listed by Evans in 1993 (bounding hyper dynamic pulses and signs of cardiac or respiratory insufficiency) (34). Infants with a diagnosed PDA were treated either conservatively with fluid retention, diuretics, or unspecified symptomatic support, or the PDA was actively treated with either indomethacin or surgical closure performed by suture or clip.

At 11 years of age, data on previous and current symptoms were obtained from parental questionnaires. The questions: “Does the child have breathing problems beyond what is normal during physical exertion?” and “Does the child make ‘scraping sounds' or other abnormal sounds from the throat during physical exertion?” were custom made for the project. The questions regarding exercise related wheeze, asthma (ever) and use of asthma medications were obtained from the International Study of Asthma and Allergies in Childhood questionnaire (ISAAC) (35). Current asthma was defined as [1] a physician's diagnosis of asthma combined with either respiratory symptoms or use of asthma medication in the previous 12 months, or [2] asthma medication and symptoms in the past 12 months even if no recall of prior physician's diagnosis. Asthma medication included inhaled corticosteroids, short or long acting β2-agonists and oral leukotriene modifiers. The six questions about voice characteristics were based on the Voice Handicap Index version 5 questionnaire (36). All questions were translated to Norwegian language, and the questions analyzed in this study are described in Supplementary Table I.



Statistical Methods

Outcome variables were voice characteristics and exercise related respiratory symptoms obtained from questionnaires at age 11 years. We investigated these binary outcomes in relation to a neonatal history of PDA vs. no PDA, and in relation to the mode of treatment in the children with a neonatal history of PDA. Those who underwent surgical closure (labeled “surgery”) were compared with those who did not undergo surgery (“no-surgery”). The “no-surgery” group included children who had been treated conservatively or with indomethacin, as initial analyses comparing the conservative and the indomethacin group showed that they did not differ in terms of neonatal variables and outcomes. Questions with graded response alternatives were transposed to dichotomous variables (no/yes) (Supplementary Table I).

Group differences were tested using independent samples t-test and chi-square test or Fischer‘s exact test, as appropriate. We further investigated associations by odds ratios (OR) with 95% confidence intervals (CI) using binary logistic regression. The ORs were estimated with crude and adjusted models, adjusted for days on mechanical ventilation and GA. We did not present analyses with adjustment for postnatal steroids because there is no causal link between use of postnatal steroids and PDA surgery. Potential confounders were adjusted for one by one in order to avoid that the total number of variables entered into the final regression equations exceeded 1/10 of the number of events. All analyses were performed using IBM SPSS statistics version 24 for Windows.



Ethics

The regional ethical committee of Western Norway approved the study (REC number 2009/2271). Informed written consents were obtained from the participant's parents.




RESULTS


Subjects

Questionnaires were returned for 228 of the 372 (61%) eligible children; including 91 of 143 children with a neonatal history of PDA and 137 of 228 children without PDA. Among the 91 children with PDA, 34 (37%) were treated with surgery, 36 (40%) received conservative treatment, and 21 (23%) received indomethacin (Figure 1). Six children in the surgery group had received indomethacin. Among the surgically treated children, those lost to follow-up had lower GA and BW, and spent more days on invasive mechanical ventilation. Further details on neonatal characteristics of children who were assessed and lost to follow-up at 11 years of age are presented in Supplementary Table II.



Perinatal Characteristics

The children with a neonatal history of a PDA had lower GA, were more often intubated at birth, received more postnatal steroids and surfactant, had spent more days on continuous positive airway pressure (CPAP) and had more often developed BPD compared to children without PDA (Table 1). Those with PDA who were treated with surgical closure were born at lower GA, had spent more days on mechanical ventilation, and more often received postnatal steroids compared to the children with PDA who were not treated with surgery.


Table 1. Neonatal characteristics of 228 extremely premature born children (<28 weeks GA/ <1,000 g BW) participating at the follow-up at 11 years of age.
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Questionnaire Based Data of Respiratory and Voice Related Symptoms at 11 Years of Age

Our data showed that exercise related respiratory symptoms or voice problems were more common in children with- than without a neonatal history of PDA. However, differences were only statistically significant for scraping sound during physical exertion (Figures 2, 3). There were no important differences in reports of asthma or use of asthma medications (Figure 4).


[image: Figure 2]
FIGURE 2. Reported respiratory symptoms during or after physical activity among a national cohort of extremely preterm born children at 11 years of age according to diagnosis and treatment of patent ductus arteriosus in the neonatal period.
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FIGURE 3. Reported voice characteristics among a national cohort of extremely preterm born children at the age of 11 years according to diagnosis and management of patent ductus arteriosus in the neonatal period.



[image: Figure 4]
FIGURE 4. Reports of asthma and use of asthma medications among a national cohort of extremely preterm born children at 11 years of age according to diagnosis and treatment of patent ductus arteriosus in the neonatal period.


In children who had a neonatal history of PDA, surgical closure was associated with more frequent reports of breathing problems during physical exertion (Figure 2) and voice related symptoms (Figure 3) compared to the no-surgery group. There were no differences between the surgery group and the no-surgery group regarding current asthma, current use of asthma medication or ever having had asthma, but a higher proportion of the surgery group had previously received asthma medication compared to the no-surgery group (Figure 4). In total, one or more symptoms related to respiration during exertion or voice were reported for 20 (61%) of the participants in the surgery group and 17 (31%) in the no-surgery group (p = 0.006).



Logistic Regression Analyses
 
Exercise Related Respiratory Symptoms

The odds ratio (OR) for having scraping sounds during physical exertion was increased among children with a PDA diagnosis (OR: 10.25; 95% CI: 2.24–47.0; p = 0.03) compared to the group without PDA, but not for other symptoms (not shown in tables). Among children with PDA, the crude odds of having breathing problems during physical exertion were higher in the surgery group relative to the no-surgery group (Table 2). After adjustment for number of days on mechanical ventilation, the OR of having breathing problems during physical exertion was still increased, but confidence intervals were wide. Adjusting for GA did not have impact on the OR.


Table 2. The odds ratio of having respiratory symptoms during or after physical activity at 11 years of age in a national cohort of extremely preterm born children according to treatment for patent ductus arteriosus (no surgery vs. surgery) in the neonatal period.
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Voice Characteristics

The OR for having symptoms related to voice was not increased among children with a PDA diagnosis, compared to the group without PDA. Among children with PDA, the crude odds of having a hoarse voice, a voice that breaks when shouting, a voice that affects participation in singing or a voice that leads to problems talking loudly/shout, were higher in the surgery group compared to the no-surgery group (Table 3). Adjusted for number of days on mechanical ventilation, the ORs were no longer increased for any of the voice characteristics. Adjusted for GA, the ORs were still increased for having a hoarse voice or a voice that cracks when shouting.


Table 3. The odds ratio of having voice symptoms at 11 years of age in a national cohort of extremely preterm born children according to treatment (no surgery vs. surgery) for patent ductus arteriosus in the neonatal period.
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DISCUSSION

We found that voice and exercise related respiratory symptoms were more common in 11-year-old children born extremely preterm with a neonatal history of PDA surgery, compared to children whose PDA had been managed otherwise. However, the significance of surgery per se remains uncertain since adjusting for days of mechanical ventilation significantly weakened the associations.

Previous studies have described that EP-born children with left vocal fold paralysis (LVCP) following PDA surgery had prolonged dependency of mechanical ventilation compared to surgically treated children without LVCP (11, 28, 37, 38). Unfortunately, the respective duration of mechanical ventilation before vs. after surgery could not be estimated in our study. Thus, prolonged mechanical ventilation in the surgery group could be caused by a possible LVCP or other complications following surgery (39). However, it could also reflect confounding by indication; i.e., those treated surgically were also those with the most severe disease, therefore spending most days ventilated (40). Both mechanisms might have been operative, but we do not have data to disentangle this scenario. Days on mechanical ventilation was associated with symptoms in all subgroups, also in those with no history of PDA, although at a lower odds ratio. The observed association (co-linearity) between days on mechanical ventilation and surgical PDA treatment complicates interpretations of the regression models. We therefore report both adjusted and unadjusted data in Tables 2, 3. However, taken together the data indicate that neonatal PDA surgery leads to more voice and exercise related respiratory symptoms in mid-childhood, possibly influenced also by prolonged mechanical ventilation.

Management of PDA in EP-born neonates is debated. Options include a conservative approach, pharmacologic intervention, or surgical ligation, the latter usually used as a last resort (41, 42). Knowledge on long-term outcomes must count in these discussions. There are few studies reporting on voice characteristics and exercise related respiratory symptoms in children and adults exposed to neonatal PDA surgery (30). Although LVCP is a well-described complication, an unknown fraction may pass unnoticed or are misinterpreted during the neonatal period as symptoms may be vague, transient and uncharacteristic (27, 29, 37, 38, 43). Importantly, we know that pediatric LVCP does not usually recover (11, 44–46). Therefore, symptoms may continue to be overlooked or erroneously related to other disorders or even to malingering, later in life. We do not have research based data to substantiate this notion. However, early life events are rarely considered by respiratory specialists (5), and LVCP is probably not on top of the physicians‘ list when trying to interpret airway symptoms. In a regional study of 11 EP born adults who had undergone PDA surgery in the 1980s, seven had LVCP of whom six reported trouble with their voice. None of them were comfortable with singing or speaking loudly, and all disclosed prolonged inspirium, wheeze or stridor when tested on a treadmill (11). Importantly, three of them had a long history of “difficult-to-treat asthma,” but they could substantially reduce medication after receiving the LVCP diagnosis. In our study, we found no association between PDA surgery and current asthma medication; however, a higher proportion of the surgically treated children had used asthma medication. Thus, breathing problems could initially have been perceived as asthma, and medication subsequently stopped due to lack of effect.

In the present study, we also identified children with respiratory and voice related symptoms among children with no history of PDA, or who had not undergone PDA surgery, implying that these symptoms are of multi-factorial origin. Prolonged mechanical ventilation is associated with subglottic stenosis and injury to the vocal cords (47), which may lead to stridor and affect voice (48). Walz et al. (25) found that prolonged intubation (more than 4 weeks) was associated with long-term reduced voice quality. In univariate analysis, both the presence of a PDA and surgical closure of a PDA were associated with lower score on voice related quality of life. In multivariate analysis, PDA did not contribute to the model, but PDA surgery was not included. French et al. (26) reported that 58% of school aged children born before 25 weeks' gestation had moderate to severe hoarseness, and that the number of intubations (more than five) was associated with voice disorders. The authors suggested that the voice abnormalities could be related to laryngeal injury from endotracheal intubation. As only three of the 67 tested children had undergone PDA surgery, they argued that surgery could not have contributed to the voice problems in their cohort (26). Simpson et al. (21) found that 25/35 very preterm born children presented with dysphonia at 11 years of age, and increased dysphonia severity was predicted by lower GA, increased number of intubations and days of mechanical ventilation. Only three subjects had undergone PDA surgery, but they represented 3/14 subjects with moderate to severe dysphonia. Presence of dysphonia was associated with reports of previous wheeze, asthma diagnosis and former use of asthma medications. However, there was no difference in lung function between groups with- or without dysphonia, and the authors suggested upper airway pathology and dysfunctional breathing contributing to increased reports of respiratory symptoms (21).

The major limitations of this study were the relatively small sample size and the fact that we relied on parental observation of respiratory and voice related symptoms. We know from asthma research that there are differences between parents' and children's perceptions (49). However, in this age group parental information is usually what we have to go by in clinical work. As in all follow-up studies, attrition influences interpretation; in our case underlined by differences between responders and non-responders listed in the appendix. Importantly, laryngoscopies had not been performed, precluding knowledge as to whether LVCP, or other laryngeal abnormalities contributed to the increased odds of respiratory and voice related symptoms in the PDA surgery group. Inability to ascertain why infants exposed to PDA surgery needed more days on mechanical ventilation challenged attempts to interpret the role of this variable in the regression models and thus in the causal chain leading to symptoms.



CONCLUSION

Extremely preterm born school-children who had undergone neonatal PDA surgery had more voice and exercise related respiratory symptoms than children exposed to other modes of PDA treatment. Although these symptoms are likely to have a compound etiology, when present in children exposed to neonatal PDA surgery, they must prompt a search for upper airway abnormalities, and not lead to empirical prescription of asthma medication. We must not forget early life events when dealing with respiratory symptoms.
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No consensus has been reached on which patent ductus arteriosus (PDAs) in preterm infants require treatment and if so, how, and when they should be treated. A prospective, multicenter, cohort study was conducted to compare the effects of conservative approaches and medical treatment options on ductal closure at discharge, surgical ligation, prematurity-related morbidities, and mortality. Infants between 240/7 and 286/7 weeks of gestation from 24 neonatal intensive care units were enrolled. Data on PDA management and patients' clinical characteristics were recorded prospectively. Patients with moderate-to-large PDA were compared. Among the 1,193 enrolled infants (26.7 ± 1.4 weeks and 926 ± 243 g), 649 (54%) had no or small PDA, whereas 544 (46%) had moderate-to-large PDA. One hundred thirty (24%) infants with moderate-to-large PDA were managed conservatively, in contrast to 414 (76%) who received medical treatment. Eighty (62%) of 130 infants who were managed conservatively did not receive any rescue treatment and the PDA closure rate was 53% at discharge. There were no differences in the rates of late-onset sepsis, necrotizing enterocolitis (NEC), retinopathy of prematurity, intraventricular hemorrhage (≥Grade 3), surgical ligation, and presence of PDA at discharge between conservatively-managed and medically-treated infants (p > 0.05). Multivariate analysis including perinatal factors showed that medical treatment was associated with increased risk for mortality (OR 1.68, 95% Cl 1.01–2.80, p = 0.046), but decreased risk for BPD or death (BPD/death) (OR 0.59, 95%Cl 0.37–0.92, p = 0.022). The preferred treatment options were ibuprofen (intravenous 36%, oral 31%), and paracetamol (intravenous 26%, oral 7%). Infants who were treated with oral paracetamol had higher rates of NEC and mortality in comparison to other treatment options. Infants treated before postnatal day 7 had higher rates of mortality and BPD/death than infants who were conservatively managed or treated beyond day 7 (p = 0.009 and 0.007, respectively). In preterm infants born at <29 weeks of gestation with moderate-to-large PDA, medical treatment did not show any reduction in the rates of open PDA at discharge, surgical or prematurity-related secondary outcomes. In addition to the high incidence of spontaneous closure of PDA in the first week of life, early treatment (<7 days) was associated with higher rates of mortality and BPD/death.

Keywords: patent ductus arteriosus, preterm, conservative, management, morbidity, mortality, ibuprofen, paracetamol


INTRODUCTION

Patent ductus arteriosus (PDA) is the most common cardiovascular condition in preterm infants. Although the ductus arteriosus (DA) is closed spontaneously in most of the infants born at >28 weeks of gestation (i.e., at the end of the first week of life), persistent patency of the DA is observed in 50–70% of infants born at <28 weeks of gestation, and lasts for weeks after birth (1, 2).

PDA is associated with mortality and morbidities including necrotizing enterocolitis (NEC), pulmonary hemorrhage, intraventricular hemorrhage (IVH), retinopathy of prematurity (ROP), bronchopulmonary dysplasia (BPD), and poor neurodevelopmental outcomes. These morbidities are caused by the left-to-right shunt through the DA that may result in pulmonary hyperperfusion and systemic hypoperfusion (3–6). This association has encouraged neonatologists to treat PDA in order to reduce these associated morbidities, but there remains a wide variety of management options for PDA across centers worldwide (7, 8).

Despite PDA's association with prematurity-related morbidities, no randomized controlled trial to date has demonstrated improvements in BPD, long-term neurodevelopmental outcomes or mortality after medical or surgical treatment of PDA (1, 4, 9–11). Therefore, centers have been performing conservative follow-ups for PDA, especially since higher rates of spontaneous closure rates have been reported in the current era (12, 13). A recent study that compared early routine treatment (ERT) of PDA with conservative management showed that ERT did not reduce either PDA ligations or the presence of a PDA at discharge, and did not improve secondary outcomes, However, ERT was associated with higher rates of late-onset sepsis (LOS) and death in infants born at >26 weeks of gestation (14). Therefore, we aimed to establish a prospective online registry database to examine the variations in PDA management for a nationally-based cohort, and evaluate the effects of PDA management strategies on the rates of PDA closure, PDA ligation, associated morbidities, and survival in preterm infants.



MATERIALS AND METHODS

After the establishment of the Experiences in Timing and Choices for Ductal Closure in Patent Ductus Arteriosus (INTERPDA) Study Online Registry in January 2017, a multicenter prospective observational nationally-based cohort study was conducted. Infants who were born at gestational weeks between 240/7 and 286/7 and underwent echocardiography in first 3 weeks of life after birth were included. Clinical directors in neonatal intensive care units (NICUs) nationwide were made aware of the study, and 24 NICUs participated. The NICUs were asked to add all hospitalized patients per day to the registry database using an online standard, patient-specific electronic case report form (eCRF) for a 2-years period. Data were then collected prospectively and registered by trained neonatologists.

The study was approved by the Online Studies Scientific Steering Committee of the Turkish Neonatal Society and by the Institutional Review Board of Ankara University. Written informed consent was obtained from the parents or guardians of the newborns. The study was registered at ClinicalTrials.gov (NCT02910609).

The eCRF included demographic and clinical findings including gestational age, birth weight, gender, type of delivery, the presence of prolonged premature rupture of membranes (PPROM) which was defined as rupture of membranes >18 h before labor and before 37 weeks' gestation, antepartum preeclampsia (15); clinical chorioamnionitis, the use of any antenatal steroid, respiratory distress syndrome (RDS) (16), clinical or culture proven early-onset sepsis in addition to echocardiographic assessment results, type of PDA, management provided to the infants (conservative or medical), the timing of any medication used, type of preferred drug, outcomes of management on ductal closure at discharge, surgical ligation, and adverse events. Associated morbidities such as culture proven LOS, NEC (17), IVH (18), ROP (19), BPD (20), and mortality were also recorded.


Echocardiographic Assessment

Diagnosis of PDA was based on clinical and/or echocardiographic studies, which included 2-dimensional imaging, M-mode, color flow mapping, and Doppler interrogation. A moderate-to-large PDA was defined as an internal ductus diameter >1.5 mm, left atrium-to-aortic root ratio >1.5, and reverse diastolic flow in the descending aorta. A ductus that failed to meet these criteria was defined as small PDA.



Management of PDA

The decision for the management of PDA was left up to each center according to their standard practices.

Infants with moderate-to-large PDA were grouped according to their PDA management as conservative approach or medical treatment. Patients' demographic and clinical findings, outcomes of preferred PDA management, rates of associated morbidities, mortality rate, and BPD or death (BPD/death) were compared between the two groups.



Statistical Analysis

Frequency and percentage (n, %) were used to describe categorical data. Pearson Chi-squared test was used to assess the relationship between categorical variables when the test requirements were met. Otherwise, Fisher's exact test or Fisher-Freeman-Halton Exact test was used to test independence between categorical variables depending on the table size. For numerical dependent variables Mann-Whitney U-test was used for comparisons between groups due to the fact that the parametric test assumptions were not met. Normality of numerical variables was assessed by Kolmogorov-Smirnov test. Homogeneity of group variances were evaluated by Levene test. Descriptive statistics were reported as minimum value, maximum value, median (interquartile range-IQR). In addition, mean ± standard deviation was also given. After conducting univariate analysis to estimate effects of managements for PDA on mortality and BPD/death by using generalized estimating equations (GEE); multivariate models were evaluated with QICC criteria. All regression analysis was based on GEE, we used non-robust standard errors and accounted for the clustering of infants within center (21). Odds ratio are presented with 95% Cl. Statistical analysis was performed using the IBMM SPSS Statistics version 23 for Windows.




RESULTS


Demographic Data of the Study Group

The final study sample included 1,193 infants after exclusion of 102 from a total of 1,295 because of double-record or missing data (Figure 1). The mean gestational age and birth weight of infants were 26.7 ± 1.4 weeks and 926 ± 243 g, respectively. Of the 1,193, 523 (44%) infants were born at <27 weeks' gestation, and 730 (62%) weighed <1,000 g. The prenatal and neonatal demographic characteristics of the infants enrolled in the study are displayed in Table 1.


[image: Figure 1]
FIGURE 1. The flow chart of the study.



Table 1. The demographic data of the infants included in INTERPDA study.

[image: Table 1]

The median of the echocardiographic assessment time was 3 days (interquartile range, IQR = 2 days). The incidence of small PDA and no PDA was 252 (21%) and 397 (33%), respectively; whereas 544 (46%) patients had moderate-to-large PDA on echocardiographic evaluation. The incidence of moderate-to-large PDA was 63, 60, 45, 40, and 38% according to a gestational age of 24, 25, 26, 27, and 28 weeks, respectively.



Data of Infants With Moderate-to-Large PDA

One hundred thirty (24%) infants with moderate-to-large PDA were managed conservatively, in contrast to 414 (76%) infants who received medical treatment. The data for these infants are displayed in Table 2. Infants with moderate-to-large PDA in both the conservative and medically-treated groups showed similar gestational age, birth weight, incidences of maternal preeclampsia, chorioamnionitis and PPROM, antenatal steroid use, and early onset sepsis (p > 0.05). Higher incidences of delivery room intubation, RDS, and surfactant use were present in medically treated infants (p < 0.05).


Table 2. Demographic and clinical findings of the conservatively managed and medically treated groups of the infants with moderate-to-large PDA.
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The respiratory support of infants according to gestational age and PDA management is shown in Figure 2. More infants received any respiratory support in medical treatment group than infants in conservative group (99 vs. 87%, p < 0.001). The rate of non-invasive ventilation use as respiratory support was higher in conservatively-managed infants with moderate-to-large PDA (p = 0.004), whereas the number of infants receiving mechanical ventilation was higher among medically-treated patients (p = 0.011).


[image: Figure 2]
FIGURE 2. The respiratory support of infants and PDA management.


There were no differences in the rates of open PDA at discharge, surgical ligation, LOS, NEC (any stage), ROP (received treatment who had at least one eye examination for ROP), IVH (≥Grade 3), BPD [moderate-to-severe who survived at postmenstrual [PMA] 36 weeks of gestation] between the groups (p > 0.05), but infants who were medically treated had higher rates of mortality (OR 1.82, 95% Cl 1.15–2.89, p = 0.011), and BPD/death (OR 1.81 95% Cl 1.20–2.71, p = 0.004) (Table 2). However, multivariate analysis including perinatal factors (gestational age, birth weight, chorioamnionitis, delivery room intubation) showed that medical treatment was associated with increased risk for mortality (OR 1.68, 95% Cl 1.01–2.80, p = 0.046), but decreased risk for BPD/death (OR 0.59, 95% Cl 0.37–0.92, p = 0.022).

Eighty (62%) of the 130 infants who were managed conservatively did not receive any rescue treatment during their hospitalization. PDA closure before hospital discharge was observed in 69 infants. The spontaneous closure rate increased with gestational age and reached a peak level of 63% in infants born at 28 weeks of gestation (Figure 3).
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FIGURE 3. The rates of spontaneous closure or medically/surgical treated ductus according to gestational age.


We performed a secondary analysis according to gestational age (<27 weeks and ≥27 weeks) to evaluate the effects of PDA management on any of the outcomes (Table 3).


Table 3. Outcomes of infants born <27 weeks and ≥27 weeks' gestation.
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Despite similar incidences of open PDA at discharge, PDA ligation, and mortality between groups, higher rates of NEC and BPD/death were observed in medically treated infants born at ≥27 weeks of gestation (p = 0.026 and p = 0.025, respectively). These infants had higher incidences of RDS and surfactant use, and longer duration of respiratory support (median 24 days vs. 12 days, p < 0.001) compared to conservatively managed infants. Univariate analysis showed that medical treatment was associated with an increased the risk of NEC and BPD/death (OR 2.7, 95% Cl 1.09–6.68, p = 0.031, and OR 2.12, 95% Cl 1.07–4.20, p = 0.03, respectively) in infants born at ≥27 weeks of gestation, however multivariate analysis could not demonstrate the similar effect for BPD/death.

The groups did not differ in duration of respiratory support and rate of mechanical ventilation in infants born at <27 weeks of gestation. The rates of open PDA at discharge, surgical ligation, and morbidities did not differ significantly in those who were medically treated and those conservatively managed, but medically treated infants had higher rates of mortality and BPD/death. Univariate analysis indicated odds of increased rates of mortality and BPD/death associated with medical treatment in infants born at <27 weeks of gestation (OR 1.97, 95% Cl 1.12–3.47, p = 0.19, and OR 1.96, 95% Cl 1.12–3.44, p = 0.19), however these were not significant on multivariate analysis.



Data Related to Timing and Preferred Medical Treatment Options

The preferred treatment options were ibuprofen (intravenous 36%, oral 31%), and paracetamol (intravenous 26%, oral 7%) as the initial course; indomethacin was not used in any patient. The median starting time of first-course pharmacological treatment was 3 days (IQR = 2.25 days). The timing of medical treatment was not found to be associated with mortality or morbidities. The most common side effects of drug treatment were impairment of renal function and risk of bleeding, which were mostly reported with ibuprofen treatment.

The incidences of open PDA at discharge, surgical ligation, LOS, BPD, and ROP were similar according to the first-course medication selection. However, infants treated with oral paracetamol had higher rates of NEC and mortality, and infants treated with intravenous paracetamol had a higher rate of BPD/death (Table 4).


Table 4. Morbidities and mortality according to treatment options.
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Ninety-six (26%) of the 362 infants received a second course of treatment with ibuprofen (intravenous 34%, oral 35%) and paracetamol (intravenous 23%, oral 8%), and 29 infants received a third course of treatment mostly with intravenous paracetamol (59%).

Infants who received treatment before postnatal day 7 had higher rates of mortality and BPD/death than infants who were conservatively-managed or treated after day 7 (p = 0.009 and p = 0.007, respectively) (Table 5).


Table 5. Data of mortality, surgical ligation and morbidities in infants who were conservatively managed or medically treated infants (<7 days and ≥7 days).
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DISCUSSION

In this first nationwide study on the management of PDA in preterm infants born at <29 weeks of gestation, we found that there are management variations between NICUs across Turkey. Although most of the patients with moderate-to-large PDA received medical treatment, there was an increasing trend toward the conservative approach. Medical treatment had no effect on the incidence of surgical ligation or prematurity-related morbidities in the overall study group, and early treatment before day 7 of life was associated with higher mortality and BPD/death. Medical treatment was additionally associated with higher rates of NEC in infants who were born at >27 weeks of gestation.

PDA is present in up to 70% of preterm infants born at <28 weeks of gestation (2, 5). The proportion of very low birth weight (VLBW) infants with PDA was reported to be 36% and 38% in Japan and Canadian networks, respectively (22). According to the Korean Neonatal Network 2017 annual report, 45% of VLBW infants had a PDA (23). In the present study, moderate-to-large PDA was present in 46% of preterm infants born at <29 weeks of gestation and increased to 63% in patients born at 24 weeks of gestation.

Management of PDA in extremely preterm infants remains a topic of debate. Treatment to induce ductal closure has been widely practiced until the last decade, despite lack of evidence that it decreases morbidities and mortality. Meta-analyses of trials using non-steroidal anti-inflammatory drugs have shown effectiveness in accelerating ductal closure, but no reduction in neonatal morbidities regardless of the drugs used, indication, timing, gestational age, or route of administration (1). While medical treatment and surgical ligation can close the ductus, such treatment has had side effects (11, 24). The trend toward conservative treatment has been fueled by recent experience with conservative approaches that demonstrated improved neonatal outcomes and a high rate of spontaneous ductal closure at discharge. Lokku et al. demonstrated that an increasing rate of conservative management of PDA occurred alongside a decrease in medical and/or surgical treatment between 2006 and 2012 in Canada (25). An American cohort study with a large population from 280 NICUs showed a significant decrease in diagnosis and medical/surgical treatment of PDA with no evidence of increased morbidities (26). The recent PDA-TOLERATE trial is the only randomized trial that compared routine treatment of a moderate-to-large PDA present at the end of the first week of life in infants born at <28 weeks of gestation to a conservative approach in reducing neonatal morbidities and/or death. It showed that routine treatment of PDA decreased the incidence of PDA at discharge, but failed to decrease the incidence of BPD, BPD/death, and morbidities. Routine treatment of PDA also appeared to increase the incidence of LOS and death among infants born at >26 weeks of gestation (14). Similarly, the present study's results showed a trend toward the conservative approach in our NICUs across Turkey. In this study, although medical treatment of PDA did not show any reduction in the rates of open PDA at discharge, surgical ligation or neonatal morbidities; it was associated with increased mortality among infants born at <29 weeks of gestation. Medical treatment was preferred in more severe cases in which more mature preterm infants were receiving respiratory support by clinicians. However, subgroup analysis in infants born at <27 weeks of gestation showed that conservative management was not inferior to medical treatment in patients with similar characteristics.

The role played by prolonged PDA exposure in the development of morbidities remains unclear. Studies that compared infants who received indomethacin within the first 3 days of life to infants who received indomethacin only if PDA persisted beyond 7 days with specific rescue criteria showed that infants who received early treatment required less ventilatory and inotropic support and experienced a lower rate of BPD and BPD/death (27–29). Jensen et al. reported that prophylactic-used indomethacin reduced the rates of BPD and BPD/death (30). These studies enrolled and treated infants whose PDA may have been spontaneously closed at the end of the first week. A recent PDA-TOLERATE trial showed that no effect was had on the incidence of BPD if either routine treatment of moderate-to-large PDA was given after the first week or if no treatment was given until severe respiratory or hemodynamic symptoms developed (14). Clyman et al. showed that a significant increase in the incidence of BPD/death required at least 7–13 days of untreated moderate-to-large PDA in infants born at <28 weeks; additional exposure did not add an increase to the incidence of BPD/death (31). In the present cohort study of infants born before 29 weeks of gestation, it was found that early treatment before 7 days of life was associated with higher mortality and BPD/death. Treatment at or after 7 days was not associated with an increase in the risk of incidences of any morbidities. Long-term recent studies demonstrated that a conservative approach, even in the case of prolonged PDA, did not increase the risk of neurodevelopmental impairment (13, 32).

The pharmacological agents used to close the DA are prostaglandin synthase inhibitors such as indomethacin and ibuprofen, or a cyclooxygenase inhibitor like acetaminophen (1, 33–35). Meta-analyses on the efficacy of ibuprofen and indomethacin showed no difference in effectiveness; although ibuprofen can have less intestinal and renal side effects (11). Another meta-analysis that evaluated the association between placebo, indomethacin, ibuprofen, and acetaminophen on PDA closure suggested that a high dose of oral ibuprofen was associated with a higher incidence of PDA closure (36). In some randomized controlled trials, oral paracetamol was found to be as effective and safe as ibuprofen in PDA treatment (37–39). According to the Cochrane review, paracetamol was as effective as ibuprofen without showing any difference in neurodevelopmental outcomes (24). Ibuprofen was the most preferred agent followed by paracetamol (67 vs. 33%) in the present study. The choice of medical agent did not affect the incidence of LOS, BPD, ROP, IVH, surgical ligation, or death. But, unlike the other options, paracetamol was associated with higher rates of NEC, mortality and BPD/death which were not reported in previous studies (38, 39).

The present study had a few limitations. First, it was an observational study. However, to the authors' knowledge, the present report represents one of the largest multicenter studies on the outcomes of persistent PDA. Availability of data from a large national prospective cohort of preterm infants who were admitted to tertiary NICUs strengthened these results. Second, this report details the variations and trends in PDA management between NICUs. The design of the study was such that each center used their individual preferences in the decision of PDA management or treatment selection. Potential of unmeasured markers of early severity of illness and the potential for improper adjustment for each subject's observed time in the study which might be attributable to survivor treatment selection could cause bias, and this should be kept in mind when discussing the effect of treatment on the mortality. Although variable practices of PDA management among centers might have affected the natural course of PDA, this afforded the study the chance to compare the different approaches, agents used, timing of treatment, and PDA outcomes. The authors believe that the results of this large clinical database will lead to further studies to improve uniform guidance for the management of PDA.



CONCLUSION

This study provides a summary of the current state of practice for moderate-to-large PDAs in our country, and we think that it will be an important addition to the literature by reporting various treatment and outcome rates. While the majority of NICUs still prefer early symptomatic treatment for moderate-to-large PDA at postnatal 3–5 days of life, there has been a trend toward implementing conservative approaches. As a descriptive study, we observed that medical treatment did not change the incidences of open PDA at discharge, surgical ligation, and morbidities, but was shown to be associated with an increase with mortality. Early medical treatment prior to 7 days of life was not associated with a reduction of the incidences of surgical ligation or morbidities and was associated with higher rates of mortality and BPD/death. Although a conservative approach seems to be preferable option for infants born at <29 weeks of gestation that are suffering from moderate-to-large PDA, we still need well-designed randomized controlled trials to have a final recommendation.
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Failure of ductus arteriosus closure after preterm birth is associated with significant morbidities. Ductal closure requires and is regulated by a complex interplay of molecular and mechanical mechanisms with underlying genetic factors. In utero patency of the ductus is maintained by low oxygen tension, high levels of prostaglandins, nitric oxide and carbon monoxide. After birth, ductal closure occurs first by functional closure, followed by anatomical remodeling. High oxygen tension and decreased prostaglandin levels mediated by numerous factors including potassium channels, endothelin-1, isoprostanes lead to the contraction of the ductus. Bradykinin and corticosteroids also induce ductal constriction by attenuating the sensitivity of the ductus to PGE2. Smooth muscle cells of the ductus can sense oxygen through a mitochondrial network by the role of Rho-kinase pathway which ends up with increased intracellular calcium levels and contraction of myosin light chains. Anatomical closure of the ductus is also complex with various mechanisms such as migration and proliferation of smooth muscle cells, extracellular matrix production, endothelial cell proliferation which mediate cushion formation with the interaction of blood cells. Regulation of vessel walls is affected by retinoic acid, TGF-β1, notch signaling, hyaluronan, fibronectin, chondroitin sulfate, elastin, and vascular endothelial cell growth factor (VEGF). Formation of the platelet plug facilitates luminal remodeling by the obstruction of the constricted ductal lumen. Vasa vasorum are more pronounced in the term ductus but are less active in the preterm ductus. More than 100 genes are effective in the prostaglandin pathway or in vascular smooth muscle development and structure may affect the patency of ductus. Hemodynamic changes after birth including fluid load and flow characteristics as well as shear forces within the ductus also stimulate closure. Current pharmacological treatment for the closure of a patent ductus is based on the blockage of the prostaglandin pathway mainly through COX or POX inhibition, albeit with some limitations and side effects. Further research for new agents aiming ductal closure should focus on a clear understanding of vascular biology of the ductus.

Keywords: ductus arteriosus, oxygen, vasa vasorum, hemodynamics, indomethacin, ibuprofen, acetaminophen, prostaglandins

Fetal circulation is a unique event, functionally different from pediatric and adult circulation. Ductus arteriosus (DA) is a small, simple vessel with just a few milimeters length and width, but has a profound impact on the survival of the fetus and newborn and plays an essential role in normal postnatal adaptation after birth. It functions as a bridge between two large vessels in fetal life, but sometimes it becomes the “bridge between life and death” in preterm infants. It has baffled scientists since ancient times, and beginning from Galen and Ibn-al Nafis, Vesalius, Leonardo Botallo and William Harvey have commented on its structure and function (1).

During fetal development, cardiovascular septation occurs during days 22–28 of gestation and looping of ventricles completes. At this stage, bilateral aortic arches and bilateral DA form but over the next week, the right aortic arch and ductus involutes. Ductus arteriosus arises from the left sixth embryonic arch; leaves the pulmonary artery very close to the bifurcation point and inserts at the transition zone between the aortic arch and descending aorta, distal to the origin of the left subclavian artery. Usually it has a tubular shape but may be funnel-shaped with a narrow end on the pulmonary side and a wide end on the aortic side (2). Although they all derive from the same embryonic tissue, histological structure of the DA is completely different from that of the aorta or pulmonary arteries. The walls of both great vessels are composed of mainly elastic layers, whereas DA wall is mainly muscular. The inner layer of its wall is composed of longitudinal arranged smooth muscle cells whereas the arrangement of outer layer is mainly circular. On the luminal side, a layer of intimal endothelial cells resides on an internal elastic lamina. This unique structure of the DA sets the stage for the constriction of the vessel after birth.

Ductus arteriosus needs to be remain open in fetal life, in order to sustain the “serial” circulation of the blood. Magnetic resonance studies show that 41% of combined ventricular output passes through the DA in fetal life (3). However, after birth, as the lungs begin to function, a “parallel” circulation is maintained, rendering DA non-functional. Initially it was thought that the ductus was a flabby structure that remained passively open. However, in fetal life, ductus in actively kept dilated by continuous intramural production of prostaglandins (4). The transition from intrauterine to extrauterine life is a critical period and dysregulation of this process may lead to cardiopulmonary instability. Cardiopulmonary adaptation is completed by the closure of DA, followed by closure of ductus venosus and lastly by foramen ovale. In 88% of normal term infants, the ductus is closed by the 8th week of life (5). Preterm infants are born before complete maturation of the cardiovascular system, and they manifest most of the characteristics of fetal life. In a retrospective study of 280 preterm infants who did not receive any therapy directed at closing the ductus, the median time to closure was 71 days in infants born <26 weeks; 13 days in infants born 26–27 weeks, 8 days in infants born 28–29 weeks and 6 days in infants born >30 weeks (6). This implies that extremely preterm infants will be subjected to a period of left-to-right shunting and complications relevant to this shunting.

Ductal closure occurs in two steps: The functional step (vasoconstriction) and the anatomical step (remodeling). Interestingly, the closure of DA resembles the process after vascular injury or atherosclerosis in the adult arteries (7). Understanding different mechanisms which are involved in maintaining ductal tone is essential to comprehend why preterm infants have a high incidence of ductal patency, why some of them do not respond to treatment and where to direct novel therapeutic approaches. On the other hand, it must be stated that most of the experiments and studies toward understanding the physiology of ductal closure are done in animals such as rats or lambs and extrapolated to humans. However, some mechanisms as well as their magnitudes may not be the same in humans.


DUCTAL PATENCY IN UTERO

Smooth muscle tone is regulated by phosphorylation/dephosphorylation of myosin light chain (MLC). MLC is phosphorylated by Calcium/calmodulin-dependent MLC-kinase (MLCK) and dephosphorylated by calcium independent MLC-phosphate (MLCP). Increased cytosolic calcium activates MLCK, which leads to MLC phosphorylation and vasoconstriction (8) (Figure 1). Patency of DA is regulated by counteractive forces causing vasodilation or vasoconstriction. In the fetus, DA needs to remain open, therefore vasodilating factors are more active than vasoconstrictive factors. Prostaglandins play a dominant role to oppose constriction. Since the pulmonary artery pressure is very high, the pressure within the DA is very high, preventing it from constriction.
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FIGURE 1. Vasoconstrictive and vasodilatory effects in the ductal smooth muscle cell. Smooth muscle cells are lined with an internal elastic lamina, on which endothelial cells reşide. Vasodilation is maintained by the interaction of PGE2 with its receptor EP4, which triggers potassium outflow through voltage-sensitive potassium channels, which leads to membrane hyperpolarization. Thereby, calcium entry into the cells decreases and binding of calmodulin to MLCK is inhibited. cAMP and cGMP are also effective during this process. After birth, high oxygen tension, which is sensed through the mitochondria triggers the formation of H2O2 which blocks Rho-kinase pathway as well as potassium channels leading to membrane depolarization and calcium entry into cells. Calcium entry is also stimulated by endothelin-1, hypo-osmolarity and glutamate. Calcium activates MLCK, which leads to MLC phosphorylation and vasoconstriction. cAMP is also effective in smooth muscle migration and intimal cushion formation. AC, adenylyl cyclase; ANP, Atrial Natriuretic peptide; ATP, Adenosine Tri Phosphate; BK, Bradykinin; BK1, Bradykinin receptor; CaL, calcium channels; cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosin monophosphate; CO, Carbon monoxide; CYP3A13, cytochrome P450; eNOS, endogenous nitric oxide synthase; EP4, Prostaglandin receptor 4; ET-1, Endothelin-1; ETA, endothelin receptor A; epac, exchange protein activated cAMP; H2, Hydrogen sülfite; GluR1, glutamate receptor-1; KATP, KV, Voltage-dependent potassium channels; NE, Norepinephrine; MLC, Myosin Light Chain; MLCK, Myosin Light Chain Kinase; MLCP, Myosin Light Chain Phosphatase; NO, nitric oxide; PKA, cAMP-dependent protein kinase; PGE2, Prostaglandin E2; PKG, cGMP-dependent protein kinase; RA, Retinoic acid; ROCK-1, Rho-associated protein kinase-1; SR, Sarcoplasmic Reticulum; SMC, Smooth Muscle Cell; TRMP3, transient receptor potential melastatin 3 (Figure courtesy of Fahri Ovali).



Prostaglandins

Prostaglandins are synthesized from arachnidonic acid by cyclooxygenases COX1 and COX2 within the ductal muscle. Circulating prostaglandins, originated from the placenta contribute to the patency of DA (Figure 2). Prostaglandins are metabolized in the lung and low pulmonary blood flow in the fetus leads to reduced clearance of prostaglandins, increasing their concentration further.
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FIGURE 2. Prostaglandin pathway and metabolism. Inhibitors of various steps are shown in red., COX-1, cyclooxygenase-1; EP4, Prostaglandin receptor 4; Indo, Indomethacin; Ibu, Ibuprofen; PG, prostaglandin; 15-PGDH, 15-hydroxyprostaglandin dehydrogenase; 15-KETO-PG2 (Figure courtesy of Fahri Ovali).


Prostacylin (PGI2) is the major arachnidonic acid product of the ductus but although it is more prevalent, it is less potent than prostaglandin E2 (PGE2), which is the most important prostaglandin to regulate the patency of DA (9). PGE2 interacts mainly with its receptor EP4. EP4 activates voltage-gated potassium channel (Kv) and outward K+ current increases, thereby inducing membrane hyperpolarization, which inhibits Ca2+ influx via the voltage-gated L-type calcium channels (CaL) and decreases intracellular calcium (10). PGE2also activates cyclic adenosine monophosphate (cAMP), which inturn activates protein kinase (PKA), which inhibits myosin light chain creatine kinase (MLCK). Inhibition of MLCK blocks phosphorylation of myosin light chains, which results in inhibition of vasoconstriction, hence vasodilation occurs (11–13) (Figure 1). In utero vasodilation of the ductus is maintained by dephosphorylation of MLC to MLCP. MLCP is enhanced due to the inhibitory effect of PKG on the Rho-kinase pathway. PKG also activates Kv channels, leading to hyperpolarization and inhibition of Ca2+ influx through CaL channels. Stimulation of sarcoplasmic reticulum calcium ATPase (SERCA), by PKG leads to uptake of Ca2+ in sarcoplasmic reticulum, lowering intracellular calcium (14, 15).



Nitric Oxide

Nitric oxide (NO) is produced by endothelial nitric oxide synthase in the luminal endothelium and endothelium of vasa vasorum and maintains the patency of DA by acting through cGMP. After its production, it diffuses into the SMC and binds with soluble guanylyl cyclase, producing cyclic guanosine monophosphate (cGMP). cGMP activates cGMP-dependent protein kinase (PKG), which induces vasodilation (16) (Figure 1). NO is also formed in small amounts in the SMC by inducible nitric oxide synthase (iNOS) and neuronal NOS, which contribute to ductal relaxation (17). Nitric oxide is used commonly in preterm infants for the management of pulmonary hypertension and may affect the patency of the ductus. PGE2 and NO are coupled for reciprocal compensation such that inhibition of one of them increases the concentration of the other one (18). This might explain why some preterm infants fail to close their ductus in response to COX inhibitors.



Carbon Monoxide

Hem oxygenase 1 and hem oxygenase 2 which produce carbon monoxide (CO) are found in the endothelial and smooth muscle cells of the DA. CO dilates the ductus by inhibition of O2 sensing cytochrome P450, thus interrupting endothelin-1 signaling (19, 20) (Figure 1). Carbon monoxide produced under physiological conditions seems to be negligible with regard to ductal patency but in cases of upregulation such as endotoxemia, it may have a relaxing effect on the ductus. Carbon monoxide is also formed in a molar ration during bilirubin production. Theoretically, high bilirubin levels may be associated with ductal patency. However, since high bilirubin levels are not allowed and treated accordingly in human neonates, this effect does not seem to be an important contributor to PDA. Similarly hydrogen sulfide inhibits DA tone (21).

Phosphodiesterase 3 (PDE3) inhibitors such as milrinone and amrinone have positive inotrope and vasodilator effects. Inhibition of PDE3 also induces dilation of the fetal and postnatal ductus arteriosus in humans. This effect is mediated by an increase in cAMP and cGMP in vascular smooth muscle (22) (Figure 1).

Transient receptor potential melastatin 3 (TRPM3) is expressed heavily in ductal SMC and acts as a calcium channel which increases intracellular Ca2+ independent of CaL channels. Progesterone is a natural inhibitor of TRPM3 and may prevent ductal closure in utero (23).

Factors that maintain ductal patency in utero are summarized in Table 1 (24).


Table 1. Factors that maintain ductal patency in utero.
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FUNCTIONAL CLOSURE

Functional closure of the ductus occurs by 8 h in 44% of normal term infants and almost 100% are closed by 72 h. (25). The rate and degree of this closure is determined by the balance of vasodilator and vasoconstrictive factors. Several changes in late gestation contribute to an increase in ductal tone.

Constriction of the ductus is maintained via3 factors:

a) Decreased concentration of prostaglandins by the loss of placental source and increased removal by the lungs, and decreased number of EP4 receptors on the ductal wall.

b) Increased arterial oxygen pressure.

c) Decreased pulmonary vascular resistance resulting in decreased blood pressure within the lumen of the DA.


Decreased Prostaglandins

After the cord is clamped, PGE2 concentrations drop rapidly due to removal of placental production and increased metabolism in the lungs (9). The metabolism of PGE2in the lung is mediated by PG transporter, which controls the uptake of PGE2into type II alveolar epithelial cells (26). In the alveolar epithelial cell, PGE2is degraded reversibly to biologically inactive metabolite 15-keto-PGE2 by 15-hydroxyprostaglandin dehydrogenase (15-PGDH) (27). The activity of 15-PGDH increases with increasing gestational age (28). 15-keto-PGE2is metabolized irreversibly to 13, 14-dihydro- 15-keto-PGE2by Δ-13-reductase. After birth, expression of EP4 decreases and increased oxygen reduces the sensitivity of the ductus to PGE2 (29). On the other hand, lungs also produce bradykinin (27). Bradykinin induces vasodilation in utero, but in higher concentrations, it induces vasoconstriction (30).

In the preterm infant, the sensitivity of DA to PGE2 is higher than that in the term infant, which is attributed to increased binding to EP2, EP3, and EP4 receptors (18). The catabolism of PGE2 is slower due to low 15-PGDH activity in early gestation. The preterm ductus is also six times more sensitive to dilation to NO than the mature DA (31). Postnatal increase in oxygen might enhance NO production, which induces vasodilation (9).

Although PGE2 is the most important agent in maintaining ductal patency in fetal life, there is some evidence that in late gestation, it may paradoxically prepare the ductus for postnatal closure. At that time, PGE2 may promote the expression of some genes involved in vasoconstriction (32, 33). In late gestation, some phosphodiesterases that degrade cAMP are upregulated, which results in limited accumulation of cAMP and attenuates the vasodilator effects of PGE2 (34).



Increased Oxygen

There are a number of oxygen sensing tissues in human body, such as fetoplacental arteries in the placenta, pulmonary artery, DA, adrenomedullary chromaffin cells, neuroepithelial body and carotid body. This oxygen-sensing and responding system is called the Homeostatic Oxygen Sensing System (HOSS) and should be considered one of the body's major systems such as cardiovascular, nervous or endocrine systems (35).

During fetal life, oxygen pressure in the ductal lumen is about 18–28 mmHg, which is suitable for maintaining the ductus open (36). After birth, arterial oxygen rises sharply to 80–100 mmHg, which leads to vasoconstriction of almost all vascular smooth muscle, with the exception of pulmonary artery (37). Oxygen-induced constriction begins within 4.6 ± 1.2 min after a rise in PaO2 (38).

Oxygen-induced vasoconstriction is a multistep process. Oxygen sensing involves a change in redox state, determined by mitochondria and nicotinamide adenine dinucleonide phosphate (NADPH) oxidase. Proximal electron transport chain is the major oxygen sensor in the ductal SMC. This is reflected in the observation that electron transport chain inhibitors (i.e., rotenone and antimycin) mimic hypoxia and constrict the ductus, as well as activating the carotid body. When PO2 rises, mitochondria respond by production of reactive O2 species (ROS) especially H2O2, which changes the cellular redox potential and alters the function of redox-sensitive genes, second messenger systems and oxygen-sensitive potassium channels, which control SMC membrane potential. Production of adenosine triphosphate (ATP) through oxidative phosphorylation increases with rising oxygen levels and inhibits KATP channels (39). These channels compose of many subunits such as Kv1.2, Kv1.5, Kv2.1, Kv31b, Kv4.3, Kv9.3, and BKca (40).

Response to oxygen is mediated through potassium channels. Although the pulmonary artery and the ductus are continuous and have similar Kv channels, their response to oxygen is reversed. Hypoxia causes pulmonary artery vasoconstriction and ductal vasodilation. Reduced expression of Kv1.5 and Kv2.1 channels results in failure of ductal closure. It may be speculated that the failed response of premature infants' ductus to normoxia may be related to “deficient” Kv channels, reduced PGE2induced gene expression of ion channels (41) and a gene transfer which restores K2.1 or Kv1.5 expression might be helpful for vasoconstriction (40).

Inhibition of potassium channels leads to membrane depolarization, influx of calcium into the cells through L type (CaL) and T type (CaT) calcium channels, and opening of inositol triposphate (IP3) sensitive sarcoplasmic reticulum calcium stores which release calcium (11, 42). This causes DA constriction without depolarization. Subsequent calcium entry through these channels promotes constriction of the DA.

L-type calcium channels are themselves oxygen-sensitive (43). T-type calcium channels also regulate calcium entry into the cells and they are upregulated with increased oxygenation (44). In response to oxygen, calcium may also enter the cell through reverse-mode function of the Na/Ca exchanger also. Maturation of the sensor, mediator and effectors goes in parallel (45).

Cytochrome P450 enzymes catalyze a number of reactions to modulate inflammation, angiogenesis and vascular tone. A member of this system also acts as a sensor for oxygen (46). Monooxygenase and lipooxygenase metabolites of arachidonic acid have the ability to respond to changes in oxygen tension (47). Stimulation of the endothelin A receptor and production of endothelin-1 (ET-1) mediates ductal constriction (48).

Isoprostanes are prostaglandin-like compounds which are produced in response to oxidative stress via non-enzymatically free radical mediated peroxidation of arachidonic acid, without the effect of COX enzymes. They increase as a response to increased arterial PO2 and increased ROS and mediate inflammation as well as constriction of the DA (49).

Retinoic acid is also active in oxygen signaling and maternally administered vitamin A accelerates the development of oxygen sensing mechanism by increasing the expression of Cav1.2 and Cav3.1 in the rat DA (50).

Rho-kinase pathway is effective in sustaining the contractile state of the ductus. Increased ROS, mainly H2O2 in the mitochondria induces RhoB and Rho-associated protein kinase-1 (ROCK-1) expression, which promotes phosphorylation of myosin phosphatase inhibiting MLCP. Activation of the Rho-kinase pathway induces calcium sensitization, which sustains ductal constriction through positive feedback mechanism (51). Rho-kinase system balances MLCK and MLCP (Figure 1). Inhibitors of Rho-kinase such as fasudil lead to pulmonary vascular relaxation, thus pulmonary hypertension (52). In the preterm infant, mitochondrial ROS system is immature, and together with failure to upregulate Rho-kinase expression to oxygen, leads to ductal vasodilation. Exogenous H2O2 mimics the effects of increased oxygen.

Oxygen stimulates the release and synthesis of endothelin-1 (ET-1), acting on type A receptors (ETA). Stimulation of these receptors induces IP3 production by phospholipase c, which leads to an increase in intracellular Ca2+ (53). Endothelin receptor antagonists are found to inhibit ductal constriction (54).

In the preterm infant smooth muscle myosin isoforms are immature and the contractile capacity of the muscle cells are weak. L-type calcium channels are immature with impaired calcium entry into the cells. Reduced expression of Rho kinase expression and activity as well as oxygen sensing KV channels contribute to the ductus patency (45). Inhibition of these potassium channels by oxygen leads to SMC depolarization, opening of the voltage-gated L-type Ca channels, influx of calcium into the SMC and vasoconstriction. The preterm ductus has increased sensitivity to the vasodilating effects of prostaglandins and nitric oxide, which prevents constriction. This sensitivity is affected by increased cAMP signaling and decreased cAMP degradation by phosphodiesterases (55). High rates of response to PG inhibitors such as indomethacin and ibuprofen may be explained by this exaggerated sensitivity of the ductus to PGs. On the contrary, elevated levels of PGs during sepsis or necrotizing enterocolitis may mediate the re-opening of ductus in preterm infants (56).



Non-oxygen Pathways

In the preterm ductus energy metabolism begins to fall after birth, with decreased amounts of glucose, oxygen and adenosine triphosphate (ATP). This is not profound enough to cause cell death but interferes with the ability of the ductus to close (57).

Glutamate promotes ductal constriction by glutamate inotropic receptor subunit 1 (GluR1)-mediated noradrenalin production in animal models (58). It may be suggested that nutritional supply of glutamate may have a therapeutic role in the closure of PDA (59).

Caffeine is an adenosine receptor blocker, but it also affects several mechanisms involved in ductal closure. It increases cAMP, releases Ca+2 from endoplasmic reticulum, and inhibits the production and activity of prostaglandins. It is used frequently in extremely low birth weight infants for the prevention and treatment of apnea and bronchopulmonary dysplasia. However, it does not affect the contractile response of the ductus at therapeutic concentrations (60).

There is a transient decline in serum osmolarity after birth, which recovers to adult levels within a few days There is some evidence that hypo-osmolarity may mediate ductal closure. In preterm infants with hemodynamically significant PDA, osmolarity is 5 mOsm/L higher compared to non-hemodynamically significant PDA group (61). Hypo-osmotic receptor transient receptor potential melastatin 3 (TRPM3) is upregulated in the ductus and regulates calcium influx into the cells, promoting vasoconstriction. Rats with transient hypo-osmolarity after birth have increased rates of ductal closure (62).

B-type Natriuretic peptide (BNP) plays an important role in regulating the body fluid volume and blood pressure. It is secreted from the ventricles in response to increased cardiac stress and increases intracellular cGMP, inducing vasodilation. In PDA, the volume of left-to-right shunting is associated with the BNP level and higher levels predict a hemodynamically significant PDA and a poor response to indomethacinin preterm infants (63, 64). Bradykinin induces ductal constriction through BK-1 receptors (29).



Progesterone

Progesterone regulates prostaglandin synthesis and prostaglandin sensitivity of smooth muscle cells. Progesterone withdrawal in late pregnancy coincides with the increasing sensitivity of ductus arteriosus to constriction by indomethacin (65). This effect is similar to that of glucocorticoids (66). However, this effect seems to be pharmacological, rather than physiological (67).

In summary, the overall mechanism of functional closure of the ductus involves a drop in PGE2 levels after birth, which impairs ductal vasodilation and a concomitant rise in oxygen which leads to vasoconstriction. Intracellular calcium increases, secondary to inhibition of Kv channels and KATP induced membrane depolarization. Increased calcium within the cell activates Ca2+–Calmodulin dependent MLCK activation, which phosphorylates MLC (8). Calmodulin expression is upregulated after birth (68). Increased ET-1 synthesis releases intracellular calcium from the sarcoplasmic reticulum (69). Rho-kinase pathway inhibits MLCP, inducing calcium sensitization by reducing the requirement for calcium influx, maintaining vasoconstriction (9).

Factors that contribute to ductal constriction after birth are summarized in Table 2 (23).


Table 2. Factors that contribute to ductal constriction after birth.
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ANATOMIC CLOSURE AND REMODELING

The initial constriction of the ductus alone is insufficient for the permanent cessation of blood flow through it. Permanent anatomic closure is essential to prevent re-opening, which occurs through a process of remodeling. This process involves intimal cushion formation, disassembly of internal elastic lamina and loss of elastic fibers in the medial layer, migration and proliferation of the SMCs, extracellular matrix production and endothelial cell proliferation and finally blood cell interaction. Each step is related to each other and occurs in a sequential way. After complete anatomic closure, the ductus undergoes apoptosis and becomes the ligamentum arteriosum.


Vasa Vasorum

A substantial amount of nutrients of the ductal wall is provided by vasa vasorum, which supply the outer portion of the wall. Vasa vasorum enters the outer wall of the ductus and grow toward the lumen. They stop growing ~400–500 μm from the lumen. The distance between the lumen and the tip of vasa vasorum is called the avascular zone of the vessel. The thickness of the avascular zone defines the furthest distance that still maintain oxygen and nutrient homeostasis in the tissue. Vasa vasorums appear in the ductal wall only after wall thickness exceeds 400 μm which is not evident before 28 weeks of gestation (70, 71). The thickness of the ductal wall in the full term fetus is 1,000 μm. When the ductus constricts after birth, it increases up to 1,250 μm, in lieu of the lumen (9). In the preterm fetal ductus, the wall thickness is about 480 μm and it increases to 670 μm after birth, when constricted (9) (Figure 3). In the full-term ductus, the increased tissue pressure occurring during ductus constriction occludes the vasa vasorum and prevents flow of nutrients to the outer wall of the vessel. This results in the effective avascular zone expanding from 500 μm to the entire thickness of the vessel wall. When this occurs, the center of the ductus wall becomes profoundly ischemic (73). However, in the 24-week-old preterm infant, the ductus is only 200 μm thick. The vasa vasorum do not penetrate the muscle media. This thin walled ductus does not need the vasa vasorum for nutrient flow. As a result, there is no vulnerable region of the wall during closure of the ductus. The preterm ductus arteriosus is less likely to develop the severe degree of hypoxia that is necessary for ductal remodeling (74).
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FIGURE 3. Vaso vasorum in term and preterm infants before and after birth. By the obliteration of vaso vasorum, the thickness of the vaso vasorum increases after birth and the lumen shrinks. In the preterm infant, vaso vasorum are absent or very scarce and the elastic lamina is thin [Figure adapted from (72)].


In the term infant, increased intramural pressure occludes vasa vasorum leading to the inhibition of provision of nutrients and oxygen to the muscular layer. Thereafter, the blood and hence the oxygen supply to the cellular layer subsides, leading to hypoxia and cell death (73). The profound hypoxia that follows induces local production of hypoxia inducible factors 1α and VEGF, inhibits the production of PGE2 and results in apoptosis of SMCs. The proliferation of endothelial cells is mediated by VEGF. Adhesion of mononuclear cells is mediated by VEGF whereas the formation of the platelet plug is mediated by platelet-derived growth factor. This induces an inflammatory response and monocytes and macrophages begin to recruit to the ductal wall, producing platelet-derived growth factor which is essential for migration and proliferation. During the initial functional vasoconstriction, loss of luminal blood flow causes hypoxia in the ductal muscle, inducing VEGF secretion (74).

Since the ductal vessel wall is very thin in the preterm infant, it does not contain vasa vasorum and the cells receive oxygen by diffusion from the lumen. This means that as long as luminal patency continues, the cells will receive oxygen and will fail to undergo anatomic remodeling. The preterm ductus requires a greater degree of constriction than that of the term infant in order to achieve a similar degree of hypoxia to trigger the cascade of events necessary for anatomic closure. At the same time, they will be responsive to prosglandins, and be susceptible to re-opening in case of prostaglandin surge as it happens in sepsis or necrotizing enterocolitis. In contrast, preterm ductus produces NO after birth, due to the growth of new vasa vasorum that synthesize NO (63). Therefore, the ductus becomes more dependent on vasodilators other than prostaglandins after the first few weeks. This is reflected in the decreased response to indomethacin with increasing postnatal age. In animal data, combined use of NO-synthase inhibitors with indomethacin produces a greater ductus constriction than indomethacin alone (75).



Elastic Fibers

The structure of the ductal wall is strikingly different from the aortic wall with regard to its elastic content. In great arteries, complex extracellular matrix and elastic fibers are essential to overcome the mechanical and hemodynamic stress of the pulsatile flow. Well-developed elastic fibers in the aorta prevents it from collapsing. However, in the ductal wall, there are very few and thin elastic fibers which do not prevent, but in fact facilitate ductal collapse. Ductal wall is composed of just a media layer which consists SMCs and a superficial thin internal elastic lamina (Figure 3). This lamina is also very prone to fragmentation. The intima layer contains the endothelial cells facing the lumen of the ductus. The structural features of the ductus prepares it for immediate closure after birth. Abnormalities of the elastic fibers and elastic lamina may be responsible for some of the PDA cases by preventing intimal cushion formation and collapse of the ductal wall (73).

In the ductal wall, there is less elastin binding protein leading to less elastin deposition. Moreover, increased chondroitin sulfate in the ductus leads to dissociation of tropoelastin from the cell surface, interfering with elastin fiber assembly further (76). Tropoelastin is a chemoattractant for SMCs. Lysl oxidase (LOX) catalyzes elastin cross-linking and it is degraded in the ductal cell when EP4 receptor is stimulated by the prostaglandins (77). EP4 is a Gs protein coupled receptor which increases intracellular cAMP by adenylyl cyclases. Signaling coupled with PGE2 and EP4 stimulates vascular dilation and intimal thickening.



Intimal Cushion Formation

After the functional phase, progressive intimal thickening and fragmentation of the internal elastic lamina occurs, ultimately forming protrusions which occlude the ductal lumen. During the remodeling process; endothelial cells and internal elastic lamina separate, leaving a subendothelial space in-between for the migration of SMCs and endothelial cells. Integrins, which are transmembrane receptors on the cell surface participate in the interaction of these cells, promoting Intimal cushion formation. In patients whose ductus is not closed, integrin expression is downregulated (78). Intimal thickening is due to the migration of smooth muscle cells from the media layer to the intima and to the proliferation of luminal endothelial cells. During this process, the first step is the migration of SMC from the media to the subendothelial layer, leading to neointimal cushion formation (79). SMC migration is mediated by PGE2, Transforming Growth Factor Beta (TGFβ-1), notch signaling, Vascular Endothelial Growth Factor (VEGF) and fibronectin coupled with hyaluronan. The proliferation of SMCs is mediated by retinoic acid and notch signaling. Mounds are formed by expansion of the neointima by hyaluronan, which creates a suitable space for migrating SMC from the muscle into the intima and proliferating endothelial cells. The process begins with the accumulation of hyaluronan beneath the endothelial cells, accompanied by loss of laminin and type IV collagen and their separation from the internal elastic lamina. Influx of water into the hyaluronan widens the subendothelial space. Hyaluronan potentiates the migration of SMCs to the subendothelial space through hyaluronan binding protein, synthesized by SMCs (80). This wide space is suitable for SMC migration. Smooth muscle migration is facilitated by impaired elastin assembly and elastin fragmentation. Accumulation of hyaluronan is associated with increased production of TGFβ and prostaglandins via activation of adenylylcyclase 6 (81). Ductal SMCs also secrete fibronectin and chondroitin sulfate which facilitate the migration of these cells (82). SMC also secrete laminin, which is a promigratory protein (83).

In addition to its effects on vasodilation, PGE2 stimulates SMC migration through exchange protein activated cAMP (epac) pathway in the ductal wall (84) (Figure 1). Cyclic AMP has 2 targets: protein kinase A (PKA) and epac. Epac is a guanine nucleotide exchange protein independent of PKA, which regulates the activity of small G proteins. It is upregulated during the perinatal period and promotes SMC migration without hyaluronan production (85). cAMP is degraded by phosphodiesterases (PDE) to 5'AMP. Activation of PDE can suppress cAMP mediated EP4 signaling and PDE inhibitors can enhance it (12). Neointimal mounds are less well-developed in the preterm infant, rendering the occlusion of the lumen difficult.



Retinoic Acid

Retinoic acid stimulates the growth of SMCs and decreases apoptosis (86). Prenatal administration of vitamin A increases the production of fibronectin and hyaluronic acid, leading to intimal tickening, as well as the intracellular calcium response and the contractile response of the ductus to oxygen (50). This response is activated by the upregulation of α1G subunit of voltage-dependent calcium channel, which is activated by oxygen-induced inhibition of potassium channel (32). In other words, retinoic acid stimulates both functional and anatomic closure of the ductus. Early trials in human neonates concluded that administration of vitamin A after birth does not result in constriction of DA, but retinoic acid receptor activation may be have a therapeutic potential for treating PDA (87, 88). However, in a recent trial on preterm infants administering 10,000 units of Vitamin A on alternate days for 28 days, rate of PDA was significantly reduced (89).



TGF-β1

TGF-β1 binds the SMC through integrins to the extracellular matrix, slowing down the migration. This is necessary during the remodeling process for maintaining the tension to sustain DA contraction (90).



Interleukin-15

(IL-15) has many pro-inflammatory effects, but also inhibits SMC proliferation and hyaluronan accumulation during the remodeling process of the ductus. The up-regulation of IL-15 in the ductus is mediated through the prostaglandin pathway. IL-15 upregulates the expression of EP4 mRNA, as well as stimulating angiogenesis through binding to endothelial cells (91). In late gestation, several factors try to promote the structural closure of the ductus in preparation for the postnatal life and IL-15 may balance this tendency by a counteractive mechanism (92).



Notch Signaling

Notch receptors are critical for cell differentiation and there are 4 Notch receptors in humans. Notch 2 and Notch3 receptors are abundant in smooth muscle and they regulate proliferation, migration and angiogenesis in the vasculature. A decrease in the number of Notch receptors in SMCs is associated with downregulation of gene expressions related to contractile elements (84). Notch signaling is required for contractile SMC differentiation in mice (91).



Extracellular Matrix Production and Proliferation

Extracellular matrix consists of hyaluronan, fibronectin, chondroitin sulfate and elastin, which are mediated by retinoic acid, TGFβ, PGE2, IL-15, and oxygen (51).

Hyaluronan is effective in SMC migration and regulated by PGE2, IL-15, and TGFβ. PGE2-mediated EP4 activation increases the cAMP production through protein kinase A (PKA), which stimulates hyaluronan production in the SMCs (93).

Fibronectin is secreted by the SMCs and promotes SMC migration in the process of intimal cushion formation. Ductal SMC produce twice more fibronectin than aortic SMCs (94). It is possible that preventing fibronectin dependent intimal thickening may be utilized for the patency of DA in congenital heart diseases (82). Other mediators which play an important role in the proliferation and migration of SMCs include versican, a hyaluronan-binding proteoglycan and tanacin, a hexameric glycoprotein (95, 96).

Chondroitin sulfate causes the release of elastin binding protein from the SMCs, impairing the elastin assembly and stabilizing the hyaluronan. Therefore, it indirectly promotes the migration of SMCs and upregulates the synthesis of fibronectin (97).

Elastin contributes to the patency of the ductus by maintaining the elasticity of the ductal wall. Its production is regulated by oxygen and PGE2. Inhibition of elastogenesis by PGE2 causes vascular collapse and ductal closure. Oxygen reduces elastin secretion in the SMCs. Stated otherwise, PGE2 and oxygen stimulates elastogenesis, leading to vasodilation and patency of the ductus (72, 98).



Blood Cell Interactions

Vascular wall ischemia induces a local inflammatory response, which activates mononuclear cells in the blood. Leukocyte interactions with P-selectin and Intercellular Adhesion Molecule-1 (ICAM-1) is necessary for recruitment when physiologic shear forces are present and this interaction is only possible when the flow is very slow. Therefore, leukocytes can adhere to the ductal wall only after vasoconstriction and loss of ductal flow has occurred (99, 100) Monocytes and phagocytes adhere to the wall of the ductus via vascular cell adhesion molecule-1 (VCAM-1), whose expression increase after birth (7, 91). VEGF is a direct chemoattractant for monocytes (101). The magnitude of this adhesion is correlated by the extent of intimal cushion formation (102). Monocytes also stimulate PDGF-B, which is a mediator of smooth muscle migration (103).

During the initial process of vasoconstriction, detachment of endothelial cells triggers the adhesion of platelets to the “injured” site, forming a platelet plug, which further blocks the lumen. Mice with disrupted platelet function or administered antibody against platelets have impaired ductus remodeling (104). The effect of platelets on ductal closure is minimal in term infants but it is more pronounced in preterm infants. Since the intimal cushion formation is mainly triggered by hypoxia and the preterm ductus is less likely to become hypoxic when it constricts after birth, platelets play a more significant role in ductal plug formation and closure in this setting (105). It is reported that platelet-derived growth factor is lower in infants with PDA (106). Low platelet count is also correlated with hemodynamically significant PDA and delayed closure of the ductus (104, 107), whereas high platelet counts promote the initial constriction of the ductus (108).




GENETIC BACKGROUND

Although they originate from the same neural crest lineage, there are major transcriptional differences between the DA and aorta. Several studies highlight the effect of genetic predisposition to the patency of DA. These include either the prostaglandin pathway (i.e., smooth muscle contraction), or vascular smooth muscle development or structure. Most of these information is obtained through mouse models. Overall, there are more than 100 genes are effective in the development of DA (33, 109).

Arachidonic acid is metabolized by PGH2 synthase to prostaglandin H2, which in turn is metabolized by PGE synthase to prostaglandin E2 (PGE2). Prostaglandin endoperoxide synthase 1 (Ptgs1 or COX1) and (Ptgs2 or COX2) is the rate limiting enzyme in the production of prostaglandins from arachidonic acid. Mice deficient in Ptgs1 have normal survival after birth whereas 35% of mice deficient in Ptgs2 die shortly after birth because of PDA (110). If both are lacking, 100% of mice die in the first day (111). Prostaglandin E2 binds to the cell through its receptor EP4 (Ptger4) and mediates vascular smooth muscle relaxation and intimal thickening. Mice lacking these receptors die due to PDA (11). Furthermore, Hpgd gene encodes hydroxyprostaglandin dehydrogenase 15-(NAD) which is responsible for PGE2 metabolism. The deletion of this gene leads to elevated levels of PGE, leaving the DA open and resulting in death (112). Mice deficient in prostaglandin transporter gene Slco2a1 also die within 2 days after birth (113).

The effects of prostaglandins are mediated through cyclic guanosine monophosphate (cGMP) and cyclic adenosine monophosphate (cAMP). Phosphodiesterases degrade these compounds and several genes have been proposed for phosphodiesterases. Pde5a mediates vasoconstriction in SMC of DA and its expression decreases in 6 h after birth (114).

The genes upregulated during ductal closure are phosphodiesterase 4B (PDE4B), desmin pyruvate dehydrogenase kinase isozyme 4 (PDK4), and insulin-like growth factor binding protein 3 (IGFBP3). Downregulated genes include cyclin-dependent kinase inhibitor 1C (CDKN1C) and alpha-2-glycoprotein1 (AZGP1). PDE4B limits the accumulation of cAMP, minimizing the vasodilator effect of endogenous prostaglandins. Therefore, increasing PDE4B would facilitate ductal constriction. Desmin is a component of the cytoskeleton and its increase indicates the maturation of SMCs. PDK4 and IGFBP3 regulate cell proliferation and apoptosis, which are operative in ductal closure. Increased transforming growth factor β-receptor II regulates PDK4 also (90, 115, 116). Wingless integrin pathway (Wnt), which is a part of IGFBP3 system plays a major role in ductal closure through upregulation of cyclooxygenase 2 and apoptotic processes mediated by macrophages (117).

Smooth muscle of the DA contracts in response to oxygen. Mice deficient in myosin heavy chain gene (Myh11) have delayed closure of DA (118). Myocardin regulates expression of genes for contractile proteins in smooth muscle cells (SMC) and selective deletion or ablation of Mycocd results in death (119). Tcfap2b is the gene which encodes the transcription factor in neural crest cells, from which the DA originates. Mice deficient in Tcfap2b die within the first day of life with PDA and pulmonary overload (120). The DA of these mice lack markers of differentiated SMCs such as calponin and hypoxia-inducible factor 2α (HIF2α) which are also involved in oxygen sensing, suggesting that Tcfap2b plays an important role in the development of SMCs (121). Some genes act together resulting in PDA. Whereas, the deletion of Notch2 gene results in PDA in only 40% of cases, when combined with the deletion of Notch3, PDA is observed in 100% of cases (122). Deletion of the Notch ligand, jag1 also results in lethal PDA on day 1 because of significant defects in SMC differentiation (123). On the other hand, deletion of the Brahma-related gene (Brg1-a) which is responsible for chromatin remodeling results in cardiovascular anomalies, including PDA (124). Genes involved in platelet production or adhesion such as Nfe2 or Itga2b affect the complete occlusion and remodeling of the DA (104).

Changes in the expression of structural genes also affect the patency of DA. Vascular SMC contraction is mediated by myosin II. Myosin II has two components, namely heavy chains and light chains. The genes encoding these proteins such as Myh11, Myl2, Myl5, Myl7, and Myl9 may be effective in the regulation of ductal patency, but more studies are needed to reach a definite conclusion (68, 125). Contraction of the myosin light chains requires phosphorylation and this step is regulated by the Rho-Rho kinase system. The gene encoding the RhoBGTPase (Rhob) and its effector Rock2 is upregulated in the newborn DA and inhibition of this system may result in the patency of DA (38).

L-type calcium channels are essential for ductal closure and the genes encoding the Na/K ATPase (Akq1b1) and a subunit of L-type calcium channels (Cacna2d1) are highly expressed in the DA (126). Potassium channels control the resting membrane potential of SMCs and the genes encoding these channels (Kcnk3 and Abcc9) are also upregulated in the DA (127). Large conductance calcium-activated potassium channels (BKca) are abundant in vascular smooth muscle and they are expressed significantly higher in DA (109). These ion channels may be promising targets for novel PDA therapies.

Vasoconstrictive effect of oxygen in the DA is mediated by endothelin-1 (ET-1). There are 2 membrane receptors for ET-1, ETA receptor is encoded by the Ednra gene and ETB receptor is encoded by the Ednrb gene. ETB receptor functions as a scavenger for ET-1 and inhibits endothelin dependent vasoconstriction. Downregulation of this receptor would result in increased levels of ET-1, leading to vasoconstriction of the ductus, which takes place in late preterm infants (68, 126).

In humans, there are a number of syndromes associated with PDA, as well as non-syndromic PDA which are associated with single nucleotide polymorphisms (128). In twin studies, a familial component has been suggested for PDA in preterm infants (129). Consanguineous marriages provide insights to specific chromosome regions associated with increased susceptibility to PDA (130). A polymorphism in the estrogen receptor alpha gene ESR1 rs2234693, prostaglandin I2 synthase gene (rs493694) and another polymorphism in the interferon gamma gene rs2430561 is associated with a decreased risk of PDA and bronchopulmonary dysplasia (131, 132). On the other hand, polymorphisms in the TNF receptor associated factor 1 TRAF1 (rs1056567) gene, angiotensin II type 1 receptor AGTR1 gene and TFAP2β (rs987237) gene, are associated with increased risk of PDA (133, 134). TFAP2β is also associated with altered levels of calcium and potassium channels in SMCs, which are essential for proper contraction (135). Angiotensin II is vasoconstrictive for the ductus and its receptor (Agtr2) is upregulated in late preterm infants also (128).

Although their significance remain to be elucidated, there are other genes involved in the development of matrix molecules of the DA, such as Tcfab2b, lysyl oxidase (Lox), and fibronectin (Fn1) genes which may draw attention in the future (128). Lysyl oxidase is a cross-linking enzyme for elastic fibers and stabilizes the extracellular matrix. Reduction of LOX activity is demonstrated in the pathogenesis of many vascular diseases (136). Activation of PGE2-EP4 pathway promotes the degradation of this enzyme, leading to poor elastogenesis, suggesting that control of elastogenesis is clinically important (72). Paradoxically, there are some data that indomethacin treatment of preterm infants may have an adverse effect on the inhibition of elastic fiber formation (72). Regulation of the LOX protein through PGE2-EP4 pathway may be a basis for further therapeutic strategies that target vascular elastogenesis (72).



MECHANICAL AND HEMODYNAMICAL FACTORS


Hemodynamic Changes After Birth

In fetal life, high pulmonary arterial pressure, coupled with low systemic resistance in the placenta results in right to left shunting of blood through the ductus so that a large proportion of blood coming from the umbilical circulation is directed to the systemic circulation without passing through the pulmonary vascular bed. During fetal life, 10–20% of total biventricular cardiac output enters the lungs but in late gestation, this increases to 30% (137). After birth, umbilical cord clamping increases the systemic resistance whereas ventilation of the lungs decreases the pulmonary vascular resistance and increases the pulmonary blood flow; the shunt through the ductus reverses to left to right. This sudden reversal of shunting across the DA rises the pulmonary blood flow even further. In term infant, dominant left to right shunting is achieved by 10 min after birth and it is entirely left to right by 24 h of age (138). In critical cyanotic congenital heart disease, patency of ductus is life-saving. In persistent pulmonary hypertension, high resistance in pulmonary arteries results in persistance of right to left shunting through the ductus. In the preterm neonate, if the ductus remains open, left to right shunting will occur both during systole and diastole and large amounts of blood would flood the lungs. This will expose the endothelium to increased shearing forces, which will induce the production of vasodilatory mediators such as nitric oxide, bradykinin, prostacyclin, and inactivate the production of vasoconstrictor mediators such as thromboxane, endothelin and leukotriens. Arachnidonic acid may be released from pulmonary tissue damaged by shear stress, secondary to mechanical ventilation. Prolonged mechanical ventilation can also induce the release of prostacyclin, often associated with increased ductal shunting (139). This would lead to alveolar edema, and increased need for respiratory support. Positive pressure ventilation during resuscitation, oxygen, and exogenous surfactant treatment induce a rapid fall in PVR. Especially in preterm infants <32 weeks, surfactant administration is associated with an increase in the right ventricular output and absolute ductal diameter (140, 141). Acute rise in pulmonary blood low causes a significant increase in left heart preload and rise in left atrial pressure which results in increased pressure in the left atrium and contraction of foramen ovale (142). The myocardium of the preterm infant is less contractile due to fewer contractile units, increased water content and immature sarcoplasmic reticulum (143). Thus, hemodynamic stability of the preterm infant is highly dependent on myocardial function, and a sudden increase in the workload of myocardium after birth may result in failure of the myocardium resulting in pulmonary overload and hypertension. In preterm infants, delayed cord clamping does not seem to affect the incidence of PDA (144). Early adrenal insufficiency may also have a role in prolonged ductal patency (145).

Fluid dynamics state that the shunt volume across a tubular structure is directly proportional to the 4th power of the radius of the tube (i.e., ductus) and the pressure gradient between both ends (i.e., aorta and pulmonary artery), and inversely proportional to the blood viscosity and length of the tube (i.e., ductus). Moreover, increased venous return from the lungs to the left ventricle will cause an increase in the left ventricular end-diastolic pressure, which will increase atrial natriuretic peptide (ANP), with evolution of pulmonary venous hypertension and pulmonary hemorrhage. On the other hand, left to right shunting at the ductus will decrease the systemic perfusion (i.e., ductal steal) leading to systemic hypoxia and organ dysfunction. Shorter diastolic time and increased myocardial oxygen demand may result in endocardial ischemia (142).

There is scarce information on the effects of dilation mediated by the mechanical force of the flow, or through shear forces and shear stress. Although there is no clear evidence, it may be speculated that there are some mechanosensors in the ductal wall, which can sense the biomechanical changes in the lumen and regulate ductal closure. The effect of laminar flow vs. turbulent flow across the ductus is also understudied. In case of laminar flow, endothelial cells are less likely to proliferate and nitric oxide synthase and prostacyclin are upregulated (146, 147). However, if turbulent flow develops, endothelial cells begin to upregulate vasoconstrictors such as endothelin-1 and adhesion molecules such as VCAM-1 and ICAM-1 (148, 149). Matrix modeling is an essential component of intimal cushion formation. Stretch of the ductal wall induces the release of angiotensin II from the endothelial cell, leading to smooth muscle proliferation and production of matrix metalloproteinases which trigger extracellular matrix remodeling and vasoconstriction (149, 150). Circumferential stretch also triggers phenotypic switching of SMCs from contractile to synthetic cells, which means more proliferation and migration of SMCs (150).



Fluid Load

A sharp decrease in pulmonary artery pressure, as it happens after surfactant replacement therapy may increase the left-to-right shunt through the ductus, leading to pulmonary overflow and hemorrhage. In preterm infants, increased pulmonary fluid and protein load is eliminated by an increased lung lymph flow, named as “edema safety factor.” Therefore, ductal closure within the first 24 h of birth do not have any significant effect on the course of respiratory distress syndrome. However, if ductus remains open for several days, this compensation cannot be maintained and alteration in the pulmonary mechanics and pulmonary edema ensue. The impact of patent ductus arteriosus on patient outcomes seems to be a function of magnitude of shunt, rather than its mere presence. Closure of the ductus improves lung mechanics in these infants (151). Early ductal closure is associated with less pulmonary hemorrhages in preterm infants (152). Ibuprofen leads to increased expression of sodium channels and increased removal of fluid from the alveolar compartment (153). In some studies, fluid restriction is recommended as an alternative to treatment; such an approach may reduce pulmonary circulation but also compromises end organ flow in patients already suffering from ductal steal phenomenon (154). However, high (liberal) fluid intake is associated with an increased risk of PDA and BPD (155). Therefore, close monitoring of fluid intake and individualized treatment of infants are of utmost importance in preterm infants, especially in the first days of life.



Early Adrenal Function

Cortisol is central to the ability of the infant to attenuate its response to inflammation and is potent inhibitor of inflammatory edema. Animal and human studies have shown that adrenal insufficiency can lead to increased inflammatory response to injury and that glucocorticoids can affect patency of the ductus (156, 157). Glucocorticoids induce production of lipocortin which inhibits phospholipase A2. Phospholipase A2 stimulates the release of arachnidonic acid precursors needed for prostaglandin synthesis; thus in response to steroids, prostaglandin production is inhibited (158). Animal studies have shown that glucocorticoid administration decreases the sensitivity of ductal tissue to the dilating influence of PGE2 (156). Sick infants do not have elevated serum corticol levels compared to well infants. These infants are also prone to developing bronchopulmonary dysplasia (159). Therefore, it is not surprising that patent ductus arteriosus is one of the most prominent risk factors in the development of bronchopulmonary dysplasia (160).



Effects of Surgical Ligation

Surgical ligation of the ductal immediately after birth increases the expression of genes involved in lung inflammation and decreases the expression of genes involved in epithelial sodium channels (161). Therefore, the pulmonary mechanics do not improve as much as expected. Furthermore, early ligation may slow down lung growth (162). On the other hand, in the presence of atelectasis, the persistence of left to right shunt through the PDA maintains an elevated arterial oxygen pressure in the lungs and after PDA ligation, a decrease in the systemic arterial pressure may be observed (163).




EFFECTS OF PHARMACOLOGICAL AGENTS

Oxygen is the most powerful agent for closure of the ductus. In numerous studies investigating the effect of different levels of oxygen on preterm morbidities, ductal closure was associated with high levels of oxygen but oxygen-related co-morbidities in these infants raised significant concerns (164). These trials including Surfactant, Positive Pressure, Pulse Oxymetry Randomized Trial (SUPPORT), Canadian Oxygen Trial (COT), and Benefits of Oxygen Saturation Targeting (BOOST) II trials have reported neurodevelopmental outcomes after various oxygen targeting, as well as other complications; however the discussion of these trials are out of the context of this article (165–167).

All available pharmacological treatments aiming for changing the ductal tone use the prostaglandin pathway by either the cyclooxygenase pathway (indomethacin and ibuprofen) or the peroxidase pathway (acetaminophen). The infant's gestational age, as well as the infant's race, ethnicity, growth, and exposure to antenatal corticosteroids modify the effects of prostaglandins and determine the rate of drug-induced closure (168, 169).

In the term infant PGE2 receptors are down-regulated after birth. However, in the preterm infant, the production of receptors increases, rendering the ductus susceptible to vasodilation and resistant to indomethacin or ibuprofen. COX1 and COX2 expression increases with advancing maturity in the fetus (170, 171). COX inhibitors decrease vaso vasorum flow, leading to hypoperfusion and ischemic injury in the vessel wall (85). Preterm ductus also synthesizes other vasodilators such as NO, TNF-α, and IL-6 in response to wall hypoxia. Decreased ATP concentrations also prevent the ductus from contracting (172). Therefore, the preterm ductus becomes more resistant to treatment with constrictor agents (173).


Cyclooxygenase (COX) Inhibitors

Indomethacin and Ibuprofen non-selectively inhibit cyclooxygenase enzymes; thus preventing arachidonic acid conversion to prostaglandins (Figure 2). Both drugs are associated with increased amiloride-sensitive alveolar epithelial sodium channels, suggesting improved lung water clearance and lung compliance (174). Ductal sensitivity to indomethacin increases with gestational age. Response rate to indomethacin is about 5–10% in infants <27 weeks of gestation, whereas it is almost 100% above 34 weeks (175). Half-life of indomethacin is 4–5 h longer (i.e., 17 h) in preterm infants <32 weeks of gestation. It can be given by intravenous, oral, rectal or intraarterial route. Closure rates vary from 48 to 98.5%, depending upon the dose, method and duration of administration (176, 177). Early use of indomethacin within the first few days of life decreases the risk of pulmonary hemorrhage, intraventricular hemorrhage and the need for surgical ligation, although does not affect the development of BPD (178). If needed, a second course may be given, with a success rate of 40–50% (179). Since more courses are associated with periventricular leukomalacia, repeat doses are not recommended (180). Efficacy of indomethacin declines with decreasing gestational age and becomes doubtful at 22–23 weeks of gestation (176). Indomethacin have several side effects including renal failure, oliguria, proteinuria, hyperkalemia, cerebral white matter damage, necrotizing enterocolitis, intestinal perforation and platelet dysfunction (181).

Ibuprofen is a non-selective COX inhibitor with less side effects than those of indomethacin. It can be given orally or intravenously. Elimination is slower after oral administration and the rate of closure is also higher (182). Its efficacy for ductal closure is the same as indomethacin. Major side effects include gastrointestinal hemorrhage, oliguria, high bilirubin levels, and pulmonary hypertension (183, 184). These effects may vary depending on the relevant genetic polymorphisms (185).



Peroxidase (POX) Inhibitors

Paracetamol (Acetaminophen) inhibits POX enzyme which catalyzes the conversion of PG2 to PGH2, without any peripheral vasoconstriction (Figure 2). Although it is commonly discussed under the family of non-steroidal anti-inflammatory drugs, it does not have any anti-inflammatory effect (186). Its gastrointestinal tolerance is better than other NSAIDs and it lacks antiplatelet activity. Paracetamol induced POX inhibition is competitive and independent of COX activity (187). Paracetamol induced reduction in PGH2 production can be counteracted by lipid peroxides and PGG2 itself (188). The maturational difference in lipid hydroperoxide production in preterm newborns may contribute to paracetamol-induced ductal closure (188). Since the mechanism of action is different than that of indomethacin or ibuprofen, the efficacy of paracetamol in extremely low birth weight infants may be less than other NSAIDs, although solid evidence is lacking. On the other hand, its pharmacokinetics has not been well-studied in ductal closure. Inhibition of the POX dilators may lead to an increase in the pulmonary vascular resistance via peroxynitrite production (189). Furthermore, there are some data that paracetamol may synergistically enhance the inhibitory effects of other anti-inflammatory drugs on platelets (190). In preterm infants, very few cases of toxicity have been reported, which may be attributed to the low activity of cytochrome P450 in the immediate postnatal period, minimizing the formation of toxic metabolites (191). Meta-analysis comparing oral paracetamol vs. oral ibuprofen concluded that paracetamol confers comparable efficacy with fewer adverse effects (192). Paracetamol may be used as a rescue treatment for infants with persistent PDA (193). Due to the small number of studies, it is difficult do decide whether paracetamol is superior or inferior to other NSAIDs. Although there are no randomized controlled trials, there are some observational studies which suggest that paracetamol use in pregnancy or in early infancy might be associated with attention deficit/ hyperactivity disorder, autism spectrum disorder or hyperactivity symptoms. Although the exact mechanism is unknown and a cause-effect relation is difficult to establish, a small but significant odds ratio is observed in many studies (194–196). However, another study suggests that there is not an increased risk of autism in these infants at 2-year follow-up (197). There is no data on the possible long-term neurodevelopmental effects of paracetamol use in preterm infants. Therefore, paracetamol should be used cautiously until further safety data exists.

Some authors have suggested to use a combination therapy of ibuprofen and paracetamol as a first line therapy for ductal closure. However, preliminary reports suggest that the effectiveness of combination therapy does not differ compared to monotherapy of either drug (198). In another study, in infants who failed two previous cycles of monotherapy, combination therapy with oral ibuprofen and oral paracetamol was effective in 9 infants out of 12 (199). Results of an ongoing randomized controlled trial are pending (https://clinicaltrials.gov/ct2/show/NCT03103022).

Other non-steroidal anti-inflammatory drugs such as aspirin, metamizol, nimesulid, and diclophenac have constrictor effects on the ductus (200–203).

Glucocorticoids have also vasoconstrictive effects on the ductus, as well as synergistic effects with non-steroidal anti-infective drugs (NSAIDs), as a result of decreasing the sensitivity of the ductal SMCs to prostaglandins (204) (Figure 2). In the preterm fetus, elevated levels of corticosteroids is associated with decreased sensitivity of the ductus to the vasodilating effects of prostaglandins and prenatal administration of corticosteroids, mainly for the prevention of respiratory distress syndrome have also decreased the incidence of PDA in these infants (205). Similarly, postnatal corticosteroid administration may constrict the ductus (206). Angiotensin II does not have a role in ductal closure after birth (207).

There are many substances and foods with anti-inflammatory and anti-oxidant properties, such as those rich in polyphenols or flavonoids. For example, 30–40% of solid extract of green tea composes of polyphenols, mainly catechins. They exert their anti-inflammatory effects through the inhibition of endogenous prostaglandins. Similar effects have been reported with black tea, resveratrol, mate tea, orange juice and dark chocolate (207). Excessive consumption of such foods by the pregnant woman may influence the dynamics of the DA, by inhibiting COX and PG synthesis pathway. The amount of flavonoids necessary to trigger clinically significant ductal closure remains to be determined (208).

Genetic therapies may include endothelin-signaling genes or blockage of potassium channels. Channel isoforms have distinct pharmacological and physiological characteristics, making them ideal targets for ductal-selective therapies (209). Glibenclamide is a non-specific KATP channel inhibitor, used for treating diabetes. It is shown that DA constricts in response to glibenclamide, and constriction is inhibited by diazoxide, a KATP channel activator (210). Children with Cantu syndrome, which is caused by mutations in the subgroup of KATP channel genes, have PDA, often resistant to medical treatment, requiring surgical closure most of the time (16). Agonist or antagonist molecules targeting KATP channels may modulate DA tone.

Novel treatment strategies for PDA include combined use of ibuprofen and paracetamol (211), EP4 inhibition (212), NOS inhibition (213), enhancing ion channel expression (50), glutamate supplementation (59) especially in situations where COX inhibitors have proven to be ineffective.



Prostaglandin E1

PGE1 is the main drug used for vasodilatatory effects of the ductus. PGE1 binds to the EP4receptor which increases intracellular cAMP. Milrinon is a phosphodiesterase 3 inhibitor, which can also increase cAMP levels and dilate the ductus (12).

Non-selective endothelin receptor antagonist TAK-044 and inhibition of Notch pathway may have vasodilating effects on the ductus (51, 91). Natriuretic peptide (NP) is an activator of PKG-cGMP and can prevent ductal closure also (51).

Antenatal corticosteroids are used for the maturation of preterm lung, but their effects on the development of patent ductus arteriosus, intracranial hemorrhage, and necrotizing enterocolitis are also well-studied (214). However, some reports conclude that the incidence of PDA is not effected significantly by antenatal corticosteroids (215). Antenatal steroids increase 15-PGDH activity, thereby promoting PGE2 breakdown (216).

Antenatal MgSO4 which is a calcium channel blocker may result in delayed ductal closure in infants (217). However, recent evidence in extremely low birth weight infants suggests that antenatal MgSO4 exposure is not associated with an increased risk of hemodynamically significant PDA; in fact, it may be associated with a decreased likelihood of hemodynamically significant PDA (218). Diazoxide, which is a KATP channel activator may induce ductal opening (173). Furosemide increases renal PGE2 production, thus dilating the ductus in animals but its effect is limited in humans (219).




CONCLUSION

Ductus arteriosus is an intriguing and complex vessel with many distinct features. Understanding the precise mechanisms of regulation of the ductus is essential in order to improve individual pharmacological treatments. The debate about PDA should not be “treat all” or “treat none,” but rather, “who to treat.” This approach necessitates individualized treatment. Treatments targeting endogenous ductus regulation pathways other than prostaglandins, such as cell cycle regulators, transcription factors, and epigenomic regulators should be developed. Since vascular constriction and ductal wall remodeling are required for complete closure, treatments that favor vasoconstriction and remodeling would also be ideal for infants with persistent PDA. Novel therapies for ductal closure in preterm infants should also focus on a clear understanding of genes which are operative on ductal patency, as new genome-wide studies uncover genes associated with PDA. Evolving pediatric clinical pharmacology heralds next generation solutions for unresolved issues of today, such as drugs with selective DA effects, without any side effects.
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Context: It has been reported that isoprostanes (IPs) have a role in the pathophysiology of ductus arteriosus during the fetal and neonatal period. Our aim in this study was to assess if urinary IPs (uIPs) levels correlate with the risk of developing a hemodynamically significant patent ductus arteriosus (hsPDA) in preterm infants.

Materials and methods: Infants with 23 + 0 – 33 + 6 weeks of gestational age and respiratory distress syndrome (RDS) were consecutively enrolled. Urine samples were collected on the 2nd and 10th day of life (DOL) for uIPs measurement. Echocardiography for hsPDA diagnosis was performed between 24 and 48 h of life. Regression analysis was performed to assess the correlation between uIPs and hsPDA. Receiver operating characteristic (ROC) curve analysis was used to evaluate the accuracy of the uIPs in predicting the occurrence of hsPDA.

Results: Sixty patients were studied: 33 (55%) developed a hsPDA, 27 (45%) had ibuprofen hsPDA closure, and six (10%) required surgical closure. uIPs levels decreased from the 2nd to the 10th DOL. Adjusted regression analysis demonstrated that uIPs on the 2nd DOL were associated (p = 0.02) with the risk of developing a hsPDA. A cut-off level of 1627 ng/mg of creatinine of uIPs predicted the development of a hsPDA with a sensitivity of 82% and a specificity of 73%.

Conclusion: Early measurement of uIPs on the 2nd DOL is a reliable biomarker of hsPDA development and, alone or combined with other markers, might represent a non-invasive tool useful for planning the management of PDA in preterm infants.

Keywords: isoprostanes, patent ductus arteriosus, oxidative stress, ibuprofen, preterm infants


INTRODUCTION

Patent ductus arteriosus (PDA) is a frequent complication in preterm infants with respiratory distress syndrome (RDS) and 60–70% of preterm infants of <28 weeks' gestation receives medical and/or surgical treatment for PDA (1). The proper management of PDA is the subject of lively debate because randomized controlled trials (RCTs) of PDA closure using non-steroidal anti-inflammatory drugs (NSAIDs) have often failed to demonstrate relevant benefits in preterm infants (2). However, a persistent left-to-right shunt through the ductus complicating RDS has been associated with a worsening of respiratory failure, lowering of survival rate, and increased risk of intraventricular hemorrhage (IVH) and bronchopulmonary dysplasia (BPD) (1, 3–6). Therefore, pharmacological closure of PDA is indicated before significant left-to-right shunting occurs.

Currently, functional echocardiography is the best tool to diagnose PDA in preterm infants, to monitor its progress, and to determine its treatment (7). In fact, biomarkers, such as brain-type natriuretic peptide (BNP) and N-terminal pro-BNP (NTpBNP), have a significant range concentration overlap between neonates with no PDA, or small, moderate, and large PDA which limits their clinical application (8).

Recently, it was reported that isoprostanes (IsoPs) have a role in DA closure. IsoPs derive from the free radical-mediated peroxidation of phospholipid-bound arachidonate and, although they are mainly known as a biomarker of oxidative stress, they might induce physiological effects during the fetal and neonatal period, such as DA vascular constriction mediated by stimulation of thromboxane receptors (9). Van der Sterren et al. studied the vasoactive effects of IsoPs in chicken embryo isolated DA and demonstrated that they can induce a strong DA constriction (9). These results were confirmed by Chen et al. who found that oxygen exposure increases IsoPs levels in newborn mouse lung which induce constriction of the isolated term DA through the activation of thromboxane A2 (TxA2) receptor (10). Moreover, Longini et al. found that urinary IsoPs (uIPs) levels decreased after PDA closure with ibuprofen in preterm infants (11).

On the basis of these considerations we hypothesized that uIPs level might predict the development of a hemodynamically significant PDA (hsPDA). Thus, our aim was to assess uIPs levels in a cohort of very preterm infants and correlate them with the risk of hsPDA development.



MATERIALS AND METHODS


Population and Sample Collection

A prospective center-based study was carried out from June 2014 to December 2014 at the neonatal intensive care unit of Careggi University Hospital of Florence. The study was approved by the local ethics committee. Infants with gestational age from 23 + 0 to 33 + 6 weeks with respiratory distress syndrome (RDS) were consecutively enrolled after written parental informed consent. Exclusion criteria were major congenital malformations, chromosomal disorders, inborn errors of metabolism, and acute renal failure.

Urine samples of 2 ml were collected from each infant on the 2nd and 10th day of life (DOL) by placing a gauze in the infants' diaper. The samples were frozen and maintained at −80°C until analysis, which was performed at the Laboratory of Oxidative Stress of the University of Siena, Italy. Urinary isoprostanes (uIPs) were measured using tandem mass spectrometry (GC-MS) according to the methodology described by Casetta et al. (12). Urinary creatinine levels were measured at the two time points using a spectrophotometer method (Creatinine Diacron Kit®, Diacron International, Grosseto, Italy). Isoprostane values were corrected for intersubject differences in renal function and were expressed as nanograms of isoprostanes/mg of urinary creatinine.



Management of PDA

All enrolled infants underwent echocardiography between 24 and 48 h of life. The diagnosis of hsPDA requiring pharmacological treatment was made by echocardiographic demonstration of a ductal left-to-right shunt, with a left atrium to aortic root ratio >1.3 or a ductal size >1.5 mm (13), excluding the cases in which the closing flow pattern suggested a restrictive PDA (14). All ultrasound studies were performed by pediatric cardiologists or by neonatologists trained in neonatal echocardiography, and the treatment was decided by the neonatologist on duty. Infants with hsPDA received intravenous ibuprofen (Pedea® Orphan Europe, Puteaux, France) at a dose of 10 mg/kg followed by 5 mg/kg after 24 and 48 h. Pharmacological treatment could be repeated at the same dosage. Infants with hsPDA were considered for surgical ligation after failure of the medical therapy.



General Data Recording

The following clinical and demographic data were also collected by reviewing patients' medical records: GA, birth weight, birth weight <10° percentile, gender, mode of delivery, Apgar score at 5 min of life, fraction of inspired oxygen (FiO2) on 2nd and 10th DOL, occurrence and duration of non-invasive respiratory support [nasal continuous positive pressure (NCPAP), bilevel positive airway pressure (BiPAP), nasal intermittent ventilation (NIV)], and mechanical ventilation [patient-triggered ventilation (PTV), high frequency oscillatory ventilation (HFOV)], sepsis, BPD, necrotizing enterocolitis (NEC), intraventricular hemorrhage (IVH), periventricular leukomalacia (PVL), retinopathy of prematurity, and stay-in-hospital duration. Sepsis was defined as positive blood culture. BPD was defined as oxygen requirement at 36 weeks of PMA (15). NEC was defined as Bell's stage >2 (16). IVH was classified according to Papile et al. (17), and PVL according to de Vries et al. (18).



Statistical Analysis

Patients' characteristics were described as mean and standard deviation (SD), rate and percentage, or median and interquartile range (IQR). The Student's t-test or Mann–Whitney U test were used to compare continuous data, while X2 test was used to compare categorical data. Median values, including changes in uIPs levels between 2nd and 10th DOL and between infants with and without hsPDA, were compared using Kruskal–Wallis test. A p < 0.05 was considered statistically significant.

Univariate regression analyses were performed to assess the correlation between uIPs and PDA. The following variables were entered into the model: GA, BPD, NEC, IVH, mechanical ventilation, and mean FiO2 at samples collection. In the final multivariable regression model, relevant perinatal and neonatal factors that showed an association with uIPs with alpha level <0.05 were included. Data analysis was performed using IBM SPSS Statistics version 20 (SPSS INC, Chicago, Illinois, USA).

To analyze the impact of the ‘uIPs level on the 2nd DOL on the occurrence of hsPDA, we used ROC (receiver operating characteristic) curve analysis. The test's ability to classify patients as those who will develop hsPDA or not is represented by the area under the ROC curve (AUC). The AUC can be in the range of 0.5–1.0, wherein an AUC of 0.5 indicates that the classification model is of no value, and a value of 1.0 indicates perfect diagnostic accuracy. In turn, the cut-off point of the ROC curve indicates the uIPs level that gives the most true and the least false indications of hsPDA development, and therefore has the best predictive power.

Post hoc analyses demonstrated that the population size of our study allows an 85% statistical power to detect as significant (p < 0.05) the difference between uIPs levels measured on the 2nd and the 10th DOL.




RESULTS

Clinical characteristics of enrolled infants (n = 60) are summarized in Table 1. We observed a decrease of uIPs levels from the 2nd to the 10th DOL [1627.2 (842.0–4882) vs. 486.1 (292.8–1467.8)] ng/mg of creatinine (p < 0.01) (Figure 1). Significant changes of uIPs from the 2nd to the 10th DOL were also found in the sub-groups of infants who had ibuprofen closure of hsPDA (Table 2).


Table 1. Clinical characteristics of the study population.
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FIGURE 1. Urinary levels of isoprostanes (uIPs) on the 2nd and 10th DOL. Median values and IQR.



Table 2. Urinary levels of isoprostanes (uIPs, ng/mg of creatinine) on the 2nd and 10th DOL in infants without PDA.
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Fifty-five percentage (n = 33) of patients developed a hsPDA, 45% (n = 27) had ibuprofen hsPDA closure, and 10% (n = 6) failed pharmacological treatment and underwent surgical closure. Eleven patients (18%) received two courses of ibuprofen. Infants with hsPDA had lower GA and Apgar score at 5 min, higher incidence of IVH, PVL, CLD, ROP, NEC, sepsis, mortality, and lengthier stay in NICU compared to infants without PDA (Table 1).


Isoprostanes and PDA on the 2nd DOL

Infants without PDA showed a significantly lower uIPs in comparison with infants with ibuprofen-treated hsPDA and who needed surgical closure (after failure of ibuprofen therapy) (p < 0.01) (Table 2 and Figure 2). Univariate regression analyses demonstrated that uIPs sampled on the 2nd DOL were associated (p < 0.05) with a lower GA and a higher occurrence of hsPDA. After adjusting for GA, BPD, IVH, NEC, and mean FiO2 the association between uIPs and hsPDA remained significant (r = 0. 38, B = 2729.8, CI = 416.4–5043,3, p = 0.02).
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FIGURE 2. Urinary levels of isoprostanes (uIPs) on the 2nd DOL in infants without PDA, with hsPDA treated with ibuprofen, or who underwent surgical ligation after failure of pharmacological treatment. Median and IQR.


In ROC analysis, uIPs in the 2nd DOL significantly predicted hsPDA development, with an AUC of 0.78 and 95% CI 0.65–0.71 (p < 0.0001), showing the best prognostic cutoff point at uIPs = 1627 ng/mg of creatinine, with a sensitivity of 82% and a specificity of 73% (Figure 3).
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FIGURE 3. ROC curve analysis for urinary isoprostanes (uIPs) concentration on the 2nd DOL. The area under the curve is 0.775, 95% CI 0.646–0.905. The iPIs levels plotted curve indicated 1,627 ng/mg of creatinine as the best predictive threshold with a sensitivity of 82% and a specificity of 73%. ROC curve discriminates newborns with hsPDA from newborns without it.




Isoprostanes and PDA on 10th DOL

Six infants (10%) had hsPDA on the 10th DOL. Urinary IPs were similar in infants with or without hsPDA (Table 2). Univariate regression analyses did not demonstrate any association on the 10th DOL between uIPs and hsPDA. After adjusting for GA, BPD, IVH, NEC, and mean FiO2 none of the evaluated variables showed a correlation with uIPs.




DISCUSSION

This is the first study to investigate the possible predictive role of uIPs levels on the development of hsPDA. We found that uIPs on the 2nd DOL were higher in infants who developed hsPDA than in infants who did not, and were higher in infants who had hsPDA refractory to drug therapy requiring surgical closure than in infants who had pharmacological closure of hsPDA. It is noteworthy that the correlation between uIPs levels on the 2nd DOL and the development of hsPDA remained statistically significant after adjusting for the main potential confounding factors. Thus, uIPs levels might be a valuable biomarker of hsPDA, as confirmed by ROC analysis which demonstrated that a uIPs cutoff level of 1627 ng/mg of creatinine on the 2nd DOL predicts a hsPDA with a sensitivity of 82% and a specificity of 73%.

Isoprostanes are a product of free radical-induced injury by peroxidation of lipids and their synthesis can easily occur in preterm newborns due to their limited antioxidant defenses and large production of free-radicals according to several factors, such as hyperoxia, inflammation, infections, free iron release, and activation of arachidonic acid cascade (19). The role of IsoPs in the DA closure has recently been reported (8, 9), suggesting that they might induce a DA vascular constriction during the fetal and neonatal period. In particular, Chen et al. found that IsoPs can induce constriction of DA through the activation of thromboxane A2 (TxA2) receptor (10). However, they found that IsoPs can also induce vasodilation of the preterm, isolated DA mediated by the prostaglandin E2 receptor 4 (EP4) (10). Hence, as they demonstrated, IsoPs can exert both constrictive and dilatory effects on the DA depending on relative predominance of the TxA2 and EP4 receptors (10). With increasing maturity, the balance between EP4 and TxA2 shifted in favor of the contractile effects of TxA2 stimulation at term gestation. Therefore, it can be speculated that the postnatal transition from the relatively low oxygen intrauterine environment to the significantly higher oxygen extrauterine environment can induce oxidative stress and IsoPs synthesis in newborn infants. This effect could favor DA constriction and closure in term infants via activation of TxA2 receptor or DA dilation and hsPDA development in preterm infants via activation of EP4 receptors.

On the 10th DOL uIPs decreased in comparison with the 2nd DOL levels, and differences between infants without hsPDA, with hsPDA responding to pharmacological therapy, or requiring surgical closure disappeared. This reduction might be due to the maturation of infants who achieved a more favorable balance between anti-oxidant and pro-oxidant factors and overcame the acute phase of respiratory distress syndrome, in agreement with previously reported inverse correlation between IPs synthesis and gestational age (20). Moreover, only in patients who had the pharmacological therapy of hsPDA, the decrease of uIPs level might be due to the antioxidant properties of ibuprofen (11) which is able to scavenge the hydroxyl radical and/or chelates iron (21) and has been found to suppress neuronal oxidative damage more potently than naproxen or acetylsalicylic acid (22).

Our results confirmed the findings of Longini et al. who studied 43 infants with gestational age <33 weeks and hsPDA, and found that uIPs decreased after PDA closure with ibuprofen (11). Moreover, they found that uIPs increased 1 week (from 11.5 to 14 DOL) after the closure and explained this increase with the lack of ibuprofen antioxidant effect after its suspension (11). This latter result is interesting but we cannot comment on it because studies differed in terms of times of urine sampling, drugs used, and occurrence of repeated course of hsPDA pharmacological therapy.

Limitations of our study include the small number infants with hsPDA which precludes the possibility of using regression analysis to evaluate the possible correlation between uIPs levels and the risk of undergoing surgical closure of hsPDA. Moreover, our population has a wide range of gestational ages which might affect the range of uIPs levels. However, we are confident that the high quality of data analyses could contribute to minimize the effects of this limit on our results.

In conclusion, we found that uIPs levels measured on the 2nd DOL are significantly correlated with the risk of developing a hsPDA. We demonstrated that a uIPs cutoff level of 1627 ng/mg of creatinine can predict a hsPDA with a sensitivity of 82% and a specificity of 73%. Early measurement of uIPs, alone or combined with other markers, might represent a reliable, non-invasive biomarker useful for planning the management of PDA in preterm infants.


Implications for Practice

We found that early and painless measurement of uIPs levels predicts the development of a hsPDA with a sensitivity of 82% and a specificity of 73%. Since the proper management of PDA is continuously debated between neonatologists, the discovery of reliable biomarkers of hsPDA might be useful in the clinical practice in driving its management together with the findings of echocardiography. Thus, if a rapid method for their dosing might be developed, uIPs could be one of these promising biomarkers.




DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Pediatric ethics committee of Tuscany region. Written informed consent to participate in this study was provided by the participants' legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

CC, MT, IC, VL, ML, FB, GB, and CD have made substantial contributions to conception and design of the study, critically revised the article, and have given their final approval of the version to be published. CC and CD performed the data statistical analyses and wrote the manuscript. CC, MT, IC, and VL collected data. All authors contributed to the article and approved the submitted version.



FUNDING

The authors declare that the present study was funded autonomously.



REFERENCES

 1. Hamrick SE, Hansmann G. Patent ductus arteriosus of the preterm infant. Pediatrics. (2010) 125:1020–30. doi: 10.1542/peds.2009-3506

 2. El-Khuffash A, Weisz DE, McNamara PJ. Reflections of the changes in patent ductus arteriosus management during the last 10 years. Arch Dis Child Fetal Neonatal Ed. (2016) 101: F474–8. doi: 10.1136/archdischild-2014-306214

 3. Brooks JM, Travadi JN, Patole SK, Doherty DA, Simmer K. Is surgical ligation of patent ductus arteriosus necessary? The Western Australian experience of conservative management. Arch Dis Child Fetal Neonatal Ed. (2005) 90:F235–9. doi: 10.1136/adc.2004.057638

 4. Kaempf JW, Wu XY, Kaempf AJ, Kaempf AM, Wang L, Grunkemeier G. What happens when the patent ductus arteriosus is treated less aggressively in very low birth weight infants? J Perinatol. (2012) 32:344–8. doi: 10.1038/jp.2011.102

 5. Liebowitz M, Clyman RI. Prophylactic indomethacin compared with delayed conservative management of the patent ductus arteriosus in extremely preterm infants, effects on neonatal outcomes. J Pediatr. (2017) 187:119–26. doi: 10.1016/j.jpeds.2017.03.021

 6. Schena F, Francescato G, Cappelleri A, Picciolli I, Mayer A, Mosca F, et al. Association between hemodynamically significant patent ductus arteriosus and bronchopulmonary dysplasia. J Pediatr. (2015) 166:1488–92. doi: 10.1016/j.jpeds.2015.03.012

 7. van Laere D, van Overmeire B, Gupta S, El-Khuffash A, Savoia M, McNamara PJ, et al. Application of NPE in the assessment of a patent ductus arteriosus. Pediatr Res. (2018) 84:S46–56. doi: 10.1038/s41390-018-0077-x

 8. Jain A, Shah PS. Diagnosis, evaluation, and management of patent Ductus Arteriosus in preterm neonates. JAMA Pediatr. (2015) 169:863–72. doi: 10.1001/jamapediatrics.2015.0987

 9. van der Sterren S, Villamor E. Contractile effects of 15-E2t-isoprostane and 15-F2t-isoprostane on chicken embryo ductus arteriosus. Comp Biochem Physiol A Mol Integr Physiol. (2011) 159:436–44. doi: 10.1016/j.cbpa.2011.04.010

 10. Chen JX, O'Mara PW, Poole SD, Brown N, Ehinger NJ, Slaughter JC, et al. Isoprostanes as physiological mediators of transition to newborn life, novel mechanisms regulating patency of the term and preterm ductus arteriosus. Pediatr Res. (2012) 72:122–8. doi: 10.1038/pr.2012.58

 11. Longini M, Perrone S, Vezzosi P. Isoprostane levels in urine of preterm newborns treated with ibuprofen for patent ductus arteriosus closure. Pediatr Nephrol. (2011) 26:105–9. doi: 10.1007/s00467-010-1651-6

 12. Casetta B, Longini M, Proietti F, Perrone S, Buonocore G. Development of a fast and simple lc-ms/ms method for measuring the f2-isoprostanes in newborns. J Matern Fetal Neonatal Med. (2012) 25:S114–8. doi: 10.3109/14767058.2012.664856

 13. Dani C, Poggi C, Fontanelli G. Relationship between platelet count and volume and spontaneous and pharmacological closure of ductus arteriosus in preterm infants. Am J Perinatol. (2013) 30:359–64. doi: 10.1055/s-0032-1324702

 14. Su BH, Peng CT, Tsai CH. Echocardiographic flow pattern of patent ductus arteriosus: a guide to indomethacin treatment in premature infants. Arch Dis Child Fetal Neonatal Ed. (1999) 81:F197–200. doi: 10.1136/fn.81.3.F197

 15. Onland W, Debray TP, Laughon MM, Miedema M, Cools F, Askie LM, et al. Clinical prediction models for bronchopulmonary dysplasia: a systematic review and external validation study. BMC Pediatr. (2013) 13:207. doi: 10.1186/1471-2431-13-207

 16. Bell MJ, Ternberg JL, Feigin RD, Keating JP, Marshall R, Barton L, et al. Neonatal necrotizing enterocolitis: therapeutic decisions based upon clinical staging. Ann Surg. (1978) 187:1–12. doi: 10.1097/00000658-197801000-00001

 17. Papile LS, Burstein J, Burstein R, Keffler H. Incidence and evolution of the sub-ependymal intraventricular hemorrhage: a study of infants weighing less than 1500 grams. J Pediatr. (1978) 92:529. doi: 10.1016/S0022-3476(78)80282-0

 18. De Vries LS, Eken P, Dubowitz LM. The spectrum of leukomalacia using cranial ultrasounds. Behav Brain Res. (1992) 49:1–6. doi: 10.1016/S0166-4328(05)80189-5

 19. Helmersson J, Basu S. F2-Isoprostanes and prostaglandin F2α metabolite excretion rate and day to day variation in healthy humans. Prostaglandins Leukot Essent Fatty Acids. (2001) 65:99–102. doi: 10.1054/plef.2001.0295

 20. Comporti M, Signorini C, Leoncini S, Buonocore G, Rossi V, Ciccoli L. Plasma F2-isoprostanes are elevated in newborns and inversely correlated to gestational age. Free Radic Biol Med. (2004) 37:724. doi: 10.1016/j.freeradbiomed.2004.06.007

 21. Hamburger SA, McCay PB. Spin trapping of ibuprofen radicals: evidence that ibuprofen is a hydroxyl radical scavenger. Free Radic Res Commun. (1990) 9:337–42. doi: 10.3109/10715769009145692

 22. Milatovic D, Zaja-Milatovic S, Montine KS, Shie FS, Montine TJ. Neuronal oxidative damage and dendritic degeneration following activation of CD14-dependent innate immune response in vivo. J Neuroinflammation. (2004) 1:20. doi: 10.1186/1742-2094-1-20

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Coviello, Tataranno, Corsini, Leonardi, Longini, Bazzini, Buonocore and Dani. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	SYSTEMATIC REVIEW
published: 11 September 2020
doi: 10.3389/fped.2020.00541






[image: image2]

Spontaneous Closure of the Ductus Arteriosus in Preterm Infants: A Systematic Review

Johan C. A. de Klerk1, Aline G. J. Engbers1,2, Floor van Beek1, Robert B. Flint1,3, Irwin K. M. Reiss1, Swantje Völler2,4 and Sinno H. P. Simons1*


1Division of Neonatology, Department of Pediatrics, Erasmus UMC—Sophia Children's Hospital, Rotterdam, Netherlands

2Division of Systems Biomedicine and Pharmacology, Leiden Amsterdam Center for Drug Research (LACDR), Leiden University, Leiden, Netherlands

3Department of Hospital Pharmacy, Erasmus UMC, Rotterdam, Netherlands

4Division of BioTherapeutics, Leiden Amsterdam Center for Drug Research (LACDR), Leiden University, Leiden, Netherlands

Edited by:
Yogen Singh, Cambridge University Hospitals NHS Foundation Trust, United Kingdom

Reviewed by:
Shazia Bhombal, Stanford University, United States
 Christoph Bührer, Charité—Universitätsmedizin Berlin, Germany

*Correspondence: Sinno H. P. Simons, s.simons@erasmusmc.nl

Specialty section: This article was submitted to Neonatology, a section of the journal Frontiers in Pediatrics

Received: 20 June 2020
 Accepted: 28 July 2020
 Published: 11 September 2020

Citation: de Klerk JCA, Engbers AGJ, van Beek F, Flint RB, Reiss IKM, Völler S and Simons SHP (2020) Spontaneous Closure of the Ductus Arteriosus in Preterm Infants: A Systematic Review. Front. Pediatr. 8:541. doi: 10.3389/fped.2020.00541



The optimal management strategy for patent ductus arteriosus in preterm infants remains a topic of debate. Available evidence for a treatment strategy might be biased by the delayed spontaneous closure of the ductus arteriosus in preterm infants, which appears to depend on patient characteristics. We performed a systematic review of all literature on PDA studies to collect patient characteristics and reported numbers of patients with a ductus arteriosus and spontaneous closure. Spontaneous closure rates showed a high variability but were lowest in studies that only included preterm infants with gestational ages below 28 weeks or birth weights below 1,000 g (34% on day 4; 41% on day 7) compared to studies that also included infants with higher gestational ages or higher birth weights (up to 55% on day 3 and 78% on day 7). The probability of spontaneous closure of the ductus arteriosus keeps increasing until at least 1 week after birth which favors delayed treatment of only those infants that do not show spontaneous closure. Better prediction of the spontaneous closure of the ductus arteriosus in the individual newborn is a key factor to find the optimal management strategy for PDA in preterm infants.
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INTRODUCTION

After preterm birth, the ductus arteriosus often remains open. Patent ductus arteriosus (PDA) in preterm infants has been associated with prolonged ventilation, bronchopulmonary dysplasia (BPD), and necrotizing enterocolitis potentially caused by pulmonary overcirculation and systemic hypoperfusion (1). It is unclear if these associations reflect a causal relationship or if PDA is a marker of poor condition and outcome, because outcomes of well-designed and controlled trials are still awaited (2). Treatment options include fluid restriction, pharmacological intervention with non-steroidal anti-inflammatory drugs (NSAIDs) or paracetamol, or closing the duct by surgical ligation or heart catheterization. All of these therapeutic options have their side-effects or specific risks in preterm infants. As a consequence, there is an ongoing worldwide discussion about the optimal management of PDA in preterm infants (3). This discussion is complicated by the lack of extensive knowledge on the (patho)physiology of the ductus arteriosus in preterm infants.

Intrauterine, the ductus arteriosus is needed and remains open due to the hypoxic fetal environment and by prostaglandins E2 (PGE2) produced by the placenta (4). Vasodilatation is further enhanced by nitric oxide (NO) produced by the wall of the ductus arteriosus (5). Upon term birth, the ductus arteriosus normally closes within hours. This is the result of different complex physiologic mechanisms that include changes in pulmonary and systemic vascular resistance, increase in arterial oxygen pressure, decreasing levels of prostaglandins and changes in different mediators and growth factors (6). After preterm birth, however, the ductus arteriosus frequently remains patent. Even after functional closure of the ductus arteriosus, either spontaneous or by pharmacological treatment, it might re-open in preterm infants afterwards caused by infection or increased inflammation (7).

Although the high levels of prostaglandins produced by the placenta also drop after preterm birth, the ductus arteriosus seems to remain much more sensitive to both PGE2 and NO in preterm infants compared to term born infants, due to increased expression of—and binding to—prostaglandin receptors in the ductal wall (5, 8). In addition to that, oxygenation and vascular resistance after preterm birth are hampered by an immature cardiovascular system and insufficient breathing whereas oxygen targets are decreased to prevent retinopathy of prematurity (9).

A substantial part of the preterm infants with PDA still seems to show delayed ductus closure without any intervention (10). The advantage of a wait-and-see PDA treatment strategy above intervention in the 1st days after birth (<72 h) may be that only those newborns without spontaneous ductus arteriosus closure are exposed to treatment and its potential side effects. On the other hand, early treatment strategy may be favored because the pharmacological closure rate seems to be highest on the 1st days of life (11, 12). Despite the limited studies on delayed treatment with NSAIDs and paracetamol, this late treatment seems less effective (13, 14). NSAIDs and paracetamol may enhance the spontaneous closure process. Therefore, the discussion on management of PDA in preterm infants cannot neglect the spontaneous closure, although a clear overview of the spontaneous closure rates is yet lacking. In this study, we aimed to provide such an overview of all available data from PDA studies to investigate and analyze the rates of spontaneous closure of the PDA.



METHODS

To retrieve all relevant evidence on the physiological spontaneous ductus arteriosus closure in preterm infants, we performed a thorough literature search. All studies published after 1990 that met both of the following criteria were considered eligible: (1) trials of any form including randomized controlled trials (RCTs), controlled clinical trials, quasi experimental studies [(un)controlled before and after studies], prospective and retrospective cohort studies and case-control studies and (2) trials with a clearly described timing of echocardiography to identify the presence or absence of a ductus arteriosus. Case series and case reports were excluded, as well as studies that reported on spontaneous closure after discharge. To examine spontaneous closure of the PDA, data on spontaneous closure before any intervention were collected and analyzed.


Search Strategy

A literature search was performed in collaboration with an experienced librarian. The search was done in MEDLINE, EMBASE, Cochrane central, Web of science, and Google Scholar until 2018 and included only English written articles. The following search terms were used “patent ductus arteriosus,” “PDA,” “preterm,” “VLBW,” and/or “prematurity.” A more detailed search strategy for each library is available in Supplementary File 1.

The retrieved titles, abstracts, and full text were screened by two independent reviewers (JdK and FvB) to assess their eligibility according to pre-established criteria. Duplicate publications were excluded. The data extraction was done by the same two independent reviewers (JdK and FvB). Discrepancies were either resolved by discussion or by consulting a third reviewer (SS).



Data Synthesis

We developed a data extraction sheet, pilot-tested it on 10 randomly-selected included studies, and refined it accordingly. One review author (JdK) extracted the following data from included studies and the second author (FvB) checked the extracted data. Disagreements were resolved by discussion between the two review authors; if no agreement could be reached, it was planned a third author (SS) would decide. The data that was used included the following: total number of included neonates, their gestational age and birth weight, timing of the echocardiographic evaluation, and the number of neonates with closed ductus arteriosus at those times. Because only baseline reports of the occurrence of PDA were included, before any intervention for PDA was initiated, no bias of individual studies was expected.

Articles were categorized based on the inclusion criteria that were used in the studies for gestational age (GA) and birth weight (BW). Based on frequently used inclusion cut-off values of GA and BW, four different groups were defined prior to data collection: group 1: GA < 28 weeks and/or BW < 1,000 g, group 2: GA < 30 weeks and/or BW < 1,250 g, group 3: GA < 32 weeks and/or BW < 1,500 g, and group 4: GA < 37 weeks and/or BW < 2,500 g. If only GA or BW was given as inclusion criterion, this determined the category of the article, if both GA and BW were given as inclusion criteria, GA was leading for categorization. Studies were only included in one group: those included in group 1 were not included in groups 2–4, studies in group 2 were not included in group 3 and 4, and studies in group 3 were not included in group 4.



Data Analysis

The primary outcome of this systematic review was the rate of spontaneous closure of the ductus arteriosus in preterm infants as evaluated by echocardiography. A closed ductus arteriosus is defined as a ductus arteriosus that shows complete closure or no doppler flow on echocardiography as reported in the original reports. The closure rate was calculated as the part of patients with a closed ductus within a certain cohort (number of patients with a closed ductus divided by the total number of patients) at a time-point. To further explore how the observed trends were correlated to the maturational status of the patient, different subgroup analyses were performed for the different GA and BW groups.

R Software (V 3.5.1) was used in R Studio (V 1.1.643) to group, summarize, and visualize the data. The percentage of patients with PDA was plotted against postnatal age. To differentiate spontaneous closure between the different GA and BW groups, a linear smoothed line weighted by the total number of patients of each study was drawn. Mean percentages of patients with PDA of studies that performed an echocardiography on postnatal day 3 (between 72 and 95.9 h) and day 7 (between 168 and 191.9 h) were calculated, and were weighted by the number of patients in each study. These time-points were included because the ductus is mostly evaluated during the 1st days of life (<72 h) and administered courses of pharmacotherapy normally take 3 or 6 days.




RESULTS

Our literature search resulted in a retrieval of 8,173 records. After removing the duplicates 3,607 remained. Reading of the titles and abstracts resulted in 332 eligible articles. The arguments for exclusion of 233 articles after full text screening are listed in Supplementary File 2. The clinical characteristics of the included studies are summarized in Supplementary File 3. All studies were published between 1990 and 2018. Ninety-nine articles with a total of 29,532 patients were included in the analysis. In Figure 1, a flow diagram is presented of the studies retrieved for this review. Figure 2 presents the reported percentages of patients with a PDA for each individual study with increasing postnatal ages. On PNA day 3 (all reported outcomes observed between 72 and 96 h of life), the mean reported percentage of patients that experienced spontaneous closure of the ductus arteriosus weighted by the number of patients was 47% (range 9–96%). On PNA day 7 (168–192 h) this percentage increased to 61% (11–100%).
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FIGURE 1. Flow diagram of the studies retrieved for this review.
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FIGURE 2. Reported percentages of closure of patent ductus arteriosus of all included studies, up to a postnatal age of 28 days. Each dot represents a reported percentage, whose size represents the square root of the total number of patients of that observation.



Subgroup Analysis

In Table 1, the reported characteristics of all studies are presented per group, as well as the percentages of PDA closure at postnatal age days 3 and 7 and the studies and number of patients these are based on.


Table 1. Summary of reported mean or median gestational age and birthweight of the included studies, and reported percentages of PDA closure at postnatal age days 3 and 7.

[image: Table 1]

Eleven different articles were included in group 1 which contained preterm infants with a gestational age under 28 weeks and/or birth weight under 1,000 g (15–20, 54, 63–66). The median of reported mean or median GAs of the 17,156 patients in group 1 was 26.0 (range of mean/median 25.5–26.6) weeks. The median birth weight was 832 (range of medians 802–851) g. Exact numbers for gestational ages and birth weights were not available for three studies (19, 63, 66). Two of the 11 studies performed multiple cardiac ultrasounds to evaluate the PDA, ranging from 24 h until 61 days of postnatal age (15, 18). Seven of the 11 studies performed their first ultrasound at day 3 after birth.

Twenty articles were included in group 2 (GA < 30 weeks and/or BW < 1,250 g) (11, 21–29, 67–76). The median of the reported mean or median GA of the 2,980 patients in group 2 was 28.0 (range 26.2–28.8). The median of the reported mean or median birth weight was 1,028 (range 797–1,259) g. The exact gestational ages and birth weights were not available for four studies (28, 29, 69, 74). Seven of the 20 studies performed multiple cardiac ultrasounds to evaluate the PDA (21, 24, 25, 27, 67, 72, 73). The echocardiography was performed between 5 h and 28 days of postnatal age in all studies.

Forty-nine studies that included a total of 6,946 patients were eligible for group 3 (GA < 32 weeks and/or BW < 1,500 g) (30–45, 55–59, 77–103, 132). The median GA was 28.6 (range 26–31) weeks. The median birth weight was 1,120 (range 794–1,595) g. Exact gestational ages and birth weights were not available for nine studies (35, 38, 41, 42, 44, 85, 96, 100, 104). Multiple cardiac ultrasounds where performed in 14 of the 49 studies and were performed between 6 and 338 h of postnatal age.

Nineteen studies used GA < 37 weeks and/or birthweight < 2,500 g as inclusion criteria (group 4), in which a total of 2,450 patients were included (46–53, 60–62, 105–112). The median gestational age was 30.9 (range 28.1–31.2) weeks. The median birth weight was 1,479 (range 950–1,917) g. Gestational ages and/or birth weights were not available for six studies (47, 50, 53, 105, 107, 109). Six of the 19 studies performed multiple cardiac ultrasounds at varying post-natal ages between 24 and 168 h.

In Figures 3 and 4 the reported percentage of preterm infants with PDA are presented for each subgroup with a postnatal age up to 3 and 7 days, respectively. To account for the large differences in number of patients (range 18–15,971), the size of the dots is scaled by the square root of the number of patients. At postnatal age day 3 (72–95.9 h), mean percentage of PDA closure was 34% for group 1, weighted by the number of patients in each study (range 9–71%). In group 2, this percentage was 47% (33–98%), and in group 3 this was 48% (22–65%). In group 4, the weighted mean was 55% at PNA 3 (15–97%).
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FIGURE 3. Reported percentages of patients with patent ductus arteriosus up to a postnatal age of 4 days, grouped by mean or median gestational age or birthweight if gestational age was unreported. Each dot represents one observation at the reported postnatal age. The size of the dots represents square root of the number of patients of each observation. Lines represent a linear smooth weighted by the number of patients of each observation.
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FIGURE 4. Reported percentages of patients with patent ductus arteriosus up to a postnatal age of 8 days, grouped by mean or median gestational age or birthweight if gestational age was unreported. Each dot represents one observation at the reported postnatal age. The size of the dots represents square root of the number of patients of each observation. Lines represent a linear smooth weighted by the number of patients of each observation.


At PNA 7, the weighted average of patients with a closed PDA was 41% for group 1 (11–97%). Of group 2, only one study was available with a reported percentage of closure at PNA 7, which was 77% (20 of 26 patients) (24). In group 3, the weighted average closure was 63% (38–100%) at PNA day 7, and for group 4 this was 78% (67–97%). Comparing Figures 2–4 clearly show that with increasing postnatal ages the spontaneous closure continuous and PDA rates decrease. This is most obvious in the studies that also included the oldest groups of infants.




DISCUSSION

In this review, spontaneous closure rates of the ductus arteriosus in preterm neonates were systematically evaluated in 99 studies that represented 29,532 patients. As expected, we observed increasing rates of ductus closure with post-natal age and higher spontaneous closure rates in studies that also included patients with higher gestational ages. Spontaneous closure, however, occurs not only in the 1st day of life, but continues throughout the 1st week of life. Our systematic review revealed 34% spontaneous closure on the 3rd day of life (72–96 h) in the studies that only included the youngest group of infants (<28 weeks of GA and/or birthweight <1,000 g). If older infants were also included in studies, these closure rates increased up to 55%. At PNA day 7 (168–192 h) the ductus arteriosus was closed in 41% of the newborns in studies of the youngest infants and up to 78% in the studies that also included older gestational age groups. Because of a lack of detailed reports in the individual studies on subgroups of patients and the lack of longitudinal assessment of the ductus arteriosus we were unable to provide a mathematical function of spontaneous ductus closure in preterm infants. Such a function that could predict spontaneous closure in an individual patient would be an ultimate goal to guide PDA management in individual patients. High quality datasets with repeated echocardiographic assessments of neonatal patients treated in current neonatal intensive care units are needed first.

Studies that reported on PDA showed large heterogeneity, not only in included patient populations, but also in the definition of a hemodynamically significant PDA (hsPDA) (113). It is quite clear that the significance of a PDA is not only determined by the diameter of the ductus, as was used in the current review, but also by the pulmonary vascular resistance. The lack of consensus on the definition of a hsPDA is partly based on the lack of validated echocardiographic markers and cutoff values. van Laere et al. (114) proposed to standardize essential echocardiographic measurements for the assessment of hemodynamic significance of a PDA. These consist of evaluation of the ductus arteriosus itself (including the diameter, flow direction, and velocity), indices of pulmonary overcirculation (La:Ao, left pulmonary artery diastolic flow) and indices of systemic shunt effect (flow pattern in aorta descendens, tructus coeliacus, or middle cerebral artery) (114). The LA:Ao ratio, ductal diameter and diastolic flow in the left pulmonary artery are easy to measure and seem the most accurate and easy to determine markers for a hsPDA (115). In our aim to select those infants that would not show spontaneous closure and might actually need PDA treatment these markers would be useful.

Currently, there is no international consensus on PDA management. It is unclear if, how and when PDA in preterm infants should be treated. More specifically, it is unclear if PDA needs treatment because it is unknown which preterm infants might benefit more from treatment than others. Therefore, prophylaxis, early treatment (<24 h), late treatment (72 h), symptomatic treatment and wait and see strategies are currently used alongside each other (116). Better knowledge on the spontaneous closure and physiology of the ductus arteriosus in preterm infants may help to determine the optimal management strategy. This is even more important as prophylactic as well as therapeutic treatment strategies are associated with risks for adverse effects, such as intraventricular hemorrhages and decreased renal function that might have severe consequences in these vulnerable patients. Treatment of the PDA, pharmacologically or surgically, should therefore be reserved for those patients who may benefit from it.

Next to the ongoing discussion on the type of drug being either ibuprofen, indomethacin, or acetaminophen (117–124), the timing of treatment initiation varies widely between studies, and might explain reported differences in efficacy. As spontaneous ductus closure increases with PNA, part of ductus closure reported in prophylactic and early treatment studies may be due to spontaneous closure rather than drug treatment. Efficacy of PDA pharmacotherapy seems to decrease, with post-natal age, even if dosages are increased with PNA to correct for increased clearance with age (10, 13). This suggests either a certain window of opportunity for PDA treatment during the physiological process that is involved in the spontaneous closure of the ductus arteriosus or the need for higher drug exposures at older ages. Such a window can only be identified if the rate of spontaneous closure is well-characterized, and efficacy studies can correct for the chance of spontaneous closure.

With the current review, we have summarized the evidence that spontaneous closure is less likely to occur in preterm neonates with the lowest gestational ages. Nevertheless, in another significant number of preterm infants the ductus arteriosus although delayed, closes spontaneously within the first 150 h of life. The presented review was limited by the lack of detailed reports of PDA for different gestational age groups in the included studies. While the literature was systematically reviewed we were unfortunately unable to provide statistical analysis due to complexity of outcome data. This also resulted in overlap of patients in the different groups. All studies only had an upper limit of gestational age and/or bodyweight without a lower limit for gestational age/weight. As a consequence, the gestational age/weight range of inclusion criteria of the included studies increases from group 1 to 4. Therefore, the actual difference in the occurrence of spontaneous closure between different GA groups is bigger than observed in the present study. As other widely used measures for ductus closure, such as LA:Ao ratio were mostly missing, we defined a closed ductus as a ductus that was visually closed or when there was no doppler flow visible on echocardiography. As discussed previously, a better definition of a hsPDA might be desirable and might lead to a more precise estimation of incidence- and closure-rates. In this study, we presented the relationships between spontaneous closure rate and PNA as linear relationships. In reality, the spontaneous closure rate is probably highest on the 1st day and decreases with an asymptotic shape since in some patients the spontaneous closure will not occur, or the percentage of patients with PDA might even go up if the ductus arteriosus reopens. With the available data, it is not possible to determine whether the reported numbers of PDA at high postnatal ages (Figure 2) are due to non-closure or re-opening because seventy of the 99 articles performed only one echocardiography. Therefore, there were insufficient data to study potential reopening of the ductus arteriosus in this review. The patency of the ductus arteriosus is regulated by the balance of vasodilating (prostaglandin E2, nitric oxide) and vasoconstrictor (oxygen) factors (6). Preterm neonates are more sensitive to the vasodilating factors compared to the term neonates (5). There is some evidence suggesting that genetic variations may play a role in the occurrence of PDA in preterm infants. In a large cohort of 1,013 preterm neonates Dagle et al. (125) found that several single nucleotide polymorphisms that were associated with PDA. For future meta-analyses, it might thus be of interest to include genetic variations to determine their influence on spontaneous closure.

Our systematic review was based on the assumption that gestational age is a more important factor compared to birthweight for patent ductus arteriosus in preterm infants. Villamor-Martinez et al. (126) showed that small for gestational age (SGA) infants showed a significantly reduced risk of PDA, but their review was complicated by the heterogeneity of studies. As SGA infants also show a much higher clearance of ibuprofen compared to appropriate weight for age newborns these patients form a special population that need additional attention in future PDA studies (127).

A next step could be to find markers to repeatedly monitor closure and pathophysiology of the ductus arteriosus. These could include the continuously available perfusion index to identify a hemodynamic significant PDA (51, 128) or urinary prostaglandine levels (129). Neutrophil gelatinase-associated lipocalin and heart-type fatty acid-binding protein are two peptides that can be measured in urine and also appear to be promising future markers to quantify the effect of a PDA on systemic perfusion, which makes the ductus arteriosus more hemodynamic significant (130, 131). Relevant risk factors could help to predict those patients whose ductus arteriosus will remain open and for whom pharmacological treatment might be needed.

Spontaneous closure rates increase with both gestational age and postnatal age. This review showed that in 34% of the most premature infants (GA < 28 weeks and/or BW < 1,000 g), the ductus arteriosus had spontaneously closed on the 3rd day of life (72–96 h). This increased to 41% at PNA day 7. As patients with a GA < 28 weeks have the lowest chance of spontaneous closure of the ductus arteriosus in the 1st days of life, studies on PDA management should therefore focus on these most premature patients.
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Persistent patent ductus arteriosus (PDA) is very common in preterm infants, especially in extremely preterm infants. Despite significant advances in management of these vulnerable infants, there has been no consensus on management of PDA—when should we treat, who should we treat, how should we treat and in fact there is no agreement on how we should define a hemodynamically significant PDA. Medical management with non-steroidal anti-inflammatory drugs (NSAIDs) remains the first line of therapy with moderate success rate in closing the PDA. Paracetamol has been reported to be a safe and equally effective medical therapy for closure of PDA. However, additional studies on its long-term safety and efficacy in extremely low birth weight infants are needed before paracetamol can be recommended as standard treatment for a PDA in preterm infants. Surgical ligation of PDA is not without an increased risk of mortality and co-morbidities. Recently, there has been a significant interest in percutaneous transcatheter closure of PDA in preterm infants, including extremely low birth weight infants. Transcatheter PDA closure in preterm ELBW infants is technically feasible with high PDA occlusion success rates and acceptable complication rates as compared to surgical ligation. Many centers have reported promising early- and mid-term follow-up results. However, they need to be further tested in the prospective well-designed studies and randomized controlled trials comparing the results and outcomes of this technique with current treatment strategies including medical treatment before they can be used as the new standard of care for PDA closure in extremely low birth weight infants.
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INDICATIONS AND CONVENTIONAL TREATMENT OF A HEMODYNAMIC SIGNIFICANT PDA IN EXTREMELY LOW BIRTH WEIGHT INFANTS

A persistent patent ductus arteriosus (PDA), defined as failure of the ductus to close within 72 h postnatally, is very common in extremely low birth weight infants and seen in around 50% of infants born under 28 weeks of gestation and / or birth weight <1,000 g (1). Preterm infants under 1,500 g are categorized as very low birth weight infants and those under 1,000 g are considered as extremely low birth weight (ELBW) infants (1, 2). The pathophysiology and echocardiographic diagnosis have been covered in the different articles of Frontier's Research topic on “management of PDA in preterm infants” and this article is primarily focused at advances in management via transcatheter closure of PDA in preterm infants weighing under 1,500 g. This article is not focused at whether we should treat or not treat PDA but on the feasibility of closing PDA in ELBW infants via transcatheter route when required as an alternative to surgical ligation.

The left to right shunt across a persistent PDA may lead to pulmonary over-circulation and left heart volume-overload (2). Delayed closure of a hemodynamically significant PDA has been reported to be associated with increased risk of bronchopulmonary dysplasia (BPD) / chronic respiratory disease (CLD), prolonged assisted ventilation, necrotizing enterocolitis (NEC), pulmonary hemorrhage, intraventricular hemorrhage (IVH), renal impairment and increased risk of mortality (2–10). This association led to numerous (more than 60) randomized controlled trials (RCTs) trying to prove that the treatment of PDA would be beneficial. However, these trials have failed to demonstrate any improvement in the long term outcomes such as death or BPD / CLD (11). Some trials have reported short term benefits such as early prophylactic use of indomethacin reported reduction of IVH and acute pulmonary hemorrhage and prophylactic surgical ligation reported reduction in NEC (12–14). There are no other proven benefits shown in terms of improvement in long-term outcomes (such as death or BPD) and there are some adverse outcomes [e.g., increased incidence of chronic lung disease was reported in infants treated with ibuprofen (11)].

Despite the reported association between persistent PDA, increased risk of mortality and significant co-morbidities, the treatment strategy remains controversial which could be because of proven benefits from treating the PDA in ELBW infants (11, 15, 16). There is no agreed consensus on management of PDA in preterm infants and there are numerous trials on-going at the moment testing different treatment approaches to placebo or no treatment.

Treatments with non-steroidal anti-inflammatory drugs (NSAIDs) or paracetamol have been used to promote closure when a PDA was found to be hemodynamically significant. NSAIDs, cyclo-oxygenase inhibitors, have moderate success rate in closing the PDA and they may have adverse effects in some infants or even may be contraindicated in presence of certain conditions such as NEC or intestinal perforation and significant renal impairment (17, 18). Medical treatment fails in 20–40% of the cases (19, 20). Following a recent systemic review (2020) by Ohlsson et al., concluded that paracetamol appears to be a promising alternative to indomethacin and ibuprofen for the closure of a PDA with possibly fewer adverse effects. A possible association between prenatal paracetamol and the development of autism or autism spectrum disorder in childhood and language delay in girls has been reported (21). Therefore, additional studies on its long-term safety and efficacy in ELBW infants are needed before paracetamol can be recommended as standard first line treatment for closure of PDA in preterm infants (21).

Surgical ligation of the PDA is often the alternative to failed pharmacological treatment and it is usually performed through left thoracotomy. It is not without the increased risk of mortality and significant morbidities in this vulnerable group of infants. Thirty days mortality rate has been reported around 5–8% (22, 23). Surgical ligation been reported to be associated to post-ligation cardiac syndrome (PLCS), phrenic nerve and vocal cord palsy, pneumothorax, bleeding, and infection (24–26). The post-operative course of preterm infants undergoing surgical ligation of PDA is often complicated by PLCS and despite targeted milrinone prophylaxis, some infants continue to experience hemodynamic instability and postoperative respiratory deterioration (27–30). Studies have also that it may also worsen long-term outcomes, including increasing the risk for bronchopulmonary dysplasia, retinopathy of prematurity and neurosensory impairment, however, controversies remain whether these are related to surgical ligation or prolonged exposure of preterm infants to PDA itself or associated co-morbidities (31–33).

Conservative management approach, consisting of fluid restriction, diuretics and positive end-expiratory pressure, is also being practiced in many neonatal units because of the lack of proven long-term benefits from PDA closure in this population (34–37). Many studies have concluded that conservative management approach is a reasonable option as compared to pharmacologic or surgical treatment (35–41) while some studies have questioned about the safety of this approach because of increased mortality and morbidity (8, 9, 15). Results from RCTs and well-designed prospective studies are awaited to establish risks and benefits of the conservative management approach.

In absence of proven long term benefits from treating PDAs and lack of superiority of one approach to another, currently there is no universal consensus on how best PDA should be managed in preterm infants. However, there is consensus among the neonatal community that well-designed prospective randomized controlled trials of different modalities against placebo are needed, and there are more than 10 large randomized trials of different approaches on-going worldwide (42). This would be interesting to see the results of these trials in the coming years.

Recently there has been an increased interest in transcutaneous closure of PDA, whether this approach can be used as an alternative to surgical ligation or even to medical treatment in the ELBW infants. We describe the background, current evidence and feasibility of this approach in closure of PDA in infants under 1,500 g.



TRANSCATHETER CLOSURE OF PDA IN EXTREMELY PRETERM INFANTS: BACKGROUND

In the most recent years, several cohort studies reported preliminary experience with transcatheter technique, using various devices for PDA closure in premature infants (43–55). Comparison with surgical ligation revealed a positive impact on post procedure pulmonary outcome (49, 50). The procedure has been well-described in preterm infants, including extremely low birth weight (ELBW) infants as small as 640 g (50). Following the results of an ongoing prospective trial using the ADO II AS, this device received FDA and CE approval for transcatheter closure of PDA in premature babies weighting more than 700 g and over 3 days old (51). This has been renamed as Amplatzer Piccolo Occluder® (APO). More recently, a retrospective comparison between surgery and transcatheter closure by Regan et al. reported an increased mechanical ventilation duration during the NICU stay after surgery as compared to infants undergoing transcatheter closure. Additionally, hospital stay could potentially be shorter in cases where transcatheter closure was performed in the 1st month of life (52).



PATIENT SELECTION AND ORGANIZATION OF THE PROCEDURE

Preterm infants are always referred by neonatologist for percutaneous closure, usually after failure of medical therapy or when medical pharmacotherapy is contraindicated and/or failure to wean from the ventilator. Pre-procedure transthoracic echocardiography confirms the hemodynamic significance (left cavities dilation, functional mitral/aortic regurgitation, and ductal morphology) and transcatheter closure is usually performed in catheterization laboratory. In most centers the procedure is performed in the cardiac catheter lab, although in some centers with portable fluoroscopy equipment the procedure can be performed at the bedside, especially in very unstable patients unsafe to move or when there is no access to cardiac catheterization lab. Transcatheter closure at the bedside under echocardiography guidance-only has also been reported (44). Unfortunately, bedside procedure under echocardiography guidance has to be performed via trans-arterial route (femoral route) without fluoroscopy which carries increased risk of potentially severe life-threatening complications such as limb ischemia and more worryingly it has limited management options for disc embolization if it occurs (56). Hence, despite technical feasibility it is almost never performed on bedside in ELBW infants and smallest reported infant having this procedure successfully done was around 1,400 g. In comparison, when percutaneous PDA closure performed in in the catheter lab it has been performed successfully in infants as small as 700 g (50–52).



AVAILABLE DEVICES

Over the last few years, different devices have been used to close PDAs in premature babies (Figure 1). PDA coil-occlusion was initially achieved in selected low-weight infants with symptomatic PDA (44, 51). More recently, the Amplatzer Vascular Plug II (AVP II) was successfully implanted with good results (43, 50, 54). Unfortunately, this device is often not suitable for short ducts in extremely low-weight infants. In such cases the central disk, which is the same diameter than the proximal and distal disk can stretch and make the whole device too long, increasing the risk of LPA and/or aortic stenosis. The Amplatzer Vascular Plug IV has also been used but its length is also a limiting factor in extremely small infants (55). Similarly, the retention disks of the Amplatzer duct occluder II are too large for infants weighing <1,500 g. The Medtronic Micro Vascular Plug® (MVP), initially designed for occlusion of abnormal blood vessels, has shown excellent results for PDA closure in premature babies (47, 50). It is made of a nitinol framework covered partially by a polytetrafluoroethylene (PTFE) membrane at the proximal portion. It is delivered through a microcatheter with two sizes of 5.3 and 6.5 mm. The APO is currently the only dedicated device for this procedure. It is a self-expanding occlusion device with a central waist and retention disc on both ends, delivered through a 4-French delivery catheter. The largest size of the distal disks is 6.5 mm whereas the central waist is available in 3, 4, and 5 mm diameter and the length of the central waist varies between 2, 4, and 6 mm. Catheter and sheath diameters are measured in French (Fr) units and 1Fr = 1/3 mm or 0.013 inch. Wire diameter is measured in inches; 0.014, 0.018, and 0.021 wires are 0.014, 0.018, and 0.021 inch in diameter, respectively (49, 52).
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FIGURE 1. Devices generally used for percutaneous PDA closure in premature babies. (A) Amplatzer Ductus Occluder II Additional Sizes / Piccolo Occluder (Abbott). (B) Amplatzer vascular plug II (Abbott). (C) MVP Microvascular Plug (Medtronic).




DESCRIPTION OF THE PROCEDURE

Ultrasound-guided access of the femoral vein increases the likelihood of successful access and reduces the risk of local complications, especially inadvertent puncture of the femoral artery. Femoral artery access is not recommended and even contraindicated in extremely premature babies due to a high risk for vessel occlusion and potential ischemia of the lower limb (57). Aortic angiogram after device deployment is unnecessary when appropriate echocardiographic guidance can be performed. A 4Fr sheath is usually inserted in the femoral vein.

Heparin administration remains controversial (58). Whereas, some operators give no heparin, others would give 50–100 units/kg of unfractionated heparin bolus once access has been achieved. Prophylactic antibiotics are administered.

Under fluoroscopic guidance, a 3Fr multipurpose BALT catheter (Montmorency, France) is usually advanced over a 0.014 coronary wire through the inferior vena cava toward the right atrium. The coronary wire is advanced via right ventricle outflow tract and through the patent ductus arteriosus toward descending aorta. The 3Fcatheter is positioned in the descending aorta. Sathanandam et al. have reported a similar technique using a 4Fr angled glide catheter (Terumo, Japan) and a 0.035 Wholey wire (Medtronic, Minneapolis, MN, USA) to cross the PDA antegradely into the descending aorta (59). Other teams have used 4Fr Swan Ganz catheter instead of catheters described above (43).

If a 3Fr catheter is used to cross the PDA, then a 0.021 Fixed-Core Guide Wire (Cook Medical®, USA) is advanced in the descending aorta and the 3Fr catheter is directly exchanged with the 4Fr TorqVue® delivery sheath. This latest is often advanced over a microcatheter to minimize mismatch with the 0.021 wire. The tip of the TorqVue® sheath is placed in the descending aorta, slightly lower than the PDA. A hand angiogram of 1.5–2 ml is performed in RAO and lateral projection or only in lateral projection in single plane laboratories. In some centers fluoroscopic guidance only is used (51, 53), although most centers routinely perform this procedure under angiography guidance to minimize the risk of complications. Most of the patients needing PDA closure had type C (tubular) and F (fetal) types of PDA morphology (54) (Figure 2).


[image: Figure 2]
FIGURE 2. Most common ductal morphology in premature babies undergoing percutaneous closure. (A,B) Showing type “C” tubular ductus without any constrictions at the aortic end or the pulmonary artery end. (C,D) Showing a “fetal type” ductus, which is typical long, wide and tortuous.


The appropriate device is selected based on echocardiographic and angiographic measurements (Figure 3). As a rule, the shortest APO device is used to avoid protrusion of the device in aorta/pulmonary artery branches. In almost all cases only 2 mm or 4 mm-length devices are used.


[image: Figure 3]
FIGURE 3. PDA morphology and size are extremely variable in premature babies. Angiogram helps to delineate duct features, accurately measures both PDA's aortic and pulmonary ends and choose the most appropriate device. Angiogram performed through a catheter via RV—MPA—PDA—Descending aorta. Six types of described PDA morphologies have been demonstrated in figures (A–F). (A) Relatively long duct with mid-course constriction. (B) Long and tortuous duct with pulmonary end constriction. (C) Long and tortuous duct with widely open pulmonary and aortic ends. (D) Short duct with pulmonary end constriction and LPA origin stenosis. (E) Extremely large and dilated duct (note that its diameter is bigger than descending aorta) and (F) Long and tortuous duct with variable diameter along its course (RV, right ventricle; MPA, main pulmonary artery; LPA, left pulmonary artery; PDA, patent ductus arteriosus).


The device is positioned under fluoroscopy guidance with the goal to implant the entire length of the device into the PDA. Successful positioning is defined by complete occlusion of the duct and the absence of aortic or LPA obstruction by echocardiography.

Following release of the device, echocardiographic evaluation is repeated, paying also particular attention to the tricuspid valve function. Follow-up echocardiography is performed within 24 h after procedure.



ANESTHESIA MANAGEMENT

Anesthesia in this high-risk population presents a number of challenges for the anesthesia team. The cardiac catheter laboratory (CCL) can be a hostile environment for these fragile patients. Ambient temperature cannot be easily controlled. The warming blanket should be turned on prior to patient arrival and central patient temperature monitoring is mandatory. Imaging equipment makes patient access during the procedure difficult so patient positioning (arms up) should be optimized prior to allowing equipment in.

Ensure easy access to an intravenous (IV) line, preferably in an upper limb. Two IV lines are essential; one to continue dextrose containing maintenance fluid and the other for fluids and/or drugs required during the procedure. IV access should be secured in the NICU to minimize time in the cardiac catheter laboratory.

Accurate monitoring of end-tidal carbon dioxide (ETCO2) can be difficult. It is advisable to have an endotracheal tube (ETT) with minimal leak and minimize circuit dead-space.

There are two periods of potential instability during the procedure however both are generally short-lived and respond quickly to the measures described. Firstly, when the device is positioned in the duct, there is a sudden drop in pulmonary blood flow with a corresponding drop in ETCO2 measurements and peripheral saturations. It is advisable to briefly increase the inspired oxygen concentration to maintain acceptable saturation levels until the circulation adjusts. It may also help to temporarily lower the positive end-expiratory pressure to promote forward flow from the right ventricle.

The second is during echocardiography to confirm device position. This can impact significantly on ventilation requiring an increase in ventilatory pressures and the echocardiographer to echo intermittently to ensure adequate ventilation during assessment.



REPORTS IN THE LITERATURE ON VENOUS-ONLY ACCESS TCPC IN PREMATURE INFANTS

Morville et al. reported successful transcatheter closure of PDA in 32 out of 34 infants under 2,500 g and in their series two patients had major complications: (1) death from hemopericardium and (2) LPA obstruction that required surgical device removal (60). Zahn et al. reported successful PDA closure via transcatheter route in 20 out of 23 premature infants (mean weight 1,250 g; range 755–2,380) and two patients were reported to have complications: (1) LPA stenosis that required stent placement at 3 months of age and (2) transient descending aortic obstruction that was relieved by device manipulation (43, 61). In a small case series 16 patients, Baspinar et al. reported successful closure of PDA in 13 premature infants with a mean weight of 1,000 ± 300 g and three patients were reported to have significant complications including: (1) death from cardiac perforation in one patient and (2) device embolization in two patients, which were retrieved successfully by transcatheter route. These patients needed subsequent surgical closure of the PDA (62). Rodriguez Ogando et al. reported 100% success rate with PDA device closure in 27 preterm infants with a median weight of 1,260 g (range 1,000–1,980) and no major complications were reported (49).

In one of the largest published study so far, Sathanandam et al. reported successful closure of 80 out of 82 preterm infants weighing <2,000 g and three patients were reported to have major complications: (1) death from inferior vena cava laceration, (2) severe LPA stenosis needing manipulation of device, and (3) pericardial effusion needing drainage percutaneously (50).

Recently from one of the largest multi-center study involving 147 infants, 64 undergoing transcutaneous PDA closure or 83 with surgical ligation, Regan et al. reported that transcatheter closure of PDA offers sustained improvement in morbidity as compared to surgical ligation through a reduction in post-procedural mechanical ventilation time that is significant throughout the total NICU stay. They reported successful closure of PDA in 63 out of 64 preterm infants with a mean weight 1,200 g (range 1,025–1,700) and three patients were reported to have complications: (1) severe LPA stenosis needing device retrieval and (2) aortic arch obstruction needing re-intervention (51). Six cases had mild LPA stenoses due to protrusion of the device, with a maximum velocity of 2.5 m/s on CW Doppler interrogation, which all resolved within 3–12 months during the follow-up (52).

The results from these reports are encouraging and provide evidence that transcatheter closure PDA in preterm infants is feasible with an acceptable complications rate (Table 1) and at least study comparing results with surgical ligation demonstrate that outcomes were better with device closure and complications were less compared to surgical ligation (52). However, none of these reports provide long-term outcomes (especially death or BPD) and the impact on neurodevelopment is unknown.


Table 1. Success rate and major complications from transcatheter closure of PDA in preterm infants (43, 49, 50, 52, 60–62).
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COMPLICATIONS

One of the most frequent complications is left pulmonary artery (LPA) obstruction due to protrusion of the device. In a 1,000 g infant, the LPA diameter is ~3 mm whereas the APO retention discs for the 4 and 5 mm-devices are 5.25 and 6.5 mm, respectively. Despite the goal to implant the whole device inside the duct itself, protrusion of the proximal disk may occur especially in patients with a large duct and restriction at the pulmonary end. In cases with significant LPA stenosis (max velocity >2 m/s on continuous wave (CW) Doppler interrogation) diagnosed before the device is released it is recommended to reposition it or to change it for a shorter and/or a smaller device. Significant LPA stenosis has been described with AVP II requiring LPA stenting (61). When the LPA stenosis is mild, the device can sometimes be released as this will resolve in most of the cases during follow-up (49).

Coarctation of the aorta related to the device is an uncommon complication. It is often diagnosed with transthoracic echocardiography (TTE) during implantation of the device and repositioning is required in such cases. Similar to LPA stenosis, mild coarctation may resolve with patient's growth. However, significant coarctation may develop, necessitating surgical repair (52) (Figure 4).


[image: Figure 4]
FIGURE 4. Complications encountered after PDA device closure. (A) Shows LPA origin stenosis following percutaneous closure, which is fully resolved 5 months after follow-up (B). (C) Mild aortic coarctation after device deployment, which is fully resolved after 11 months of follow-up (D). (E) Tricuspid valve trauma noted after successful PDA device closure. (F) Tricuspid regurgitation is trivial 12 months after the procedure.


Device embolization has also been reported during, immediately after and up to 9 days post procedure (48, 49, 63), usually in patients over 1,200 g with a large PDA. The device can be retrieved percutaneously in most cases through a 4Fr or 5Fr sheath (52).

Tricuspid valve injury has been reported and it is often due to chordae rupture from the catheter when the tricuspid valve is crossed.

Rupture and/or dissection of inferior vena cava has been reported as a fatal complication (50). Position of the wire during the femoral vein access should be checked by fluoroscopy before advancing any sheath to minimize this potentially life-threatening complication.

Morville et al. reported fatal cardiac perforation in a 680 g patient. During the procedure the right ventricle was perforated by a 4Fr catheter over a 0.018 Terumo wire, creating a hemopericardium (64). Use of 0.014 soft coronary wire should be advocated in the smallest patients.

There is an existing gap in knowledge in comparing the immediate post-PDA closure complication rates among those undergoing surgical ligation vs. transcatheter occlusion and at this stage no studies have been published comparing such data.



FUTURE DIRECTION

Transcatheter closure of PDA intuitively appear to be advantageous in ELBW infants. A refined an echocardiographic guided antegrade femoral venous approach, which can be performed at the bedside with little or no contrast and minimal radiation exposure has been developed. Early results from the US ADO II-AS multicenter clinical trial are encouraging. We are cautiously optimistic that ongoing modifications in device design and techniques may ultimately make this a routine bedside procedure performed in the neonatal intensive care unit. However, carefully designed prospective randomized trials studying short- and long-term outcomes will be necessary to determine whether this novel therapy should be the new standard of care. Whether early transcutaneous closure of PDA in ELBW infants will result in improved short- and long- term outcomes, less BPD, improved neurodevelopment, or better long term renal function remains to be seen.



CONCLUSION

Transcatheter PDA closure in preterm ELBW infants is technically feasible with high PDA occlusion success rates and acceptable complication rates. The current technique and available devices apply for most of the population, including extremely low birth weight infants. Although follow up studies report excellent short and medium term outcomes, they need to be further tested in the prospective, well-designed and probably randomized controlled trials comparing the results and outcomes of this technique vs. current treatment strategies including medical treatment. This innovative technique is being adopted in increasing number of centers across the globe, however further experience is needed. There is an urgent need for multicenter studies and registries to better clarify the results, optimal timing for this procedure, and to study the short-term and long-term outcomes before this can be considered as an alternative first line therapy, when PDA closure is required in ELBW infants.
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Background: Patent ductus arteriosus (PDA) with a bidirectional shunt reflects critical clinical conditions. The operability of PDA with a bidirectional shunt in pre-term infants is still not clearly clarified. This study aimed to investigate the feasibility and the outcomes of PDA ligation in pre-term infants with a bidirectional shunt PDA.

Methods: All pre-term infants receiving PDA ligation between 2013 and 2019 were enrolled in this prospective study. Patients were allocated into two groups based on the shunting direction of PDA, which were the left-to-right group (group A) and the bidirectional group (group B). Clinical characteristics and pre-op comorbidities were analyzed. Intraoperative complications, post-op neurological sequelae, necrotizing enterocolitis, survival, and mortality were compared between these two groups.

Results: Thirty-seven pre-term infants were enrolled (18 in group A, 19 in group B). The mean post-menstrual age at PDA surgery was 32.0 ± 1.3 and 32.8 ± 1.5 weeks, respectively. Before surgery, 44.4 and 89.5% (group A vs. B) of the patients were using invasive mechanical ventilator (p < 0.01). The requirement of high-frequency oscillatory ventilatory support was significantly higher in group B. PDA rupture-related bleeding during exposing PDA or ligating PDA occurred in four infants, and all were all in group B, including one with delayed hemothorax. Early surgical mortality within 30 days of surgery was higher in group B (0 vs. 21.1%, p < 0.05), but only one death could be attributed to the surgery, which was caused by a pain-induced pulmonary hypertension crisis. The 5-year survival was 100% in group A, and 73.7% in group B (p < 0.05).

Conclusion: We did not recommend routine PDA ligation in pre-term infants with a bidirectional shunt. However, a bidirectional shunt should not be an absolute contraindication if they fulfill indications of PDA closure. Unexpected intraoperative PDA rupture and delayed hemothorax in a bidirectional shunt PDA should be carefully monitored. Aggressive post-op pain control is also warranted to avoid pulmonary hypertension crisis. The post-op early mortality rate was higher in the bidirectional group, which could be inherent to their poor pre-operative lung condition. Only one death was directly related to the surgery.

Keywords: pre-term infant, pulmonary hypertension, patent ductus arteriosus ligation, outcomes, bidirectional shunt, contraindication, surgery


INTRODUCTION

The first cry of the newborn results in lung expansion and the pulmonary pressure begins to decline soon after birth. Patent ductus arteriosus (PDA) is the most common heart disease in pre-term infants (1). Functional closure of PDA occurs within 24–48 h after birth owing to increasing PaO2 and decreasing circulatory vasodilators. Permanent anatomical closure occurs followed by the endothelial hyperplasia and fibrotic process (2, 3). Untreated hemodynamically significant PDA with a left-to-right shunt can result in increased pulmonary blood flow, heart failure, and pulmonary arterial (PA) hypertension (4–6), and can even progress to Eisenmenger syndrome.

Eisenmenger syndrome is an absolute contraindication for PDA closure in children and adults because the procedure could lead to pulmonary hypertension crisis, acute right ventricular failure, and even death. Pulmonary hypertension in pre-term infants is usually secondary to lung disease, mostly caused by respiratory distress syndrome and bronchopulmonary dysplasia (BPD), instead of PDA itself (7, 8). PDA with a bidirectional shunt reflects high PA pressure. Closure of hemodynamically significant PDA in pre-term infants with PA pressure lower than systemic blood pressure (left-to-right shunt) is reasonable, but PDA closure in very high PA pressure that is equal to systemic blood pressure (bidirectional shunt) is crucial because of the risk of acute right ventricular failure. However, the use of pulmonary vasodilator in pre-term infants with a bidirectional shunt will lead to a left-to-right ductal shunt and even pulmonary hemorrhage. This critical situation is more frequently encountered in extremely low-birth-weight pre-term infants. Surgical closure of hemodynamically significant PDA in pre-term infants with a bidirectional shunt remains a dilemma. Therefore, this study aimed to investigate the outcomes of hemodynamically significant PDA ligation in pre-term infants with a bidirectional shunt.



PATIENTS AND METHODS

Data of this case-control study was collected from in-patient and out-patient medical records. Ethical approval was given by the Institutional Review Board of Medical Ethics of E-DA Hospital (EMRP25106N), and all informed consents were approved by the participants' parents, with all patient information de-identified.


Patients

Pre-term infants (gestational age <37 weeks) admitted to our neonatal intensive care unit undergoing PDA ligation between April 2013 and March 2019 were enrolled in our study. Patients' gender, gestational age, birth bodyweight, and delivery method were all recorded. All echocardiography was performed by the same pediatric cardiologist (MC Yang), and echocardiographic assessment was repeated on the day of surgery. PDA size, left atrium-to-aorta ratio (LA/Ao ratio), transductal velocity, and pressure gradients (between the aorta and pulmonary artery) were recorded. Patients were divided into two groups according to the shunting directions of PDA. Group A was PDA with a continuous left-to-right shunt (Figure 1A), and group B was a bidirectional shunt (Figures 1B–D). The PA pressure measured in cardiac catheterization is regarded as the gold standard for the diagnosis of pulmonary hypertension. However, it is impractical for a pre-term infant to receive a cardiac catheterization procedure only for measuring PA pressure, and this forces pediatric cardiologists to rely on echocardiographic assessment. PDA blood flow is one of the methods to evaluate PA pressure (9). The shunting directions reflect the severity of pulmonary hypertension, and PA systolic pressure was estimated by echocardiographic transductal pressure gradient assessment comparing to simultaneous systemic blood pressure. In patients with left-to-right (or right-to-left) PDA shunt at the systolic phase, the PA systolic pressure equaled systolic blood pressure subtracted (or added) by transductal pressure gradient.


[image: Figure 1]
FIGURE 1. (A) represented a continuous left-to-right shunt of a PDA, which was detected by pulse-wave Doppler. At the end-diastolic phase, there was a persistent left-to-right shunt; (B,C) represented a bidirectional shunt of a PDA. At the end-diastolic phase, the shunting directions were transient right-to-left; (D) represented a right-to-left shunt. There was rare left-to-right shunt either at the systolic or diastolic phase.


In our neonatal intensive care center, the strategy of respiratory support was to use nasal continuous positive airway pressure ventilation as much as possible to lower the incidence of lung injury (10). Pre-operative and post-operative neurosonography was checked by an experienced neonatologist (HK Liu). Intraventricular hemorrhage (IVH) grading was evaluated according to a standardized assessment. Briefly, grade 1 was the bleeding area confined to the germinal matrix plus up to 10% of the ventricle volume, grade 2 was germinal matrix hemorrhage and IVH between 10 and 50% of the lateral ventricle volume, grade 3 was germinal matrix hemorrhage and IVH more than 50% of the lateral ventricle volume, and grade 4 was periventricular hemorrhagic infarction (11). Mechanical ventilatory support, necrotizing enterocolitis (NEC), and BPD were all recorded. NEC was recorded if patients presented stage 2 or 3 NEC, which was defined according to modified Bell staging (12). The diagnosis of BPD was based on oxygen or ventilator requirements, while the timing of BPD assessment was based on gestational age. Patients who were <32 weeks of gestational age were evaluated at 36 weeks post-menstrual age or when discharged home, whichever came first. Patients who were ≥32 weeks of gestational age were evaluated at 28 days of age or when discharged home, depending on which came first (13). The definition of acute kidney injury was based on Kidney Diseases: Improving Global Outcomes consensus (14). Acute kidney injury was defined if serum creatinine rose ≥0.3 mg/dL within 48 h or serum creatinine ≥1.5–1.9 times of the lowest prior serum creatinine within 7 days.



Surgical Indications and Procedures

PDA ligations were performed by the same experienced cardiovascular surgeon (HY Wu). There were echocardiographic and clinical indications of hemodynamically significant PDA. Hemodynamically significant PDA was considered in patients fulfilling echocardiographic criteria, which were PDA diameter/bodyweight >1.3, antegrade PA diastolic flow, LA/Ao ratio ≥1.4, left ventricular enlargement, and retrograde diastolic flow in the descending aorta (15). Clinical criteria of hemodynamically significant PDA included PDA-related pulmonary hemorrhage, acute kidney injury, the need to upgrade ventilatory support, or difficulty in weaning a high-setting mechanical ventilator after excluding other etiologies. Fluid restriction to 90–100 cc/kg per day was applied if the PDA met the criteria of hemodynamically significant PDA. Once the PDA remained hemodynamically significant after fluid restriction, or fluid restriction resulted in significant electrolyte imbalance, oral ibuprofen or oral acetaminophen treatment was administered if enteral feeding had been successfully established. During the study period, intravenous ibuprofen was not commercially available in Taiwan because of small marketing requirements, which limited our use of ibuprofen in candidates. Surgical indications of PDA ligation were hemodynamically significant PDA plus one of the following (1) pre-term infants who could not tolerate enteral trophic feeding so that oral ibuprofen/acetaminophen could not be given; (2) infants who failed to respond to oral ibuprofen/acetaminophen treatment; (3) infants who were contraindicated to receive oral ibuprofen (active pulmonary hemorrhage, severe IVH, thrombocytopenia <100,000/uL, NEC, urine output <0.5 ml/kg/h, serum creatinine >1.7 mg/dL).

Surgical PDA ligation was performed via left posterolateral thoracotomy in the intensive care unit. The incision was carried out in the left third or fourth intercostal space at the right decubitus position. The ductus and the recurrent laryngeal nerve were exposed with the aid of a dissector. After PDA was exposed, a ligature was passed around PDA, gently tied town, and then a metal clip was placed for additional security. Body temperature, heart rate, and blood pressure were closely monitored and recorded right before the surgery and within 24 h after PDA ligation. Continuous intravenous morphine infusion (0.01 mg/kg/h) was given as a pain control protocol until 48 h after surgery.



Primary Outcome

Primary outcomes referred to complications occurring at or soon after surgery, including PDA rupture-related bleeding during the surgery, desaturation or unstable saturation during the surgical procedure that required temporary interruption of surgery, post-op pneumothorax, post-op hemothorax, vocal cord paralysis, phrenic nerve palsy, and immediate surgical mortality on the day of surgery.



Secondary Outcome

Secondary outcomes were complications within 30 days of the surgery, including neurological sequelae, NEC, and early mortality (16). BPD severity and 5-year survival were also included in secondary outcomes.

IVH progression was defined in patients whose IVH grading increment was equal to or more than 2 grades. Progression to periventricular leukomalacia (PVL) was defined in patients who had no PVL before PDA ligation, yet evolved into PVL after surgery at follow-up. Because early mortality might deter infants from developing post-op PVL, post-op NEC or BPD, these secondary outcomes were also adjusted into composite outcomes, including “early mortality or progression to PVL,” “early mortality or post-op NEC,” and “early mortality or BPD” to avoid comorbidity bias caused by early mortality.




STATISTICAL ANALYSIS

Data were analyzed by SPSS version 22 statistical software. Continuous variables were presented as mean ± standard deviation (SD). Independent Student's t-test was applied for comparison of mean values of the two groups, and the Mann-Whitney U-test was used to compared means if the data were not normally distributed. Pearson's chi-square test and Fisher's exact test were used to compare categorical variables, while the Kaplan-Meier model was applied to analyze survival, and the log-rank test was used to compare survival between the two groups. Statistical significance was defined as a p-value < 0.05.



RESULTS

Thirty-seven patients were enrolled in this study, including 18 in group A, and 19 in group B. The demographic characteristics and pre-op conditions are shown in Table 1. The mean age at surgery was 20.4 and 13.2 days old (3.1–37.7 vs. 1.7–24.9, 95% confidence interval). Respiratory distress was more severe in group B. In group A, nine infants had failure of non-invasive ventilatory support (including failure of nasal continuous positive airway pressure support in six infants, and failure of nasal intermittent positive airway pressure support in three infants) caused by hemodynamically significant PDA. The need to upgrade the setting of the original invasive mechanical ventilator was 50% (9/18) in group A, and 89.5% (17/19) in group B. One out of 18 infants (5.6%) in group A required high-frequency oscillatory ventilator, whereas 8 of 19 infants (42.1%) in group B required high frequency oscillatory ventilatory support (p < 0.05). Of those under invasive ventilatory support, the oxygen index was significantly higher in group B (4.7 ± 2.2 vs. 9.3 ± 2.7, p < 0.05). Two infants (2/37) in group B used inhaled nitric oxide to maintain adequate oxygenation, and one (1/37) of them also took sildenafil.


Table 1. Demographic characteristics and pre-operative conditions.
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The LA/Ao ratio, PDA size indexed by body weight at surgery (PDA size/BW), and the cardiothoracic ratios on chest radiograph were similar between the two groups. There was no significant difference in serum creatinine level or incidence of acute kidney injury before surgery. The use of oral ibuprofen treatment was limited because seven patients developed acute kidney injury with serum creatinine >1.7 mg/dL, 17 patients were restricted from enteral feeding due to shock status requiring dopamine infusion, 14 patients developed active pulmonary hemorrhage, and one patient had NEC. Only ten infants received oral ibuprofen/acetaminophen before surgery.


Primary Outcomes

Perioperative vital signs are shown in Table 2. Infants in group B had a higher incidence of shock requiring dopamine infusion prior to the surgery (p < 0.05). However, under continuous dopamine infusion before surgical ligation, the systolic, diastolic, and mean blood pressure levels were similar between the two groups. Group B had higher estimated PA systolic pressure compared to group A (58 ± 3 vs. 41 ± 2 mmHg, p < 0.001) on the day of surgery. Milrinone, as a medical treatment of PDA in whom had congestive heart failure and reduced left ventricular contractility, was administered in five infants before surgery. After PDA ligation, there was no infant experiencing post-ligation syndrome, so adding of inotropes was not required.


Table 2. Perioperative vital signs of the patients receiving PDA ligation.
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The overall intraoperative and immediate post-operative complications are listed in Table 3. These complications included PDA rupture-related PDA bleeding (10.8%), intra-op desaturation (10.8%), post-op pneumothorax (8.1%), delayed post-op hemothorax (2.7%), vocal cord paralysis (2.7%), and phrenic nerve palsy (5.4%).


Table 3. Primary outcome–immediate complications after PDA ligation.
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PDA rupture-related bleeding during exposing PDA or ligating PDA occurred in four infants in group B, whereas no infant experienced PDA rupture in group A (p < 0.05). Intra-op desaturation requiring temporary interruption of surgery occurred in four infants (1 in group A, and 3 in group B). Although it was non-significantly different, intra-op desaturation occurred more frequently in group B. One infant in group B received emergent chest tube insertion on the day of surgery because of delayed hemothorax, which was considered to be caused by PDA rupture-related bleeding. Her condition stabilized soon after the intervention. There was no immediate surgical mortality on the day of surgery in both groups.



Secondary Outcomes

As shown in Table 4, after PDA ligation, there were more infants in group A developing progression to PVL (33.3% in group A vs. 5.3% in group B, p < 0.05). Two infants developed NEC after surgery, and both of them were in group B. The overall incidence of BPD was 88.9% in group A, and 47.4% in group B (p = 0.054). Of the different severity of BPD, the incidence was similar between the two groups. Early mortality occurred only in group B (four infants, 21.1%). The causes of death were sepsis in two infants, stage 3 NEC in one infant, and pulmonary hypertensive crisis in one infant, with this infant expiring on the next day of surgery. Among the composite outcomes, only “early mortality or NEC” was significantly different (0% in group A vs. 26.3% in group B, p < 0.05). Although the overall mortality was higher in group B than that in group A (26.3 vs. 0%, p < 0.05), only one death could be attributed to PDA ligation. As shown in Figure 2, the 5-year survival was higher in group A (100 vs. 73.7%, p = 0.02).


Table 4. Secondary outcomes–late adverse outcomes after PDA ligation.
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FIGURE 2. Cumulative survival after PDA ligation. The solid line is the left-to-right group. The dotted line is the bidirectional group. The Log-rank test revealed a significant difference in survival, p = 0.02.





DISCUSSION

This is a novel study of PDA closure in pre-term infants exploring the relationship between the shunting directions of PDA and surgical outcomes in the literature. There are several unique important findings in this study. Pre-term infants with a bidirectional shunt PDA were prone to have higher PA pressures, unstable blood pressures, and inherent worse respiratory conditions requiring more invasive mechanical ventilatory support. PDA rupture-related bleeding during the surgical procedure was a major challenge for both medical staff and patients, especially while exposing or ligating the PDA. Although there was no significant difference, intra-op desaturation occurred more frequently in the bidirectional group. Unexpected vascular bleeding and unstable oxygen saturation complicated the surgical procedure. Even after the procedure, delayed hemothorax several hours after PDA ligation still occurred and required emergent chest tube insertion in one infant. Among the composite outcomes of early mortality and post-op comorbidities, only NEC was more frequent in group B. NEC was a major concern that complicated clinical care after PDA surgery in group B. In most patients with bidirectional shunt pattern, PDA ligation was feasible. Only one death died of pulmonary hypertensive crisis could be attributed to PDA surgery. However, early mortality of 21.1% was observed.

The operability of PDA in PA pressure reaching systemic blood pressure is generally not feasible in children and adults. Eisenmenger syndrome remains an absolute contraindication of PDA closure in children and adults (17). The major concerns are post-op pulmonary hypertensive crisis and acute right heart failure because of irreversible pulmonary arterial hypertension (18–23). Nevertheless, pulmonary arterial smooth muscle cell hypertrophy and endothelial cell proliferation are believed to be the main pathophysiology in irreversible pulmonary hypertension, but it rarely happens before 1 year of age (24, 25).

Early PDA treatment within 7 days of birth is generally not recommended because of possible spontaneous closure in the first week, and early treatment is associated with higher mortality and higher BPD rate (26). In this cohort, six infants (two in group A, four in group B) underwent PDA ligation within 7 days old. Among these six infants, four infants had pulmonary hemorrhage, one infant developed PDA-related shock, and one infant had both pulmonary hemorrhage and shock. Emergent surgical ligation was performed in three infants because of refractory shock and persistent pulmonary hemorrhage. Another three infants with pulmonary hemorrhage also underwent surgical ligation after the failure of controlling PDA with fluid restriction.

In our study, most of the infants with bidirectional shunt were mainly left-to-right shunt (Figures 1B,C), but two infants were bidirectional with a mainly right-to-left shunt (Figure 1D). In pre-term infants, the PA pressures were dynamic and influenced by the lung condition. The persistent left-to-right shunt PDA (Figure 1A) or bidirectional pattern with mainly left-to-right shunt PDA (Figures 1B,C) ultimately contributed to pulmonary blood overflow and pulmonary edema. The pulmonary blood overflow further led to pulmonary hemorrhage at an unexpected timing. The occurrence would be abrupt within hours, especially in extremely low birth weight infants. Once pulmonary hemorrhage occurred, the PA pressure would suddenly elevate to the systemic level, which in turn caused right-to-left shunt. Medical management of pulmonary hemorrhage eventually stabilized the edema or hemorrhage, and the PA pressure would return to a lower level. However, the PDA became left-to-right shunt again afterward. This entered an endless vicious cycle, so that interruption of the cycle by ligating PDA provided benefit to these pre-term infants because no one could predict when would be the next episode of pulmonary hemorrhage. This was also the rationale why we needed to perform PDA ligation in an infant with a bidirectional shunt.

Because of the preserved reversibility of pulmonary hypertension, PDA ligation was performed in two particular pre-term infants with a mainly right-to-left shunt. Both of these infants were treated with high-frequency oscillatory ventilator, and were also the only two infants receiving inhaled nitric oxide during PDA ligation. One of these, whose birth body weight was 845 gram, had grade 4 RDS and severe persistent pulmonary hypertension of the newborn that was refractory to intratracheal surfactant administration, experiencing repeated pulmonary hemorrhage due to a transient left-to-right shunt and pulmonary overflow while inhaling 10 ppm nitric oxide. Pulmonary hemorrhage further aggravated pulmonary hypertension and led to the reappearance of a right-to-left shunt. Emergent PDA ligation was performed to interrupt the endless vicious cycle in this infant at the age of 2 days. He was weaned off the invasive mechanical ventilator successfully under intensive respiratory care and other medical treatments when he was 13 days old, and was discharged at corrected age of 52 days.

The other infant, whose birth bodyweight was 500 grams, was born at gestational age 27 weeks. He also received PDA ligation in the status of a right-to-left shunt. In the beginning, PDA was not hemodynamically significant, so it was treated conservatively. His pulmonary condition had never been well, so a high ventilator setting with intermittent administration of inhaled nitric oxide had been applied for 3 months. Weaning of invasive ventilator was not achievable in the first 3 months of life. Echocardiography at corrected age of 6 days revealed a 2.5 mm right-to-left shunt PDA. After titrating up nitric oxide, PDA became a bidirectional shunt on echocardiography. This response indicated the reversibility of pulmonary vasoreactivity. Because high mechanical ventilator setting and inhaled nitric oxide were unable to be weaned off successfully in the past 3 months, we decided to carry out PDA ligation and then use inhaled nitric oxide continuously to treat his severe pulmonary hypertension. PDA ligation was performed at the corrected age of 8 days. The PDA was edematous and fragile. PDA rupture happened intraoperatively, otherwise the whole surgical procedure was smooth. Afterwards, the patient was successfully weaned from an invasive mechanical ventilator 37 days after the operation, by the time he was at the corrected age of 44 days. Inhaled nitric oxide was shifted to oral sildenafil for the treatment of pulmonary hypertension. Although this patient had severe BPD, he needed oxygen hood with low oxygen fraction only. Our limited experience demonstrates the feasibility of PDA closure in pre-term infants with severe pulmonary hypertension, even though PA pressure was higher than systemic blood pressure.

There was an infant in group B who died from a pulmonary hypertensive crisis on the next day of PDA ligation. This infant's condition was stable initially after surgery, but he developed circulatory shock and desaturation 6 h later. Despite inhaled nitric oxide being administered, the patient still had acute right ventricular failure and shock. In this case, routine morphine was administered continuously after surgery, but the dosage was not increased while he had the severe pulmonary hypertensive crisis. On reflection, the pain-induced pulmonary hypertensive crisis was a major problem leading to death, and from this case, it was determined that management of pain control should be more aggressive in infants with very high PA pressure after PDA surgery.

There was a higher incidence of intra-operative PDA bleeding and post-op hemothorax in group B. Two of the four infants in group B with PDA bleeding received inhaled nitric oxide during surgery. The postulated hypothesis was that the intraductal blood pressure was very high because the PA pressure was approaching systemic blood pressure, which led to engorgement and fragility of the PDA. Once touching the vessel while exposing or ligating the PDA, a rupture occurred easily and resulted in bleeding. Inhaled nitric oxide also contributed to the bleeding because the exposure of nitric oxide might lead to a certain degree of coagulopathy (27). Transcatheter PDA closure in pre-term infants has become an available intervention and several trials presented promising outcomes (28, 29). The hemodynamic study can be measured during the cardiac catheterization, which even allows a test occlusion before PDA closure in pre-term infants with a bidirectional shunt. Our study demonstrated the feasibility of PDA ligation in pre-term infants with a bidirectional shunt. Although intra-operative PDA bleeding and post-op hemothorax was a concern in surgery, transcatheter closure might be an alternative choice to overcome the bleeding-related complications.



LIMITATIONS

This was a prospective case-control study, but the allocation of patients and the timing of surgery were not randomized. We allocated these patients into groups A or B according to their echocardiographic PDA blood flow findings on the day of surgery. The pre-op respiratory condition was worse in group B, and this might have influenced the post-operative outcomes. Due to the small marketing requirement of intravenous ibuprofen in Taiwan, the intravenous form had not been available until 2019. This resulted in few candidates receiving intravenous ibuprofen in our cohort. Hence, the experience of ibuprofen treatment may be quite different from other countries. Owing to the background, we had more infants undergoing surgical ligation, even in the status of a bidirectional shunt.

Approximately one-fourth of infants with moderate to severe BPD developed pulmonary hypertension later in their life (30). In our cohort, 22 infants developed moderate to severe BPD (13 in group A, nine in group B). Although group B had higher estimated PA pressure during the surgery, the development of BPD-related pulmonary hypertension was not evaluated.

There were only 37 pre-term infants enrolled in this study, so statistical calculations might not have reached significance because of the relatively small number of patients. No studies have focused on outcomes of PDA with a bidirectional shunt in pre-term infants. This can be regarded as an initial experience for similar subjects, and the conclusions would be more confidently regarded as valid if more patients could be enrolled in future research.



CONCLUSIONS

This is a novel study exploring outcomes of PDA ligation in pre-term infants with a bidirectional shunt. Post-op echocardiography revealed favorable left ventricular and right ventricular systolic function and no signs of acute right ventricular failure in our study, except for one patient expiring from a pulmonary hypertensive crisis. The relatively high mortality rate in group B could be attributed to poor pre-op conditions, including higher oxygen index and unstable blood pressure requiring dopamine infusion. Post-ligation outcomes proved the feasibility of PDA closure in critical pre-term infants with severe pulmonary hypertension and even with a bidirectional shunt. Composite outcomes showed neurological sequelae and the incidence of BPD did not differ between the two groups. According to this result, we did not recommend routine PDA ligation in pre-term infants with a bidirectional shunt. However, a bidirectional shunt should not be an absolute contraindication if pre-term infants fulfill indications of PDA closure. Surgeons need to be extremely careful while dissecting the tissue, exposing and ligating the PDA. Even though surgical ligation might be successfully performed, watchful monitoring for delayed hemothorax is still warranted. Post-operative pain control should be very aggressive if there are any signs of a pulmonary hypertension crisis.
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Persistent Patent ductus arteriosus (PDA) is a common finding in extremely low gestational age newborn infants and its prevalence is inversely proportional to the gestational age. The presence of a persistent PDA is associated with increased mortality and several significant morbidities including intraventricular hemorrhage, pulmonary hemorrhage, necrotizing enterocolitis, and chronic lung disease or bronchopulmonary dysplasia. However, treating PDA has not been demonstrated to have beneficial impact on the long term outcomes. Currently there is no consensus on whether to treat the PDA or not, and if treat, when to treat and how to treat. The echocardiography is the investigation of choice to diagnose PDA, estimating the magnitude of shunt volume and assessing its hemodynamic significance, and to exclude/diagnose any associated congenital heart defect before any intervention. Various echocardiographic parameters and staging/scoring systems have been described to help the clincians making the clinical decisions and some of theses scoring systems are quite complex to apply in a busy day to day clinical practice. This concised review paper is focused to help the clinicians in making a clinical decision based upon clincial and echocardiography parameters. Hence, only the parameters which are commonly used and helpful in making the clinical decisions in day to day clincial practice have been described in this paper.
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INTRODUCTION

Patent ductus arteriosus (PDA) is an essential component of the fetal circulation and in most of the term infants it closes soon after birth. However, PDA is known to remain persistent in large proportion of extremely low gestational age newborn (ELGAN) infants and its prevalence is inversely proportional to the gestational age (1). The incidence of a persistent PDA in infants born <1,000 g or those under 28 weeks of gestation is around 66% (1, 2).

The important risk factors for persistent PDA include lower gestational age, lack of antenatal steroids, and need for mechanical ventilation. The risk of persistent PDA increases with decreasing gestational age (GA) and lower birth weight (3)1 (4). Closure is also less likely to occur in infants who have neonatal respiratory distress syndrome needing mechanical ventilation and in those who did not receive antenatal corticosteroids (4, 5).

The presence of a persistent PDA is associated with increased mortality and several significant morbidities including intraventricular hemorrhage (IVH), pulmonary hemorrhage, necrotizing enterocolitis (NEC), and chronic lung disease (CLD) or bronchopulmonary dysplasia (BPD) (6–8). Despite large number of trials, research studies and scientific efforts in making an evidence based consensus on how best to manage the PDA in this vulnerable group of patients, there has been no agreement on how best to treat or even how best to assess the PDA and its impact (9). There continues to be a clinical dilemma who should we treat, how to treat and what the best strategy in the ELGAN infants is. Different treatment strategies have been studied over the years. These include prophylactic treatment, early targeted treatment, treatment of a clinically symptomatic PDA, the conservative approach of “wait and watchful policy,” surgical ligation and recently described percutaneous transcatheter closure of PDA (9–12).

This review focuses at clinical decision making in managing PDA in the ELGAN infants. The aim of the paper is not to advice on the type of treatment, but primarily looking on the role of echocardiography in hemodynamic evaluation of PDA which can help in making clinical decision on the bedside.



CLINICAL DIAGNOSIS OF PDA

The clinical signs of PDA depend upon amount of the shunt volume passing across the ductus arteriosus; which primarily depends upon the systemic and pulmonary vascular resistance, ability of the myocardium to adapt to increased shunt volume and size of the ductus arteriosus (13–15) (Figure 1).


[image: Figure 1]
FIGURE 1. Diagram showing impact of significant left to right shunt across ductal arteriosus (DA) leading to pulmonary over-circulation and systemic hypoperfusion. Spectrum of clinical features in preterm infants depends upon magnitude of ductal shunt, which depends upon DA size and balance between systemic and pulmonary vascular resistance, and inability of immature myocardium to adpat to circulatory disturbance. PDA, patent ductus arteriosus; SVR, systemic vascular resistance; PVR, pulmonary vascular resistance.


Infants with even a large PDA often have no clinical signs in the first few days after birth because of persistently high pulmonary vascular resistance (PVR) leading to decreased amount of PDA shunt volume. As PVR drops, shunt volume increases and infant develops the signs and symptoms of PDA. Initially, heart murmur may be heard and often the infant is noted to have fleeting desaturations. As PDA persists then further signs such as hyperactive precordium, bounding pulses and widened pulse pressure are recognized and when myocardium fails to adapt to this increased shunt volume the signs of heart failure develop (15, 16). However, a small proprotion of ELGAN infants with decreased myocardial adaptability may develop hypotension and acidosis even during first few days (16).

Clinical factors and biomarkers can be used both to diagnose PDA and assess its hemodynamic significance In hemodynamically significant PDA (hsPDA), signs and symptoms of pulmonary overcirculation and systemic hypoperfusion are rated by looking at the oxygenation difficulty, number and severity of apnea and desaturations, need and extent of non-invasive or invasive respiratory support, feeding intolerance, radiologic evidence of cardiomegaly and pulmonary edema, presence of oliguria, low mean or diastolic hypotension with or without metabolic acidosis requiring cardiotropic or vassopressor drugs (17). However, most clinical signs have limited sensitivity in the first day of life and hence, there is a few days lag in clinical diagnosis of PDA as compared to echocardiography (15, 17).

Moreover, it is very difficult to diagnose or rule out underlying congenital heart defect on clincial examination alone (18). Hence, echocardiographic diagnosis is mandatory before any clincial intervention.



ECHOCARDIOGRAPHIC EVALUATION OF PDA: DIAGNOSIS AND ASSESSMENT OF HEMODYNAMIC IMPACT OF SHUNT VOLUME

The echocardiography is the gold standard bedside investigation to diagnose PDA. In addition to make a confirmative diagnosis of PDA and exclude/diagnose any associated congenital heart defect (CHD), it can help in estimating the magnitude of shunt volume and assessing its hemodynamic significance—it can be used to assess the hemodynamic impact from pulmonary overcirculation and systemic hypoperfusion due to shunt volume (13–15). This could be systematically achieved by studying: (a) ductal characteristics, (b) parameters of pulmonary overcirculation, and (c) signs of systemic hypoperfusion (Figure 2).


[image: Figure 2]
FIGURE 2. Summary of an approach to echocardiographic assessment of PDA and hemodynamic evaluation; LA, left atrium; LV, left ventricle; DA, ductus arteriosus; Ao, aorta; SMA, superior mesenteric artery; ACA, anterior cerebral artery; MCA, middle cerebral artery; SVC, superior vena cava.


Various echocardiographic parameters have been described in the research setting and complex staging/scoring systems (17, 19). This review paper is focused to help the clinicians in making a clinical decision on the bedside and hence the parameters which are commonly used and helpful in day to day common clinical practice have been described.


Echocardiographic Assessment of Ductal Characteristics

The echocardiography can be used to assess the size of PDA by measuring transductal diameter, interrogate shunt direction, and velocity of blood flow across the ductus arteriosus can be measured by using Doppler technique.


Measuring Transductal Diameter

Although the PDA can be visualized from many windows, the high left-sided parasternal “ductal” view is the preferred window to obtain a clear 2D image and accurately measure size of the ductus arteriosus. PDA size is measured from the transductal diameter at the site of maximum constriction (narrowest dimension), which is usually at the pulmonary end (20). Most studies have described measuring PDA size using color Doppler, although with new ultrasound machines and through proper training it can be easily measured on 2D image. If color Doppler is used to measure the duct size the gain setting should be adequately optimized to minimize the risk of over-estimation. Color compare or simultaneous mode, which allows putting 2D and color Doppler image side by side, can be applied to measure ductal size in both modes using frame by frame technique (Figure 3).


[image: Figure 3]
FIGURE 3. Measurement of ductal size on 2D and color Doppler on high left parasternal “ductal view.” (A) Showing significant discrepency between ductal diameter measurement on 2D and color Doppler—over-estimation of ductal size on color Doppler because of gain setting; (B) showing no significant discrepency between ductal diameter measurement on 2D and color Dopple after optimisation of gain setting. LPA, left pulmonary artery; RPA, right pulmonary artery; PDA, patent ductus arteriosus.




Direction of Shunt Across Ductus Arteriosus

The direction of the ductal shunt depends upon the relationship between the pulmonary and systemic pressures. It is assessed using color Doppler and direction of blood flow across ductus arteriosus is normally left to right, from the aorta (high systemic pressure) to the pulmonary artery (low pulmonary pressure) but it can be right to left or bi-directional when there is high pulmonary vascular resistance or when there is anatomical cause (due to certain CHDs). With conventional setting left to right shunt is seen as red jet while right to left shunt is seen as blue (21). A right-to-left shunt across the PDA is more difficult to see because color Doppler will show it as a blue jet, blood going toward aorta from pulmonary end, similar to branch pulmonary arteries. Color compare or simultaneous mode can be very helpful in such situation. Bi-directional flow is often seen during transitional circulation or when the pulmonary artery pressures are equal to systemic pressures (21). Shunt direction can also be assessed using pulse or continuous wave Doppler where left to right shunt is seen above the baseline (blood coming toward the probe) while right to left shunt is seen below the baseline (blood going away from the probe) (15, 21) (Figure 4).


[image: Figure 4]
FIGURE 4. Assessment of PDA shunt direction on color flow and with Doppler application. (A) Left to right shunt seen as red (blood coming toward probe) while blood in branch pulmonary arteries seen as blue (blood going away from probe); (B) showing right to left shunt seen as blue color—similar to branch pulmonary arteries in a view “three legged trouser;” (C) Doppler assessment showing left to right shunt (above the baseline as blood coming toward the probe); and (D) Doppler assessment showing right to left shunt (below the baseline as blood going away from the probe). LPA, left pulmonary artery; RPA, right pulmonary artery; PDA, patent ductus arteriosus.




Velocity of Shunt Across PDA and Its Significance

The shunt velocity across the PDA during the cardiac cycle can be obtained by applying pulse or continuous wave Doppler in the ductus arteriosus. The maximum velocity during systole and diastole can be measured. Non-restrictive shunts have a low peak systolic velocity with a high systolic to end-diastolic velocity gradient while restrictive shunts have a high peak systolic velocity and a low systolic to diastolic velocity gradient. If the ratio between peak systolic and end-diastolic velocity is >2 then it is considered as a pulsatile flow pattern while a ratio of <2 is described as restrictive shunt suggestive of a closing PDA (22, 23) (Figure 5).


[image: Figure 5]
FIGURE 5. Assessment of restrictive and non-restrictive (pulsatile) flow pattern on Doppler assessment of PDA. (A) Showing non-restrictive (pulsatile) flow pattern with end-diastolic velocity (EDV) less than half of the peak systolic velocity; and (B) showing restrictive flow pattern with end-diastolic velocity (EDV) more than half of the peak systolic velocity.





Echocardiographic Evaluation of Pulmonary Overcirculation

The increased pulmonary blood flow from a significant left-to-right ductal shunt leads to pulmonary blood flow and hence increased pulmonary venous return. This leads to increased volume overload in the left atrium (LA) which gradually gets dilated and if this process of significant left to right shunt persists then it leads to dilatation of left ventricle from increased preload, especially in absence of a large intra-atrial shunt. As aortic valve annulus (Ao) is a relatively fixed structure and it does not get dilated due to left heart overloading. Hence, a ratio of LA/Ao can be used as a surrogate of increased pulmonary venous return (24, 25). Similarly, the left ventricular end diastolic diameter (LVEDD) can be used as surrogate markers for pulmonary venous return. In clinical practice the volume overloading of the left heart can be subjectively assessed by “eyeballing” (15) (Figure 6).


[image: Figure 6]
FIGURE 6. Assessment of left heart volume overloading on visual inspection “eyeballing.” (A) Apical 4 chamber view in 2D showing dilated left side of the heart (dilated left atrium and left ventricle); (B) Mitral regurgitation on color flow mapping as blue jet going back to left atrium (see explanation in text); (C) “Crab view” showing dilated pulmonary veins reflecting increased pulmonary venous return and (D) Dilated left atrium in parasternal short axis view—on visual inspection LA looks almost the double the size of aortic valve (Ao). LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; Ao, aortic valve; RUPV, right upper pulmonary vein; RLPV, right lower pulmonary vein; LLPV, left lower upper pulmonary vein.


Both LA/Ao ratio and LVEDD can be measured from the parasternal long axis view using M-mode with the cursor perpendicular to the aorta at the level of the aortic valve or at the septum at the tip of the mitral valve leaflets, respectively (Figure 7). LA/Ao ratio of >1.4 is considered significant and has been used as a cut-off value in many clinical trials (25). The normal reference ranges for LVEDD in preterm infants in relation to body weight and postnatal age have been published and z-scores should be used for LVEDD (26).


[image: Figure 7]
FIGURE 7. Assessment of left atrium (LA) to aorta (Ao) ratio in parasternal long axis view. LA and Ao diameter measurement shown using M-mode and cartoon schematic diagram.


Variable degree of mitral valve insufficiency is often seen in infants with persistent large PDA and significant left heart dilatation (Figure 6). It occurs due to left atrial dilatation resulting in stretching of mitral valve and left ventricular volume-overloading. The mitral valve regurgitation usually improves significantly with normalization of left atrial size and resolves completely within weeks after PDA closure (14, 26, 27).

While assessing left heart volume overloading one should be mindful of intra-atrial shunt. A large left-to-right shunt through the foramen ovale or septal defect can “offload” the left side of the heart even in the presence of a significant ductal shunt leading to an artificially low/normal LA/Ao ratio or low LVEDD.

The presence of forward pulmonary flow in diastole in the left pulmonary artery (LPA) has been described as a sign of significant left to right shunt through the PDA. Using pulsed wave Doppler in the LPA mean and end-diastolic velocity can be measured and cut-off points of 0.42 and 0.20 m/s, respectively, have been described as indicative of significant ductal shunt (24) (Figure 8).


[image: Figure 8]
FIGURE 8. Doppler assessment of blood flow in left pulmonary artery (LPA) showing increased diastolic velocity indicative of significant ductal shunt in diastole leading to turbulence and increased velocity.


The mitral valve E/A ratio refers to the ratio of the velocity of the early (E) diastolic phase of ventricular filling vs. the late atrial (A) contraction component. Mitral valve E/A ratio can be obtained from apical 4-chamber view with the pulsed Doppler range gate set slightly below the mitral valve annulus. In preterm infants, mitral valve E/A ratio is usually <1 due to poor compliance of the myocardium leading to moderate impairment of diastolic performance and low early diastolic filling velocity. In the presence of a hsPDA, atrial pressure increases because high pulmonary venous return and this leads to a reversal of the E/A ratio >1. Various other echocardiographic parameters have been studied and described to assess pulmonary circulation such as left ventricular output (LVO) to superior vena cava flow (SVC) ratio, and decreased isovolumic relaxation time (IVRT) using tissue Doppler Imaging (TDI) (13, 24, 28). There may be limited expertise in doing TDI assessment accurately on neonatologist performed echocardiography. On the other hand, echocardiographic assessments (such as SVC flow and LVO estimation) needing multiple parameters are not only time consuming but also has potential to make errors in measurement and significant intra- and inter-observer variability (29–32). Hence, the common echocardiographic parameters often used in clinical decision making on the bedside remain qualitative assessment on visual inspection “eyeballing,” LA/Ao ratio and LVEDD measurement. Mitral E/A ratio is easy to measure but one should be mindful that even in preterm infants with no hsPDA E/A ratio gradually become >1 with time as myocardium compliance improves.



Echocardiographic Evaluation of Systemic Hypoperfusion

In the presence of a large PDA, blood shunts away from the systemic circulation throughout the cardiac cycle, however, this becomes more apparent during diastole and it can be studied using Doppler on echocardiography (15, 31). Retrograde or absent blood flow during diastole in descending aorta below the ductal ampulla or in the coeliac axis or superior mesenteric artery have been described as indicator of significant PDA shunt leading to systemic steal (systemic hypoperfusion) (24, 32). Doppler flow patterns from the descending aorta can be obtained from a suprasternal or high parasternal view with the pulsed wave Doppler sample gate placed distal to the origin of ductus arteriosus (ductal ampulla) (Figure 9).


[image: Figure 9]
FIGURE 9. Doppler assessment of blood flow in descending aorta (post-ductal flow). (A) Showing forward blood flow during disatole; and (B) showing retrograde blood flow during diastole indicating “ductal steal” in presence of a large PDA.


Similarly, celiac trunk or superior mesenteric artery can be interrogated using pulsed wave Doppler in the sagittal abdominal view (Figure 10). Doppler assessment of the anterior cerebral artery in the mid-sagittal view of brain ultrasound can be performed and retrograde flow during diastole would suggest significant ductal shunt—similar to coeliac or superior mesentery artery Doppler assessment. However, to date the clinical relevance and long term outcomes of the deranged cerebral Doppler flow patterns remain unknown (33).


[image: Figure 10]
FIGURE 10. Color flow mapping and Doppler assessment of blood flow in the coeliac trunk and superior mesenteric artery in sub-costal sagittal view. (A) Showing color flow mapping of the coeliac and superior mesenteric arteries; and (B) showing retrograde blood flow during diastole in the the coeliac and superior mesenteric arteries indicating “ductal steal” in presence of a large PDA.


Based upon the clinical and echocardiographic criteria various staging systems been described and have been shown to help in decision making for intervention (17, 19). However, in authors experience they have not been widely adopted in the clinical practice which could be possibly because of their extensive number of parameters. Recently, van Laere et al. (13) suggested essential various echocardiographic parameters including measuring left ventricular output in all infants needing assessment of PDA. However, in authors experience these staging systems needing extensive echocardiographic parameters assessment have not been widely adopted in the clinical practice. We have summarized the commonly used parameters which would help the clinicians assessing the PDA and its hemodynamic significance on echocardiography, and in making clinical decisions in the clinical practice.




CLINICAL DECISION MAKING: IS THE PDA HEMODYNAMICALLY SIGNIFICANT?

The above echocardiographic parameters summarized in Table 1 may help in addressing the issue of whether the PDA is hemodynamically significant or not. However, the definition of an hsPDA continues to evolve. In addition to multiple echocardiographic indices described above, the hemodynamic significance of a persistent PDA should be interpreted by considering the gestational and chronological age, and by assessing the vulnerability of organs at risk for overflow (the lungs), or hypoperfusion (e.g., the brain, intestines, and kidneys). Further work is needed to reach a consensus on how to define and manage a hemodynamically significant persistent PDA in extremely preterm infants (34).


Table 1. Summary of essential parameters used for echocardiographic assessment and hemodynamic evaluation of PDA in ELGAN infants.

[image: Table 1]

A large PDA with some or all the signs of hemodynamic significance can be seen in a well infant needing no or minimal ventilatory support, and it may not be clinically significant. There is high rate of spontaneous closure of PDA, even in ELGAN infants, if they are left alone (35, 36). On the other hand, a PDA with similar parameters on echocardiography may be associated with significant hemodynamic instability and co-morbidities (5, 6). The debate remains whether well asymptomatic infants with echocardiographic parameters suggestive of large or hemodynamically significant should be treated or not (37–40).

In the last few years, there has been move toward conservative “watchful” approach in infants with no significant clinical signs even when there are echocardiographic parameters suggestive of large hsPDA (9). The published evidence does not support treating an infant with an echocardiographic parameters suggestive of hsPDA without any significant clinical signs of PDA. Large trials have failed to demonstrate any long term benefit (such as death or BPD) from PDA treatment, although they demonstrated short term benefits in terms of decreasing incidence of large intraventricular hemorrhage or pulmonary hemorrhage (39). However, these trials were underpowered to study the long term effects and even more importantly most of these trials used very limited echocardiography dataset to enroll infants (39–43). Hence, in the absence of evidence the debate of whether to treat or not continues and in fact when to treat, how to treat and who to treat remains controversial. There is no consensus on management of PDA in the extremely preterm infants and even there is no consensus on the definition of the commonly used term “hsPDA.”

Most clinicians would agree that ductus arteriosus with echocardiographic parameters suggestive of large PDA associated with pulmonary over-circulation and systemic hypoperfusion should be regarded as hsPDA (44). Infants with clinical signs of heart failure and echocardiographic signs of a hsPDA would benefit from treatment. They should be treated with diuretic therapy to offload the heart (decrease preload) and they may benefit from fluid restriction, especially if they are on fluid therapy. This approach would help in cardiovascular stabilization prior to definitive intervention (medical, surgical, or transcatheter approach). Whether all hsPDA should be treated or not, and if treated how best they should be treated, remains debatable. In authors' opinion, infants with echocardiographic signs of hsPDA should be either treated or carefully monitored with low threshold for intervention if clinical condition worsens or does not improve.

The treatment intervention varies from no intervention (“wait and watchful” policy) to treating all PDAs diagnosed on echocardiography. “One size may not fit all”—this truly applies on managing PDA in ELGAN infants with huge variation in clinical course and associated co-morbidities. The lack of evidence on how to best evaluate the PDA in these infants probably results in lack of consensus among the scientific bodies, or even among the clinicians within the same unit (45). The intervention options are: no intervention (conservative management), pharmacological treatment (prophylactic medication, early targeted intervention and treatment of symptomatic infants), transcatheter closure and surgical ligation of PDA.

Studies of prophylactic treatments using indomethacin show reduced rates acute pulmonary hemorrhage, intracranial hemorrhage, and surgical ligation (39). It does however expose large proportion of infants to indomethacin who do not need treatment because of spontaneous closure. Studies on prophylactic use of ibuprofen failed to show the benefits reported on using indomethacin (46). Many ongoing studies (BabyOSCAR trial, French TRIOCAPI trial, Dutch BeNEDuCTUS trial, and Australian U-PDA trial focused on the short term and long term outcomes of early targeted treatment approaches 2.

With advances in technologies and expertise, PDA can be closed via transcatheter route with faster recovery and avoiding the risk of complications from surgery. This can now be safely done in ELGAN infants weighing over 700 g (47, 48). A detailed discussion about the evidence for various treatment options is beyond the scope of this review article.

The authors recommend a comprehensive assessment of PDA and its hemodynamic significance before making any clinical decision to treat or not and the clinical decision making should be made in clinical context of the individual infant. A simple algorithm to clinical decision making based upon clinical and echocardiographic assessment, whether to treat or follow up, has been summarized in Figure 11. Moreover, this can be dynamic decision, especially in infants with conservative management and serial assessment on neonatologist performed echocardiography can help in making timely individualized decision making.


[image: Figure 11]
FIGURE 11. A simple algorithm to clinical decision making in extremely low gestational age newborn infants (ELGAN). Clinical decision whether to treat or follow up should be made based upon both clinical and echocardiography assessment. NEC, necrotizing enterocolitis; IVH, intraventricular hemorrhage; ELGAN, extremely low gestational age newborn infants; hsPDA, hemodynamically significant patent ductus arteriosus.




CONCLUSION

While the best treatment option to treat the PDA in the extremely low gestational age newborn infants remains debatable and lacks consensus at this stage, there has been significant progress in assessing hemodynamic significance of the ductal shunt. Before making a clinical decision to treat a PDA or not, all infants should have a comprehensive structural assessment to rule out any underlying CHD and a meticulous hemodynamic evaluation to assess the impact of PDA shunt on the pulmonary over-circulation and systemic hypoperfusion. In absence of clear evidence, the clinical decision should be individualized based upon clinical concerns and echocardiographic assessment. While in some infants a careful “wait and watchful” strategy may be the best option, other infants may need early intervention to minimize the co-morbidities. There is an urgent need of studying the long term outcomes in the sub-set of infants with hsPDA identified on meticulous echocardiographic assessment.
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Introduction: In premature neonates, the persistence of hemodynamically significant ductus arteriosus (hsPDA) can be associated with short- and long-term consequences, impairing their outcome. The correct strategy of management for such condition is under debate, especially regarding contraindications and/or side effects. In recent years, metabolomics was applied to several perinatal, pediatric, and adult conditions to investigate potential biomarkers of disease, which have become useful for early diagnosis and/or therapeutic management.

Aim of the Study: The main purpose of our exploratory study was to asses, through 1H-NMR metabolomics analysis of urinary samples at birth, possible metabolic pathways differentiating, with a significant predictive power, those preterm neonates who will subsequently develop hsPDA and neonates of comparable gestational age (GA) who will undergo spontaneous ductal closure or the persistence of an irrelevant PDA (no-hsPDA). Moreover, we investigated potential prenatal or perinatal clinical factors potentially influencing the development of hsPDA.

Materials and Methods: We enrolled n = 35 preterm neonates with GA between 24 and 32 weeks; urinary samples were collected within the first 12 h of life. Patients were closely monitored regarding intensive care, respiratory support, fluid balance and administered drugs; an echocardiogram was performed at 48–72 h.

Results: Our results reported a significant correlation between lower GA at birth and the development of hsPDA. Moreover, neonates with GA ≤ 30w developing hsPDA were characterized by lower Apgar scores at 1′ and 5′, higher rates of perinatal asphyxia, higher need of delivery room resuscitation and subsequent surfactant administration. Interestingly, metabolomics analysis at birth detected a clear separation between the 1H-NMR urinary spectra of subjects GA ≤ 30w not developing hsPDA (n = 19) and those of subjects born at GA ≤ 30w in which hsPDA was confirmed at 48–72 h of life (n = 5).

Conclusions: This is the first study applying metabolomics to investigate the PDA condition. Although preliminary and conducted on a limited sample, our results reveal that metabolomics could be a promising tool in the early identification of hsPDA, potentially superior to the clinical or laboratory predictive tools explored to date and even to the clinical observations and correlations in our sample, through the detection of specific urinary metabolites.

Keywords: metabolomics, PDA, prematurity, biomarkers, 1H-NMR


INTRODUCTION

Ductus arteriosus (DA) or ductus Botalli, one of the fetal shunts allowing oxygenation during intrauterine life (1, 2), physiologically undergoes spontaneous functional closure within the first 72 h of postnatal life, through molecular mechanisms that have been extensively discussed (3–5).

In preterm neonates, ductal closure can fail or delay, mostly due to reduced response to oxygen-induced vasoconstriction, lower activity of vasavasorum, higher levels of prostaglandin E2 (PGE2) and increased sensitivity to prostaglandins and nitric oxide (NO) compared to full term neonates (2, 3). A low-grade inflammatory status and oxidative stress could also take part in maintaining PDA, via increasing prostaglandin levels (1, 6).

The risk of developing a persistence of ductal patency (PDA) increases with decreasing gestational age (GA), with relevant short- and long-term consequences in term of morbidity, especially in case of hemodynamically significant PDA (hsPDA) (1, 7, 8).

PDA closure can be performed pharmacologically or, in case of failure or contraindication, with surgical ligation or transcatheter closure (8–18).

However, all these strategies can have side effects and potential risks and, as evidenced by current literature, the ideal strategy of management is still under debate, especially regarding if, when and how to treat or not PDA.

Several predisposing factors have been associated to PDA condition, sometimes with contrasting results, such as genetic factors (19–21), maternal pregnancy induced hypertension (PIH) (22), chorioamnionitis (23, 24), maternal antepartum hemorrhage, respiratory distress syndrome (RDS), lower birth weight (BW), Apgar score and GA, female gender (22, 25), dopamine administration and eccessive intravenous fluid administration (26), neonatal sepsis (27, 28), need for surfactant (22, 25, 26, 29), maternal and neonatal drug assumption (2, 30–38), platelet number, function and other platelet-related parameters (4, 5, 39–47).

Objects of study have also been the factors that can influence therapy response, as reported for male gender (48), polymorphisms influencing drug metabolism (19, 49), and GA (48).

The full comprehension of all the molecular and genetic mechanisms underlying ductal closure or patency maintenance could help in identifying serum or urinary biomarkers potentially associated with PDA condition, especially hsPDA, supporting or anticipating ultrasound or clinical diagnosis.

HsPDA determines ductal diastolic steal, leading to systemic hypoperfusion (cerebral, renal, pulmonary, gastro-intestinal etc…) and the subsequent hypoxia can affect tissues and endothelium with variable impact on hemodynamics. Identifying early markers of this condition could help in the precocious identification of those newborns at high risk of hsPDA, orienting clinical strategy, and avoiding overtreatment of subjects who would undergo spontaneous ductal closure, improving diagnosis and treatment.

Up to now, several literature studies have tried to associate different biomarkers to hsPDA, such as serum B-type Natriuretic Peptide (BNP), segment of the amino terminal B-type Natriuretic Peptide (NT-proBNP) (1, 50–59), cardiac Troponin T (cTnT) (57), lactate levels (60), ions (61), osmolality (62), base excess or hematocrit (63), platelets count and functions (64–66), perfusion index (67), proteomics (68), and among urinary markers, isoprostans, u-ngal (69), proBNP and NT-proBNP-to-creatinine ratio (70–73), also with potential associations with PDA diameter and therapy response, often with contrasting results (74, 75).

Systemic inflammation (76–78) and oxidative stress (79, 80) have also been associated with PDA and therapy response, through urinary and serum markers.

Finding biomarkers that are able to predict therapy response could be useful to avoid unnecessary treatment and potentially perform a targeted therapy, choosing and treating only those infants that could respond to the treatment.

Metabolomics is one of the “omics” technologies that, in the last years, emerged as a promising tool to be applied in several fields of neonatology and pediatrics to characterize and describe pathophysiological processes (81, 82).

Due to its ability in dynamically detecting, in a non-invasive way, the whole set of low molecular weight molecules (including sugar, aminoacids, lipids etc…) in cells, tissues and biological fluids, it can help in describing, in a highly individualized way, the exact response of an organism to environmental stimuli and pathophysiological conditions, including drugs, nutrition, lifestyle, diseases and others, as recently reviewed by our group (81).

Metabolomics biomarkers, if accurately identified and confirmed through repeated studies and validation tests, could be investigated to obtain, in a precocious and non-invasive way, information regarding disease onset, progression and, potentially, therapy response.

Our research group has been interested in metabolomics for many years, carrying many promising studies on several prenatal, perinatal, infant, and adult conditions and diseases, with the aim of achieving a personalized medicine. More details can be found in our reviews on the topic (81, 82).

Even if, to date, the exact meaning of each metabolite variation and its pathophysiological implication was not completely defined, we strongly believe that the clinical interpretation of the promising results obtained could be completed by creating a specific and updated atlas.

Due to these reasons, we hypothesize that metabolomics could provide useful biomarkers even in the condition of PDA. Thus, we decided to perform an exploratory study analyzing urinary samples at birth in a cohort of preterm neonates, to assess, among the complete overview of possible prenatal or perinatal factors taken into account, if some metabolites could result as predictive of hsPDA, highlighting substantial differences among those neonates who subsequently will develop hsPDA and those who will undergo spontaneous closure, or in which PDA will not determine hemodynamic consequences.

To the best of our knowledge, this is the first metabolomics study in the investigation of PDA disease. A previous preliminary report by our group was performed few years ago (83) and a preliminary investigation on metabolomics differences between urinary profiles of responders and non-responders to ibuprofen therapy was performed by Castell-Miñana et al. (84).



AIM OF THE STUDY

Our hypothesis was to identify, through potential early metabolic perturbations in the group of newborns that will develop hsPDA, different urinary pathways compared to those newborns in which the duct will undergo spontaneous closure or minimal patency without impact on hemodynamics.

Thus, the principal aim of the exploratory study was to investigate, for the first time, the possible predictive role of 1H-NMR metabolomics analysis of urinary samples at birth regarding the development of hsPDA. In fact, we investigated possible metabolic differences between urinary pathways of those preterm neonates who will subsequently develop hsPDA confirmed at 48–72 h of life, rather than neonates of comparable GA who will undergo spontaneous closure or the persistence of irrelevant PDA at the same time point (no-hsPDA).

We also aimed to evaluate whether the predictive role of urinary metabolomics may be superior to the clinical criteria or biomarkers considered up to now. Therefore, we investigated potential prenatal or perinatal clinical factors potentially influencing the development of hsPDA in our sample group.

Finally, we tried to find a potential link correlating metabolic variation in the two groups and pathogenesis of hsPDA; in our opinion, the early identification of specific metabolites suggestive of PDA could be a fundamental and complementary tool to be used, alongside the clinic, for applying a personalized approach to the treatment of PDA.



MATERIALS AND METHODS


Study Population

A population of n = 35 preterm neonates admitted to Neonatal Intensive Care Unit of Duilio Casula Hospital, University of Cagliari, with GA included between 24 and 32 weeks, was enrolled between October 2019 and June 2020.

In all the newborns, a urinary sample of 3 mL was collected until 12 h after birth, through the non-invasive technique of the cotton wad.

All the subjects underwent cardiologic evaluation performed by the neonatal cardiologist of our neonatal intensive care unit (NICU) within the first 24 h and successively at 48–72 h and 120 h after birth. Echocardiography and Color-doppler aimed to evaluate cardiac anatomy and functionality and to assess the presence and the hemodynamic features of PDA. In subjects with a persistent PDA or hsPDA, an echocardiography was performed in the subsequent days, according to the clinical indication.

Each echocardiography aimed to asses PDA diameter (indexed for body weight expressed in kilograms), left atrium/Aortic Root Ratio (LA/Ao), patent ductus arteriosus/left branch of pulmonary artery ratio (PDA/LPA), systolic and diastolic velocity of duct flow to assess the restrictive or non-restrictive pattern. Additional cardiological evaluations were performed according to clinical necessities. PDA was considered hemodynamically significant in case of a PDA diameter/neonatal weight ≥ 1.5 mm/Kg and LA/Ao > 1.4 in addition to an eventual PDA/LPA > 0.8 and/or a peak diastolic velocity lower than 50% of the peak systolic velocity measured at ductal level 48–72 h after birth.

Echocardiography was performed using Esaote MyLab™Twice EVO 13.0/13.0 m, and the images' acquisition was obtained with 8 MHz two-dimensional probe.

During hospitalization, all the newborns underwent instrumental exams (chest radiography, cerebral ultrasound, abdominal ultrasound, hearing screening, fundus oculi exam) and hematic exams (complete blood count, hepatic and renal function, infection indexes, and blood culture in case of suspected sepsis), eventually repeated according to the clinical needs.

All demographic data and the information regarding pregnancy, birth, neonatal management in delivery room, assistance in NICU, invasive and non-invasive ventilation, oxygen needs, surfactant administration, fluid balance, nutrition, and drugs were recorded.

The Ethics Committee of University of Cagliari gave its approval for this study (Protocol NP/2017/470) and the parents signed an informed consent and gave their approval for this study.



Sample Analysis


Urine Sample Preparation

Urine samples were thawed in ice. An aliquot of 800 μL of urine was transferred into a tube together with 8 μL of a 1% aqueous solution of NaN3 in order to inhibit bacteria growth and stored at −80°C. The sample was centrifuged at 12,000 g for 10 min at 4°C to remove solid particles. Then, 630 μL of the supernatant solution was mixed with 70 μL of potassium phosphate buffer in D2O (1.5 M, pH 7.4) containing sodium 3-trimethylsilyl-propionate-2,2,3,3,-d4 (TSP) as an internal standard (98 atom% D, Sigma-Aldrich, Milan). The mixture was vortexed and an aliquot of 650 μL was transferred to 5-mm NMR glass tubes for 1H-NMR analysis (85).



1H-NMR Spectroscopic Analysis and Data Pre-processing

1H-NMR spectra were recorded at 300 K using a Varian UNITY INOVA 500 spectrometer operating at 499.839 MHz for proton and equipped with a 5 mm double resonance probe (Agilent Technologies, CA, USA). The acquisition parameters of the 1H-NMR spectra are reported in our previous article (85). NMR spectra were processed using an ACDlab Processor Academic Edition (Advanced Chemistry Development, 12.01, 2010). After Fourier transformation with 0.3 Hz line broadening, 1H-NMR spectra were phased and baseline corrected and chemical shifts referenced to the signal of internal standard TSP at δ= 0.0 ppm. The spectral region comprising the signal of residual water and urea (4.7–4.9 ppm) was removed. The ACD Labs intelligent bucketing method was used for spectral integration (86). A 0.04 ppm bucket has been applied. The area of bucket regions were normalized to the total spectral area to compensate the different dilutions of original urine samples. Finally, the spectral data was imported into the SIMCA software (Version 15.0, Sartorius Stedim Biotech, Umea, Sweden) for statistical multivariate analysis. All imported data were then pre-processed using Pareto scaling (87).




Statistical Analysis

The data were collected and analyzed with Microsoft Excel 2019 program; the results were expressed as the mean value ± the standard deviation (SD). For statistical analysis, Student's T-test was applied to compare the means of each variable analyzed in the study. A p-value < 0.05 was considered as statistically significant, and a p-value < 0.001 as highly significant.

A Chi-Square-test was used for testing relationships on categorical variables and to evaluate tests of independence.


Multivariate Statistical Analysis

Principal component analysis (PCA), Partial Least-Squares Discriminant Analysis (PLS-DA) and Orthogonal Partial Least-Squares Discriminant Analysis (OPLS-DA) were used for multivariate statistical analyses of NMR data (88). Principal component analysis is an unsupervised analysis and is applied to identify unusual clusters, anomalies, or trends in the samples based on the similarities of their metabolic profiles. Supervised PLS-DA and OPLS-DA methods were used to reduce model complexity and to better highlight variables responsible for the discrimination of predefined classes. The models quality expressed as R2Y (goodness of classification) and Q2Y (goodness of prediction) and the over-fitting were evaluated through the default leave-1/7th-out cross validation test and “permutation test” (400 times) respectively. The intercept is a measure of the overfit, Q2Y intercept value <0.05 is indicative of a valid model. To identify potential metabolites that mainly contributed to group separation, an S-line plot for the OPLS-DA models was built (89).



Univariate Statistical Analysis

GraphPad Prism software (version 7.01, GraphPad Software, Inc., San Diego, CA, USA) was used to perform the univariate statistical analysis. The potential significant metabolites identified were quantified using Chenomx NMR Suite 7.1 (Chenomx Inc., Edmonton, Alberta, Canada) (90). The statistical significance of the differences in metabolite concentrations was calculated by using the Mann-Whitney U-test and a p-value < 0.05 was considered statistically significant. The Benjamini-Hochberg method was subsequently applied to the obtained p-values to acquire the level of significance for multiple testing (91). Finally, to further evaluate the diagnostic power of the potential biomarkers the ROC (receiver operator characteristic) curve was constructed to test the sensitivity, specificity and calculate area under the ROC curve (AUC) to only metabolites with p-values < 0.01. AUC indicates the accuracy of a test for correctly distinguishing No-hsPDA from hsPDA. The 95% CI (Confidence Interval) for the AUC curves were also calculated.





RESULTS


Clinical Analysis

Our study population was composed by n = 35 newborns with GA included between 24+2 and 32+4 weeks. Mean GA was 29.92 ± 2.06 weeks. Mean birth weight was 1,346 ± 367 g and n = 23/35 subjects were males.

All the information regarding pregnancy characteristics, complications and outcome are reported in Table 1.


Table 1. Maternal and pregnancy characteristics and complications.
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In our sample of preterm neonates, n = 4/35 were born by vaginal delivery (VD) and n = 31/35 by urgent cesarean section (UCS). On a total of n = 29 pregnancies, n = 3 deliveries were vaginal, while n = 26 were UCS. The causes of preterm birth through UCS have been represented by intrauterine growth restriction (IUGR) and flux alteration (23%), cardiotocography (CTG) alterations/neonatal bradycardia (23%), placental abruption (19.2%), preterm labor/other maternal causes (19.2%), preeclampsia (8%), twin-to-twin transfusion (3.8%), and fetal tachycardia (3.8%).

All the information regarding perinatal characteristics of our group of newborns have been reported in Table 2 and neonatal outcomes, as well as the information regarding the development of hsPDA and the needs for treatment are reported in Table 3. In n = 5/35 neonates (14.3%) hsPDA was confirmed at echocardiographic examination at 48–72 h of life. All the newborns developing hsPDA were born at GA ≤ 30weeks. Thus, to make the sample more homogeneous, we decided to report our results excluding those neonates of GA > 30 weeks, since hsPDA resulted as being highly dependent on GA at birth and was absent in neonates > 30 weeks. However, all the results obtained by the analysis of the whole population can be found in Tables 1–3.


Table 2. Perinatal characteristics.
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Table 3. Neonatal early outcome.
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Our group on neonates born at GA ≤ 30weeks was composed by n = 24 neonates. All the information on pregnancy, perinatal characteristics and neonatal early outcome regarding this subpopulation of newborns were analyzed and statistical comparisons were made between those newborns with GA ≤ 30weeks subsequently undergoing spontaneous closure of PDA or maintaining an hemodynamically irrelevant PDA (no-hsPDA) and those neonates developing hsPDA (Tables 1–3).

The first group, (≤30 w no-hsPDA) was composed by n = 19/24 neonates, while the second group (≤30 w hsPDA) included n = 5/24 neonates, p < 0.01.

Maternal/pregnancy complications were analyzed, including chorioamnionitis, placental abruption, hypertension in treatment, premature rupture of membranes (PROM > 18 h), and not statistically significant differences occurred in the two groups ≤30 w no-hsPDA vs. ≤30 w hsPDA (Table 1).

Maternal administration of steroids occurred in n = 15/24 mothers, n = 12/19 in the group ≤30 w no-hsPDA vs. n = 3/5 in the group ≤30 w hsPDA, p = 0.9.

Information regarding maternal glucose load was available only for a few patients, since such a test is performed between 26 and 28 GA and many of the women delivering preterm were not able to perform it. Thus, statistical evaluations were not performed regarding eventual alteration in glucose tolerance or pregnancy induced diabetes mellitus.

In the group of neonates ≤30 w, mean GA was 29 ± 1.85 weeks and mean BW was 1239.92 ± 329 g; n = 14/24 were males.

Twins were n = 9/24; twins are not even in number, since one of them was excluded by the study because we could not collect the urinary sample.

GA was significantly higher in the ≤30 w no-hsPDA group (29.63 ± 1.03) vs. ≤30 w hsPDA (26.62 ± 2.46), with statisticalsignificance p < 0.001 and even BW was higher in the fist group 1,302 ± 261 g vs. 1,004 ± 476 g, without statistical significance (p = 0.069).

Twins were more frequent in the group ≤30 w no-hsPDA n = 9/19 vs. ≤30 w hsPDA n = 0/5, p < 0.05.

Information regarding length, weight, and head circumference percentiles at birth were not statistically significant in terms of number of patients large for GA (LGA), appropriate (AGA) or small for GA (SGA) (p = 0.75). Moreover, even delivery mode in terms of VD or UCS was not statistically different in the two groups (p = 0.6).

Significant differences occurred, taking into account the Apgar score in the two groups of patients. Apgar score was significantly higher in the ≤30 w no-hsPDA group (6.58 ± 1.74) vs. ≤30 w hsPDA (3.8 ± 3.11), at the first minute of life (1′), with statistical significance p < 0.01 and at 5 min of life (5′) (7.48 ± 1.21) vs. (6 ± 2.45), p < 0.05. The incidence of perinatal asphyxia was higher in the ≤30 w hsPDA group than ≤30 w no-hsPDA group (p < 0.05); in detail, severe asphyxia was more frequent in the first group (p < 0.01).

The needs for delivery room resuscitation was higher in the ≤30 w hsPDA group (p < 0.05), especially regarding the needs of endotracheal intubation, chest compressions, or adrenaline, occurring in n = 2/19 (10.53%) in the ≤30 w no-hsPDA group, vs. 3/5 (60%) in the ≤30 w hsPDA group (p < 0.05).

RDS occurred in the whole sample of newborns ≤30 w n = 24/24 (100%).

The need for one or more doses of surfactant was n = 10/19 in the ≤30 w no-hsPDA group and n = 5/5 in the ≤30 w hsPDA group (p < 0.05).

In the group ≤30 w hsPDA group, n = 4/5 (80%) were pharmacologically treated for hsPDA closure.

HsPDA closure was achieved in the whole ≤30 w hsPDA group. In n = 4 (20%) it occurred with treatment, while n = 1/5 underwent spontaneous closure (20%).

In our sample, early onset sepsis (EOS) was detected through blood culture in n = 2/19 among the ≤30 w no-hsPDA neonates vs. n = 2/5 among the ≤30 w hsPDA (p = 0.11); late onset sepsis (LOS) occurred in n = 5/19 vs. n = 1/5 (p = 0.77) and the co-occurrence of EOS + LOS in 2/19 and 2/5 (p = 0.11) in the same groups.

Early aminoglicosydes administration to treat EOS was administered in n = 5/19 among neonates ≤30 w no-hsPDA vs. n = 2/5 in the ≤30 w hsPDA group (p = 0.5), not statistically significant. Serum creatinine values at 3–5 days of life were 0.57 ± 0.21 mg/dl in the ≤30 w no-hsPDA vs. 0.65 ± 0.21 mg/dl in the ≤30 w hsPDA group (p = 0.46).

None of our patients died.



Metabolomics Analysis

The metabolomics profile of urine samples was investigated using 1H-NMR spectroscopy coupled with multivariate data analysis. Metabolites were identified on the basis of literature information (85) and by using a dedicated library, such as the Human Metabolome Database (HMDB, http://www.hmdb.ca) and the 500 MHz library from Chenomx NMR suite 7.1. Major NMR resonances were originated from free amino acids, organic acids, sugars, small organic compounds and osmolytes. A first unsupervised PCA analysis was conducted to identify potential outliers (outside the 95% confidence limit). The result of the PCA analysis (data not shown) shows a rather homogeneous cohort of samples and no NMR spectrum was excluded from subsequent analyses. To remove potential information not related to the pathology of interest and highlight possible differences in metabolomics urine profile between No-hsPDA (≤ and >30 w) and hsPDA (≤30 w) subjects, a PLS-DA analysis was subsequently conducted on the same dataset.

The PLS-DA scores plot (Figure 1) shows a marked separation along t(1) component between No-hsPDA (≤ and >30 w) and hsPDA (≤30 w) subjects, while along t(2) it is possible to observe a separation due to the different gestational age between No-hsPDA (≤30 w) and No-hsPDA (>30 w) subjects. The PLS-DA model was established with two components and showed good values of R2X, R2Y, and Q2 (Table 4). The validity of the PLS-DA model was evaluated through a permutation test (Supplementary Figure 1) using 400 times. The test results are reported in Table 4 and indicate the statistical validity of the PLS-DA model. To understand if the hsDPA can be a relevant variable on the urinary metabolomics profile of the studied subjects, an OPLS-DA model was constructed by considering the No-hsPDA (≤ and >30 w) subjects as a single class. OPLS-DA scores plot (Supplementary Figure 2) shows that the No-hsPDA (≤ and >30 w) subjects are clearly separate from hsPDA (≤30 w), indicating how the metabolomics profile between the two groups is strongly influenced by the hsPDA. The statistical parameters for the OPLS-DA model are shown in Table 4. The validity of the OPLS-DA model was evaluated through a permutation test (Supplementary Figure 3) using 400 times. The permutation test results indicate the statistical validity of the OPLS-DA model (Table 4). In order to identify potential metabolites closely involved in the separation of samples due to hsPDA, No-hsPDA (>30 w) subjects were excluded from the analysis. An OPLS-DA analysis was conducted by comparing subjects of the same gestational age with or without hsPDA. OPLS-DA scores plot in Figure 2 shows how subjects with No-hsPDA (≤30 w) are clearly separated from subjects hsPDA (≤30 w), indicating differences in the metabolomics profile between the two groups. The OPLS-DA model was established with one predictive and two orthogonal components and showed good values of R2X, R2Y, and Q2 (Table 4). The permutation test results are reported in Table 4 and shown in Supplementary Figure 4. The S-line plot shown in the Figure 3, was used to highlight the potential metabolites that contributed to the urine profile modification in No-hsPDA (≤30 w) subjects compared to hsPDA (≤30 w). A p(corr) > 0.5 was selected as a significance level. The spectral regions identified in the S-line plot characterized by the superimposition of NMR signals corresponding to the different metabolites present in urine, were quantified with Chenomx NMR Suite 7.1. and subjected to the Mann-Whitney U-test to identify significant changes in the of metabolites concentration in the two groups. The result of the univariate statistical analysis showed as 3-Methylxanthine, betaine, glucose, glycylproline, lactate, trimethylamine N-oxide (TMAO), tryptophan, myoinositol and 4-Hydroxyproline changed significantly in No-hsPDA (≤30 w) compared to hsPDA (≤30 w) (Table 5). The Figure 4 shows the relative concentrations of metabolites, where No-hsPDA (≤30 w) subjects were characterized by a higher level of 3-Methylxanthine, betaine, glycylproline, TMAO, tryptophan, myoinositol and 4-Hydroxyproline, and lower of levels glucose and lactate compared to hsPDA (≤30 w). Finally, A ROC curve was constructed by using the only metabolites with p-value < 0.01 (TMAO, tryptophan, and glucose) and the area under the curve of ROC analysis (Figure 5) was found to be 0.894 (95% CI: 0.717–1), denoting a high predictive accuracy of the model.


[image: Figure 1]
FIGURE 1. PLS-DA scores plot of 1H NMR spectra of urine samples: ≤30 w No-hsPDA (blue circle), >30 w No-hsPDA (green circle) and ≤30 w hsPDA (red circle).



Table 4. Parameters for PLS-DA and OPLS-DA models.
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FIGURE 2. OPLS-DA scores plot of 1H NMR spectra of urine samples: ≤30 w No-hsPDA (black circle) and ≤30 w hsPDA (red circle).
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FIGURE 3. Color-coded coefficient loadings plots of urine metabolomics profiles between ≤30 w No-hsPDA and ≤30 w hsPDA subjects. Peaks: 1, Lactate; 2, Glucose; 3, Betaine; 4, Trimethylamine-N-Oxide (TMAO); 5, Taurine; 6, Myo-Inositol; 7, 4-Hydroxyproline; 8, Creatine; 9, Tryptophan and 10 Hippurate.



Table 5. Discriminant metabolites for OPLS-DA model.
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FIGURE 4. Box-and-whisker plots showing progressive changes of the metabolites concentration on ≤30 w No-hsPDA and ≤30 w hsPDA urine samples. Statistical significance was determined using the Mann-Whitney U-test (two-tailed) and a p-value < 0.05 was considered statistically significant. The Benjamini-Hochberg adjustment was applied.



[image: Figure 5]
FIGURE 5. Representative ROC curves based on metabolites with p-value < 0.01 between ≤30 w No-hsPDA and ≤30 w hsPDA subjects. AUC: 0.894; Standard Error: 0.09; 95% CI: 0.717–1; p-value: 0.0087.





DISCUSSION


Clinical Discussion

Our group confirmed that prematurity influences the occurrence of hsPDA, which resulted as more frequent at a lower GA (p < 0.001). BW, although lower in the ≤30 w hsPDA group, did not reach a statistical significance (p = 0.069).

First of all, we must underline that our population, although relevant and significant for a metabolomics study, is small for epidemiological consideration and our clinical results should be confirmed on larger samples before deducing significant associations.

In our sample of neonates with GA ≤ 30w, the Apgar scores were significantly different in the two groups, with the lowest values in the neonates ≤30 w hsPDA both at 1′ (p < 0.01) and at 5′ (p < 0.05); therefore, the incidence of perinatal asphyxia was higher in this group (p < 0.05), especially severe asphyxia (p < 0.01). The association between lower values of the Apgar score and hsPDA have also been observed in the studies of Pourarian et al. and Lee et al. (22, 25), although the significance of the first study is limited by the inclusion of any size of PDA in the analysis.

Due to their worse condition at birth, those neonates subsequently developing hsPDA, also compatible with their aforementioned lower GA, more frequently required delivery room resuscitation (p < 0.05).

According to these data, neonates subsequently developing hsPDA showed the worst cardio-respiratory conditions at birth; however, it is not easy to asses with certainty if those neonates show the worst perinatal outcomes and subsequently hsPDA due to their lower GA or if the asphyxia itself could predispose to the development of hsPDA, likely through altered mechanisms of hypoxia-reperfusion, the potential involvement of systemic oxidant stress, vascular impairment and hemodynamic changes.

Surfactant administration was performed in a lower number of subjects in ≤30 w no-hsPDA group vs. ≤30 w hsPDA (p < 0.05). Such a result seems in agreement with some recent literature results (22, 25, 26), especially sustaining the association between late surfactant administration (after 2 h of life) and hsPDA, due to the rapid reduction in pulmonary pressure that favors blood flow through PDA (left-to-right shunt), lung hyperflow and ductal persistence (29). Further studies are needed to clarify whether surfactant administration could increase the risk of hsPDA or PDA could have more possibilities to evolve in hsPDA in those preterm neonates with a higher early respiratory impairment at birth, lung hypoxia and alveolar damage, evidenced by an increased need for surfactant and a more severe RDS.

Sepsis and early aminoglycosides administration were not more frequent in one of the two groups of our sample, although in literature neonatal sepsis has been identified as a predisposing factor for hsPDA through systemic inflammation and consequent potential ductal relaxation, both via respiratory failure and hypoxia, inflammatory mediators, and eventual aminoglycosides administration (27, 28).

Since aminoglycosides clearance can be reduced in premature neonates, in our NICU we measure the “peak” and “trough” serum levels after administration, to reduce the dose or prolong therapeutic intervals for the following administrations, performing a “tailored” therapeutic regimen (92).

Although renal function could be early impaired by hsPDA (93–95), in our sample, no statistically significant differences in creatinine values within the first 5 days of life occurred in the two groups.

However, serum creatinine increase can be delayed and only occur after a significant kidney injury, not representing a sensible and precocious marker (96).



Metabolomics Discussion

According to our findings, metabolomics pathways characterizing urinary samples collected in the early period after birth seem highly dependent on neonatal probability to develop hsPDA confirmed at 48–72 h of life.

In detail, analyzing the whole number of urinary samples (n = 35) and as evidenced in Figure 1, there is a strong separation between the metabolomics profile of those newborns subsequently showing hsPDA (n = 5/35, red circles) and neonates no-hsPDA (n = 30, blue and green circles). Moreover, this urinary analysis also shows a clear dependence on GA, which increases in the newborns moving from the top to bottom of the plot: in fact, as showed in Figure 1, among the neonates no-hsPDA, the subjects represented in blue were born at GA ≤ 30w (n = 19/35), while those represented in green all show GA > 30 w.

From this analysis, it can be deduced that urinary samples at birth are strongly different in neonates subsequently developing hsPDA, all showing GA ≤ 30w (n = 5/35) and therefore well-separated in the plot from the whole sample of the neonates no-hsPDA (n = 30, including ≤30 w no-hsPDA, n = 19, and GA > 30 w, n = 11) and even located in the upper half area of the plot with neonates GA ≤ 30w. In fact, the lower half of the plot is almost exclusively populated by neonates with GA > 30 w and the lower half of the plot is occupied by neonates of GA ≤ 30w (n = 24/35 in total) with the aforementioned clear separation between ≤ 30 no-hsPDA (blue) and ≤30 w hsPDA.

The clear separation between urinary profiles of neonates hsPDA (n = 5/35, in red) and no-hsPDA (n = 30/35 if taking into account GA ≤ 30w and GA > 30 w together, black circles) can be also observed in the plot of Supplementary Figure 2.

However, although we initially selected our population study according to the range of GA 24–32 weeks and therefore included in the analysis n = 35 subjects, we observed that none of the newborns GA > 30 w developed hsPDA. HsPDA was diagnosed only in newborns GA ≤ 30w. Thus, observing a metabolomics dependence of our samples on GA, as reported and discussed for Figure 1, we decided to exclude those neonates GA > 30 w from further analysis, reducing our sample to those neonates GA ≤ 30w, to have a more homogeneous population in terms of GA and to improve the significance of our metabolomics comparison between neonates developing hsPDA (≤30 w hsPDA) and those not developing hsPDA (≤30 w no-hsPDA).

By the multivariate analysis of the urine spectra, as evidenced in Figure 2, a clear separation between urinary metabolomics profiles between ≤30 w no-hsPDA (black circles) vs. ≤30 w hsPDA (red circles), occurred and represents one of the most important results of our study.

Moreover, in the plot, n = 2/19 subjects of the ≤30 w no-hsPDA group, although localized in the appropriate area of the plot (no-hsPDA) seem mildly distant from the other samples. Interestingly, they showed some unique clinical features, represented by a congenital viral infection of the TORCH group in one subject and early pulmonary hypertension treated with NO immediately after birth in the second.

Additionally, we decided to quantify the most characterizing metabolites responsible for sample separation. As reported in the results, the ≤30 w hsPDA group was characterized by lower levels of 3-methylxanthine, betaine, glycylproline, TMAO, tryptophan, myoinositol and 4-hydroxyproline, and higher levels of glucose and lactate.

Firstly, we considered the potential interference of drugs in our group of neonates, by evaluating all the molecules and excipients administered (antibiotics, vitamins, parenteral nutrition, and other eventual drugs). Timing and modality of sampling were standardized and all the newborns underwent the same nutrition regimen.

Then, we tried to give a meaning to metabolomics variations, taking into account that there are not similar studies in literature.


Lactate

The significantly higher levels of urinary lactate observed in hsPDA group could be determined by the increase in anaerobic glycolysis following oxygen reduction and ischemia, with lactate being the end product of anaerobic metabolism (97, 98). We should understand if anaerobic metabolism determining lactate increase could be related to perinatal asphyxia and RDS, as reported by Ma et al. (99), or could be an early consequence of ductal steal and blood flow through PDA determining systemic hypoperfusion or depend on a not fully clarified interplay of these two mechanisms.

Lactate could also represent a compensatory and protective metabolite facing the increase in oxidative stress induced by reperfusion after ischemic damage, potentially lowering the levels of reactive oxygen species and superoxide anion (97, 98).

Lactate increase, following hypoperfusion and lactic acidosis by ductal steal, could also be one of the causes sustaining hsPDA, via the effects of acidosis and oxidant mechanisms linked to reperfusion on vasodilation and ductal relaxation (63).

Systemic hypoperfusion involves most organs including the brain; in this regard, the neuroprotective action of lactate, especially facing cerebral ischemia, was recently reported (100–106).

In some experiments involving animal models, hypoxic-ischemic encephalopathy was followed by an increased local level of lactate and glucose, sustaining their potential role as neuroprotectors (107, 108).



Glucose

In our hsPDA neonates, we observed a significant urinary increase in glucose levels. We hypothesized that glucose excretion, following its serum increase, could be determined by an increased stimulation of glucose-alanine cycle, since hypoxia-associated stress and an increased energy request could stimulate cortisol endogenous production (97). In hsPDA patients, a precocious ductal diastolic steal, even at birth, could be associated with an increase in oxygen consumption, also favored by RDS, influencing oxygen and glucose metabolism.



Myoinositol

It is synthesized from glucose-6-phosphate and represents a precursor of inositol (109). Intracellular myoinositol, a second messenger of insulin, was identified as a potential biomarker of impaired glucose metabolism (109–112).

Several factors regulate maternal, cord blood and neonatal myoinositol levels (110). Urinary levels of such metabolite at birth were identified as biomarkers of IUGR (112).

Since maternal myoinositol supplementation was shown to prevent neonatal hypoglycemia (110, 113), we hypothesized that urinary reduction of such metabolite in our hsPDA sample could be related to an increase in energy metabolism and glucose need.

Moreover, we suppose that its reduction could depend on alteration in glucose metabolism, possibly following a higher energy request.

During fetal life, myoinositol can increase to face oxidative stress in a low-oxigen environment (114, 115). Thus, we can also hypothesize that such metabolite is more consumed in hsPDA neonates, and therefore less excreted at urinary level, to improve antioxidant activity.

Finally, since myoinositol can also modify surfactant composition (110), our sampe of hsPDA neonates could have suffered of a more severe RDS at birth due to modifications in surfactant quality.



Betaine and TMAO

Betaine was significantly lower in hsPDA group. This metabolite, involved in several processes, derives from choline oxidation and acts as a methyl groups donor, also taking part in DNA methylation and signal transduction (97). It also serves as methyl donor for homocysteine during convertion into methionine; it can be assumed with diet or be synthesized through choline oxidation (109).

A potential link was observed between betaine ingestion and TMAO circulating levels, with pathways involving gut microbiota (116).

Among the intestinal microbes able to produce TMAO, we cite A. hydrogenalis, C. asparagiforme, C. hateway and others (117, 118).

Thus, the reduction in TMAO and betaine levels in our group of preterm hsPDA neonates, instead of no-hsPDA controls, seems to depend on modifications involving gut microbiota, due to the close link between these two metabolites and their interplay influencing intestinal microbes, in a not fully clarified way. This was also previously demonstrated in a metabolomics study on neonates developing BPD (97).

TMAO levels could be significantly influenced by antibiotics, due to their action on intestinal microflora (117).

However, in our group of neonates, no differences occurred in the administered antibiotics and dosages pro kilogram. Moreover, kidney function and creatinine levels did not show significant differences between the two groups, refuting the hypothesis of altered antibiotic metabolism.

TMAO and myoinositol urinary levels have been proposed to increase in case of renal dysfunction (98, 119–123).

Thus, we would have expected an increase in their levels in hsPDA neonates. On the contrary, they were significantly reduced, in disagreement with the hypothesis of a precocious kidney damage following ductal steal and renal hypoperfusion. In addition, the good creatinine levels observed in our hsPDA group, without significant differences instead of no-hsPDA group, would not sustain this hypothesis.



Tryptophan

It is an essential aminoacid taking part in several metabolic processes, such as nitrogen balance, growth, and production of niacin (a precursor of serotonin).

Tryptophan is mostly metabolized through the kynurenine pathway (90%); the 3% is converted into serotonin (5-OH-tryptamine) and the remaining quote undergoes intestinal microbiota degradation with production of indole and its derivatives (124).

Alterations in one of these processes could determine several effects in neuronal metabolic pathways.

Tryptophan and kynurenine could pass the blood-brain barrier and determine anti-inflammatory, immunosuppressive and antioxidant functions with neuroprotective actions (124).

We should also underline that tryptophan is reduced in neuroinflammatory diseases and neuroblastoma (124, 125), Alzheimer's and Parkinson's diseases (126, 127) and increased in neuropsychiatric disorders, such as autism (128).

In our sample, we speculated that reduced levels of such metabolite in the urines of hsPDA neonates could be related to cerebral hypoperfusion; the resulting oxidative/ischemic or inflammatory damage could determine an increase in tryptophan transport to the brain, with a reduced excretion of such metabolite, to improve neuroprotective effects. However, such compensatory mechanisms still need to be verified and eventually clarified.

Finally, the reduction observed in tryptophan level could also be related to microbial alterations, potentially modulating brain function.



4-Hydroxyproline

It is a major constituent of collagen, contributing to its stabilization, and elastin. It is a non-essential aminoacid derived by hydroxylation of proline.

The increase in hydroxyproline levels (serum or urine) can be related to muscle damage (129) and collagen catabolism (bone reabsorption or tissue damage), even in response to oxidant stress. Such metabolite can be found altered in depression, Alzheimer disease and inborn errors of metabolism (130).



Glycylproline

This metabolite is a dipeptide composed by glycine and proline; it is involved in collagen metabolism. It can be mostly found in cytoplasm and it was correlated with Alzheimer's disease and inborn metabolic disorders too (131).



3-Methylxanthine

It is one of the xanthine purine derivatives compounds; it can be mostly found in cytoplasm (132).

In humans, 3-methylxanthine, adenosine agonist, is a metabolite of theophylline (133) and caffeine (134), undergoes renal excretion without modifications (135).

In our sample, urinary 3-methylxantine can derive from the metabolism of caffeine administered to prevent prematurity-related apnea.

This metabolite, although not representing the most significant among our findings, was reduced in urinary samples of hsPDA neonates.

The newborns of the two groups (no-hsPDA and hsPDA) assumed the same dose of caffeine, thus the reason of such different excretions is not clear.

According to literature data, caffeine and theophylline metabolism are influenced by hepathic and renal function, in addition to some cytochrome polymorphisms (136).

The exact meaning of the decrease in 4-hydroxyproline, glycyproline and 3-methylxanthine in our sample of hsPDA neonates still requires clarification.

In conclusion, the early evaluation of neonatal urine to predict at birth the subsequent development of hsPDA should include the three “top metabolites” (glucose, thryptophan, and TMAO), which resulted the most significant in our preliminary results (p < 0.01). According to our study, we can affirm that the increase in glucose and the decrease in tryptophan and TMAO resulted the best predictors of hsPDA.

It would be interesting, even if not clinically appropriate, to perform brain magnetic resonance spectroscopy (MRS) to assess if biochemical changes in the brain agree with the urinary variations reported.

According to our results, metabolomics seems to have the unique ability to predict, in a sensible and specific way, those preterm newborns who will undergo physiological closure of DA or will maintain a no-hsPDA, instead of those neonates who will develop a hsPDA confirmed at 48–72 h of life, only through a non-invasive collection of a small urine sample at birth undergoing 1H-NMR evaluation.

We underline that our analysis was performed on the urine of the first 12 h of life and the metabolomics results can be considered a portrait of the metabolic basal status of each newborn. The role in predicting the subsequent development of hsPDA, if confirmed in future studies on a larger cohort of patients, could represent a unique peculiarity of metabolomics, able to individuate those newborns more predisposed to hsPDA before the occurrence of lung hyperflow clinical signs.

Such metabolomics approach could have the promising role to help in predicting those neonates who could develop hsPDA, preventing delay in therapeutic treatment, at the same time avoiding treatment to those who probably would not require it due to the spontaneous ductal closure.

This is the first time that metabolomics was applied in the early detection of hsPDA, and we decided to evaluate urinary samples due to the non-invasiveness of urine collection, being performed in the first hours after birth, and even taking into account the experience of our research group on urinary metabolomics in neonatology (97, 109, 137–140).

In our opinion, this kind of experimental study opens the way for future studies on a greater number of samples, possibly also multicenter studies, and the results, if confirmed, could lead to the individualization of clinical approaches in such field.

The analysis of seriate urinary samples before, during and after treatment, in subjects developing hsPDA, could help in detecting potential biomarkers predicting therapy response or drug toxicity, allowing physicians to choose in a personalized way the drug to administer, and potentially reducing side effects and improving treatment efficacy.

Thus, we strongly believe that, in the near future, such preliminary results could acquire a clinical and therapeutic meaning in improving hsPDA treatment. Such an innovative approach would result very differently from generalized therapeutic prophylaxis, that can determine side effects of complications even in those subjects who will have spontaneously achieved ductal closure.

The exact meaning of the metabolomics variation in our sample still requires a full comprehension since we only made some hypotheses and clinical speculation on the basis of what is currently known oh hsPDA pathophysiology.

In fact, this is the first available study on such a topic and our results, although promising, are preliminary reports on a limited number of samples that should be confirmed on larger groups.

However, despite these limitations, we believe that metabolomics is highly promising in the field of hsPDA, providing a combination of specific metabolites, also considering that, despite years of study on this topic, sensible and specific markers of such a condition are still lacking. In our opinion, the predictive power of metabolomics could result as potentially superior to the clinical or laboratory predictive tools explored to date.





CONCLUSIONS

If our preliminary data will be confirmed, in the future, a simple and non-invasive urinary stick at birth could gave relevant and predictive information on the spontaneous closure or persistence of ductus arteriosus. This could be highly promising, given the great impact of such condition on immediate and long-term health, even taking into account the concept of perinatal programming. Metabolomics approach could help the clinicians to orient their therapeutic strategies in the management of such vulnerable newborns, early identifying those who could develop a hsPDA and therefore avoiding delaying treatment in such subjects, as well as, at the same time, identifying groups of newborns in which this condition is unlikely to occur and the therapy would therefore result in an overtreatment, not exempt from toxicity and side effects.

In our opinion, it could be useful to perform a subsequent study to confirm these data on larger samples and even to evaluate urinary profiles in relation to the kind, timing, and response to the treatment.

If these results will be confirmed, metabolomics could become a good tool in the early detection of hsPSA neonates, showing a stronger predictive power than clinical findings and laboratory parameters investigated to date, to optimize their management thanks to specific and holistic biomarkers in a field currently full of controversies.
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Introduction: Echocardiography (ECHO) with color flow Doppler is considered as the gold standard to identify a hemodynamic patent ductus arteriosus (hs-PDA). However, the optimal diagnostic and therapeutic management for newborns with hs-PDA is still controversial. We aimed to investigate two clinical strategies: (1) targeted treatment based on ECHO criteria and (2) treatment based on ECHO criteria in addition to clinical signs and symptoms.

Materials and Methods: This is a cohort study including all neonates consecutively admitted in the Neonatal Intensive Care Unit of University La Sapienza in Rome, with gestational age <32 weeks or body birth weight <1,500 g and with a diagnosis of hs-PDA as confirmed by ECHO evaluation performed within 72 h of life. We classified the babies in two cohorts: (A) pharmacological treatment immediately after ECHO screening and (B) pharmacological therapy for PDA was administered when the relevance of a hs-PDA was associated with clinical signs of hemodynamic instability.

Results: We considered as primary outcome newborns who survived without any morbidities (A: 48.1% vs. B: 22.2%, p = 0.022). In particular, we found that the rate of intraventricular hemorrhage stage ≥2 was increased in cohort B (A: 3.7% vs. B 24.4%, p = 0.020). A multivariate analysis showed that assignment to cohort A independently influences the primary outcome.

Conclusions: Adopting an hs-PDA management option based on ECHO-directed therapy regardless of symptoms may reduce the morbidity and improve the survival of very low birth weight infants.

Keywords: newborn, morbidity, intraventricular hemorrhage (IVH), very low birth weight (VLBW), survival


INTRODUCTION

Patent ductus arteriosus (PDA) is essential for fetal life (1). Normally, the ductus arteriosus closes within a few days after birth. In preterm infants, the ductus fails to close, leading to a left heart volume overload and systemic hypoperfusion (2). The persistence of a PDA may increase the risk of intraventricular hemorrhage (IVH), necrotizing enterocolitis (NEC), and chronic lung disease (CLD) (1, 3).

There is no consensus regarding the optimal diagnostic approach of PDA. The 2D echocardiography (ECHO) with color flow Doppler is the gold standard to identify hemodynamically significant PDA (hs-PDA) (4, 5). Nevertheless, it remains to be clarified if the assessment of a hs-PDA at the ECHO is enough to establish an indication for a pharmacological therapeutic intervention or if symptoms should guide the decision to start therapy. If hs-PDA defined only by echocardiographic criteria may not produce significant clinical effects, in many cases, symptoms appear to manifest when the effects of hemodynamic instability already occurred. Pharmacological intervention (i.e., ibuprofen, indomethacin, paracetamol), the first therapeutic option to close PDA in preterm newborns, is associated with the occurrence of severe side effects. Furthermore, clinical evidence demonstrating a reduction in morbidity and mortality in newborns treated for PDA is still scarce (2, 6–9). These findings, associated with spontaneous ductal closure in a number of preterm newborns, suggest an expectant management of PDA based on clinical observation without pharmacological therapy (10, 11). However, prospective studies reported a significantly higher rate of morbidities when a permissive tolerance of PDA strategy was adopted (12). All these considerations raised controversy regarding whom to treat and when to treat preterm infants with hs-PDA. If some infants might benefit from pharmacological therapy, the criteria for PDA treatment remain currently unclear. The American Academy of Pediatrics and Experts on PDA agree that further studies are advocated to evaluate the efficacy of different diagnostic and therapeutic management of newborns with PDA (13–16). Starting from these considerations, we aimed to compare, in a cohort study, two management options: (1) targeted treatment based on ECHO criteria and (2) treatment based on ECHO criteria in addition to clinical signs and symptoms.



MATERIALS AND METHODS


Study Population

All newborns consecutively admitted to the Neonatal Intensive Care Unit (NICU) of University La Sapienza of Rome from January 2016 to November 2019, with gestational age (GA) <32 weeks or body birth weight (BW) <1,500 g and with a diagnosis of hs-PDA as confirmed by echocardiographic evaluation performed within 72 h of life, were included. Infants with congenital malformations, inborn errors of metabolism, congenital infections, and hospital discharge or death within 72 h of life were excluded (17). A consensus definition for a clinical diagnosis of PDA is lacking (18). We performed a differential diagnosis process in order to exclude conditions that may have a clinical presentation that overlaps those of symptomatic hs-PDA, such as sepsis, pulmonary hemorrhage, and pneumothorax.

We defined PDA as hemodynamically significant in the presence of at least one of the following criteria: (1) PDA ≥1.5 mm, (2) unrestrictive pulsatile transductal flow, (3) left atrial-to-aortic root ratio ≥1.5, and (4) absent (end-) diastolic flow in descending aorta.

We classified the babies in two cohorts. Cohort A included newborns consecutively observed in the first 22 months of the study. After that period, the protocol regarding the management of newborns with hs-PDA was changed; thus, we enrolled newborns in cohort B.

In the first period of the study (cohort A), we started pharmacological treatment immediately after echocardiographic evaluation, while in the second period of the study (cohort B) the newborns received pharmacological therapy for PDA when the relevance of a hs-PDA, at echocardiographic evaluation, was associated with clinical signs of hemodynamic instability including acidosis, increased refill capillary time (evaluated three times consecutively), increased oxygen requirement, oliguria, and persistent hypotension (evaluated within 12 h).



Outcomes

We considered as primary outcome the rate of newborns who survived without any morbidities upon discharge from NICU. Morbidity was defined as the presence of at least one of the following conditions occurring after enrollment: NEC Bell stage ≥2, IVH stage ≥2 (observed after 72 h of life), retinopathy of prematurity stage ≥2, bronchopulmonary dysplasia (BPD), periventricular leukomalacia, prolonged mechanical ventilation (more than 7 days consecutively), and acute renal failure (1, 2, 14, 15, 19, 20). We considered as secondary outcome the rate of newborns with ductal closure within the first 2 weeks of life.



Data Collection

Medical staff who were blinded to the study aims evaluated the eligibility of newborns observed in NICU. Physicians who were not involved in the care of the newborns collected the informed consent and all data for statistical analysis. A third-party observer unaware of the study aims collected data on primary and secondary outcomes. A statistician blinded to the study performed data analysis.

Prenatal, perinatal, and postnatal data were prospectively recorded in separate data forms. All infants were monitored until discharge, transfer to other hospital, or death. Data GA, BW, gender, type of delivery, antenatal steroid administration, congenital disorders, and occurrence of all relevant obstetric information were collected (21–23). Apgar score at 5 min after birth, pH on cord blood, respiratory distress syndrome, occurrence of hypotension, feeding tolerance, and other gastrointestinal disorders were also prospectively recorded (22, 24, 25). Data on survival, morbidity, and duration of hospital stay were collected in a separate and codified data form. Diagnosis of the main neonatal morbidities was performed according to the standard criteria by physicians unaware of the study design and aims as previously described (26, 27). Nutritional management was performed as previously described (24, 26, 28). Hypotension was defined as any mean blood pressure value below the infant's postmenstrual age (29).



Therapeutic Protocol of Newborns With hs-PDA

The first-line therapy for all enrolled newborns was pharmacological treatment. Pharmacological treatment with ibuprofen was the first therapeutic choice for PDA treatment. We administered, as first cycle treatment, a dosing regimen of 10 mg/kg ibuprofen, followed by 5 mg/kg ibuprofen at 24 and 48 h later. In case of contraindications to ibuprofen, we administered a paracetamol dose of 20 mg/kg as first dose, followed by 7.5 mg/kg paracetamol every 6 h thereafter, for a total of 6 days. A second pharmacological cycle was performed in the occurrence of symptoms related to hs-PDA for the two study cohorts. We administered a therapeutic cycle of ibuprofen (10 mg/kg, followed by 5 mg/kg ibuprofen at 24 and 48 h later) or, in case of contraindications to it, a cycle of paracetamol (7.5 mg/kg, every 6 h thereafter, for a total of 6 days).

A third pharmacological cycle was performed still in newborns that showed a slight but not significant improvement of clinical conditions and/or ECHO findings. If clinical conditions remained unchanged or worsened after two pharmacological cycles of treatment, the newborns underwent surgery. After the third pharmacological cycle of treatment, if we observed a further improvement of clinical conditions and/or ECHO findings, we administered a fourth pharmacological cycle with indomethacin for a total of 5 days. In case of reopening of hs-PDA associated with signs of hemodynamic instability, we administered one more cycle of ibuprofen or, if there are contraindications to it, paracetamol at the same dosing regimen before the surgery.



Cranial Ultrasonography Examination

The transducer frequency was set at 7.5 MHz. Images were recorded in coronal and sagittal planes, according to standard procedure, as previously described (30). The anterior fontanel represented the acoustic window for the optimal visualization of the supratentorial structures, whereas the mastoid fontanel was used to evaluate the cerebellum. The cranial ultrasound (cUS) scans were performed in all preterm infants within the first 72 h (T0) at 7 days of life (T1) and at 28 days of life (T2) contemporarily by two physicians with high training in cUS (more than 200 cUS per year) and who were unaware of the study aims. The two sonographers performed each measure three times, and then they calculated the mean value and reported the results in a specific data form. Each measurement was confirmed after an agreement between the sonographers.



Ethics

The study was conducted in accordance with the World Medical Association Declaration of Helsinki for medical research involving human subjects. To conduct this research, we compared two historical cohorts of newborns using data collected during a study previously approved by the Ethical Committee (no. 5089). Data are available from the Department of Maternal and Child Health Policlinico Umberto I Hospital, La Sapienza University of Rome, Italy, Institutional Data Access for researchers who meet the criteria for access to confidential data.



Statistics

Statistical analysis was performed per protocol using Statistical Package for Social Science software (SPSS Inc, Chicago, IL, USA), version 22.0. We assessed statistical significance by the tests described below, considering that the level of significance for all statistical tests was two-sided with p < 0.05. We checked for normality using the Shapiro–Wilk test. The mean and 95% confidence interval summarized the continuous variables. We compared the cohorts using χ2 test for categorical variables and t-test or Mann–Whitney for paired and unpaired variables.

We performed binary logistic regression analysis to evaluate whether gender (female or male), BW in model 1 (>1,500 or ≤ 1,500 g) or GA in model 2 (<29 or ≥29 weeks of PMA), prenatal steroid use (no or yes), alteration of Doppler velocimetry of uterine arteries (no or yes), respiratory distress syndrome (no or yes), and cohort assignment (A or B) influenced primary outcome.




RESULTS

The number of newborns that met the inclusion criteria was 106. We excluded 34 newborns because of major congenital malformations or inborn errors of metabolism or congenital infections (n = 11), death before 72 h of life (n = 13), and transfer to another hospital before 72 h of life (n = 10). Thus, the analysis of data was performed on 27 and 45 newborns enrolled in cohort A and cohort B, respectively. The baseline clinical characteristics of enrolled newborns were not different in the two study cohorts, as reported in Table 1. In Table 2, we reported the echocardiographic pattern of PDA observed in the two cohorts of the study.


Table 1. Baseline clinical characteristics of the study cohorts.
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Table 2. Echocardiographic pattern of patent ductus arteriosus at the time of diagnosis in the two study cohorts.

[image: Table 2]

The primary outcome (A: 48.1% vs. B: 22.2%, p = 0.022) of the study is reported in Figure 1. Among the morbidities observed in the study cohorts, the occurrence of IVH was higher in cohort B compared with that in cohort A (Table 3). The preterm newborns without hs-PDA, of the same study periods, were similar in baseline characteristics and outcomes (Supplementary Table 1). The mean length of hospitalization of patients in cohort A (96.5 days, 95% CI 69.7–123.4) was similar to those in cohort B (78.6 days, 95% CI 64.5–92.6, p = 0.185).


[image: Figure 1]
FIGURE 1. Percentage of morbidity and survival in the two study Cohorts.



Table 3. Morbidity in the two study cohorts.
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In Table 4, no difference in the rate of ductal closure, reopening, and need of surgical intervention was observed between the study cohorts. The rate of PDA closure before the first 2 weeks of life was similar in cohort A (44.4%) compared with that in cohort B (51.1%, p = 0.621). The mean age of definitive ductal closure was similar in cohort A (17.3 days, 95% CI 6.5–28.2) compared with that in cohort B (15.5 days, 95% CI 9.4–21.6, p = 0.746).


Table 4. Clinical evolution of patent ductus arteriosus.
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In Table 5, we report the modalities of treatment in the two cohorts of the study. The rate of newborns treated with specific drugs for PDA was similar between the two cohorts (A: 100% vs. B: 95.6%, p = 0.387).


Table 5. Pharmacological treatment in the two study cohorts.
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A multivariate analysis showed that cohort A assignment independently reduces the risk of combined morbidity and mortality in our population (Table 6).


Table 6. Binary logistic regression analysis to evaluate the influence of covariates on primary outcome.
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DISCUSSION

We demonstrated that an ECHO-guided therapy regardless of symptoms may increase the probability of survival without morbidity in very low birth weight infants. The reduction in morbidity observed in cohort A was associated with a significant reduction in IVH. Current evidence suggests that many neonatal-related outcomes may depend on the management of PDA. Nevertheless, the literature review reports contradicting findings that mainly rely on the type of the designed study (31). Randomized controlled trials (RCTs) exploring the effects of a prophylactic treatment of PDA found that the occurrence of both death and long-term neurodevelopmental outcomes was not reduced. However, observational studies demonstrated the association between PDA exposure duration and long-term morbidities (14, 32, 33). In addition, retrospective studies found a relationship between symptomatic hs-PDA and morbidity combined with mortality (3).

A Cochrane review from 2010 demonstrated a significant reduction in morbidity associated with prophylactic administration of COX inhibitors in newborns with PDA (9). In contrast, a more recent Cochrane review showed that prophylactic treatment did not result in a reduction of morbidity (8). The concern about the possible exposure of newborns without hs-PDA to unnecessary treatments and the potential harm associated with ductal closure in subjects with elevated pulmonary pressure has raised doubts about the opportunity of the use of medical therapy for hs-PDA (19). In addition, recent evidence demonstrating an unchanged neonatal outcome after the implementation of a more conservative management plan lends support to the argument that PDA treatment should not be useful (6).

A recent retrospective study demonstrated that the rate of spontaneous closure before hospital discharge occurs in the majority of patients (33). However, the authors excluded the deceased infants from the analysis. Indeed out of 26 infants who died, 16 had a recorded cause of death that could be potentially related to PDA, including IVH, and 10 infants who died before 7 days of age had point-of-care ECHO done, and all of them had documented PDA. The authors concluded that the outcome of some deceased infants could have been influenced by the criteria used for treatment (33). Besides that, Okulu et al. in an observational, prospective, and multi-center study, compared the effects of conservative approach and early medical treatment options in newborns with GA <29 weeks. It was found that early treatment was associated with higher mortality and BPD/death. However, in this cohort study, each center used their individual preferences in the decision of PDA management (34).

Thus, it is crucial to identify subjects on whom the advantages of medical treatments outweigh the risks of severe related side effects. To date, evidence regarding when to treat a hs-PDA in a preterm neonate is contrasting. Recent RCTs demonstrated that an early treatment, before the occurrence of symptoms, is safe and results in a lower incidence of late neonatal morbidity (35–37). The DETECT trial on early asymptomatic treatment showed a significant decrease in pulmonary hemorrhage rate in infants treated within the 1st h of life (35). In the PDA-TOLERATE trial enrolling <28-week newborns with a moderate-to-large PDA, the infants were randomized to receive either routine pharmacologic treatment or a conservative approach. The authors did not find any significant differences in terms of PDA closure and late neonatal morbidities. However, they showed that routine treatment, starting from 7 days of life, in infants with GA >26 weeks delayed full enteral feeding and increased the risk of morbidity and death. In this trial, the infants were not enrolled until the end of the 1st week, resulting in 14% of excluded newborns with PDA-related symptoms and 18% of infants not recruited owing to the physician's lack of equipoise (36). Liebowitz et al. starting from these findings, designed an observational study comparing newborns enrolled in the PDA-TOLERATE trial with those infants screened for PDA-TOLERATE who were excluded from the trial (even though they were potentially eligible) because the medical team wanted to use pharmacologic treatment. Interestingly, infants treated earlier within the 1st week of life had a significantly lower incidence of late neonatal morbidity and mortality despite their relative immaturity and their greater need of respiratory support (37).

Our results suggest that an ECHO-guided approach of a PDA, regardless of symptoms, might help to select newborns that should be treated in order to improve their clinical outcomes, hindering a potentially useless drug administration. Targeted treatment based on ECHO parameters may allow for the selection of preterm infants at a high risk of complications prior to the duct becoming clinically significant.

Our results are consistent with those of Rozé et al. This is a French national, prospective, population-based cohort study enrolling extremely preterm infants with GA <29 weeks, who were placed into two groups based on whether they had undergone early ECHO screening or not. The authors reported that an early ECHO-guided treatment was associated with reduction in-hospital mortality and a reduced likelihood of pulmonary hemorrhage, even though they found no differences in late neonatal morbidity (38).

It has been demonstrated that hemodynamic instability is a major risk factor of several late neonatal complications such as IVH, BPD, and NEC (1, 4, 15, 20, 39). Although the accuracy of hs-PDA diagnosis increases with the presence of suggestive symptoms associated with ECHO findings, we hypothesize that waiting for the onset of symptoms may prolong the exposure to hemodynamic instability that, in turn, may increase the rate of morbidity and death. Accordingly, we found an increased morbidity when we decided to treat PDA only after the symptoms' appearance.

The differences in morbidity observed in our study rely mainly on IVH. A retrospective study reported an increased incidence of IVH in infants with persistent exposure to PDA (40). Besides that, it has been shown that medical prophylaxis within the 1st h of life results in a reduction in the incidence of IVH (41).

The literature review on the relation between PDA and IVH is controversial. A recent retrospective cohort study including infants born <29 weeks demonstrated a relation between the presence of hs-PDA and severe IVH. In particular, it was found that a hs-PDA requiring treatment was associated with a higher risk of IVH and that early treatment of hs-PDA was associated with a decreased severity of IVH (40). However, many of previous trials have included infants with PDA regardless of hemodynamic significance (42–44). Therefore, any beneficial effect of a protocol for PDA management may have been masked by the absence of clinical consequences of a physiologic PDA. In addition, the presence of confounders may have influenced the results of these studies. Kim et al. designed a cohort study including newborns with GA <29 weeks to assess the relation between the size of PDA and cerebral hemodynamics within the 1st week of life (45). They indicated that cerebral hemodynamics was found to be stable regardless of the size of PDA in those premature infants. However, the authors did not report a specified protocol for ECHO, which was done at the direction of the attending neonatologist. Moreover, ECHO evaluation was not focused on the hemodynamic significance of the PDA. The strategy adopted in newborns in cohort A has produced a positive effect on the occurrence of IVH, probably by reducing the time of hemodynamic instability. Finally, we speculate that our selective approach may have reduced the possible consequences of hemodynamic instability, due to prolonged exposure to hs-PDA, on cerebral flow. Further studies are needed to establish the causality between the hemodynamic consequences of PDA and the occurrence of IVH.

Our findings should be taking into account several study limitations. The association between early ECHO evaluation and combined morbidity–mortality outcome may be related to the effects of chance (random error), bias, or confounding factors. The two cohorts were similar for conditions affecting morbidity and mortality. We verified that the effect on the main outcome of the study persisted even after correction for confounding variables. In keeping with the available evidence, we included antenatal and postnatal risk factors associated with IVH. Despite of everything, other confounding variables, unknown or not considered in our statistical analysis, may have influenced the study results. This is a small but not a randomized trial. To limit selection bias, physicians prescribing therapy for PDA were not blinded to the ECHO findings and the clinical condition of the baby. This made the study more feasible and affordable but may have compromised its external validity. However, physicians evaluating eligibility were blinded to the study aims and used objective inclusion criteria such as GA and BW. On the other hand, designing a double-blind clinical trial could have influenced the parents' consent of enrollment due to the increasingly strong association between significant PDA and important morbidities. A recent paper reported that the risk of lack of equipoise within physicians caring for infants with hs-PDA could be very high. Hence, it is not easy to design an RCT in newborns of critically ill conditions. The results of this study may encourage designing a specific RCT that could best address this topic. Researchers not involved in eligibility assessment and clinical practice, who were unaware of the cohort assignment to limit observer bias, collected the data for statistical analysis. The protocol for the collection, measurement, and interpretation of data was discussed and defined before starting the study. A statistician blinded to the study performed the analysis. We divided the two study cohorts on a temporal basis. The classification of the subjects on a temporal basis may represent a bias. However, the baseline features were similar between the study cohorts. We did not change the policies during the study period, but we cannot exclude the fact that unknown differences in clinical practice or changes in the medical staff composition may have influenced the outcomes of the study. We used previously described criteria for the definition of hs-PDA (1, 5, 19, 32, 46). Even if other parameters could be useful to define the hemodynamic significance of a PDA, information regarding ECHO findings on pulmonary overflow and systemic steal was not collected. The ECHO data did not include more detailed parameters that could be useful for assessing the hemodynamic significance of a PDA. The ECHO findings collected in this study were limited to the definition of the hemodynamic significance of a PDA. Several of the criteria of hs-PDA are subject to considerable operator variability. Thus, different diagnostic criteria could lead to different conclusions. Our study was focused on short-term outcomes. Further research should investigate the relationship of different strategies to manage PDA closure on brain function and long-term neurodevelopmental outcomes. The small number of the newborns enrolled in the study and the differences in the number of subjects enrolled in the two cohorts limit the generalizability of the results.

In conclusion, an ECHO-based management of PDA regardless of symptoms is a safe and feasible approach useful to improve combined morbidity and mortality outcome in preterm newborns. The optimal protocol for the assessment and treatment of a newborn with hs-PDA should aim not only to an increased rate of PDA closure but also at a reduction in morbidity and mortality. Our results outline the importance of the early identification of newborns with hs-PDA trough ECHO-based protocol and may facilitate the design of a randomized trial on PDA management based on ECHO markers of PDA significance.
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While persistent patent ductus arteriosus (PDA) in preterm infants has been known to be associated with increased mortality and morbidities including bronchopulmonary dysplasia, and necrotizing enterocolitis, there is minimal evidence supporting their causal relationships, and most traditional medical and/or surgical treatments have failed to show improvements in these outcomes. As such, the pendulum has swung toward the conservative non-intervention approach for the management of persistent PDA during the last decade; however, the benefits and risks of this approach are unclear. In this mini review, we focused on whom, when, and how to apply the conservative non-intervention approach for persistent PDA, especially in extremely preterm infants.
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INTRODUCTION

Persistent patent ductus arteriosus (PDA) in premature infants has been known to be associated with increased mortality and morbidities including bronchopulmonary dysplasia (BPD), and necrotizing enterocolitis (NEC) (1–3); however, there is minimal evidence to support their causal relationship (3–5). Although it is traditional to manage PDA with nonsteroidal anti-inflammatory agents such as indomethacin, ibuprofen and recently acetaminophen (6), and/or surgical ligation, definite evidence supporting the benefits of these therapies over the conservative non-intervention approach is lacking (7–9), and they may even be associated with adverse effects (10–14). As such, the pendulum has swung toward the conservative non-intervention approach for managing hemodynamically significant (HS) PDA in preterm infants over the last decade (15, 16). However, the risks and benefits of the conservative non-intervention approach still remain unclear with variable outcomes showing no effect (17–19), reducing (16, 20) or increasing bronchopulmonary dysplasia (BPD) incidence, or death compared with traditional medical/surgical therapies (9, 21). These controversial outcomes of the conservative non-intervention approach may be attributable to confounding PDA treatment indications or disease severity (16, 17, 19), bias of non-independent sampling (16, 17), or lack of patient stratification according to gestational age (9, 16, 21). In this mini review, we focused on identifying those indicated for treatment, its optimal timing, and the method of applying the conservative non-intervention approach for HS PDA especially in extremely preterm infants (EPTs).



CONSERVATIVE NON-INTERVENTION APPROACH


Rationale for the Conservative Non-intervention Approach for HS PDA

The rationale of a mandatory closure approach with medical and/or surgical treatment for HS PDA is based on the deeply ingrained hypothesis that large left-to-right shunting via PDA directly causes increased mortality and morbidities (2, 22–25). The closure rate of HS PDA after treatment with cyclooxygenase inhibitors was inversely proportional to gestational age (GA), being as low as 29% in EPTs with GA of 23–26 weeks (20, 26–29); and ultimately, >72% received ductal ligation even with a more conservative approach for treating PDA in these infants not responding to medical treatment (20, 30). However, there is a possibility that the detrimental effects of surgical ligation may outweigh the benefits derived from PDA closure (11, 31, 32). Moreover, although prolonged exposure to large left-to-right shunting via HS PDA may increase the risk of mortality and morbidities (9, 33–37), no significant differences in mortality and morbidities such as NEC and IVH and even significantly lower incidences of BPD were observed with the conservative non-intervention approach compared with the mandatory closure approach in our previous retrospective study (20). In our recently conducted prospective double-blind randomized controlled trial (RCT) that directly compared the therapeutic efficacy of exclusive pharmacologic treatment with the standard dose of oral ibuprofen-mediated PDA closure and a non-intervention approach with few backup treatments (38), oral ibuprofen treatment significantly promoted the ductal closure rate at 1 week after randomization in the 27–30-week but not in the 23–26-week GA subgroup compared to the non-intervention approach, but the ultimate ductal closure rate and incidence of BPD/death were not significantly different between the two study groups. Recent studies have suggested that high-dose ibuprofen has better efficacy especially when used later, though data among micro-premature infants is lacking (39, 40). Considering the postnatal rise of serum creatinine levels indicative of low glomerular filtration rate due to immature nephrogenesis peaking at postnatal day 10 and 14 in EPTs at 23–24 and 25–26 weeks' gestation (41), standard rather than high dose oral ibuprofen therapy at first postnatal weeks was pharmacokinetically more ideal in the EPTs (40). The non-inferiority of non-intervention approach was partly attributable to the low response rate of standard-dose ibuprofen especially in EPTs at 23–26 weeks' gestation. However, considering the high ultimate treatment failure rate of 71 and 62% even with repeated doses of intravenous indomethacin and ibuprofen in the infants at 23–26 and 23–25 weeks' gestation (20, 26), our data of low response rate of oral ibuprofen for PDA closure in the infants at 23–26 but not at 27–30 weeks' gestation might be more attributable to younger gestational age of study population rather than to low therapeutic efficacy of oral ibuprofen therapy for closing PDA. Moreover, our data of 89–82% PDA closure rates before discharge in the ibuprofen and non-intervention arms with virtually no backup treatment, were much higher than the previously known overall PDA closure rate of 67% with medical treatment in premature infants (39). Our data showed a relatively lower 44% BPD/death rate in the non-intervention arm with virtually no backup treatment compared to that of PDA TOLERATE trial showing a 57% BPD/death rate with ligation rate of 12% in the conservative approach arm. Altogether, a current lack of definite evidence showing therapeutic benefits of traditional medical/surgical therapies over conservative treatment with supportive care endorse the conservative non-intervention approach allowing spontaneous closure as an alternative management option to the mandatory closure approach for HS PDA in EPTs (3, 4, 7, 20, 38, 42–44).



Who Is Indicated for the Conservative Non-intervention Approach?

While a staging system assessing the magnitude of HS PDA based on clinical, biochemical, and echocardiographic criteria has been proposed (13, 45, 46), a clear definition of PDA shunt size and clinical illness severity eligible for the conservative non-intervention approach in preterm infants with persistent PDA is still lacking because of the paucity of available data for this approach (9, 11, 47–51). Moreover, practical difficulties exist in quantifying the shunt volume to distinguish which PDA are truly symptomatic (46). Discerning the hemodynamic significance of preterm PDA is challenging and should incorporate the echocardiographic measurements to assess the magnitude of ductal shunt volume, and the parameters reflecting the impact of shunt volume on end-organ systems. Therefore, the meaning of HS PDA may vary from one another in the clinical studies. Future studies about defining the hemodynamic significance of PDA should focus on the clinical outcomes rather association with the shunt volume (1). In the PDA-TOLERATE (PDA-TO Leave it alone or Respond And Treat Early) RCT (4), the enrollment criterion for HS PDA was defined as moderate-to-large PDA with a ductal size > 1.5 mm and predominant left-to-right shunt in EPTs (GA < 28 weeks) with respiratory failure requiring assisted respiratory support. However, this trial had significant selection bias as 40% of potentially eligible EPTs were not recruited, and received active treatment outside the PDA-TOLERATE trial because of “lack of physician equipoise”(52). Moreover, this trial was also confounded by a high backup rescue treatment rate of 48%, with 12% of patients receiving PDA ligation even in the conservative treatment arm (4). In our neonatal intensive care unit (NICU), we first introduced the conservative non-intervention approach in EPTs (GA < 27 weeks) who did not require early ventilator support regardless of PDA size (9, 47, 49). After confirming the tolerability of this approach without adverse effects, we switched the policy for the management of severe HS PDA (PDA size > 2 mm requiring mechanical ventilator support with symptoms/signs suggestive of PDA) in EPTs (GA = 23–26 weeks) from a mandatory PDA closure approach with indomethacin and/or surgical ligation to a conservative non-intervention approach without pharmacological/surgical treatments (20). Our results showed that the non-intervention approach was associated with less BPD compared with mandatory closure approach. Although backup medical/surgical treatment was available at the attending neonatologist's discretion, no EPT managed with the conservative non-intervention approach for HS PDA received backup treatment. However, the comparison of outcomes in the epoch-based study can be biased by the improvement of global care throughout the study period. Our data showing improved BPD rate without any significant differences in mortality or other morbidities between the two study periods might support the benefits of non-intervention over the mandatory closure, probably attributable to the avoidance of surgical ligation rather than to improved global care. In our recently conducted double-blind RCT (38), only EPTs with symptomatic PDA requiring respiratory support (average PDA size of 2.5 mm and left atrium/aorta ratio of 1.61 compatible with moderate-to-severe clinical and echocardiographic severity) were enrolled in the non-intervention arm, and received no backup treatment. Furthermore, as conservative non-intervention approach has become a standard treatment for HS PDA in EPT since 2012 (20), and all the EPTs not enrolled in our RCT were exclusively managed with conservative non-intervention approach with virtually no rescue treatment (38). Overall, these findings suggest that all EPTs, even those with the most severe HS PDA, could be indicated for management with the conservative non-intervention approach regardless of the clinical and echocardiographic severity.



What Is the Optimal Timing for the Conservative Non-intervention Approach?

Determining the optimal timing of the mandatory closure approach with medical/surgical treatment or conservative non-intervention approach for managing HS PDA in EPTs is a critical issue in clinical settings. As the PDA may close spontaneously even in EPTs (19, 53–55), we avoided unnecessary treatment exposure in 37% of eligible patients by delaying their enrollment for approximately 1 week in our recently conducted RCT (38). However, there is a concern that delaying the pharmacologic PDA treatment up to the first postnatal week may increase mortality or morbidities (5, 52, 56, 57). In a prospective double-blind RCT of eligible infants <29 weeks' gestation, Kluckow et al. observed that early indomethacin treatment of a large PDA in patients under 12 h of age reduced pulmonary hemorrhage (PH) from 21 to 2%, IVH from 12.5 to 4.5%, and later backup treatment of PDA from 40 to 20%, but had no effect on the primary outcome of death or abnormal cranial ultrasound (55). In contrast, in our RCT, the incidences of IVH in oral ibuprofen and non-intervention arms were 3 and 6%, respectively; and there was no PH in both arms (38). These findings suggest that prophylaxis alone is not enough for better therapeutic outcome of HS PDA, and that just applying the conservative non-intervention approach alone also is not enough, but the accompanying meticulous neonatal intensive care is essential for the success of this approach (20, 38, 41, 54). The meticulous care starting from better delivery room management at birth includes judicious fluid restriction with high humidification to avoid volume overload and the ensuing congestive heart failure, ventilatory strategies to minimize pulmonary over-circulation including less oxygen use, and strict infection control practices, which will be discussed in detail later in section How to Apply the Conservative Non-intervention Approach? As the prevalence of HS PDA at 1 week after birth is inversely proportional to GA (93, 64, and 21% in EPTs with GA of 23–24, 25–26, and 27–28 weeks, respectively) (54), the lack of stratification according to GA may be the primary factor responsible for the controversial inconsistent outcomes of delaying PDA treatment until the first postnatal week (9, 21, 58). Collectively, these findings suggest that there is no critical therapeutic time window for the beneficial therapeutic efficacy of traditional pharmacologic/surgical treatment, and that the accompanying meticulous neonatal intensive care starting from birth is prerequisite for the success of the conservative non-intervention approach for HS PDA in EPTs (3, 20, 38, 41, 43, 44, 54).

Recently, neonatologist performed echocardiography (NPE) has been proposed as an instrumental diagnostic tool for early screening of HS PDA (59). However, as noted by the recommendation of the European Society for Pediatric Research and European Society for Neonatology (60), care should be taken against the indiscriminate application without considerable skill and experience. Frequent examination of the babies in the early critical period of life may have a hazardous effect on the patient safety; the lack of good repeatability of the echocardiographic measurements and the misinterpretation of those parameters can lead to overtreatment for PDA that can mostly close spontaneously without increasing neonatal morbidities. Further studies are needed to evidence the feasibility and the robustness of NPE.



Natural Course of HS PDA With the Conservative Non-intervention Approach

Owing to the traditional mandatory closure approach of HS PDA with medical and/or surgical treatment at the earliest time based on the old dogma that adverse outcomes are proportional to the magnitude and duration of left-to-right ductal shunting (2, 61), and the high backup treatment rates even with the conservative non-intervention approach for HS PDA (4, 52, 55), few studies have chronologically monitored the natural history of HS PDA in EPTs. Rolland et al. observed a 73% spontaneous closure rate in EPTs with <28 weeks' gestation without specific treatment aimed to close PDA (62). Semberova et al. reported an 85% spontaneous PDA closure rate before hospital discharge in very low birth weight infants who received truly conservative PDA management (63). In our previous study, only 3% of EPTs with GA of 23–28 weeks with HS PDA solely managed with a conservative non-interventional approach patients were discharged home without ductal closure, 2% had spontaneous closure on outpatient follow-up, and 1% received device closure (54). Overall, these findings suggest that spontaneous closure of HS PDA could be achieved solely with conservative non-interventional management even in EPTs near the limit of viability, and that exposure to the risks of medical/surgical therapeutic interventions targeted for ductal closure may not be warranted in these infants.

Despite the current lack of evidence supporting the causal relationships between a large left-to-right shunt via HS PDA and mortality/morbidities, significant associations between large PDA shunt volumes and morbidities such as BPD were observed in some studies (1, 13, 45, 64). In contrast, the presence of HS PDA was not associated with increased mortality or morbidities such as severe IVH, BPD, NEC, acute kidney injury, retinopathy of prematurity, and sepsis compared with EPTs without HS PDA (41, 54, 65). Besides the magnitude, the prolonged duration of large left-to-right shunting via PDA may be an important cause of mortality and/or morbidities. Shena et al. reported that each week of HS PDA increased the risk of developing BPD in EPTs with <28 weeks' gestation by 1.7 times, and a prolonged PDA with later surgical ligation (33 vs. 23 days) was associated with increased death or BPD (51). In contrast, we previously showed a significantly lower incidence of BPD and comparable mortality despite significantly delayed closure of HS PDA at postnatal day 44 with a conservative non-intervention approach compared with earlier mandatory closure with medical/surgical treatments at postnatal day 13 in EPTs with GA of 23–26 weeks (20). Moreover, while the mean closure time of HS PDA was inversely proportional to GA (P53, P41, and P36 in EPTs with GA of 23–24, 25–26, and 27–28 weeks, respectively), a prolonged duration per week of HS PDA with a conservative non-intervention approach was not associated with increased mortality and/or morbidities in multivariate analyses adjusted for GA and birth weight (54). Despite the limitation of the previous studies including the retrospective nature of the study design, the seeming association between the presence and prolonged duration of HS PDA and mortality/morbidities may be primarily attributable to immaturity itself, and our data showing a favorable outcome of the conservative non-interventional approach for HS PDA in EPTs at least support the safety and feasibility of this approach over traditional medical/surgical treatments for managing HS PDA in EPTs (20).



How to Apply the Conservative Non-intervention Approach?

As excessive fluid intake increased the risk of HS PDA and the ensuing congestive heart failure (66–68), the reasons why prolonged exposure to HS PDA with the conservative non-intervention approach did not increase mortality/morbidities in our previous studies may be primarily attributable to judicious fluid restriction (20, 30, 38, 54). In order to achieve judicious fluid restriction, restricting the first-day fluid intake to as low as 60 ml/kg/day even in peri-viable EPTs with GA of 23–24 weeks must be accompanied by meticulous neonatal intensive care including better delivery room management with extreme caution of fragile skin care, minimal handling, and high humidification during the first several postnatal days (69, 70). We individualized and adjusted the daily target fluid volume for each EPT after assessment of the volume status by monitoring the urine output and specific gravity, body weight, serum electrolytes, and estimating the insensible water loss (41). Due to the greater and delayed peak of serum creatinine levels during the first few postnatal weeks in EPTs, indicative of low glomerular filtration, we tried to avoid fluid overload by maintaining a low fluid intake (<116 ml/kg/day) during the first 4 postnatal weeks without restricting caloric intake or increasing the incidence of electrolyte and renal dysfunctions (20, 41, 54). In our previous retrospective study in which we applied the same fluid policy, the incidence of hypernatremia (>150 mEq/dL sodium) was 41, 21, and 15% in 23, 24, and ≥25 weeks' gestation infants (71). Taken together, these findings suggest that merely applying conservative management for HS PDA is not sufficient to achieve better clinical outcomes, and meticulous NICU care, including judicious fluid restriction, is a prerequisite for successful clinical translation of the non-intervention approach to manage HS PDA in EPTs.

While Liebowitz and Clyman reported a high incidence of HS PDA (67%) at the first postnatal week in EPTs (mean GA = 26 weeks) with a first-day fluid intake of 166 ml/kg/day, a much lower incidence (57%) was reported in EPTs (mean GA = 25 weeks) with a first-day fluid intake of 67 ml/kg/day in our previous study (21, 54). Moreover, while Semberova et al. reported >30% of infants with birth weights of 750–999 g taking liberal fluid intake were discharged home with open ductus, we observed only <10% of EPTs (GA of 23–26 weeks) with restricted fluid intake of 107–115 ml/kg/day between P7–28 discharged home with open ductus in our previous studies (19, 20, 38, 54). Collectively, these findings suggest that judicious fluid restriction to avoid excessive fluid intake may be essential to reduce the prevalence of HS PDA and promote its earlier closure, thereby reducing the associated mortality/morbidities (66).

Although pro re nata diuretics were more frequently used with the conservative non-intervention approach than with the mandatory closure approach in our previous study (20), their therapeutic efficacy has not been proven in EPTs with immature tubular function (41), and furosemide may even promote continued patency of PDA (72). Inotropic support was used more frequently with the mandatory closure approach than with the conservative non-intervention approach in our previous study (20). High frequency ventilation may be effective for reducing pulmonary blood flow via PDA. Further studies are necessary to further clarify these controversial issues.

As the risk of developing BPD in EPTs with HS PDA increased substantially with concurrent bacterial sepsis (73), the implementation of clinical strategies to reduce nosocomial sepsis including reduced use of invasive procedures and antibiotics may be important for ameliorating the potential adverse effects associated with HS PDA (74, 75).




DISCUSSION

Recent evidences show the feasibility and the efficacy of more conservative approach in the management of PDA compared to mandatory treatment approach, resulting in lower PDA ligation rates and similar neonatal outcomes (4, 7, 30, 38). Accordingly, there was an increasing worldwide trend toward conservative management for HS PDA in preterm infants. The recently published trial suggested that the conservative non-intervention approach with virtually no backup traditional medical/surgical treatments could be indicated even for the most severe cases of HS PDAs regardless of its clinical and echocardiographic severity, and showed that almost all HS PDAs eventually closed spontaneously without increased mortality/morbidities even in the peri-viable EPTs (38). However, just applying conservative nonintervention approach is not enough, and meticulous neonatal intensive care including better delivery room management with extreme caution on skin care, judicious fluid restriction starting from the first day until at least 4 postnatal weeks along with minimal handling and high humidification during first several postnatal days, better infection control strategies to prevent sepsis, and less invasive assisted ventilator strategies including less use of oxygen are essential for the success of the conservative non-intervention approach for HS PDA in EPTs (54, 68, 69, 71, 74). Our findings also support the need for future studies to reexamine and better clarify the pros and cons of the conservative non-intervention approach for HS PDA in EPTs.
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Background: Patent ductus arteriosus (PDA) is a dramatically harmful disease in the neonatal period, in particular common in preterm infants, and our study was to determine related factors of PDA in preterm infants.

Methods: A comprehensive literature review was conducted in PubMed, EMBASE, and Web of Science. The pooled odds ratio and standard mean difference were calculated to compare dichotomous and continuous variables, respectively. In addition, we also assessed the heterogeneity and publication bias and carried out sensitivity analysis for each related factor.

Results: We included 45 studies with 87,419 individuals. After the primary analysis and a series of adjustments, results showed chorioamnionitis, lower gestational age, lower birth weight, bronchopulmonary dysplasia, intraventricular hemorrhage, necrotizing enterocolitis, respiratory distress syndrome, sepsis, surfactant treatment, ventilation, and lower platelet count had a positive correlation with PDA, while small for gestational age decreased the incidence of PDA in preterm infants. Besides, premature rupture of membranes, preeclampsia, antenatal steroids, male gender, mean platelet volume, and platelet distribution width were found to have no statistically significant relationship with PDA.

Conclusion: Preterm infants with more immature characteristics generally have a higher likelihood to develop PDA. The prevention, diagnosis, and management of PDA may depend on these results, and effective measures can be taken accordingly.

Keywords: patent ductus arteriosus, preterm infants, related factors, systematic review, meta-analysis


INTRODUCTION

Ductus arteriosus (DA), an essential component of the circulatory system during fetal life, connecting the main pulmonary artery to the descending aorta, diverts ventricular output away from the lungs and toward the placenta in utero (1, 2). At term, the spontaneous functional closure of DA normally occurs within 24 to 48 h after delivery due to an increase in partial arterial oxygen tension and a decrease in circulating prostaglandins and prostaglandin receptors in the DA's wall. Generated by “hypoxic zone,” the DA will anatomically close within the next 2 to 3 weeks (1–4). Nevertheless, the DA sometimes fails to close, leading to a condition called patent ductus arteriosus (PDA), which affects 57 of every 100,000 full-term neonates (2). Furthermore, failure to close is strikingly more common in preterm infants (5), and it is estimated that approximately 65% of infants <28 weeks still have an unclosed DA by day 7 after birth (6).

Not only does PDA have a rather high morbidity in preterm infants, but also it has a high severity. The hemodynamic consequence of PDA is a left-to-right shunt (5), resulting in a combination of pulmonary overcirculation and reduced organ perfusion (1, 3–5), which will further entail a series of harmful clinical outcomes such as intraventricular hemorrhage (IVH), bronchopulmonary dysplasia (BPD), necrotizing enterocolitis (NEC), feeding intolerance, decreased glomerular filtration rate, and even mortality (1, 4, 5, 7–10). Therefore, PDA is one of the major causes of long hospitalization duration and poor prognosis for preterm infants and has a seriously damaging effect on the growth and development of newborns, on account of which the early diagnosis and management of PDA are definitely essential. Taking the above into consideration, identifying related factors clearly is worthy of more attention because it can provide numerous helpful insights to develop diagnosis, management, and treatment consensuses to prevent PDA for preterm infants.

A growing body of evidence from recent articles has suggested that a few variables have a causal impact on PDA, notwithstanding some of which are still controversial (11–19). Although there have been several meta-analyses endeavoring to address these conflicting disputes, unfortunately, they focus only on certain one related factor of PDA (20–23), while it is a multifactorial disease, and many factors play different roles in the pathophysiological process. Accordingly, there is an increasingly urgent need to summarize a comprehensive conclusion containing multiple related factors at the same time, and the present study aims to resolve the issue and to evaluate as many potential related factors as possible for PDA.



METHODS


Search Strategy

We adhered to the recommendations made by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (24). The study was registered in PROSPERO, number CRD42020171459. PubMed, EMBASE, and Web of Science were systematically searched until March 2020, and only those studies written in English or Chinese were included. The search strategy used in PubMed is shown in Table 1, and similar search strategies were also taken in EMBASE and Web of Science.


Table 1. PubMed search strategy.

[image: Table 1]



Study Selection

We included eligible studies that compared infants with PDA to infants without PDA. Articles were included if they belonged to case-control studies, cohort studies, or retrospective cohort studies. We excluded studies if they enrolled infants with gestational age (GA) ≥37 weeks or/and birth weight (BW) ≥2,500 g. Meanwhile, studies without control group data were excluded, too. Two reviewers (C.L. and X.Z.) independently assessed the titles and abstracts of studies that we found through the search strategies. Then, the full texts were retrieved, and the eligibility according to the inclusion criteria was evaluated. Any disagreement was resolved through a discussion with a third reviewer (Y.S.). The PRISMA flow diagram of the search is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Flow diagram describing the systematic review of related factors of patent ductus arteriosus in preterm infants.




Data Extraction and Quality Assessment

The following information was extracted from each study: name of the first author, publication year, country/region, study type (case-control or cohort, prospective or retrospective), the number of included infants, mean BW and GA of included infants, definition of PDA, the time of PDA assessment after birth, and aim of study, which is illustrated in Supplementary Table 1. Then, we analyzed these related factors that were mentioned in at least three articles, and both adjusted and unadjusted results were compiled and compared if included articles could provide sufficient data.

The Newcastle–Ottawa Scale (25) was applied to observational studies to review the risk of bias. We evaluated included studies by scoring them, with a maximum of nine points, consisting of four points in selection of the study groups, two points in comparability of the groups, and three points in assessment of outcome/exposure. The detailed results are displayed in Supplementary Table 2.



Data Synthesis and Analysis

We combined and analyzed studies using Comprehensive Meta-Analysis v. 3.0 software. The pooled odds ratio (OR) and standard mean difference (SMD) were calculated to compare dichotomous and continuous variables, respectively. The method of Wan et al. was used to estimate the mean and standard deviation when continuous variables were reported as median and range/interquartile range in studies (26). The I2 statistic and P-value of heterogeneity test were used for testing the heterogeneity. Once there was no significant heterogeneity (P > 0.10, I2 < 50%), the fixed-effects model was adopted; otherwise, the random-effects model was applied. We also analyzed publication bias when more than 10 studies were available for one related factor (27). The publication bias was assessed through funnel plot and Egger's test. When P < 0.10 in Egger's test, we considered it had a significant publication bias and used trim-and-fill computation to adjust the result. Sensitivity analysis was performed by removing the articles one by one, then we compared the ORs (SMDs) before and after the removal. When the OR (SMD) changed significantly, we excluded that article in final analysis.




RESULTS


Literature Search

The electronic database search yielded 4,870 articles in total. After removing 2,245 duplicates, we examined 2,625 article titles and abstracts. After independent review by two reviewers, 2,330 studies were deemed not relevant to related factors of PDA in preterm infants. The full-text versions were evaluated for the remaining 295 articles, of which 250 were excluded because of various reasons. Finally, we included 45 studies, and the flow diagram summarizing the study identification and selection is shown in Figure 1.



Characteristics of Included Studies

The baseline characteristics of the 45 studies representing a total of 87,419 preterm infants are shown in Supplementary Table 1. Among the 45 studies, 25 were retrospective studies, 18 were prospective studies, and two had unclear designs. These 45 included studies comprised 34 cohort studies and 11 case-control studies. The sample sizes ranged from 31 to 43,576 participants, with mean GA ranging from 25.7 to 31.1 weeks and mean BW ranging from 761 to 1,852 g. The definitions of PDA in each study varied significantly, from hemodynamically significant PDA to echocardiogram or whether receiving treatment or not. The time of PDA assessment and research aims of each study were also markedly different and the concrete details are listed in Supplementary Table 1.



Quality Assessment

The methodological quality of the enrolled studies was satisfactorily high, with 13 studies scoring 9 of 9 points on the Newcastle–Ottawa Scale, 4 scoring 8, 23 scoring 7, and 5 scoring 6, which is the minimum score of eligibility, and the reasons for downgrade of each study are presented in Supplementary Table 2. However, one article was excluded because it scored only five points in quality assessment process, as described in Figure 1.



Maternal Factors

In the primary analysis, infants whose mothers were diagnosed with chorioamnionitis (CA) were more likely to develop PDA than those whose mothers were not diagnosed with CA [OR = 1.317, 95% confidence interval (CI) = 1.081–1.604; I2 = 41.578%] (Figures 2A,B). We did not find any significant association between PDA and premature rupture of membranes (PROM) (OR = 0.757; 95% CI = 0.568–1.009; I2 = 47.358%) (Figure 2C) and preeclampsia (OR = 0.890; 95% CI = 0.677–1.171; I2 = 72.730%) (Figure 2D). There was also no association between PDA and antenatal steroids according to both pooled unadjusted data (OR = 0.931; 95% CI = 0.822–1.054; I2 = 36.655%) (Figures 2E,F) and adjusted data (OR = 0.727; 95% CI = 0.479–1.102; I2 = 66.286%) (Figure 2G).


[image: Figure 2]
FIGURE 2. Results of maternal factors in primary analysis. (A) Forest plot of association between PDA and chorioamnionitis; (B) funnel plot for publication bias of the association between PDA and chorioamnionitis; (C) forest plot of association between PDA and premature rupture of membranes; (D) forest plot of association between PDA and preeclampsia; (E) forest plot of association between PDA and antenatal steroids (according to unadjusted data); (F) funnel plot for publication bias of the association between PDA and antenatal steroids (according to unadjusted data); (G) forest plot of association between PDA and antenatal steroids (according to adjusted data). PDA, patent ductus arteriosus.




Neonatal Characteristics

We obtained an expected result that infants with lower GA (SMD = −0.698; 95% CI = −0.831 to −0.565; I2 = 93.794 %) (Figures 3A,B) and lower BW (SMD = −0.528; 95% CI = −0.669 to −0.387; I2 = 94.896 %) (Figures 3C,D) developed PDA more easily. The meta-analysis indicated that small for gestational age (SGA) could decrease the incidence of PDA (OR = 0.739; 95% CI = 0.591–0.923; I2 = 85.495%) (Figures 4A,B). Male infants were more likely to develop PDA compared to female infants in the light of the unadjusted data (OR = 1.071; 95% CI = 1.027–1.118; I2 = 26.025%) (Figures 4C,D), but pooled OR after adjustment for confounders showed no significant association between gender of infants and PDA (OR = 0.969; 95% CI = 0.763–1.232; I2 = 0%) (Figure 4E).


[image: Figure 3]
FIGURE 3. Results of neonatal characteristics in primary analysis. (A) Forest plot of association between PDA and gestational age; (B) funnel plot for publication bias of the association between PDA and gestational age; (C) forest plot of association between PDA and birth weight; (D) funnel plot for publication bias of the association between PDA and birth weight. PDA, patent ductus arteriosus.
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FIGURE 4. Results of neonatal characteristics in primary analysis. (A) Forest plot of association between PDA and small for gestational age; (B) funnel plot for publication bias of the association between PDA and small for gestational age; (C) forest plot of association between PDA and male gender (according to unadjusted data); (D) funnel plot for publication bias of the association between PDA and male gender (according to unadjusted data); (E) forest plot of association between PDA and male gender (according to adjusted data). PDA, patent ductus arteriosus.




Complications and Treatment

We found that PDA had a positive association with BPD (OR = 3.066; 95% CI = 2.471–3.804; I2 = 0%) (Figures 5A,B), IVH (OR = 1.774; 95% CI = 1.494–2.108; I2 = 0%) (Figures 5C,D), NEC (OR = 1.939; 95% CI = 1.343–2.801; I2 = 0%) (Figures 5E,F), and sepsis (OR = 1.994; 95% CI = 1.462–2.721; I2 = 54.919%) (Figure 6A). Both unadjusted (OR = 4.518; 95% CI = 3.160–6.460; I2 = 82.053%) (Figures 6B,C) and adjusted (OR = 3.954; 95% CI = 2.394–6.530; I2 = 78.081%) (Figure 6D) pooled data indicated that respiratory distress syndrome (RDS) was a clear risk factor of PDA. PDA was also significantly associated with surfactant treatment (OR = 4.399; 95% CI = 3.248–5.958; I2 = 80.788%) (Figures 7A,B) and ventilation (OR = 3.983; 95% CI = 2.591–6.122; I2 = 89.534%) (Figure 7C).


[image: Figure 5]
FIGURE 5. Results of complications in primary analysis. (A) Forest plot of association between PDA and bronchopulmonary dysplasia; (B) funnel plot for publication bias of the association between PDA and bronchopulmonary dysplasia; (C) forest plot of association between PDA and intraventricular hemorrhage; (D) funnel plot for publication bias of the association between PDA and intraventricular hemorrhage; (E) forest plot of association between PDA and necrotizing enterocolitis; (F) funnel plot for publication bias of the association between PDA and necrotizing enterocolitis. PDA, patent ductus arteriosus.
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FIGURE 6. Results of complications in primary analysis. (A) Forest plot of association between PDA and sepsis; (B) forest plot of association between PDA and respiratory distress syndrome (according to unadjusted data); (C) funnel plot for publication bias of the association between PDA and respiratory distress syndrome; (D) forest plot of association between PDA and respiratory distress syndrome. PDA, patent ductus arteriosus.
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FIGURE 7. Results of treatment in primary analysis. (A) Forest plot of association between PDA and surfactant treatment; (B) funnel plot for publication bias of the association between PDA and surfactant treatment; (C) forest plot of association between PDA and ventilation. PDA, patent ductus arteriosus.




Laboratory Examination

No significant association was discovered between the PDA and mean platelet volume (MPV) (SMD = −0.144; 95% CI = −0.425, 0.136; I2 = 89.011%) (Figure 8A) and platelet distribution width (PDW) (SMD = 0.060; 95% CI = −0.126 to 0.245; I2 = 67.558%) (Figure 8B). Meanwhile, pooled data demonstrated that low platelet count (SMD = −0.190; 95% CI = −0.320 to −0.061; I2 = 58.469%) (Figure 8C) improved the incidence of PDA among preterm infants.


[image: Figure 8]
FIGURE 8. Results of laboratory examination in primary analysis. (A) Forest plot of association between PDA and mean platelet volume; (B) forest plot of association between PDA and platelet distribution width; (C) forest plot of association between patent ductus arteriosus PDA and platelet count. PDA, patent ductus arteriosus.




Sensitivity Analysis and Publication Bias

A sensitivity analysis was performed to evaluate the robustness of the conclusions by omitting each study sequentially and comparing the effects of the eliminations of each study on the pooled ORs or SMDs. We found that the exclusion of Thompson et al. (28) obviously changed the OR and 95% CI value for male gender to 0.951 (0.883–1.024), and the difference in OR and 95% CI value after the removal was statistically substantial. Therefore, we came to a revised conclusion that the gender of preterm infants had no effect on the occurrence of PDA (OR = 0.951; 95% CI = 0.883–1.024; I2 = 0%), and the detailed information is shown in Supplementary Table 4.

For every studied related factor mentioned in at least 10 articles, we not only drew a funnel plot, but also conducted Egger's test to evaluate its publication bias. If P < 0.10 in Egger's test, statistically significant publication bias was determined, and we carried out trim-and-fill computation to adjust the results. The results of the Egger's test suggested that the publication biases of IVH, BW, and GA were statistically significant (P < 0.10). However, the results of trim-and-fill computation showed that the identified biases did not interfere with interpretation of the results. The results of analysis concerning publication bias are recorded in Supplementary Table 5.

P-value in Egger's test of male gender was <0.10 in primary analysis. However, it turned to be non-significant after study exclusion of sensitivity analysis. Hence, we did not conduct trim-and-fill computation for male gender in the end, and we discussed the association between gender and PDA according to the results of sensitivity analysis.




DISCUSSION

It is a well-recognized fact that the incidence of PDA is inversely related to GA and BW of infants (15, 18, 29–34). The study of Koch et al. (35) showed that with each additional week of GA, the probability of spontaneous closure of the DA increased by 1.5 times. As noted above, the functional closure of DA is promoted by the increase of oxygen and the reduction of prostaglandins after birth. Nonetheless, preterm smooth muscle cells are more sensitive to circulating prostaglandins and nitric oxide, and even they can produce an increased amount of nitric oxide after birth (34, 36–39), while preterm DA's sensitivity to oxygen decreases, and preterm infants are often accompanied by hypoxemia (15, 17, 34). Besides, the term DA is more muscular and thicker-walled compared to the preterm DA, which is not sufficiently mature for the spontaneous closure after delivery (31, 38).

Our study confirms the results of prior meta-analysis (21), which supported a positive correlation between CA and PDA in preterm infants. On the one hand, CA is a definite risk factor for preterm birth (40, 41), and on the other hand, some cytokines regarding inflammatory process result in some hemodynamic changes (18, 21, 42). Interestingly, another meta-analysis on the same theme revealed that it was the confounders (differences in GA and BW) that considerably influenced the association between CA and PDA, and even CA played a protective role in the occurrence of PDA by facilitating lung maturation and diminishing the use of surfactant and mechanical ventilation (20, 43). It is a pity that the view cannot be proved in present analysis because we found only two studies showing pertinent data adjusted for confounders.

Although antenatal steroids has been reported to shield preterm infants from PDA (44) with an explanation that steroids appear to not only modify DA's sensitivity to prostaglandins, but also enhance the sensitivity of immature DA to oxygen, affect the synthesis of prostaglandins, and decrease the incidence of neonatal RDS (15, 17, 18), this affiliation was not found in this meta-analysis in accordance with both unadjusted and adjusted data. The following reasons probably can explain the surprising result. First, we did not distinguish infants with full course and partial course of treatment in the data synthesis process. Second, the number of included articles was not sufficient, and some valuable articles might be omitted, especially only three articles presenting adjusted data. Third, none of the included articles took the relationship between PDA and antenatal steroids as the main research purpose, and most of these articles had a retrospective design, which would have an impact on the results of these studies. Besides, Shelton et al. found that among infants born at <26 weeks, antenatal steroids could constrict DA apparently only when prostaglandin production had been eliminated. Although they did not observe the phenomenon among infants born at 26–28 weeks, they speculated that the effects of antenatal steroids might be different depending on the GA of infants (45).

Previous literature has indicated that PROM (46) and preeclampsia (47, 48) are predictors for preterm birth, so it seems quite reasonable that they are also risk factors for PDA. Surprisingly, our results manifest that they unexpectedly play a non-promotive role in the occurrence of PDA. In fact, the seemingly irrational results can still be interpreted by the theory that PROM (49) and preeclampsia (18) can exert maturational effects on pulmonary function, and moreover, mothers complicated by these conditions have a higher possibility to obtain more efficient management and more adequate treatment, which prolongs GA and prevents PDA after birth (50, 51).

Our results are compatible with the findings of Villamor-Martinez et al., who pointed out that infants diagnosed with SGA were characterized by lower risk for PDA in comparison with those in control group. In their meta-analysis, a noteworthy difference in GA owing to fewer “indicated deliveries” in SGA group than in control group was detected, which could account for the negative association between SGA and PDA (23), and Wang et al. also proposed this hypothesis (19). Hammoud et al. reported male gender was a risk factor for PDA (52). However, both pooled unadjusted results after sensitivity analysis and pooled adjusted results in our study show no association between gender and PDA.

We corroborate that infants with PDA are at a greater risk of various neonatal diseases. Left-to-right shunting across the DA results in pulmonary overcirculation and decreased systemic perfusion. “Diastolic steal” through the DA to the lungs reduces the blood supply to other organs, escalating the rate of IVH and NEC (18, 49, 53–58). The mechanism of RDS causing PDA is mainly related to hypoxemia, and pulmonary hyperperfusion resulting from PDA impairs surfactant production in the alveolar cells, which means the relationship between PDA and RDS is complex and bidirectional (15, 18, 23, 49). PDA can promote an interstitial and alveolar pulmonary edema and decreased lung compliance, and in turn, it gives rise to higher ventilator settings and prolonged ventilation duration, which has been implicated in the pathogenesis of BPD (18, 49, 54, 59–63). In recent studies, Clyman et al. found that exposure to PDA increased risk of BPD only when the infants required at least 10 days of intubation, and the incidence of BPD (grades 2 and 3) was low in infants requiring less ventilatory support, regardless of whether PDA constricted or remained open for several weeks (64, 65). The positive correlation between PDA and sepsis can be attributed to elevated prostaglandins in infected infants (18, 49, 66).

Given the tight relationship between PDA and RDS, it can be readily understood that infants with PDA are more likely to receive surfactant and ventilation administration (18, 67). What's more, Nizarali et al. proposed that a significant drop in pulmonary vascular resistance after surfactant administration would cause a larger shunt through DA, indicating that the use of surfactant would aggravate PDA (17).

A number of studies have suggested the compelling relationship between low platelet count and PDA (14, 22, 68–70), and our study further substantiates these results. Echtler et al. identified that platelets were recruited to contract DA within minutes after birth, initiate thrombotic occlusion of DA, and support subsequent anatomical reorganization (68). MPV and PDW are non-significant in predicting PDA in our results despite the statement that they are markers reflecting platelet activity (33, 71).

We conducted an extra analysis focusing only on the included articles in the last 10 years because some of included articles are so outdated that they probably affect the stability of our conclusions as a consequence of the fact that there have been many changes in neonatal intensive care unit such as higher conservative management rates and promotion of advanced prevention and treatment measures of PDA in developing countries. However, the pooled results of articles in the last 10 years were not statistically different from original results for each factor except PROM, and its OR and 95% CI values changed to 0.713 (0.574–0.884), which meant PROM could decrease the risk of PDA. But this change will not contradict our previous explanation, for PROM still plays a non-promotive role in the occurrence of PDA according to the results of included articles in last 10 years.

This meta-analysis has several limitations. First, all the included articles were observational studies, and most of them had a retrospective design, which could arouse inherent bias. Second, there was a significant variability among studies with regard to the definition of PDA, baseline characteristics of neonates, and included confounders. Third, some valuable factors, such as B-type natriuretic peptide level and fluid intake, could not be analyzed in this meta-analysis because of insufficient data. Fourth, most included articles did not make a multivariate regression analysis, so for most factors, we cannot determine their independent effects for PDA.



CONCLUSION

To our best knowledge, this is the first comprehensive meta-analysis taking into account multiple related factors of PDA, and a total of 18 potential related factors were examined. After a series of data analysis, the final results revealed that CA, lower GA, lower BW, BPD, IVH, NEC, RDS, sepsis, surfactant treatment, ventilation, and lower platelet count were positively related to PDA, whereas SGA exerted a converse effect among preterm infants. Additionally, we also found that PROM, preeclampsia, antenatal steroids, male gender, MPV, and PDW had no statistically significant link with PDA. Our findings can be helpful to design prevention strategies and management standards for PDA. Also, future large prospective studies are strongly demanded to validate the accuracy and reliability of the conclusions.
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Background: A meta-analysis published in 2015 showed a significant association between low platelet counts in the first day(s) of life and risk of patent ductus arteriosus (PDA). The meta-analysis pooled data from 11 studies cohorts (3,479 preterm infants).

Objective: To update the meta-analysis by adding new studies on the topic and including other platelet parameters different from platelet counts.

Methods: PubMed/Medline and Embase databases were searched. Random-effects risk ratios (RR) and differences in means (DM) and 95% confidence intervals (CI) were calculated.

Results: We included 31 studies (7,638 infants). Meta-analysis showed that the risk of developing any PDA was significantly associated with platelet counts<150 × 109/L (11 studies, RR 1.58, 95% CI 1.28 to 1.95), and <100 x 109/L (7 studies, RR 1.61, 95% CI 1.14 to 2.28), but not <50 x 109/L (4 studies, RR 1.34, 95% CI 0.77 to 2.32). Risk of developing hemodynamically significant PDA (hsPDA) was significantly associated with platelet counts<150 x 109/L (12 studies, RR 1.33, 95% CI 1.09 to 1.63), and <100 x 109/L (7 studies, RR 1.39, 95% CI 1.06 to 1.82), but not <50 x 109/L (6 studies, RR 1.24, 95% CI 0.86 to 1.79). Infants with hsPDA had significantly lower mean platelet counts (19 studies, DM 22.0 x 109, 95% CI 14.9 to 29.1) and platelet mass (11 studies, DM 214.4, 95% CI 131.2 to 297.5) and significantly higher platelet distribution width (PDW, 9 studies, DM −0.53, 95% CI −1.01 to −0.05) than infants without hsPDA. Meta-analysis could not demonstrate significant differences in mean platelet volume (MPV).

Conclusion: Compared to the previous analysis, this updated meta-analysis included 21 additional studies that provide stronger evidence of the association between low platelet counts and PDA/hsPDA. Other platelet parameters such as platelet mass and PDW are also associated with hsPDA risk. However, the low number of platelets may be an epiphenomenon associated with the maturity and clinical stability of preterm infants rather than a contributing factor in the pathogenesis of PDA.

Keywords: ductus arteriosus, platelets, meta-analysis, platelet distribution width, thrombocytopenia


INTRODUCTION

Failure of ductus arteriosus (DA) closure in preterm infants is a conundrum that neonatologists have faced for decades and whose pathophysiological and clinical implications are far from being solved (1–10). In 2010, Echtler et al. made a significant contribution to the understanding of DA pathobiology when they showed that normal number and function of platelets were key factors for mice DA closure (11). They also reported an association between low platelet counts in the first day of life and risk of developing patent DA (PDA) in a cohort of 123 infants born at 24 to 30 weeks of gestation (11). The publication of these results prompted numerous groups of neonatologists to analyze the potential association between the number of platelets at birth and the presence of PDA in their populations (12–18).

In 2015, we conducted a systematic review and meta-analysis on the topic of platelet counts in the first days of life and PDA (19). The meta-analysis pooled data from 11 study cohorts (3,479 preterm infants) and showed a significant association between PDA and platelet counts<150 × 109/L as well as platelet counts <100 × 109/L. However, the results were largely limited by the low robustness of the association and the high degree of statistical heterogeneity among studies. The evidence was therefore highly susceptible to being modified as more researchers published new data. The objective of the present study was to update our previous meta-analysis. Since our original report, we have located 20 additional studies that we have included in a new meta-analysis. Several studies included information about other platelet factors in addition to platelet counts. These factors have been also included in our updated meta-analysis.



METHODS

The methodology employed in this updated systematic review and meta-analysis is similar to that previously described in our 2015 report (19).


Search

We set up a monthly electronic alert from PubMed for new articles containing the most relevant search terms of our previous meta-analysis (last update June 2020). In addition, a new search was conducted in Pubmed and Embase on April 15, 2020 and we searched the Science Citation Index and Google Scholar for articles citing our previous meta-analysis as well as the articles that were included in it.



Inclusion Criteria and Study Selection

Two investigators (G G-L, and EV) independently evaluated studies for inclusion and any disagreements were resolved by discussion. Studies were included for analysis if satisfying all following criteria: (1) full text was available in English, Spanish, Italian, Dutch, French, German, Portuguese, Galician, or Catalan; (2) a prospective or retrospective cohort study or case-control design was used; (3) primary data were reported in a manner that could be used to measure the association between PDA and platelet counts or other platelet parameters; and (4) the study population was comprised of preterm infants. As in our previous meta-analysis the studies were divided according to the way they considered small ductal shunts (19). Studies comparing closed DA vs. small plus large PDA, were classified as reporting on “any PDA.” Studies comparing closed DA and/or small PDA vs. large PDA, were classified as reporting on “hemodynamically significant PDA” (hsPDA).



Data Extraction and Assessment of Study Quality

Two investigators (GG-L, EV) independently extracted data on study design, demographics, rate of PDA and/or hsPDA, platelet counts, and other quantitative or qualitative platelet factors. A second group of investigators (SC, GC) checked the data extraction for completeness and accuracy. In cases in which necessary data were missing from the studies, additional information was requested from the authors. Methodological quality was assessed using the Newcastle-Ottawa Scale (NOS) for cohort or case-control studies (20).



Statistical Analysis

Studies were combined and analyzed using COMPREHENSIVE META-ANALYSIS V 3.0 software (Biostat Inc., Englewood, NJ, USA). For dichotomous outcomes, the risk ratio (RR) with 95% confidence interval (CI) was calculated from the data provided in the studies. For continuous outcomes, the difference in means (DM) with 95% CI was calculated. When studies reported continuous variables as median and range or interquartile range, we requested the mean and standard deviation from the authors or, alternatively, we estimated them using the method of Wan et al. (21). 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. To identify any study that may have exerted a disproportionate influence on the summary effect, we deleted studies one at a time. Heterogeneity was assessed with the Q statistic and quantified using the I2 statistic. Publication bias was assessed only for the analyses including at least 10 studies. We used the Egger's regression test and visual analysis of funnel plots to assess publication bias. Meta-regression, using random effects (method of moments estimator), was performed to explore the following sources of heterogeneity in the association between platelet counts and PDA/hSPDA: cohort mean or median gestational age (GA) and birth weight (BW), percent males, rate of PDA/hsPDA, thrombocytopenia rate, and number of infants included in the study. Meta-regression was performed only for the analyses including at least 10 studies. A probability value of <0.05 (0.10 for heterogeneity) was considered statistically significant.




RESULTS


Included Studies

The new search identified 20 articles (22–41) that were added to the 11 already included in our previous meta-analysis (19). The PRISMA flow diagram of the search process is shown in Supplementary Figure 1. The 31 studies yielded a population of 7,638 preterm infants. The main characteristics of the studies are shown in Table 1. All the studies were cohort studies and only one (43) was prospective. Each study was allocated more than six NOS stars (Supplementary Table 1). The criteria used in each study for the definition of PDA and/or hsPDA are shown in Supplementary Table 2. From the included studies, 13 (11, 14–16, 19, 23, 32, 34, 37–39, 42, 43) reported on any PDA; that is, infants with a small PDA were included by the authors in the PDA group. Twenty-four studies (11–13, 16–19, 22–36, 41) compared infants with and without hsPDA; that is, infants with a small PDA were included by the authors in the non-PDA group. Six studies (11, 16, 19, 23, 32, 34) provided data on closed DA, small PDA and hsPDA. We included these studies in both analyses of any PDA and hsPDA. Twelve studies (22–27, 29–31, 35, 40, 41) reported data on mean platelet volume (MPV). Eleven studies (22–26, 29, 30, 35, 40, 41) reported data on platelet mass, and four studies (22, 26, 30, 41) reported data on plateletcrit. Since the plateletcrit is calculated with the formula platelet count (104/μl) × MPV (fL) × 10−3 (44) and the platelet mass is calculated with the formula platelet count (109/L) × MPV (fL) (45), plateletcrit values were converted into platelet mass values by multiplying by 104. Nine studies (22, 23, 25–27, 30, 35, 40, 41) reported data on platelet distribution width (PDW).


Table 1. Characteristics of the studies included in the meta-analysis.

[image: Table 1]



Meta-Analysis
 
Any PDA

Data on rate of any PDA in infants with platelet counts above or below 150 × 109/L were available from 11 studies (11, 14–16, 19, 32, 34, 37–39, 42). There was a significant positive association between any PDA and platelet counts below 150 × 109/L (Figure 1A). The results of sensitivity analyses, excluding one study at a time, for this and all other analyses are shown in Supplementary Table 3. Neither visual inspection of the funnel plot (Supplementary Figure 2A) nor Egger's regression test (P = 0.066) revealed evidence of significant publication bias.


[image: Figure 1]
FIGURE 1. Forest plot for studies examining the association between platelet counts below (A) 150 × 109/L, (B) 100 × 109/L, and (C) 50 × 109/L in the first day(s) of life on patent ductus arteriosus (PDA). Risk ratio >1 indicates increased risk of PDA.


Data on rate of PDA in infants with platelet counts above or below 100 × 109/L were available from seven studies (14–16, 19, 32, 39, 43). There was a significant positive association between any PDA and platelet counts below 100 × 109/L (Figure 1B). Data on rate of any PDA in infants with platelet counts above or below 50 × 109/L were available from four studies (15, 16, 19, 39). Meta-analysis could not detect a significant association between any PDA and platelet counts below 50 × 109/L (Figure 1C). Mean (SD) platelet counts in infants with and without any PDA were available from four studies (14, 15, 19, 23). Meta-analysis could not demonstrate a significant difference in mean platelet counts between the two groups (Figure 2A).


[image: Figure 2]
FIGURE 2. Forest plot for studies examining the difference (PDA-no minus PDA-yes) in mean platelet count (×109/L) in the first day(s) of life in infants with and without any patent ductus arteriosus (PDA, A) and with and without hemodynamically significant patent ductus arteriosus (hsPDA, B).




Hemodynamically Significant PDA

Data on rate of hsPDA in infants with platelet counts above or below 150 × 109/L were available from 12 studies (11–13, 16, 18, 19, 25, 28, 32–35). There was a significant positive association between hsPDA and platelet counts below 150 x 109/L (Figure 3A). Neither visual inspection of the funnel plot (Supplementary Figure 2B) nor Egger's regression test (P = 0.130) revealed evidence of significant publication bias.


[image: Figure 3]
FIGURE 3. Forest plot for studies examining the association between platelet counts (A) below 150 × 109/L, (B) below 100 × 109/L, and (C) below 50 × 109/L in the first day(s) of life on hemodynamically significant patent ductus arteriosus (hsPDA). Risk ratio >1 indicates increased risk of hsPDA.


Data on rate of hsPDA in infants with platelet counts above or below 100 × 109/L were available from seven studies (12, 13, 16, 18, 19, 28, 32). There was a significant positive association between any PDA and platelet counts below 100 x 109/L (Figure 3B). Data on rate of hsPDA in infants with platelet counts above or below 50 × 109/L were available from six studies (16, 18, 19, 25, 28, 36). Meta-analysis could not detect a significant association between any PDA and platelet counts below 50 × 109/L (Figure 3C).

Mean (SD) platelet counts in infants with and without hsPDA were available from 19 studies (12, 13, 17–19, 22–31, 33, 35, 40, 41). Platelet counts were significantly higher in the group without hsPDA (Figure 2B). Neither visual inspection of the funnel plot (Supplementary Figure 2C) nor Egger's regression test (P = 0.941) revealed evidence of significant publication bias.

Data on mean MPV in infants with and without any hsPDA were available from 12 studies (22–27, 29–31, 35, 40). Meta-analysis could not demonstrate a significant difference in MPV mean between the two groups (Figure 4A). Neither visual inspection of the funnel plot (Supplementary Figure 2D) nor Egger's regression test (P = 0.678) revealed evidence of significant publication bias.
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FIGURE 4. Forest plot for studies examining the difference (PDA-no minus PDA-yes) in (A) mean platelet volume (MPV), (B) platelet mass, and (C) platelet distribution width (PDW) in the first day(s) of life in infants with and without hemodynamically significant PDA (hsPDA).


Data on mean platelet mass in infants with and without any hsPDA were available from 11 studies (22–27, 29, 30, 35, 40, 41). Platelet mass was significantly higher in the group without hsPDA (Figure 4B). Neither visual inspection of the funnel plot (Supplementary Figure 2E) nor Egger's regression test (P = 0.212) revealed evidence of significant publication bias. Data on mean PDW in infants with and without any hsPDA were available from nine studies (22, 23, 25–27, 30, 35, 40, 41). Mean PDW was significantly lower in the hsPDA group (Figure 4C).




Meta-Regression Analyses

Potential sources of heterogeneity were assessed through random effects (method of moments) meta-regression analysis (46). Meta-regression was conducted only for the meta-analyses including 10 or more studies. The results of the meta-regression analyses are summarized in Supplementary Table 4. Meta-regression showed that the mean (or median) GA and BW of the cohort significantly correlated with the effect size of the association between any PDA and platelet counts <150 × 109/L (Supplementary Table 4 and Figure 2). The GA of the cohort was associated with 22% (R2 analog = 0.22) of the variance in the association between any PDA and platelet counts <150 × 109/L across studies. Each week that the GA of the cohort increased resulted in an increase in PDA log RR of 0.16 (the equivalent of going from a RR of 1.00 to a RR of 1.45). Similarly, the BW of the cohort was associated with 15% (R2 analog = 0.15) of the variance in the association between any PDA and platelet counts <150 × 109/L across studies. Each increment of 100 g in the BW of the cohort resulted in an increase in PDA log RR of 0.11 (the equivalent of going from a RR of 1.00 to a RR of 1.29).

Meta-regression also showed that the rate of hsPDA of the cohort significantly correlated with the effect size of the association between any hsPDA and platelet counts <150 × 109/L (Supplementary Table 4 and Figure 2). The hsPDA rate of the cohort was associated with 17% (R2 analog = 0.17) of the variance in the association between hsPDA and platelet counts <150 × 109/L across studies. Each 10% decrease in hsPDA rate resulted in an increase in hsPDA log RR of 0.12 (the equivalent of going from a RR of 1.00 to a RR of 1.32).




DISCUSSION

This updated meta-analysis included 21 additional studies and doubled the number of infants, providing stronger evidence of the association between low platelet counts in the first day(s) of life and the risk of developing PDA or hsPDA. Besides low platelet counts, other platelet parameters such as platelet mass and PDW showed a significant association with hsPDA risk. Although the meta-analysis has gained in robustness with the increase in the number of studies and the inclusion of other platelet parameters, our results are still limited by the marked clinical and statistical heterogeneity among the different studies. In addition, the question that remains unanswered is to what extent the low number of platelets is an epiphenomenon associated with the maturity and clinical stability of preterm infants rather than a contributing factor in the pathogenesis of PDA (15).

As already discussed in the previous version of the meta-analysis, one of the main limitations for the study of the association between thrombocytopenia and PDA is the absence of uniform criteria to establish when these two entities have a clinical relevance (19). It has been argued that the definition of thrombocytopenia based on thresholds of 150 or even 100 × 109/L platelets is not clinically relevant for very preterm newborns (47, 48). In addition, neonatal thrombocytopenia and PDA share some potential etiopathogenic factors and this may confound the study of their potential association. The most frequent etiology of thrombocytopenia developing within the first days of life is intrauterine growth restriction (IUGR) and/or maternal hypertension (49, 50). This form of thrombocytopenia is rarely severe and platelet counts return to normal spontaneously in a short period of time (49, 50). The possible association between IUGR and PDA is controversial with studies reporting either a higher or lower risk of PDA in preterm infants with a history of IUGR (51). We analyzed this association in a recent meta-analysis (51). We observed a negative association between PDA and antenatal growth restriction (51). However, this association was only present in the meta-analysis pooling the studies that defined growth restriction as small for gestational age. The cohorts in which fetal growth assessment was conducted did not show a significant association with the risk of developing PDA (51). Therefore, the current evidence does not suggest that IUGR increases the incidence of PDA. Another pathological condition associated with both early-onset thrombocytopenia and PDA is perinatal infection (49, 50). Although individual studies and meta-analyses have shown an association between chorioamnionitis and PDA risk (52–54), this association was significantly biased by the lower GA of the group of infants exposed to chorioamnionitis (53). Nevertheless, neonatal sepsis is widely considered to be a major factor in the pathway leading from PDA to hsPDA (55).

Another important limitation of the previous (19) and present meta-analysis is the significant statistical heterogeneity observed in most of the analyses. We performed meta-regression analysis in order to investigate potential sources of heterogeneity. Meta-regression data suggest that the association between any PDA and platelet counts below 150 × 109/L correlated with the GA and BW of each cohort. That is, those studies that included children with higher GA and BW showed a stronger association between thrombocytopenia and PDA. However, this finding could not be confirmed in the other meta-regression analyses that we performed. The incidence of both PDA and hsPDA was highly variable across the different studies (see Table 1). This variability is probably a consequence of the lack of consensus on clinical or sonographic criteria to consider a ductal shunt as significant (1–10). Meta-regression showed that the association between hsPDA and low platelet counts (<150 × 109/L) was stronger in the studies with a lower rate of hsPDA. Nevertheless, our meta-regression results should be interpreted with caution. The minimum number of studies recommended to perform a meta-regression analysis is 10 (46). Our analyses were conducted in most cases with 10–11 studies but a higher number would have been necessary to obtain more reliable results.

Several investigators proposed that it is not the number of platelets but other quantitative or qualitative platelet parameters that are associated with a greater risk of developing PDA. Since large platelets are more reactive than small platelets, an elevated platelet size (i.e., a high MPV) is considered a marker of platelet activation (56, 57). Elevated MPV has been associated with cardiovascular disease in adults (58) and several studies have analyzed the association between MPV and complications of prematurity such as bronchopulmonary dysplasia, sepsis, intraventricular hemorrhage, retinopathy of prematurity, or PDA (59–63). Nevertheless, our meta-analysis could not demonstrate an association between MPV and hsPDA (Figure 4). In contrast, the platelet mass was significantly lower in the group of infants with hsPDA. The platelet mass and the plateletcrit are calculations obtained by multiplying the MPV by the platelet count (44, 45). For example, a platelet count of 100 × 109/L and a MPV of 10 fL would equate to a platelet mass of 1,000 (45). Since in the mathematical formula the platelet count has a factor of hundreds while the MPV has a factor of tens, the former will have a weight 10 times greater than the latter in the final value of the platelet mass. Therefore, our findings regarding the association of platelet mass with hsPDA may be only a repetition of the findings on the association of platelet counts and risk of hsPDA.

As mentioned above, large platelets are considered to be metabolically and enzymatically more active than small platelets. PDW reflects the variability in the platelet size and its increase is considered as a sign of platelet activation (56, 57). According to the hypothesis of the role of platelets in DA closure, a higher degree of platelet activation, and therefore a higher PDW, would be expected in the infants without PDA. However, our meta-analysis shows that infants with hsPDA have higher PDW values than infants without the condition. The heterogeneity of this meta-analysis was very high and the included studies showed either increased or reduced PDW in the hsPDA group. In addition, high PDW and MPV have been proposed as useful markers to distinguish thrombocytopenia associated with sepsis from other etiologies (56). Thus again, the etiology of thrombocytopenia (i.e., sepsis vs. IUGR) may be the factor leading to the differences in results of the studies addressing the association between platelet parameters and PDA.

The hypothesis that the important risk factor for PDA is altered platelet function, not decreased platelet number, has also been investigated. Unfortunately, the low number of studies that included information on this topic did not allow us to pool them in a meta-analysis. Immature platelets may have different functional features when compared to mature platelets (64). Sallmon et al. investigated the immature platelet fraction in a cohort of infants with and without hsPDA (64). Although higher immature platelet fraction values were associated with hsPDA, logistic regression analysis revealed that only mature platelet counts on postnatal day 7 were independently associated with the condition (64). Ghirardello et al. investigated thromboelastographic, a technique for bedside hemostatic assessment, in preterm infants with and without hsPDA (28). They could not demonstrate significant differences in thromboelastographic profile in children having hsPDA, or in those who failed pharmacological treatment, compared to their respective controls (28). Engur et al. (27) and Ahmed et al. (23) reported significant lower levels of platelet derived growth factor in the first days of life in preterm infants developing hsPDA. Finally, Kahvecioglou et al. reported that a higher collagen-ADP duration was an independent risk factor for hsPDA. All these findings need to be confirmed in future studies.

It is still unclear which long-term benefits or harms are achieved by treating a PDA (1–9). The attitude of neonatologists toward PDA has progressively changed in the last years from advocating widespread treatment to close the PDA to a call for watchful observation (1–9). Although our meta-analysis focused on the effect of thrombocytopenia on “spontaneous” DA closure, we must take into account that rate of PDA closure may have been affected by the variations in the management of PDA among centers (8, 9). In a recent meta-analysis, Mitra et al. reported that low platelet counts were associated with higher odds of failure to PDA treatment with ibuprofen or indomethacin (65). Therefore, taking together the results of the meta-analysis of Mitra et al. and the present one, the evidence points to an association between low platelet counts and the presence of PDA as well as the lack of response to pharmacological treatment. Nevertheless, association does not mean causation.

Besides the observational studies on the association between platelet counts and PDA, the potential effect of platelet transfusion on DA closure has been investigated in two randomized controlled trials (RCTs). Andrew et al. compared two platelet count thresholds for prophylactic platelet transfusion (150 × 109/L vs. 50 × 109/L) (66). The incidence of either the primary outcome, intraventricular hemorrhage, or PDA, which was one of the secondary outcomes, was not significantly different between the two thresholds. (66). Very recently, Kumar et al. conducted a RCT with PDA as primary outcome and prophylactic transfusion thresholds of 100 × 109/L vs. 20 × 109/L platelets (67). This RCT could not demonstrate any positive effect of the higher threshold on DA closure. Interestingly, the group of infants in the higher threshold had a higher incidence of intraventricular hemorrhage (67). As reviewed by Fustolo-Gunnink et al., results from several studies suggest that platelet transfusions do not reduce bleeding risk of preterm infants, and even might increase it (68). Moreover, a recent RCT, which included 660 preterm infants (GA < 34 weeks), reported a risk reduction of major bleeding and/or mortality in neonates assigned to a prophylactic platelet transfusion threshold of 25 × 109/L vs. a threshold of 50 × 109/L. These results have led to a revision of the criteria and guidelines for platelet transfusion in very preterm infants to be more restrictive (68–70). Altogether, the current evidence suggests that increasing platelet counts by transfusion to hypothetically accelerate DA closure may generate more harm than benefit.

In conclusion, the present updated meta-analysis provides stronger evidence of the association between low platelet counts in the first day(s) of life and risk of developing PDA and hsPDA. Identifying simple markers of platelet function may improve our diagnostic and therapeutic decisions in dealing with PDA or other neonatal conditions. However, due to the complexities involved with the pathogenesis of both neonatal thrombocytopenia and PDA, it is impossible to establish a cause-and-effect relationship between the two conditions. In fact, studies that have attempted to correct the thrombocytopenia through platelet transfusions have not only failed to alter the incidence of PDA, but also have even led to increased morbidity (67).
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Background: Patent ductus arteriosus (PDA) causing significant left to right shunt can increase key morbidities in preterm infants. Yet, treatment does not improve outcomes and spontaneous closure is the natural course of PDA. The Impact of PDA on 23–26-week gestation infants is uncertain. Selective treatment of such infants would likely balance outcomes.

Objective: To test the hypothesis that treatment of PDA in high-risk VLBW infants [birth weight ≤800 g or gestation <27 weeks, hemodynamically significant, ductal diameter (DD, ≥1.6 mm), and mechanical ventilation] and expectant management in low-risk infants will reduce the need for treatment and surgical ligation, without altering short term morbidities.

Methods: This prospective observational study was initiated subsequent to the introduction of a new treatment protocol in 2016. The 12-months before and after protocol introduction were, respectively, defined as standard and early selective treatment periods. In the early selective treatment cohort, PDA was treated with indomethacin, maximum of two courses, 1 week apart. Surgical ligation was considered after 30 days of age if indicated (DD ≥2 mm, mechanical ventilation). Primary outcomes were need for treatment and rate of ligation. Protocol compliance and secondary outcomes were documented.

Results: 415 infants were studied, 202 and 213 in the standard treatment and early selective treatment cohorts, respectively. Numbers treated (per protocol) in the standard treatment and early selective treatment cohorts were 27.7 and 19.3% (56/202 and 41/213) (p = 0.049), and the respective ligation rates were 7.54 and 2.96% (P = 0.045). Secondary outcomes were comparable.

Conclusion: The early selective treatment protocol reduced the rates of treatment and surgical ligation of PDA, without altering key morbidities. Further studies under a randomized control trial setting is warranted.

Keywords: PDA, VLBW, prematurity, ductal diameter, Indomethacin


INTRODUCTION

Patent ductus arteriosus (PDA) is a congenital cardiac condition found in 31% of very low birth weight (VLBW) infants (1). Opinion among neonatologists on how to approach the condition is divided, with treatment strategies lacking consensus (2). PDA acts as a shunt by diverting blood from systemic circulation to pulmonary circulation in preterm infants. This ductal steal phenomenon leads to complex circulatory consequences in pulmonary and systemic circulation. These hemodynamic instabilities have been postulated to cause morbidities in preterm infants in several studies (3, 4). Contrary to the expectations, closure of PDA has failed to improve key morbidities in VLBW infants as a whole, and both medical and surgical treatments have been associated with adverse effects (5). On the other hand, even if left untreated, there is usually spontaneous closure, especially in infants of higher gestational ages (6, 7). However, the impact of hemodynamically significant PDA on very high risk infants from 23 to 26 weeks of gestation could be significant due to morbidities like massive pulmonary hemorrhage and intraventricular hemorrhage (8). Current trends in PDA management indicate diminishing rates of aggressive treatment in VLBW infants with selective and delayed treatment of the condition being advocated (9), but this approach has not been methodically tested. The aim of this prospective cohort study with historical control was to evaluate the benefits and disadvantages of selectively treating high-risk infants with a significant PDA. PDA was tolerated in low-risk infants, allowing spontaneous closure, unless the infant demonstrated evidence of early organ failure such as congestive heart failure secondary to the PDA or a rising creatinine level, indicative of early kidney injury.



MATERIALS AND METHODS

This study was approved by the SingHealth Centralized Institutional Review Board (2019/CIRB 2693). All procedures performed in this study involving human participants were in accordance with the ethical standards of the institutional and national research committees and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. Informed consent was waived for all parents. This was a prospective case control study with a historical control conducted in a level III C neonatal unit of a teaching hospital. All VLBW infants born between 1 April 2016 and 31 March 2017 were included in the early selective treatment cohort. All VLBW infants born between 1 April 2015 and 31 March 2016 were included in the historical standard treatment cohort.


Management of PDA in Early Selective Treatment Period: Protocol Design

A consensus protocol for PDA management was prepared based on published literature, including a review article published by our department (6) with our own patient outcomes. The protocol defined screening, diagnosis, treatment, discharge and follow-up procedures for infants with a PDA (Figure 1).


[image: Figure 1]
FIGURE 1. Algorithm for management of PDA in infants with birth weight ≤800 g/ <27 weeks gestation. Rx, Treatment; CI, Contraindication; CPAP, Continuous positive airway pressure; PDA, Patent ductus arteriosus; NIMV, Nasal intermittent mandatory ventilation; CCF, Congestive cardiac failure.




Diagnosis

All high-risk infants (high-risk group) with birth weight ≤800 g and or ≤27 weeks gestational age (GA) at birth, on mechanical ventilation and with significant clinical symptoms or signs of PDA underwent echocardiogram examination (echo) at 12–24 h of age. Significant clinical symptoms or signs were defined as follows: a grade ≥2 systolic murmur, an active precordium, hypotension, wide pulse pressure or metabolic acidosis deemed to be secondary to PDA. VLBW infants who fell outside the high-risk category (low-risk group) had an echocardiogram after 72 h of age if they were on intubated respiratory support with significant clinical symptoms or signs. For treatment purposes, a PDA was defined as significant if the infant fell into the high-risk group, required mechanical ventilation, had clinical symptoms or signs, and had a ductal diameter of ≥1.6 mm on echocardiogram.



Management of PDA in the Early Selective Treatment Period

All the infants in high-risk group with a significant PDA were treated after 24 h of age. The main objective of the treatment was to reduce complications like pulmonary hemorrhage and intraventricular hemorrhage, apart from PDA closure. All other infants who did not belong to a high-risk group (>27 w and or >800 g) but met the criteria for significant PDA were treated at or after 14 days of life (infants between 800 and 1,000 g were considered for earlier echo and treatment at the discretion of the physician if there were significant concerns). In low-risk infants, PDA treatment was delayed to allow for spontaneous closure. VLBW infants on non-invasive breathing support were not treated unless they were showing early evidence of organ dysfunction such as congestive cardiac failure or renal impairment.

All infants with birth weight ≤1 kg, who required treatment for PDA received intravenous (IV) indomethacin. Infants with birth weight ≥1 kg were treated with oral Ibuprofen if the infant was tolerating >50% oral feeds. IV Indomethacin was preferred over IV ibuprofen because of lower cost and fewer GI complications (local experience). A maximum of two courses of indomethacin was used. All infants with a significant PDA were also treated with conservative measures, i.e., fluid restriction, for a duration at the discretion of treating physicians ( ≤130 ml/kg/day in a ≥5 days old infant). A follow-up echocardiogram was performed 72 h after completion of an Indomethacin course or on Day 7 of life, whichever was later. All high risk infants with a significant PDA and duct diameter >2 mm, despite two courses of indomethacin, were considered for surgical ligation if they required mechanical ventilation support by day 28 of life. PDA ligation was not recommended if an infant had been extubated to CPAP/NIMV. Infants whose PDA remained open underwent an echocardiogram at discharge and at 3–6 months intervals following discharge.



IVH Prophylaxis and PDA Management

In accordance with the protocol implemented in April 2016, all infants born at gestational ages of ≤28 weeks or weights <1,000 g whose mothers had not received a full course of antenatal corticosteroid were given prophylactic indomethacin to prevent IVH (Figure 2, 0.1 mg/kg/day 24 h × 3 doses), with the first dose administered within 6 h of giving birth. A follow-up echocardiogram was performed 72 h following completion of treatment. If the PDA criteria for treatment were met, high-risk infants were eligible to receive one additional course of indomethacin, at least after first week of life.


[image: Figure 2]
FIGURE 2. Flow diagram of study cohort representing the number of VLBW infants diagnosed with PDA, received treatment, and underwent PDA ligation in subgroups <800 g/<27w and >800 g/>27w infants in control and intervention periods, April 2015 to March 2016 and April 2016 to March 2017, respectively. LW, Labor ward; VLBW, Very low birth weight; PDA, Patent ductus arteriosus. *Excluding five infants treated out of protocol.




Management of PDA in the Standard Treatment Period

Treatment decisions were made on a case by case basis by individual consultants, and in doubtful cases the opinion of a senior consultant was sought before initiating treatment. Most consultants considered aggressive and early treatment in the presence of a hemodynamically significant PDA. The review manuscript (6) published by the specialists from the department prior to the introduction of the new protocol may have influenced treatment decisions. All infants with birth weight ≤1 kg, who required treatment for PDA were given intravenous (IV) indomethacin. Indomethacin doses were administered at 24 h intervals and dose varied with postnatal age of the baby. A dose schedule of 0.2, 0.1, and 0.1 mg/kg/dose was used in infants ≤48 h of age. In infants with age ≤7 days of age, a dose schedule of 0.2, 0.2, 0.2 mg/kg/dose were used. When infants were ≥7 days of age, a dose schedule of 0.2, 0.25, 0.25 mg/kg/dose were used. Infants with a birth weight ≥1 kg were treated with oral Ibuprofen if on >50% oral feeds. Three doses, at 24 h intervals were used for a course. Initial stat dose of 10 mg/kg/dose was followed by two 5 mg/kg doses.



Data Collection

Data was collected from a prospectively maintained VLBW electronic data base, which forms part of the Vermont oxford (VON) and Australia New Zealand (ANZNN) network databases, to which our department contributes. Data collected included antenatal characteristics of the mother, delivery details, and key infant characteristics such as gestational age, key morbidities and mortality. Detailed data on PDA diagnosis, treatment and outcome of treatment were also recorded. Details of the COX-inhibitor agents used for treatment were captured for both the early selective treatment and the standard treatment cohort. Compliance data for high risk infants in the early selective treatment cohort was captured. Stratified birth weight and gestational age data were recorded for primary outcomes.



Statistical Analysis

Data were analyzed using SAS 9.1 (SAS Institute, Cary, NC). For continuous variables, results are expressed as mean ± SD, and categorical variables were summarized as counts and percentages. Outcomes before and after instituting the protocol were compared using t-tests for continuous variables and Fisher's exact test for categorical variables. We adjusted for potential confounding covariates on the effect of our protocol on rate of treatment and ligation using a multivariable logistic regression model. In the stepwise algorithm used to select predictors, all non-significant predicators (p ≥ 0.20) were excluded from the final model. Unless otherwise stated, statistical significance was set at p <0.05.




RESULTS

Four hundred and fifteen VLBW infants were studied with 213 and 202 in the intervention and standard treatment cohorts, respectively. The flow diagram of subject recruitment of all 415 infants is shown in the Figure 3. Maternal and infant characteristics of early selective and standard treatment cohorts are summarized in Table 1. Comparison of primary, secondary outcomes and morbidities of the early selective treatment and standard treatment cohorts are summarized in Table 2. Stratified post-conceptional age and birth weight comparisons of treatment rates are summarized in Table 3. Detailed birth weight and post-conceptional age-based ligation rates, age at treatment, and ligation comparisons are summarized in Supplementary Tables 1–7 which are provided as Supplementary Material. Infants who received indomethacin IVH prophylaxis and subsequent PDA treatment are included in the PDA early selective treatment cohort. The percentages of infants diagnosed with a PDA was 33.3% (71/213) in the early selective treatment cohort and 36.1% (73/202) in the standard treatment group (p = 0.606). Indomethacin was used as the sole cox inhibitor agent in the treatment of PDA in 82.2% (37/45) of treated early selective treatment cohort and 76.8% (43/56) of treated standard treatment cohort infants, respectively (p = 0.624). Ibuprofen was used as the sole cox inhibitor agent in 11.1% (5/45) and 12.5% (7/56) of treated early selective treatment cohort and standard treatment cohort infants, respectively (p = 1.000).Three of 45 infants in the early selective treatment cohort and six of 56 infants in the standard treatment cohort received more than one COX-inhibitor agents (viz., Indomethacin, Ibuprofen or Paracetamol) (p = 0.513).
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FIGURE 3. Management of PDA infants who received IVH prophylaxis. PDA, Patent ductus arteriosus; ELBW, Extreme low birth weight; IV, Intravenous.



Table 1. Maternal and infant characteristics.
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Table 2. Comparison of primary, secondary outcomes and morbidities.
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Table 3. Post conceptional age and birth weight based comparison for rate of treatment.
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Compliance data for high-risk infants in the early selective treatment cohort (37/45) was analyzed. There were 65 high-risk infants in the early selective treatment cohort with 31 having an echocardiogram examination at ≤24 h of age. Forty of high risk infants met the criteria for PDA treatment of which 32(80%) received treatment for PDA closure. The number of high-risk infants who received PDA closure treatment in the early selective treatment (32/65) and standard treatment (32/65) groups were identical at 49.2%. The percentage of low- risk infants who received PDA closure treatment was 9.4% (14/148) in the selective early treatment group and 17.5% (24/137) (p = 0.055) in the standard treatment group, respectively.

Comparison of the standard treatment cohort to the standard treatment cohort revealed no significant differences in gender, gestational age, birth weight, Apgar scores and mode of delivery, antenatal steroid use and ethnicity. Mortality, excluding labor room death, was 11.7% (25/213) and 9.9% (20/202) (p = 0.636) in the early selective treatment and standard treatment cohort, respectively. Mortality in treated infants was 11/41 and 4/56 in the treated and standard treatment cohorts, respectively. Causes of death in the early selective treatment group were CLD (6/11), sepsis (4/11) and pulmonary hemorrhage (1/11), and in the standard treatment group causes of death were sepsis (2/4), NEC (1/4) and CLD (1/4).

A significant reduction was observed in the number of infants requiring PDA ligation in the early selective treatment cohort compared with the standard treatment cohort, i.e., 2.9% (6/213) vs. 7.5% (15/202) (p = 0.042). One infant underwent ligation after discharge. The number of infants requiring PDA treatment was lower in the early selective treatment cohort [56/202 (21.6%)] than in the standard treatment cohort [46/213 (27.7%)], but the difference was not statistically significant (p = 0.171). Five infants received treatment outside the protocol in the early selective treatment cohort. Median (IQR) weight for infants treated outside the protocol was 1,230 g (1,018, 1,360) and gestational age 29 w + 4 d (27 w + 5 d, 30 w + 6 d). All infants were on CPAP support. After five infants were deducted from the early selective treatment group, the treatment rate was decreased to 19.3% (41/213) compared to the standard treatment 21.6% (56/202) (p = 0.049). The indication was borderline in another four infants for which median birth weight and gestational age were 1,290 g (950, 1,476) and 28 w + 4 d (26 w + 5 d, 30 w + 3 d), respectively. None of the latter four infants showed evidence of congestive heart failure or rising creatinine, and three were on CPAP support. There was no difference in treatment outcomes when the high-risk group was defined as ≤26 or 28 weeks. The treatment rate difference was more pronounced in low-risk infants (26/146 vs. 12/156 p = 0.009 in ≤26 weeks infants and 9/100 vs. 2/144 p = 0.008, ≤28 weeks in standard treatment and early selective treatment group, respectively). Similar outcomes were observed when the high-risk group was defined as ≤800 or 1,000 g. The median (IQR) time from birth to treatment of PDA was 67 (43, 157) and 83.5 (32.5, 288.5) (p = 0.804) hrs in the respective standard and early selective treatment groups. The median (IQR) postnatal age in days for PDA ligation was 36 (27, 48) and 40.5 (36, 62) (p = 0.352) for standard treatment and early selective treatment groups, respectively. A statistically significant difference in ligation rate was found between standard treatment and early selective treatment groups in ≤25 weeks/ ≤800 g infants.

Major morbidity rates, including solitary intestinal perforation (SIP) and intraventricular hemorrhage, did not differ significantly between the early selective treatment and standard treatment groups.11 (5.2%) infants in the early selective treatment cohort and 4 (1.88%) infants in the standard treatment cohort who received PDA treatment also received IVH prophylaxis (p = 0.114). 16/65 and 11/65 infants (p = 0.387), respectively, in the high-risk infants of earl and standard treatment cohorts received IVH prophylaxis. The incidence of pulmonary hemorrhage was comparable between groups (7 vs. 4; p = 0.545). Incidence of chronic lung disease (requiring supplemental Oxygen or any form of respiratory support at 36 weeks) was 29.9% (58/194) in the early selective treatment group and 25.4% (47/185) in the standard treatment group (p = 0.359).



DISCUSSION

In this study, we selectively treated VLBW infants who were at high- risk for PDA related morbidity, based on gestational age, birth weight, hemodynamic instability, PDA ductal diameter and ventilator support. Low- risk infants were treated only if they demonstrated early evidence of organ failure such as rising creatinine or congestive cardiac failure. Intervention reduced the PDA ligation rate to less than half, and reduction in treatment rate (per protocol). Results show that other key neonatal morbidities during the treatment period were comparable to the standard treatment period, thereby establishing the protocol safety. Mortality rates were comparable in the early selective and standard treatment cohorts. The authors concluded that the increase in mortality rate seen in the treated subgroup of infants was not related to the PDA protocol. Overall mortality in the VLBW infants (including labor room deaths) was reduced to 8.2% (18/219) and 8.1% (14/173) in 2018 and 2019, respectively, without modifying the protocol (10).

Treatment strategies for managing a PDA in VLBW infants vary among neonatologists and lack of uniformity is compounded by lack of agreement on the Echocardiogram characteristics that define a significant PDA (11). Management policies can be broadly summarized as three approaches, (a) expectant management with late treatment if the PDA fails to close spontaneously (b) a risk-based approach where risks are scored, tabulated and infants meeting a predefined threshold score are treated for PDA (7) and (c) conservative management defined as allowing spontaneous closure of PDA with no provision for the use of Cyclo oxygenase inhibitors (COX) or ligation. Prophylactic treatment of PDA with indomethacin or Ibuprofen lacks evidence of benefit, with near consensus on this issue in the published literature (9). The expectant approach has the disadvantage of potentially undertreating the condition, which could lead to complications such as pulmonary hemorrhage and prolonged ventilator dependency. The risk-based approach offers a more logical strategy to resolve the issue, but if not well-defined or made rigorous the process has the risk of becoming impractical. In addition, a uniform approach would be required to allow bench marking and quality assurance. With this background, we have introduced a protocol in April 2016. The primary aim of the present study was an initial assessment of this protocol. Our study provides evidence that selective treatment of PDA using a relatively simple risk-based algorithm in VLBW infants is feasible and can significantly reduce the PDA ligation rate. In addition, we found reductions in treatment rates with COX inhibitors, but no adverse impact for increasing major morbidities such as severe IVH, CLD and assisted ventilation days. The literature is divided on the issue of conservative management. A recent meta-analysis has shown no difference in morbidity or mortality when PDA is either treated with placebo or not treated (12, 13). Comparison of a large neonatal network of composite outcomes between two countries has shown a lower composite outcome defined as mortality or major morbidity with aggressive management. A safe approach is required to address this question, especially in 22- to 26-week infants (14). The outcomes of large RCTs with no treatment or placebo treatment arms—with no provision for open label treatment, is required to answer this clinical question.

Indomethacin was the therapeutic agent used for ductal closure in the majority of our infants. Moderate to low-quality evidence suggests that the efficacy of acetaminophen is equivalent to that of Indomethacin and ibuprofen, with fewer side effects (15). Nonetheless, the efficacy of paracetamol in high-risk infants is not clear, especially in infants with post-conceptional age of ≤26 weeks. Available evidence supports the use of indomethacin in high-risk infants (16). The late use of acetaminophen in persistent PDA in high-risk infants reduces the need for surgical ligation but increases the incidence of CLD and duration of respiratory support. However, acetaminophen alone or acetaminophen in combination with ibuprofen can be used as a late treatment to avoid the risk associated with surgical closure of PDA (17–19).

Our findings were comparable to those of the published literature. In a study involving 4,001 infants in a recent cohort of VLBW infants, 21.7% received intervention for a PDA in the form of either COX inhibitors or ligation. In this study the percentage of infants who underwent ligation was high, especially primary ligation (20). Although available evidence suggests improved short and long term outcomes in VLBW infants with reduced PDA treatment (21), it has not been conclusively proven, primarily due to the lack of adequate well-designed studies. Our criteria defining high- risk infants on the basis of birth weight and gestational age as essential elements is supported by the published literature (21, 23). This study combines the principle of expectant management in low-risk infants with relatively aggressive management of PDA in high-risk infants. The study used lower post-conceptional age and higher levels of respiratory support to define high-risk infants. The study also defined the criteria for identifying a small group of low-risk infants who benefit from PDA treatment. As compared to the current study, published studies testing risk-based approaches to identify infants benefitting from PDA treatment used either Echocardiogram (ECHO) based criteria alone or ECHO features combined with lower levels of respiratory support and higher gestational age to define high-risk infants (21, 24). The authors were unable to identify other published studies in the English literature that combine principles of relatively aggressive management in high-risk infants with expectant management in low-risk infants, and which incorporate defined criteria for identifying the small number of infants in the low-risk group who require treatment. Implementation of guidelines employing a conservative approach to PDA management has shown a reduction in treatment rate similar to that observed in the current study (25).

Our study has limitations. Compliance is a significant issue in the implementation of any clinical protocol. Based on the data collected, we observed 90% protocol adherence in study treatment decisions. The study is an observational study—not an RCT, and the treatment in the retrospective standard treatment group is heterogenous and not protocol based. Authors made a systematic effort to analyze the data from the period to mitigate the impact of the absence of a defined protocol in the standard treatment period. Authors have provided the additional data as Supplementary Tables that would aid sample size calculation in a future randomized controlled trial. The protocol relied on measured ductal diameter as the sole Echocardiogram feature to represent ductal significance in the treatment decision algorithm. Addition to the protocol of absence or reversal of flow in diastole would likely better characterize the magnitude of ductal shunt in VLBW infants. Following completion of this study, the IVH prophylaxis criteria were modified in our department to include only infants with GA ≤26 weeks with incomplete antenatal steroid. The number of infants who received indomethacin prophylaxis was higher (11 vs. 16) in the early selective treatment cohort. The difference was not statistically significant, although it may have some beneficial impact on the treatment rate outcome of the protocol.

Our study provides preliminary evidence that selective treatment of PDA in high risk infants is feasible without altering short term outcomes. However, the protocol needs to be validated in a large randomized control trial (RCT) with long-term follow up to obtain further evidence. Inclusion or exclusion of 26-week infants in the high- risk group is a point of contention, and inclusion with the provision of subgroup analysis is probably a pragmatic approach in designing a future study. We would consider a RCT in high- risk infants with a no treatment placebo control arm as a radical and ethically questionable approach given the current state of knowledge. The authors estimate that in a RCT setting, the need for treatment would range from 15 to 17% of VLBW infants.



CONCLUSION

Our study provides preliminary evidence that selective treatment of high- risk VLBW infants with significant PDA is efficacious. Such a policy would eliminate unnecessary exposure to COX inhibitors and PDA ligation, without significantly affecting the rate of major morbidities in this vulnerable population.
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Context: There is an ongoing debate on the optimal management of patent ductus arteriosus (PDA) in preterm infants. Identifying subgroup of infants who would benefit from pharmacological treatment might help.

Objective: To investigate the modulating effect of the differences in methodological quality, the rate of open-label treatment, and patient characteristics on relevant outcome measures in randomized controlled trials (RCTs).

Data Sources: Electronic database search between 1950 and May 2020.

Study Selection: RCTs that assessed pharmacological treatment compared to placebo/no treatment.

Data Extraction: Data is extracted following the PRISMA guidelines. Outcome measures were failure to ductal closure, surgical ligation, incidence of necrotizing enterocolitis, bronchopulmonary dysplasia, sepsis, periventricular leukomalacia, intraventricular hemorrhage (IVH) grade ≥3, retinopathy of prematurity and mortality.

Results: Forty-seven studies were eligible. The incidence of IVH grade ≥3 was lower in the treated infants compared to the placebo/no treatment (RR 0.77, 95% CI 0.64–0.94) and in the subgroups of infants with either a gestational age <28 weeks (RR 0.77, 95% CI 0.61–0.98), a birth weight <1,000 g (RR 0.77, 95% CI 0.61–0.97), or if untargeted treatment with indomethacin was started <24 h after birth (RR 0.70, 95% CI 0.54–0.90).

Limitations: Statistical heterogeneity caused by missing data and variable definitions of outcome parameters.

Conclusions: Although the quality of evidence is low, this meta-analysis suggests that pharmacological treatment of PDA reduces severe IVH in extremely preterm, extremely low birth weight infants or if treatment with indomethacin was started <24 h after birth. No other beneficial effects of pharmacological treatment were found.

Keywords: ductus botalli, patent ductus arteriosis, premature (babies), ibuprofen, indometacin, acetaminophen


INTRODUCTION

Patent ductus arteriosus (PDA) is common in preterm and very low birth weight infants (1). Persistence is associated with a higher risk of morbidities, including bronchopulmonary dysplasia (BPD), necrotizing enterocolitis (NEC), and intraventricular hemorrhage (IVH), and mortality (2). Nevertheless, pharmacological treatment or surgical closure of PDA is not without adverse effects (3, 4). After many decades of clinical research, the question remains open if, when, and how PDA should be treated in preterm infants (5). Globally, there has been a shift from early pharmacological treatment toward a more expectant management policy (6). A uniform definition of a hemodynamic significant PDA does not exist, nor is there clear evidence in favor of or against many of the approaches to treating PDA (7–9). Since 1976 we know that pharmacological treatment is an effective way of ductal closure (10). A recent meta-analysis, however, showed that neither short-term nor long-term outcomes seem to differ between treated and untreated patients (11). This sparked an ongoing debate on the optimal approach to treating PDA, which ranges from expectant management to aggressive treatment with a variety of cyclooxygenase inhibitors or acetaminophen with varying doses and at different intervals (5). Although the results of randomized controlled trails (RCTs) on PDA treatment have been reviewed extensively, only a small number of reviews stratified the results according to infant characteristics, methodological quality (11, 12), timing of treatment (12), or to the definitions of a hemodynamic significant PDA (9).

To the best of our knowledge this is the first comprehensive systematic review of RCTs to investigate the modulating effect of the methodological quality, the rate of open-label treatment in the placebo/no treatment groups, and several patient characteristics on the benefits, or adverse effects, of pharmacological treatment of PDA in preterm infants. We aim to identify specific subgroups of preterm infants at high risk of adverse outcomes, who would benefit from active closure of PDA.



METHODS

Our study is performed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (13).


Search Strategy

We searched the following databases: PubMed, the Ovid Embase, and the Cochrane Library. We searched for papers published between 1950 up to and including April 2020. By using the Boolean operators AND and OR, we used all possible combinations of the following search terms: infant, newborn, neonate, preterm, premature, ductus, arteriosus, Botalli. We also used the Mesh terms “Infant, premature,” “Ductus Arteriosus, Patent,” and “Ductus Arteriosus” in the PubMed database. The complete search strategy can be found in Supplement 1. Subsequently, we assessed the publications cited by the selected studies for relevant material eligible for possible additional inclusion.



Study Selection

Three authors (EJ, TH, and WdB) independently screened the publications identified in our initial search for eligibility on the basis of their titles and abstracts. Where disagreement arose, the full text was assessed and then discussed in order to reach consensus. We selected studies with a RCT design and written in either English, Dutch, or German. Generally speaking, we included all studies that assessed pharmacological treatment with either ibuprofen, indomethacin, or acetaminophen vs. placebo/no treatment. We excluded animal studies, studies on antenatal treatment, studies that included patients with a post term age of more than 1 month, and studies concerning patients with a congenital heart defect.



Data Extraction

Two authors (EJ and TH) performed data extraction. The data we extracted from the selected studies were general study parameters, demographic parameters pertaining to the participants, treatment regime(s), and outcomes. We collected the parameters study design, total number of patients, mean gestational age (GA), birth weight (BW), postnatal age (PNA) at the start of treatment, and the rate of open-label treatment in the placebo/no treatment group. The following outcome parameters were collected (if reported in the studies) and analyzed: mortality, failure to close the DA, the need for surgical ligation, the incidence of NEC (any definition), BPD (any definition), sepsis, periventricular leukomalacia (PVL), IVH grade ≥3, retinopathy of prematurity (ROP), oliguria, other respiratory morbidity (e.g., pneumothorax), other gastrointestinal morbidity [e.g., spontaneous intestinal perforation (SIP)], and long-term neurodevelopmental impairment. In case of missing data, we tried to contact the corresponding authors of the studies in question and requested them to kindly provide these data.



Statistical Analysis

As ibuprofen, indomethacin, and acetaminophen are comparable regarding their effectiveness in DA closure (11, 14), but their side effect profiles may differ (11, 14), we performed two analyses. In the first analysis we combined all studies reporting either of these three drugs in comparison with placebo/no treatment. In a second analysis we divided the studies according to which drug was used. Subgroups were made, related to known risk factors (GA, BW) and other factors influencing efficacy of treatment, such as PNA. Moreover, the consequences of open label treatment percentage in the control group were analyzed since this is an important methodologic flaw in the RCTs. The following strata were analyzed: BW in five subgroups: <1,000 g, 1,000–1,250 g, 1,251–1,500 g, >1,500 g, and data unknown; GA in four subgroups: <28 weeks, 28–33 weeks, >33 weeks, and data unknown; PNA at the start of treatment in four subgroups: <24 h, 24–72 h, >72 h, and data unknown. Studies with start of treatment <24 h PNA were divided into untargeted (start treatment irrespective whether the ductus is open or closed) and targeted (start treatment only after clinically and/or echocardiographically confirmation of a PDA) treatment. The rate of open-label treatment in the placebo/no treatment arm was expressed as a percentage and divided into four groups: <25%, 25–50%, >50%, and data unknown. For statistical analysis we used Review Manager (RevMan version 5.3 Copenhagen: The Nordic Cochrane Center, The Cochrane Collaboration, 2014). The risk ratio (RR) and risk difference (RD) with a 95% confidence interval (CI) were calculated with the Mantel-Haenszel method. We calculated the number needed to treat (NNT) with a 95% CI for each different outcome in case of statistical significance. We used random-effect meta-analysis if the heterogeneity (I2) was >50% (15) and fixed-effect in case of low heterogeneity.



Risk of Bias

We critically examined the methodological quality of the selected studies and the risk of bias in accordance with the Cochrane guidelines (16). The quality parameters included the type of analysis, random sequence generation, allocation concealment, blinding of participants and personnel, and blinding of outcome assessment. Two authors (EJ and TH) assessed the risk of bias assessment. When disagreement arose, a third author (WdB) assessed the studies in order to reach consensus. The risk of bias was calculated (low risk: 1 point, unclear risk: 2 points, and high risk: 3 points) and the cumulative score was divided into three subgroups: low (7–9 points in total), intermediate (10–12 points), and high (13–21 points). We examined the methodological quality of the studies' outcome parameters with the GRADE method (17). We assessed imprecision as serious if the total number of events was <300 or if the width of the CI of the RR was >0.25. We used the GRADE-pro GDT 2016 software [GRADEpro Guideline Development Tool (Software) McMaster University, 2015] to create a “summary of findings” table to report the quality of evidence. The GRADE approach results in an assessment of the quality of a body of evidence in one of four grades: high, moderate, low, or very low.




RESULTS


Study Selection

Out of the 12,139 articles we identified 10,251 as unique in our initial search. After selection (see Figure 1) a final 47 papers were eligible, comprising a total of 5,242 infants (18–64).


[image: Figure 1]
FIGURE 1. PRISMA flow diagram.




Study Characteristics and Risk of Bias

The relevant characteristics of the 47 papers are described in Table 1 (18–64). Thirty-two (68%) of the studies analyzed the effect of indomethacin (18–44, 46, 47, 55, 60, 61), 12 (26%) studied the effect of ibuprofen (45, 48–54, 56–59), two (4%) studied acetaminophen (62, 64), and one (2%) studied the effect of either indomethacin, ibuprofen, or acetaminophen (63). Thirteen papers (28%) included preterm infants with a mean GA <28 weeks (42, 44, 46–48, 50, 53, 55–58, 61, 63), and 30 (64%) included infants with a mean GA between 28 and 32 weeks (18, 20–24, 26–30, 32–41, 43, 45, 47, 49, 51, 52, 59, 60, 62, 64). Seventeen papers (36%) included preterm infants with a mean BW <1,000 g (33, 35, 39, 41–46, 48, 50, 53, 55, 56, 58, 61, 63), and 19 (40%) included infants weighing between 1,000 and 1,250 g (20, 22–24, 27–30, 34, 36–38, 40, 47, 49, 52, 57, 62, 64). Most studies (62%) investigated treatment that was started within 24 h' PNA (26, 29, 30, 32, 34, 35, 37–53, 55, 58, 60–62, 64). More than two third of the studies reported the rate of open-label treatment, namely 25–50% in 16 (34%) (20, 22, 31, 32, 36, 37, 42, 46, 48, 50, 52, 53, 58, 60, 61, 63), and >50% in 15 (32%) studies (18, 19, 23–25, 27, 33, 34, 40, 43, 45, 47, 51, 55, 56). The median rate of the open-label treatment was 44.5% (range 0–85%). Twenty-one studies (45%) were classified as having a low risk of bias (18, 21–23, 25, 27, 29, 31, 33, 37, 38, 42, 43, 46, 47, 49, 50, 53, 56, 61, 62). Six papers (13%) were assessed as having a high risk of bias (19, 26, 34, 39, 40, 63).


Table 1. Treatment, patient and, study characteristics of the RCTs included.
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Outcome Measures

Despite our efforts to contact the corresponding authors and our request to provide missing data, not all data on GA, BW and rate of open-label treatment could be retrieved. Data on GA (19, 25, 31) and/or BW (25, 31, 60) were unavailable in four trials (453 and 499 infants for GA and BW, respectively). The rate of open-label treatment was unavailable for nine trials (21, 26, 28, 30, 39, 44, 57, 59, 64).

RR of outcomes, stratified by the patient characteristics, the quality of the studies, and the rate of open-label treatment in the placebo/no treatment group are described in Table 2. The meta-analyses revealed that in comparison to placebo/no treatment, the administration of indomethacin, ibuprofen, or acetaminophen resulted in a significantly reduced risk of failed ductal closure (RR 0.40, 95% CI 0.33–0.48; RD −0.32, 95% CI −0.38, −0.27; NNT 3.4, 95% CI 3.1–3.7) or risk of surgical ligation (RR 0.61, 95% CI 0.49–0.76; RD −0.04, 95% CI −0.06, −0.02; NNT 22.8, 95% CI 15.8–40.7), irrespective of the used drug. This result was similar for the subcategories based on mean BW, GA, and PNA at the start of treatment. The quality of evidence was graded as very low or very low to low, respectively (Supplement 2).


Table 2. Risk ratio of outcomes, stratified by the patient characteristics, the quality of the studies, and the rate of open-label treatment in the placebo/no treatment group.
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We found no difference for BPD, NEC, sepsis, PVL, ROP or mortality between the intervention and control group overall, or in any of the subgroups (Table 2), irrespective of the used drug. In most studies BPD was defined as supplemental oxygen requirement at 28 days' PNA or at 36 weeks' postmenstrual age (PMA). Seven RCTs used radiographic criteria (19, 22, 26, 31, 33, 35, 36). Four RCTs did not state their definition of BPD clearly (32, 43, 51, 52). Neither the overall meta-analyses nor the subgroup analyses of the 28 days' PNA and 36 weeks' PMA definition of BPD revealed any differences between the placebo/no treatment and the pharmacological treatment group.

Twenty-eight out of 47 studies started the treatment <24 h PNA. Of these 28 studies, five started treatment only after clinically and/or echocardiographically confirmation of a PDA (targeted treatment) (26, 47, 51, 52, 61). All the other RCTs started irrespective whether the ductus was open or closed within the first 24 h after birth (untargeted treatment).

Compared to the no treatment group, the infants allocated to the pharmacological treatment group had a lower risk of IVH grade ≥3 (RR 0.76, 95% CI 0.62–0.93; RD −0.03, 95% CI −0.05, −0.01; NNT 34, 95% CI 18.9–136.6). This reduced risk of IVH grade ≥3 was also observed in the subgroups GA <28 weeks (RR 0.77, 95% CI 0.61–0.98; RD −0.03, 95% CI −0.06, −0.00; NNT 30.3, 95% CI 16.1–262.9), BW <1,000 g (RR 0.77, 95% CI 0.61–0.97; RD −0.03, 95% CI −0.06, −0.00; NNT 30.2, 95% CI 16.4–199.9), or if treatment was given untargeted <24 h' PNA (RR 0.70; 95% CI 0.57–0.87; RD −0.04, 95% CI −0.06, −0.02; NNT 26, 95% CI 15.7–64.1).

We found a significant reduction in severe IVH only when untargeted treatment with indomethacin was used <24 h PNA compared to no treatment (RR 0.70, 95% CI 0.54–0.90; RD −0.04, 95% CI −0.07, −0.01). Forest plots for the risk of IVH grade ≥3 are depicted for the different subgroups in Figure 2. Furthermore, the incidence of IVH grade ≥3 in the treatment group was significantly lower in the low and intermediate risk of bias groups and if the rate of open-label treatment was 25–50%. The quality of evidence was graded as very low to low (Supplement 2).


[image: Figure 2]
FIGURE 2. Forest plots regarding the risk for intraventricular hemorrhage grade ≥ 3. BW, birth weight; GA, gestational age; PNA, postnatal age.


Subgroup analyses of the other outcome measurements proved impossible on account of the scarcity of available data. Five RCTs described data on oliguria (37, 40–42, 62). Five studies described the incidence of pneumothorax (30, 32, 37–39), six studies pulmonary hemorrhage (37, 42, 46, 60, 61, 63), and one study reported pulmonary hypertension as outcome measure (60). Five studies described the incidence of gastrointestinal bleeding (24, 27, 32, 40, 61), while two studies reported the incidence of SIP (46, 61). Only three RCTs described the long-term data on neurodevelopmental outcomes regarding motor delay, cognitive delay, the incidence of deafness and blindness, and neurodevelopmental impairment in general (44, 46, 64).




DISCUSSION


Summary of Evidence

The aim of this systematic review was to investigate whether patient characteristics or study characteristics modulate the beneficial or adverse effects of PDA treatment in preterm infants. The main finding of this review was that pharmacologic treatment of PDA is associated with a significantly reduced risk of IVH grade ≥3 in extremely preterm infants (GA <28 weeks), extremely low BW infants (BW <1,000 g), or when untargeted treatment with indomethacin was started <24 h after birth. Moreover, this review revealed no relevant significant differences for the outcome measures NEC, BPD, mortality, sepsis, PVL, and ROP between intervention and control groups in the subgroups BW, GA, risk of bias, and rate of open-label treatment.

Our findings regarding the reduced risk of IVH grade ≥3 is in line with a previous review comprising 2,588 newborns <37 weeks' gestation, which showed that untargeted administration of indomethacin is associated with a decreased risk of IVH (65). In our meta-analysis a total of 2,937 preterm infants were assessed for IVH grade ≥3 and stratified by BW, GA, and PNA. Out of the infants allocated to the treatment group 10% had IVH grade ≥3 compared to 13% of the infants in the placebo/no treatment group. Dividing the included studies who treated the infants <24 h after birth into untargeted treatment or targeted treatment, we found only reduction of severe IVH in the former group if indomethacin was used. The hypothesis is that this reduction of severe IVH is probably not a direct effect of ductal closure itself and therefore limiting cerebral perfusion disturbances, but mediated by prevention of hyperperfusion by a direct drug-induced cerebrovascular vasoconstriction (see Figure 3). This effect has been demonstrated for indomethacin and might prevent the cerebral hypoperfusion-hyperperfusion sequence, which is considered to be an important pathophysiological mechanism associated with IVH (66–69).


[image: Figure 3]
FIGURE 3. Potential pathophysiological mechanisms of pharmacologic cyclo-oxygenase inhibition on intraventricular hemorrhage. COXi, cyclo-oxygenase; PDA, patent ductus arteriosus.


Subdividing the studies according to which drug was used, we found no significant differences in the incidences of NEC, BPD, ROP or mortality, which is in line with recently published papers (11, 14). In contrast to our meta-analysis, these papers used any grade of IVH instead of severe IVH as outcome parameter and observed no significant differences in any of the used drugs vs. placebo/no treatment. Our review selected studies published between 1985 and 2019, whereas currently, as opposed to the previous century, most preterm infants will have received corticosteroids antenatally and surfactants postnatally, if required. We know that this approach reduces the risk of an IVH (70). Including only those studies published in the last 25 years, the significant reduction of severe IVH is still observed in the youngest, smallest and untargeted treated infants.

Although untargeted treatment constitutes the only convincing evidence for active closure of PDA, it is currently seldom provided (1). It might, however, be argued that any evidence-based reduction in the risk of IVH grade ≥3 is beneficial to the infant, but sufficient evidence is lacking. In a 2015 meta-analysis about neurodevelopmental impairment after a severe IVH, only observational cohort studies were identified and on the whole the risk of bias was high (71). Moreover, there is also little evidence of improved long-term developmental outcome and mortality after prophylactic treatment (44, 45, 65).

In addition, we stratified by rate of open-label treatment, something that to our knowledge has not been done before. The median rate of the open-label treatment in the studies was 44.5% (calculated from 38 out of 47 studies). Since we reviewed the raw data in our meta-analysis to determine the morbidity and mortality of the different subgroups, we could not analyze whether the original studies performed intention to treat or per protocol analysis. We hypothesized that the potential effects of active treatment of a PDA would be attenuated in RCTs with a high proportion of open label treatment in the control/placebo arm. However, this was not observed. Failure of DA closure and the need for surgical ligation were significantly lower in the treatment group independent of the rate of open-label treatment. To our surprise, however, this subgroup analysis, which stratified the studies according to a high rate vs. a lower rate of open-label treatment in the control group, showed no difference in morbidity and mortality. We found no significant reduction of major clinical outcomes, not even in the subgroup of RCTs with low open-label treatment rates in the no treatment group of patients. This raises the question whether a PDA should be considered as an epiphenomenon as was suggested by recent cohort studies using restrictive treatment policies (72, 73). This should, however, be supported or refuted by well-powered high-quality RCTs targeting the high-risk population (<28 weeks' GA and/or BW <1,000 g) with low-rate open-label treatment of the placebo/no treatment group.



Limitations

The first limitation of this meta-analysis are the missing data in the RCTs. Unfortunately, even though we tried to reduce selection bias by contacting the corresponding authors, not all missing data could be retrieved. As a consequence, we could not include all studies in our subgroup stratification.

Secondly, a meta-analysis has to deal with heterogeneity of the included RCTs. The high statistical heterogeneity in this meta-analysis is comparable with a previously published meta-analyses (74). Heterogeneity leads to lower quality of evidence (5, 75). In an attempt to reduce clinical heterogeneity, we stratified the results in several subgroups and subdivided treatment started <24 h after birth in untargeted treatment and targeted treatment. Moreover, the definitions of outcome measures in the included RCTs in a meta-analysis vary. In the current meta-analysis, the outcomes BPD and NEC were not uniformly defined in the selected studies. The possible reason is the large spread in publication years; criteria for short-term morbidities have changed over the years. Nevertheless, neither the overall meta-analyses nor the subgroup analyses of the different BPD definitions revealed any differences. The heterogeneity of studies analyzing NEC was low. Unfortunately, subgroup analyses could not be performed for the outcome measures pneumothorax, pulmonary hemorrhage, pulmonary hypertension, gastro-intestinal bleeding, SIP, and oliguria, because of the scarcity of available data. Last, another important factor that could be a major factor contributing to heterogeneity is the classification of hemodynamic significance of the PDA. Zonnenberg et al. showed that there is substantial variability in the definition of a significant PDA in clinical trials (9). In the 47 included RCTs the used definition of a PDA varied much, ranging from clinical, radiographic and echocardiographic parameters.

Future research is required with unambiguously definitions of outcome measures and larger groups of preterm infants. There is a need for well-powered high-quality RCTs with low-rate open-label treatment of the placebo/no treatment group. In addition, more research is needed to investigate which mechanisms might be responsible for the reduction of IVH grade ≥3 in the youngest, the smallest, or in the preterm infants that are treated untargeted with indomethacin within the first 24 h of life.



Conclusions

In this systematic review, in which we investigated the modulating effects of patient characteristics and study characteristics by performing subgroup meta-analyses, the degree of heterogeneity among the included studies and variability in study quality is high. Therefore, the quality of evidence following GRADE assessment is low. Pharmacological treatment of a PDA in extremely preterm infants with either a GA <28 weeks, a BW <1,000 g, or if untargeted treatment with indomethacin is given <24 h PNA is associated with a significantly lower risk of developing IVH grade ≥3. We found no differences in the incidence of other morbidities or in mortality when we stratified the subgroups by BW, GA, and PNA at start of treatment. Important data on long-term consequences of neurodevelopmental impairment are lacking for these studies. More high-quality and low-rate open-label treatment studies are needed to unravel the effects of pharmacological PDA treatment on short-term and long-term morbidity and to elucidate underlying pathophysiologic mechanisms.
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Background: Amino acids are increasingly recognized as bioactive molecules in numerous physiological and pathophysiological pathways. The non-essential amino acid glutamate is vasoactive in the rat ductus arteriosus (DA) and a decrease in its levels within the 1st days of life has been associated with the presence of patent DA (PDA) in extremely preterm infants. However, these findings have not been confirmed in other studies.

Objective: To investigate the possible association between amino acid concentrations in the 1st day of life and the presence of PDA in a cohort of 121 newborns with gestational age (GA) below 30 weeks and birth weight (BW) below 1,500 g.

Methods: Plasma samples were collected 6–12 h after birth and amino acid concentrations were determined by tandem mass spectrometry. Besides PDA, we analyzed the potential association of amino acid concentrations with infant sex, small for GA (SGA, defined as BW < third percentile), antenatal corticosteroids, chorioamnionitis, and preeclampsia. Group differences were analyzed by ANOVA adjusted for GA and BW. A Bonferroni significance threshold of P < 0.0024 was used to correct for multiple testing.

Results: PDA was found in 48 of the 121 infants examined. We observed higher mean levels of glutamate in infants with PDA (147.0 μmol/L, SD 84.0) as compared with those without (106.7 μmol/L, SD 49.1, P = 0.0006). None of the other amino acid concentrations in the PDA group reached the level of statistical significance that was pre-set to correct for multiple comparisons. Glutamate levels were not significantly affected by infant sex, being SGA, or by exposure to antenatal corticosteroids, clinical chorioamnionitis, or preeclampsia.

Conclusion: Our study not only does not confirm the previous findings of low glutamate levels in preterm infants with PDA, but we have even found elevated glutamate concentrations associated with PDA. Nevertheless, despite the high statistical significance, the difference in glutamate levels may lack clinical significance or may be an epiphenomenon associated with the particular clinical condition of infants with PDA.

Keywords: amino acids, ductus arteriosus [MeSH], glutamate, preterm (birth), metabolomic analysis


INTRODUCTION

Failed or delayed closure of the ductus arteriosus (DA) after birth leads to patent DA (PDA), a common condition among very preterm infants (1–6). The two most relevant vasoactive factors that maintain the DA open during fetal life and mediate its closure after birth are oxygen tension and prostaglandins (4, 5). However, the DA responds to numerous vasoactive agents and its closure is finally the result of a complex interaction of mediators and pathways (4, 5).

In a recent study, Fujita et al. proposed a role for the non-essential amino acid glutamate in the postnatal closure of the DA (7). They reported that plasma glutamate concentration was significantly lower in extremely preterm infants (gestational age <28 weeks) with PDA compared to those without the condition (7). In addition, they observed that intraperitoneal injection of glutamate to pregnant rats induced ductal contraction in the fetus. Moreover, they showed that the mRNA of the glutamate ionotropic receptor α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) type subunit one was highly expressed in rat DA compared to the aorta, and was co-localized with autonomic nerve terminals in the human and rat DA. In agreement with these results, microarrays comparing the genetic profiles of the DA and ascending aorta from mice and rats showed significant changes in the ductal expression of both ionotropic and metabotropic glutamate receptors (8, 9). Altogether, these data suggest a role for glutamatergic signaling in the physiology and/or pathobiology of the DA. Nevertheless, more studies are needed to confirm this hypothesis.

Between 2007 and 2012, our group conducted a prospective study to analyze the association between polymorphisms of the carbamoyl phosphate synthetase (CPS) gene and necrotizing enterocolitis (NEC) (10–12). In that research, plasma levels of amino acids were determined in the 1st day of life in order to correlate them with the primary outcome of the study. One of the secondary outcomes of the study was PDA. Our aim was to use these unpublished data to investigate the association between glutamate, as well as other amino acids, and the presence of PDA in infants with a gestational age (GA) below 30 weeks.



METHODS


Study Population

This study was performed in a previously described cohort of 121 preterm infants (GA ≤30 weeks and birth weight ≤1,500 g) admitted to the level III neonatal intensive care units of the Maastricht University Medical Center (Maastricht, The Netherlands), Hospital Universitario Materno-Infantil de Canarias (Las Palmas de Gran Canaria, Spain), and Carlo Poma Hospital (Mantova, Italy) between July 2007 and October 2008. All infants had been enrolled in the study “Carbamoyl Phosphate Synthetase (CPS) Polymorphisms as Risk Factor for NEC” (NCT00554866). The institutional review board (IRB) of the three participating centers approved the use of the clinical data of the patients for the present study (IRB numbers: Maastricht MEC-07-2-018; Las Palmas CEIC- 276; Mantova 21366/2007). Written informed consent was obtained from the parents for inclusion in the study. Infants exposed to a blood transfusion, enteral or parenteral proteins/amino acids, or inhaled NO before blood sampling were excluded from the study. The correlation between arginine, citrulline and dimethylarginine levels and CPS polymorphisms and NEC in the same group of patients has been the subject of another publications of our group (10, 11).



PDA Assessment and Other Clinical Variables

The perinatal and neonatal data of enrolled infants (Table 1) were extracted from the database of the NCT00554866 trial. At the time of inclusion of the children in the cohort (2007–2008), the three participating centers had very similar protocols for detection and treatment of PDA. These protocols included the performance of a screening echocardiogram by a pediatric cardiologist on postnatal day 2 to 5. As previously described, hemodynamically significant PDA was defined by a transductal diameter >1.5 mm with unrestrictive (<1 m/s) left to right transductal flow on pulse wave Doppler and clinical signs of pulmonary overcirculation (e.g., increasing ventilation, oxygenation problems) and/or systemic hypoperfusion (e.g., abdominal distension, oliguria) (13). In the absence of clear clinical signs, ascertainment of hemodynamic significance was made on the basis of any of the following echocardiographic characteristics: left atrial/aortic root ratio >1.4, mean velocity in the left pulmonary artery >0.6 m/s, or diastolic backflow in the abdominal aorta (13).


Table 1. Baseline characteristics and neonatal complications in preterm infants with and without PDA.

[image: Table 1]

GA was determined by the last menstrual period and early ultrasounds (before 20 weeks of gestation). Besides the presence of PDA, the following demographic and clinical characteristics were collected and correlated with the amino acid concentrations: infant sex; small for GA (SGA, defined as birth weight for GA below the sex-specific third percentile); antenatal corticosteroids (defined as two doses of betamethasone administered 24 h apart); clinical chorioamnionitis (defined as every clinical suspicion of infection of the chorion, amnion, amniotic fluid, placenta, or a combination as judged by the obstetrician); and preeclampsia (based on the obstetrician's diagnosis).



Plasma Amino Acid Analysis

One blood sample (500 μL) was obtained between 6 and 12 h after birth from an umbilical artery or peripheral artery catheter. When not available, the blood sample was obtained from venous puncture. Immediately after collection, heparinized blood samples were put on ice and centrifuged within 10 min (4,000 rpm, 10 min, 4°C) to obtain plasma. The plasma was deproteinized with 6 mg of solid 5-sulfosalicylic acid (SSA; Sigma, St. Louis, MO, USA) per 100 μL plasma, and stored at −80°C until further analysis. The samples obtained in Las Palmas and Mantova were transported on dry ice to Maastricht where all the analyses were performed (10).

Concentrations of (underivatized) amino acids in plasma were determined using an ultra-performance liquid chromatography (UPLC) separation module coupled to an electrospray ionization tandem mass spectrometry (ESI-MS/MS, Quattro Premier, Waters, Etten-Leur, The Netherlands). Stable isotope labeled amino acids were used as internal standards for quantification of plasma amino acids. All analyses were performed in one laboratory (Department of Clinical Genetics, Maastricht University Medical Center, Maastricht, The Netherlands) (10).



Statistical Analysis

Results for continuous variables are expressed as mean (SD) or, if variables were not normally distributed, as median (interquartile range). Standardized residuals were examined for outliers, and measurements that were < -3.0 or >3.0 SD from the mean were removed. The possible relationship between amino acid concentrations and PDA was evaluated by ANOVA with adjustment for gestational age, and birth weight. Analysis included 21 ANOVA models (one clinical variable × 21 amino acid measurements) and a Bonferonni significance threshold of P < 0.0024 (0.05 divided by 21) was used to correct for multiple testing (14). We performed a power analysis to determine the minimum amino acid concentration ratio (PDA-yes:PDA-no) that would be reach statistical significance (P < 0.0024) with our sample size (15). The results of the power analysis are shown in Supplementary Table 1. All analyses were performed using IBM SPSS Statistics for Windows (Version 22.0; Armonk, NY, USA).




RESULTS

PDA was found in 48 of the 121 infants examined. The characteristics of the cohort are summarized in Table 1. The plasma concentrations of the different amino acids and their relation to PDA are shown in Table 2. Glutamate was the only amino acid whose concentration was significantly different (P < 0.0006) when the groups with and without PDA were compared. None of the clinical or perinatal characteristics, including sex, BW below third percentile, use of antenatal corticosteroids, history of chorioamnionitis, or history of preeclampsia, led to significant differences in glutamate concentrations (Table 3). Glutamate concentrations were also not significantly different in infants who developed intraventricular hemorrhage (≥grade 2), NEC (≥stage II), bronchopulmonary dysplasia (defined as supplementary oxygen at 36 weeks postmenstrual age), or retinopathy of prematurity (≥stage II) (Table 3).


Table 2. Plasma concentrations of amino acids (μmol/L) in preterm infants with and without PDA.
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Table 3. Plasma concentrations of glutamate (μmol/L) in different characteristics and outcomes of preterm infants.
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Changes in amino acid concentrations depending on infant sex, SGA, and exposure to antenatal corticosteroids, chorioamnionitis, or preeclampsia are depicted in Supplementary Tables 2–6. SGA infants showed increased plasma concentrations of asparagine, glutamine, glycine and alanine (Supplementary Table 3). Tryptophan levels were significantly reduced in infants exposed to preeclampsia (Supplementary Table 5) and α-aminobutyric acid levels were significantly increased in infants exposed to antenatal corticosteroids (Supplementary Table 6).



DISCUSSION

Along with their fundamental role as elements for protein and peptide synthesis, amino acids are increasingly recognized as bioactive molecules in numerous physiological and pathophysiological pathways (16). Alterations in amino acid levels during the 1st days of postnatal life have been associated with clinical conditions of prematurity such as RDS or NEC (10, 17–20). Closure of the DA at birth is one of the processes in which a participation of amino acids, specifically glutamate, has been proposed. However, data supporting this potential role of glutamate, although provocative, are still scarce (7). In the present study, we analyzed the concentrations of amino acids in plasma samples obtained between 6 and 12 h of life in a group of preterm newborns who had not yet received amino acid supplementation. Interestingly, glutamate was the only amino acid whose concentration was significantly different between the groups with and without PDA. However, in contrast to the previous report by Fujita et al. (7), glutamate levels were higher in the PDA group. None of the other amino acids showed differences in plasma concentrations in the PDA group that reached the level of statistical significance (P < 0.0024) preset in our analysis. In addition, neither infant sex nor obstetric or perinatal conditions significantly affected glutamate concentrations.

Glutamate is a pleiotropic molecule acting at the crossroads of metabolism and signaling, and functioning as both substrate and product in many distinct physiological processes (21–24). Glutamate is synthesized from glutamine, α-ketoglutarate and 5-oxoproline and in turn is the precursor for the biosynthesis of amino acids such as L-proline and L-arginine (24). In addition, other neurotransmitters as well as the antioxidant glutathione are also synthesized from glutamate (24). This ubiquity of glutamate and its metabolism greatly complicates the interpretation of our results. Although we have found an association between high levels of glutamate at birth and the presence of PDA, glutamate levels may be reflecting some other aspect of the perinatal clinical condition rather than having a direct effect on DA closure. Many of the maternal pathological conditions that result in preterm birth are accompanied by alterations in the aminogram that can be transferred to the fetus and affect plasma amino acid levels in the 1st h of life (25–27). However, as mentioned above, we did not find significant changes in glutamate in SGA infants or after exposure to clinical chorioamnionitis, preeclampsia, or antenatal steroids. In addition, infection and brain injury, two conditions that are very frequently present among very preterm infants, are known to alter the circulating levels of glutamate and other amino acids (28, 29).

Glutamate receptors are divided into the ligand-gated ion channel receptors (ionotropic receptors) and G protein-coupled metabotropic receptors (30). Ionotropic receptors are further classified into three groups based on their pharmacology and structural properties: N-methyl-D-aspartate (NMDA), AMPA and kainate receptors (30). Glutamatergic communication through NMDA receptors is key in the central nervous system where glutamate is the main excitatory neurotransmitter (21, 22). However, glutamatergic signaling may also occur in non-neuronal tissues, including the cardiovascular system (30–42).

Little is known about glutamate signaling in the vascular system even though not only endothelial and smooth muscle cells can release glutamate, but also platelets and immune cells (21, 34, 43). The vascular effects of glutamate may vary depending on the vascular bed studied. Because of its important role in nervous system homeostasis, most studies have focused on brain (micro)circulation where glutamate is a vasodilator. Nitric oxide (39), carbon monoxide (30, 40, 41), and prostaglandins (42) have been involved in glutamate-induced vasodilation in the central nervous system. As regards other vascular territories, Nguyen-Duong showed glutamate-induced relaxation in porcine coronary arteries (33). This relaxation was attenuated by 4-aminopyridine which suggests the involvement of voltage-gated K+ (KV) channels. Inhibition of KV channels by reactive oxygen species is one of the main mechanisms responsible for oxygen-induced contraction of the DA (4, 5). KV channel inhibition leads to membrane depolarization and increased Ca2+ entry through L-type Ca2+ channels (4, 5). Interestingly, Dumas et al. have recently reported KV-mediated, Ca2+-dependent glutamate release from human pulmonary arterial smooth muscle cells (21). Finally, as mentioned elsewhere, Fujita et al. showed glutamate-induced contraction of fetal rat DA and proposed an AMPA receptor-mediated release of noradrenaline as the mechanism underlying this contraction (7). Another interesting vascular effect of glutamate with potential impact on DA biology is its role as platelet activator, which is in part cyclooxygenase-dependent (34, 43). Platelet activation has been identified as a key factor in ductal closure (44, 45) and a potential role of glutamate might be a hypothesis to consider in future research.

The two most important limitations of our study are the relative small sample size and that is based on a single amino acid determination instead of longitudinal samples collected throughout the first days of life. In the study of Fujita et al., the sample is much smaller (16 infants) than in our study but amino acid levels were determined at birth (arterial umbilical cord blood) and on the 2nd day of life (7). Interestingly, glutamate levels were not significantly diminished in the first sample. In addition, not only glutamate but also leucine, lysine, phenylalanine, valine, tryptophan, methionine, isoleucine, arginine, tyrosine and glycine concentrations were decreased in the PDA group on the 2nd day of life (7). This was despite the fact that both the PDA and control groups received a similar regimen of amino acid supplementation. Of note, the amino acid mixture used by Fujita et al., had a much lower concentration of glutamate than the mixtures commonly used in Europe and America (7). However, the decrease in the levels of most amino acids, and not only glutamate, may suggest a general increase in the demand for amino acids in extremely preterm infants with PDA.

To the best of our knowledge, few other studies have evaluated the association between PDA and amino acid concentrations within the 1st days of life. Ryckman et al. analyzed amino acid concentrations in dried blood spot samples taken on day 1–3 in a cohort of 689 preterm infants (GA <37 weeks) of which 133 had PDA. The levels of glutamate were not affected but leucine, methionine, phenylalanine, and valine concentrations were higher in infants with PDA as compared with those without. Nevertheless, the differences did not reach the limit of statistical significance set by the authors to correct for multiple testing (P < 5 × 10−5). The authors reported similar results when the analysis was limited to the infants with GA below 32 weeks. Ryckman et al. also tested the ex vivo response of mouse DA to leucine, methionine, phenylalanine, and valine and observed that the amino acids failed to produce a significant change in ductal tone. Unfortunately, the ductal response to glutamate was not investigated. Very recently, Oltman et al. reported in a cohort of 34,969 infants with GA <37 weeks (1,924 infants with GA <32 weeks) that increased risk for morbidity (including PDA) or mortality was associated with increased concentrations of glycine and proline, as well as decreased concentrations of ornithine in dried blood spot samples taken during the 1st week of life (46). Finally, Bardanzellu et al. showed decreased tryptophan urinary levels (samples collected <12 h of life) in preterm infants with PDA (47). Therefore, the association between PDA and amino acid concentrations varies greatly between studies, making difficult to draw conclusions about the specific role of a particular amino acid in DA biology and pathobiology.

In summary, our study not only does not confirm the previous findings of low glutamate levels in preterm infants with PDA, but we have even found elevated glutamate concentrations associated with PDA. However, association does not mean causality. Despite the high statistical significance, the difference in glutamate levels may lack clinical significance or may be an epiphenomenon associated with the particular clinical condition of infants with PDA.
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The patent ductus arteriosus (PDA) is the most commonly found cardiac condition in neonates. While there have been several studies and thousands of publications on the topic, the decision to treat the PDA is still strongly debated among cardiologists, surgeons, and neonatologists. This is in part due to the shortage of long-term benefits with the interventions studied. Practice variations still exist within sub-specialties and centers. This article briefly summarizes the history, embryology and histology of the PDA. It also succinctly discusses the hemodynamic significance of a PDA which builds the framework to review all the available literature on PDA closure in premature infants, though not a paradigm shift just yet; it introduces transcatheter PDA closure (TCPC) as a possible armament to the clinician for this age-old problem.
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INTRODUCTION

The patent ductus arteriosus (PDA) is the most common cardiac condition affecting neonates (1). While there has been several studies and thousands of publications on the topic, the decision to treat the PDA is still strongly debated among cardiologists, surgeons, and neonatologists (2–4).

Numerous studies have found an association with untreated PDAs and significant neonatal morbidities (5–7). When left untreated, the PDA and resulting left-to-right shunt can compromise systemic perfusion. Determining the volume of the shunt is a crucial step in deciding the course of action for premature infants with a PDA. Physicians use their clinical assessment, echocardiography, and indicators of systemic hypoperfusion or pulmonary over-circulation in order to quantify the shunt but this process has not been standardized (8, 9) and thus varies across institutions. While increased morbidity is associated with PDA, the management options have been linked to adverse outcomes (10–12); which leads to debate over whether or not to treat the PDA (2). Furthermore, if and when a PDA needs to be treated, how do we treat it? (13) This chapter intends to outline the current literature about the embryology, pathophysiology, and treatment approaches for the PDA in the premature infant in 2020.



HISTORY

The PDA was the first congenital heart lesion that was surgically repaired. This was performed by Dr. Robert Gross in 1938 (14). In the Second century, Galen was one of the first to describe a notion of blood traveling between the heart and the lungs. This concept was later developed into a complete anatomical and physiologic description of PDA many centuries later. In 1989, Krichenko et al. (15) angiographically classified the PDA based on the ductal lumen at the aortic and pulmonary ends. Closure of the PDA in a premature neonate with respiratory distress syndrome (RDS) was first detailed by Dr. ML Powell in 1963 (16). With the increasing survival of preterm neonates, the consequent increase in PDA closures in preterm infants and the special morphologic characteristics of the preterm ductus, the PDA was reclassified in 2016 to aid with the choice of device used for transcatheter device closure in this population (17).



EMBRYOLOGY

At the early embryonic stage, the ductus arteriosus (DA) is present on the right and left sides but the right atrophies between 37 and 40 days of embryonic gestation (18). The DA is created from the same embryonic structure that makes the pulmonary artery: the left 6th aortic arch. The DA attaches to the inner curve of the arch, distal to the left subclavian artery. There is a high resistance within the pulmonary vasculature (19) during development of the fetal lungs. Due to this degree of resistance, blood travels from the left pulmonary artery, through the DA, and into the descending aorta which preserves right ventricular function (20). If the DA were to close prematurely in utero, the right ventricular afterload increases and the fetus is at risk to develop right heart failure and fetal hydrops (21).



HISTOLOGY

Histologically, the walls of the DA are mainly muscular in contrast to the walls of the adjacent aorta and pulmonary artery, which are fibro-elastic (22). The DA is comprised of smooth muscle fibers which are arranged in longitudinal and spiral layers and surrounded by concentric layers of elastic tissue. The great arteries are composed primarily of elastic fibers arranged circumferentially. After birth, the medial smooth muscle fibers contract in response to the exposure to oxygen-rich ambient air (23). This leads to constriction of the lumen and shortening of the DA length which begins at the pulmonary end until there is functional closure between 24 and 48 h. The second stage of closure involves proliferation of the medial and intimal connective tissue and smooth muscle atrophy which leads to the conversion of a muscular vessel into a ligamentous non-contractile structure, the ligamentum arteriosum over the next 3 weeks (24). Vascular endothelial growth factor (VEGF) has been thought to be involved in DA closure. However, VEGF polymorphism rs2010963 status has not been shown to affect PDA incidence or successful treatment with cyclooxygenase inhibitors in preterm infants (25).



PHYSIOLOGY

The predominant cardiac output in fetal life bypasses the lungs via right to left shunting at the DA. This is possible due to the low systemic vascular resistance from the placenta and the high pulmonary vascular resistance in the lungs. Systemic vascular resistance is increased after birth when the cord is clamped (26). In addition, due to ventilation, the pulmonary vascular resistance is decreased and pulmonary blood flow is increased. This causes blood to shunt left to right through the DA. In term infants, predominant left to right shunting occurs within 10 min and is entirely left to right within 24 h of life (27).



PDA IN THE PREMATURE NEONATE

The incidence of PDA is inversely related to the gestational age. It remains open at 4 days of age in 10% of neonates born at 30–37 weeks, 80% of those between 25 and 28 weeks gestation and 90% born <24 weeks gestation (28–31). In these extremely premature infants, the PDA can persist for weeks, in comparison to infants born after 28 weeks in which the PDA is more likely to spontaneously close (32). Failure of closure of the DA in these infants is more commonly due to issues associated with prematurity rather than aberrations of the DA itself (33). The pressure gradient between the aorta and pulmonary artery (PA) as well as the size and resistance of the DA determine the hemodynamic effects of the PDA. The vessel's length, internal diameter, and intrinsic elastance properties define the resistance within the DA (34). Whereas, a small PDA may be left untreated without complications, a large PDA left open long-term can lead to pulmonary hypertension (19, 35). The role of platelet function in the spontaneous PDA closure in the preterm infant has been studied (36, 37). Lower counts of mature platelets are an independent predictor of a hsPDA (38).

The shunting of blood from left-to-right via the PDA causes pulmonary over-circulation and left-sided volume overload in the heart. This increase in pulmonary blood flow can affect the maturation of the pulmonary vasculature in a premature infant (33). It can result in pulmonary edema, reduced lung compliance, and ineffective gas exchange. This, in turn, leads to increased ventilator settings, which can cause parenchymal lung damage in the neonate (39). It has been suggested that PDA closure within the first 4 weeks of life may allow for faster weaning of oxygen and ventilatory support in extremely low birth weight (ELBW) infants (birth weight ≤ 1,000 g) (40); however, further investigation is needed.

With severe volume overload in the left heart, the end-diastolic pressure of the left atrium and ventricle can be elevated. The left ventricular myocardium undergoes remodeling to a larger and more spherical shape (41). The larger the left-to-right shunt, the more association with risk of necrotizing enterocolitis, intraventricular hemorrhage, acute kidney injury and death (7, 42, 43). Very low birth weight preterm infant survivors of pulmonary hemorrhage were associated with a PDA (79%) in comparison to their controls (55%) (44). Although, this mechanism is not completely understood. One widely accepted theory is that the shunting through the PDA results in lower systemic diastolic pressure and thus threatens end-organ perfusion. Others blame the morbidities of PDA on reperfusion injury suggesting that the left ventricle becomes more compliant overtime and thus increases its cardiac output. The reperfusion that occurs after a phase of hypoperfusion is thought to be the culprit of the end-organ damage in the premature neonate (45).

There is still widespread discordance about best management of a PDA and the timing in which to apply said management (4, 46, 47). A survey in 2018 found many disparities between neonatologists and cardiologists concerning the management of PDA in neonates (2). Most cardiologists believe that PDA closure alters the clinical outcomes in infants born <28 weeks' gestation, while almost half neonatologists surveyed disagree with this statement (2). There is currently not enough evidence to determine whether systemic complications associated with hemodynamically significant PDA in ELBW infants is due to the PDA or simply the result of prematurity (48).



DEFINING A HEMODYNAMICALLY SIGNIFICANT PDA

There is a larger body of epidemiological data that reveals an association between a PDA and multiple morbidities including intraventricular hemorrhage (IVH), necrotizing enterocolitis (NEC), retinopathy of prematurity (ROP), and bronchopulmonary dysplasia (BPD) (5, 49, 50). However, significant differences have not been demonstrated in randomized trials of PDA closure. Prior to the twenty-first century, almost all PDAs were arbitrarily deemed hemodynamically significant and physicians aimed to close them soon after birth (51). That approach is no longer favored, and the majority of physicians prefer to watch and wait (46). The lack of quantifiable improvement in outcomes after PDA closure likely influenced this practice change. The outcomes without noticeable improvement after PDA closure include BPD, NEC, IVH, ROP, periventricular leukomalacia, long-term neurodevelopmental status, and death (52, 53).

Echocardiography has been examined in multiple studies as an objective measure of a hemodynamically significant PDA (hsPDA) (49, 54, 55). The echocardiographic parameters used in determining if a PDA is hemodynamically significant include the transductal diameter, evidence of left-sided volume overload, quantification of ductal shunting, and magnitude of pulmonary overcirculation (56). The transductal diameter and the flow pattern (low velocity flow) are used to quantify the shunt size as seen in Figure 1A (57). Indices of left-sided volume overload and pulmonary over-circulation are closely related and thus use many of the same indices for evaluation as seen in Figure 2. Albeit dated, one of the most used measurements to determine is a PDA is hemodynamically significant is the ratio of the left atrium diameter (LA) to the aortic root diameter (Ao) by M-mode echocardiography. If the LA:Ao ratio is >1.4, there is likely left-sided volume overload secondary to increased blood return from the lungs. Another important echocardiographic measurement includes reversal of flow in diastole in the abdominal aorta suggestive of a substantial shunt [i.e., evidence of systemic steal (Figure 3)]. Individually, these indices are not specific to a PDA but when presenting together in a premature infant with RDS, it is reasonable to believe there is a hemodynamically significant PDA present. Although there are numerous suggested protocols for assessment of a hsPDA (49, 50, 58–61), there is no validated protocol that confirms the echocardiographic information with real-time hemodynamic information from cardiac catheterization.


[image: Figure 1]
FIGURE 1. (A) Transthoracic Echocardiogram (parasternal short axis image with color Doppler) demonstrating the relative size of the patent ductus arteriosus (PDA) in comparison to the left pulmonary artery (LPA) and right pulmonary artery (RPA). (B) Post-transcatheter PDA closure.
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FIGURE 2. Transthoracic Apical 4-chamber view showing left atrial and ventricular dilation suggestive of a hemodynamically significant PDA.



[image: Figure 3]
FIGURE 3. Abdominal Aorta Doppler pattern showing diastolic flow reversal indicative of a hemodynamically significant PDA.


Echocardiography can also be useful as a predictive measure of whether a PDA will become hemodynamically significant. One study found that the ductal anatomy during the first 12 h of life, specifically a ductal length <5.2 mm, was predictive of a hsPDA by 72 h of life with a sensitivity of 83% and a specificity of 86% (62).

Multiple publications have investigated serum biochemical markers as indicators of a hsPDA both independently and with echocardiography. These markers include B-type natriuretic peptide (BNP), amino-terminal pro-B-type natriuretic peptide (NT-proBNP), and cardiac Troponin T (cTnT) (63, 64). There are also urinary markers such as Neutrophil gelatinase-associated lipocalin and heart-type fatty acid binding protein that have been used to predict ductal closure timing (65). While locally certified BNP or NT-proBNP assays can be useful to trend for appraisal of response to therapy, the variability of assays across institutions prevents universal assertions about their utilization (56). A study of premature neonates did find a correlation between the cTnT levels and the ductal diameter, LA:Ao ratio and descending aortic end-diastolic velocity (57). In addition, these biomarkers may help clinicians determine the effect of their treatments on infants' cardiac function. For example, one study found that even 2 weeks after treatment with oral ibuprofen, urinary NT-proBNP was still elevated, suggesting that there is still an effect on cardiac function even when the infant is clinically stable post-treatment (66).

Clinical judgment can be another useful resource in the decision to treat a PDA. One study found that presence or absence of certain clinical symptoms was appropriate for determining treatment of PDA and may prevent unnecessary medical treatments in this vulnerable population (67). Alone, echocardiographic indices and serum biochemical markers cannot reliably determine if a PDA is hemodynamically significant. However, when used in combination with clinical data, practitioners can make that determination on a case-by-case basis (9).



PROPHYLACTIC CLOSURE OF PDA

Though the presence of a moderate to large PDA has been associated with morbidity, as demonstrated in over 60 controlled trials, the lack of any decrease in morbidity and mortality with ductal closure has questioned the utility of prophylactic PDA closure in premature infants (68, 69). There are four possible explanations as described by McNamara for the lack of proven clinical benefit after ductal closure (70). First, the “hemodynamically significant” PDA has no true causal relationship with adverse outcomes. Second, the conclusions of many studies are unreliable due to the variable definition of “hemodynamically significant” and therefore results have been diluted by “hemodynamically non-significant” PDAs. Third, frequent cross-over between placebo and treatment groups may have obscured any visible benefits. Fourth, there is a causal relationship between the hsPDA and adverse outcomes but closure alone will not fully ameliorate the morbidities or mortalities. The multiple confounding factors that coexist may explain why the trials of prophylactic closure have shown only some reduction in various morbidities (52, 71).

Prophylactic medical closure of the PDA before the PDA becomes “hemodynamically significant” has been shown to reduce the incidence of severe IVH and the need for surgical ligation however it has not been shown to reduce BPD, NEC, or improve long-term neurodevelopmental outcomes (72). It is unclear why the decreased incidence of severe IVH has not translated into enhanced neurodevelopmental outcomes in the long-term. The Ment-trial in 1994 showed favorable neurodevelopment outcomes in 4.5 and 8-years old children who were treated with Indomethacin prophylaxis (73). However, the PDA-TOLERATE trial found medical treatment after the 1st week of life was not associated with reduced PDA ligations or PDAs present at discharge in infants born before 28 weeks gestation (74). In addition, the infants born between 26 and 28 weeks gestation had increased rates of late-onset sepsis and death when exposed to early medical treatment suggesting that early medical treatment is not without long-term negative effects (74). This has led many neonatologists to adopt a conservative approach, which compared to medical treatment, has resulted in similar rates of NEC, IVH, and ROP (75). In one study, premature infants who did not get treatment for their PDA had lower rates of mortality than the infants who received medical treatment (75). Spontaneous closure of PDAs and the need for rescue treatment for those in the conservative treatment group make it difficult to fully evaluate the morbidities associated with conservative treatment (76).

Prophylactic surgical ligation of PDA was a common practice before medical therapy was widely available. In 1989, Cassady published the first randomized controlled trial of prophylactic surgical ligation and found a significant reduction in rate of NEC but no reduction in mortality, severe IVH, BPD, or ROP (77). Due to the significant morbidities associated with surgical ligation, prophylactic surgical ligation is no longer an accepted practice (78, 79).



MEDICAL CLOSURE OF A HEMODYNAMICALLY SIGNIFICANT PDA

Both indomethacin and ibuprofen are accepted by the US Food and Drug Administration (FDA) for closing a PDA (80, 81). These drugs prevent the transition of arachidonic acid to prostaglandin by inhibiting the cyclooxygenase site of the prostaglandin synthase enzyme, thus causing constriction of the PDA. Ibuprofen can be as successful as indomethacin for closure of the PDA. In addition, ibuprofen offers a lower risk of NEC and acute kidney injury (82). The long-term benefits of using ibuprofen compared to indomethacin has not been extensively studied and thus the data is not currently available.

Ibuprofen is given in three doses 24 h apart. The standard dosing is 10 mg/kg for the first dose and half (5 mg/kg) for the second and third doses (83). However, new research has found a higher closure rate when the ibuprofen dose is doubled (54.8% closure compared to 30.6%) (84, 85). Mitra published a meta-analysis in 2018 which also observed a higher probability of PDA closure and no increase in adverse outcomes when the dose was doubled (86). Another RCT using early oral ibuprofen prophylaxis showed reduced rates of hsPDA albeit not statistically significant and with a high prevalence of adverse events (intestinal perforation and kidney injury) (87). This is further support by a study that found lower serum ibuprofen levels in premature infants whose hsPDA did not close after 3-dose treatment; specifically, the trough after the first dose was significantly lower compared to the group of infants whose hsPDA did close after 3-dose treatment (88).

The preferred route of ibuprofen administration has just been clarified by recent studies. A Cochrane review in 2015 observed that ibuprofen administered intravenously was less effective at PDA closure than ibuprofen administered orally (RR 0.37; 95% CI 0.23–0.61) (65). This was also seen in a large network meta-analysis (74). Pacifici suggested that the slower absorption and prolonged half-life with oral administration offered more time for the drug to interact with the PDA and thus made it more effective (89). However, a study of ELBW infants found that those infants who received oral ibuprofen for PDA closure had a higher rate of PDA reopening compared to those who received IV ibuprofen (90). In terms of safety, evidence supports that oral ibuprofen is as safe as IV ibuprofen in very low birth weight infants (91). Furthermore, one study observed that neurodevelopmental outcomes in premature infants who received oral ibuprofen vs. IV ibuprofen for PDA closure were not significantly different (92). Ibuprofen has been associated with higher risk of NEC, spontaneous intestinal perforation, and acute kidney injury (81) In addition, decreased blood flow to the kidneys, mesentery, and brain was revealed through near infrared spectroscopy (NIRS) and Doppler ultrasonography after indomethacin/ibuprofen was given for PDA closure (93–97). Consequently, withholding enteral feedings has become more popular when administering indomethacin/ibuprofen to premature infants in order to reduce the adverse gastrointestinal outcomes. However, some studies have investigated this and did not find a disparity in enteral feeding tolerance or harmful events involving the gastrointestinal tract when infants were given smaller volume enteral feeds during indomethacin/ibuprofen therapy (98, 99).

Recently, acetaminophen has been suggested as a substitute for indomethacin and ibuprofen. The US FDA has not approved the use of acetaminophen in neonates to close the PDA. The mechanism of acetaminophen is not completely known, but it is thought to inhibit the peroxidase section of the prostaglandin synthase enzyme causing narrowing of the PDA (100). Oral acetaminophen has not been extensively studied like the cyclooxygenase inhibitors, but was thought to be as successful as oral ibuprofen in closing a PDA (101). In addition, the incidence of renal insufficiency was reduced with oral acetaminophen administration compared to high dose oral ibuprofen (102). As seen with ibuprofen, one study found a lower serum acetaminophen level in premature infants whose PDA did not close after a 3-days course of acetaminophen (103). With potential for effective closure of the PDA and reduced adverse events (104), acetaminophen has become an appealing alternative to cyclooxygenase inhibitors (105), especially in infants with other morbidities easily aggravated by indomethacin/ibuprofen (106). However, a recent multicenter randomized control trial evaluating the effectiveness of IV acetaminophen over IV indomethacin in infants <32 weeks gestation with a birthweight ≤ 1,500 gms with a hemodynamically significant PDA by echocardiogram showed reduced effectiveness (5.9 vs. 55% closure rate) (107). In addition, a RCT evaluating the impacts of paracetamol compared to ibuprofen on neurodevelopment outcomes at 18–24 months corrected gestational age showed no significant difference (108). A single center trial of 12 infants evaluating the role of combined (paracetamol and ibuprofen) therapy to monotherapy-resistant hsPDA showed a 75% success rate (109). However, in a single center double-blinded randomized controlled pilot study, there was no benefit observed with adding IV paracetamol to IV ibuprofen for the treatment of hsPDA (110).



SURGICAL CLOSURE OF A HEMODYNAMICALLY SIGNIFICANT PDA

The first RCT evaluating surgical ligation vs. conservative “standard” medical care was done by Cotton and colleagues who tested ventilated VLBW neonates at 8–10 days of life. Albeit small, the study showed that routine early surgical ligations led to earlier extubations and a lower hospital bill (111). Unfortunately, surgical ligation has frequently been linked to increased morbidities including BPD, ROP, and long-term neurodevelopmental impairment (10, 112–116). The TIPP trial (trial of indomethacin prophylaxis in preterm infants) also corroborated that patients who underwent surgical ligation had more BPD, severe ROP, and 18–22 months neurosensory deficiency in comparison to patients who had medical therapy alone (72).

However, there are many confounding variables linked to surgical ligation that complicate the reasons for neurodevelopmental deficiency. It is unclear whether the outcomes are purely cause-and-effect or if surgery is an indication of clinical severity. With substantial adverse events depicted after surgical ligation (117–123) and the debate over whether a PDA even needs to be closed, most neonatologists err on the side of caution and defer surgical ligation even if medical management fails (2, 46).



PERCUTANEOUS CLOSURE OF HEMODYNAMICALLY SIGNIFICANT PDA

Transcatheter PDA closure (TCPC) has come to be the treatment of choice in adults and children (20). However, there is still hesitation with patient selection and timing of procedure due to opposing results on the safety of TCPC during infancy (124). The largest meta-analysis to date assessing infants undergoing percutaneous closure of their PDA was published by Backes in 2017. In 635 procedures within 38 studies, 92.2% were successful closures and the rate of adverse events was 23.3%, with only 10.1% being “clinically significant (125).” In 2016, Zahn evaluated TCPC in the extremely premature population, which included 24 infants with a mean weight of 1,249 grams. His successful closure rate was 88% and his adverse event rate was 12.5%. At follow up (median time of 11 months), all 24 patients were alive and did not have residual PDA, LPA stenosis, or aortic coarctation (126). At our institution, TCPC in premature infants had a significantly lower complication rate compared to surgical ligation (3.3 vs. 25.7%) (127, 128). We have currently performed TCPC on 108 infants weighing <1,000 grams at our institution. The complications in the 241 infants weighing between 500 and 2,000 grams at the time of the TCPC at our institute included: coarctation of the aorta (2), pericardial effusion needing drainage (2), tricuspid valve injury (1), one procedure related mortality early in the experience, device embolization and retrieval (1) and left pulmonary artery stenosis requiring device retrieval (1). In contrast, the surgical group (n = 167) had two procedure related mortalities, wound dehiscence (2), residual PDA requiring re-intervention (4), Pneumothorax (3), Sepsis/pneumonia (4), left ventricular wall motion abnormality needing digoxin at discharge (1), worsening respiratory status (2), and post-ligation syndrome (25).

While percutaneous PDA closure can be done at bedside using echocardiography and portable fluoroscopy, transporting the premature infant to the catheterization lab may be necessary. This transport requires thorough coordination since ELBW infants often require temperature and ventilatory regulation (129). In addition, there are some procedural alterations that can be made to better accommodate the premature infant during percutaneous PDA closure.

Since limb ischemia has been associated with accessing small diameter arteries in ELBW infants, the procedure is performed from a venous access only (130, 131). Femoral vessel nomograms allow for pre-procedure planning in certain settings but they may not include premature infants in the data set so it may be safest to avoid arterial access in premature infants (132). Reducing overall procedure time is especially important in premature infants and can be done by minimizing intracardiac catheter manipulation, contrast dosing, and unnecessary hemodynamic measurements (133, 134). Equally important is ensuring optimal device placement prior to device deployment (135). Without having arterial access, aortography is not possible so a transthoracic echocardiogram (TTE) should be used for evaluation of device placement as seen in Figure 1B (135). If a different device size is required due to inadequate placement or residual shunting, the initial device can be retrieved via catheter and a new device placed all within the same procedure setting (136). The risks associated with percutaneous PDA closure, while low even in ELBW infants, include device embolization, cardiac perforation, aortic coarctation, and LPA obstruction (125).

Currently, there are a number of PDA closure devices available for infants and children >5 kg. However, the DA morphology differs in ELBW infants in that it is long and tortuous (17) compared to older infants and children, which can compromise the effectiveness of these devices in ELBW infants (137). Recently, a new device was FDA approved for PDA closure in infants ≥ 700 g (138). The success rate with this new device was 95.5% (191/200) in all patients and 99% (99/100) in patients ≤ 2 kilograms. Of implanted patients, 99.4% reached the primary effectiveness endpoint. A primary safety endpoint event was reached in four patients (two transfusions, one hemolysis, and one aortic obstruction). No branch pulmonary artery obstructions were observed. Worsening of tricuspid regurgitation (TR) was found in five patients after the procedure. This study clearly showed safety and efficacy of TCPC even though it was restricted to 10 centers. It adds to the armament of the neonatologist in the early treatment of PDAs in premature infants and may encourage further investigation on the outcomes of early PDA closure in this population (138).

With growing experience, we have found that early PDA closure may afford better overall clinical outcomes in ELBW infants. In the past, early surgical ligation of the PDA did not demonstrate any benefit. However, unlike surgical ligation, TCPC involves no cutting or stitching to the infants' chest, there is no handling of the premature lungs and no inflammatory surge. Therefore, TCPC may be overall beneficial. It is similar to surgical ligation in that it affords immediate, definitive closure of the PDA unlike medical therapy, which is not 100% effective and requires a long time period to work. While TCPC is a technically feasible and safe therapeutic option, the lack of comparative trials and widespread operator experience, prevents it from being the current standard of care. Since ELBW infants who have undergone TCPC usually have multiple co-morbidities and are at high risk for hospital readmission during their 1st year of life, it is important to have a multidisciplinary follow-up visit after initial discharge to monitor their progress (139, 140). However, given the concerns of surgical ligation during infancy (52–55, 117–123), TCPC represents a potentially attractive alternative especially when medical therapy has failed.



POST-LIGATION SYNDROME

Substantial hemodynamic changes take place after ligation of PDA and they have only recently started being explored in a scientific manner. A sudden increase in afterload and a decrease in left ventricular (LV) preload occurs following ligation, putting the neonate at high risk for decreased cardiac output. In fact, decreased LV output has been reported in up to 50% of premature neonates after PDA ligation (141). This cardiac deterioration is termed post-ligation syndrome and can occur relatively quickly. Signs of a low cardiac output state include hypotension, increased metabolic acidosis and respiratory failure (142, 143). Studies have found a significantly lower incidence of post-ligation syndrome in ELBW infants who underwent transcatheter PDA closure compared to surgical ligation (144–146). Jain demonstrated that prophylactic milrinone administration reduced the incidence of post-ligation syndrome from 44 to 11% in high-risk patients (147). In addition, calcium chloride administration following transcatheter PDA closure can also reduce the incidence of post-ligation syndrome in ELBW infants (148).



CONCLUSION

Management of the PDA continues to be an elusive challenge for neonatologists and pediatric cardiologists despite it being the most common cardiac condition affecting premature neonates. After 50 years of scientific investigation yielding thousands of publications, there is still no agreement on the definition of a hemodynamically significant PDA and how best to treat it. However, many clinical lessons have been brought to light and cannot be ignored. We know that routine PDA closure soon after birth does not diminish the morbidities associated with a PDA. In addition, surgical ligation has been associated repeatedly with higher occurrence of BDP, ROP, and poorer neurodevelopmental outcomes. When medically treating the PDA, we have realized several medications which have had positive results, some with more adverse side effects than others. With the introduction of percutaneous PDA closure, we have the potential to be less invasive; however, as in most treatment modalities, the risks remain. Pharmacogenetics appears to be the next frontier as we contemplate the continued questions of who needs intervention for their hsPDA and how best to achieve this while minimizing the morbidity and mortality, specifically in premature infant population. With continued exploration, we continue to adapt our theories about the persistent ductus arteriosus and its effects.
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Background: Patent ductus arteriosus (PDA) treatment remains controversial. Modeling on the predictive capacity of early spontaneous PDA closure would help in decision-making.

Aim: To design a predictive model of early spontaneous PDA closure.

Methods: As part of a trial to assess efficacy and safety of two ibuprofen treatment schemes for PDA, infants below 29 weeks' gestation were scanned between 18 and 72 h of birth, and serially if indicated. PDA treatment was decided based on echocardiography signs of lung overflow or systemic hypoperfusion and clinical criteria. A PDA score that included the echocardiographic parameters significantly associated with treatment prescription was retrospectively applied. Perinatal variables and screening score were included in a backwards elimination model to predict early spontaneous closure.

Results: Among 87 eligible infants (27 weeks' gestation; age at screening 45 h), 21 received ibuprofen at 69 h of life [screening score = 7 (IQR = 5–8.5); score at treatment = 9 (IQR = 8–9)], while 42 infants had conservative management, [screening score = 1 (IQR = 0–4)]. Twenty four infants were excluded (ibuprofen contraindication, declined consent or incomplete echocardiography). Screening score showed an AUC = 0.93 to predict early spontaneous PDA closure, [cut-off value = 4.5 (sensitivity = 0.90, specificity = 0.86)]. The predictive model for early spontaneous PDA closure followed the equation: Log (p/1-p) = −28.41 + 1.23* gestational age −0.87* PDA screening score.

Conclusions: A predictive model of early spontaneous PDA closure that includes gestational age and the screening PDA score is proposed to help clinicians in the decision- making for PDA treatment. In addition, this model could be used in future intervention trials aimed to prevent PDA related morbidities to improve the eligibility criteria.

Keywords: ductus arteriosus, echocardiography, preterm infant, ibuprofen, NPE


INTRODUCTION

The patent ductus arteriosus (PDA) is associated with several morbidities including intraventricular hemorrhage (IVH), necrotizing enterocolitis (NEC), bronchopulmonary dysplasia (BPD), and death as a result of pulmonary over-circulation and systemic hypoperfusion (1–6). Different management strategies have been studied in the last years, such as prophylactic treatment, early targeted treatment, treatment of a clinically symptomatic PDA, and the conservative approach of “watchful waiting” (7–12). The reported spontaneous closure rate reaches 73% at 2 months of postnatal age in extremely low gestational age neonates who survive beyond the neonatal period (11). Yet, none of these approaches have shown a reduction in the prevalence of PDA-related morbidities. This lack of benefit may be due to the fact that some infants with borderline ductal shunts (non-significant) were included in the treatment group in these trials (9). In addition, in case of active treatment is decided, there is not consensus on “how early” should treatment be started, as severe co-morbidities like IVH or pulmonary hemorrhage occur very early after birth and would be only prevented by prophylactic or very early targeted treatment (before 12 h form birth) (9, 13). Moreover, pharmacological efficacy of the cyclooxygenase inhibitors is inversely related to postnatal age at treatment administration (14).

Serial neonatologist performed echocardiography (NPE) facilitate identification of a hemodynamically significant PDA (hsPDA), and may also inform on the likelihood of spontaneous PDA closure. We hypothesized that an early predictive NPE model for spontaneous PDA closure beyond the first day of life will avoid overtreatment of babies with closing PDA patterns.

This retrospective study, that combines systematic serial NPE and prospective clinical data recordings, aims to build up a model to classify two populations of preterm infants early in the clinical course: those with a closing PDA pattern that will not be subsidiary of an active PDA treatment, from those with hsPDA and pathophysiologically related (lung hyperperfusion or systemic hypoperfusion) co-morbidities, therefore beneficiaries of an active early PDA treatment.



METHOD

Infants with <29 completed weeks of gestation underwent echocardiographic assessment between 18 and 72 h of birth, as part of the routine care at NICU, in the foregoing discussion named as screening NPE. Those with NPE criteria of hsPDA were considered eligible for a multicentre randomized controlled trial to compare the efficacy and safety of two different intravenous ibuprofen treatment schemes (15-min bolus infusion vs. 24-h continuous infusion). Pharmacological PDA closure at this stage was always indicated by the attending physician based on echocardiography data and the infant's clinical condition. Serial scans were performed until PDA closure was confirmed or hospital discharge, whatever came first.

A hsPDA was defined by NPE if PDA showed a diameter larger than 1.5 mm and echocardiographic signs indicating pulmonary overflow, systemic hypoperfusion, or both were present, following the latest recommendations of the European Special Interest Group “Neonatologist Performed Echocardiography” (15). Infants were excluded in the case ibuprofen treatment was contraindicated or had no informed consent signed. If an open duct was not judged as hsPDA, or even in the case of pulmonary overflow or systemic hypoperfusion the attending physician decided a “watchful waiting,” serial scans were undertaken to confirm PDA closure or need for treatment prescription.

Infants who received ibuprofen for PDA closure at any time during the neonatal period formed the ibuprofen treatment (IB-T) group, and those who did not received any pharmacological treatment to close PDA formed the conservative management (CM) group.

The study protocol was approved by the Ethics Committee for Human Studies at La Paz University Hospital and the Spanish Medicines Agency at the National Ministry of Health (Eudract Code: 2016-002974-11 and ClinicalTrials.gov code: NCT04282941).


NPE Studies

An Aplio 500 ultrasound scanner (Toshiba Medical Systems B.V, Netherlands) with a multifrequency phased array transducer 7–10 Mhz was used. Structural normality of the heart was established on the initial scan and standardized criteria for PDA hemodynamic significance were followed (15–18).

Transductal diameter was measured from a high left-sided parasternal “ductal” view to obtain a clear 2D image of the ductus arteriosus. The probe was placed in a true sagittal plane to the left of the sternum with the marker pointing toward the head to obtain the ductal view. The ductal diameter was measured at the site of maximum constriction (shortest diameter) at the pulmonary end, using color Doppler imaging, increasing the gain until background noise was suppressed, and expressed in mm. Ductal maximum and minimum velocity (Vmax/Vmin) ratio, was measured applying pulsed-wave Doppler (PWD) at the pulmonary end of the ductal view. Antegrade left pulmonary artery (LPA) diastolic flow, was visualized from a high parasternal short axis view using color Doppler. End-diastolic velocity was measured by PWD in the LPA tracing the Doppler signal and expressed in cm/s. Left atrial/aortic ratio was measured from the parasternal long axis view using M-mode at end-diastole, positioning the probe perpendicular to the aorta at the level of the aortic valve. To calculate the left ventricular output (LVO), aortic root diameter was measured at the hinges of the aortic valve leaflets, from the long axis parasternal view. The velocity time integral (VTI) of the ascending aorta was obtained by PWD from the apical 5-chamber view, aligning the probe to become parallel to flow direction, without angle of correction. Three consecutive Doppler wave forms were averaged and used to estimate the VTI. LVO (mL/kg/min) was derived from the equation: [(aortic diameter2/4) * π * VTI * heart rate]/ weight. Superior vena cava (SVC) diameter was calculated from the parasternal long axis view with the ultrasound beam in a true sagittal plane and angled to the right of the ascending aorta. Maximum and minimum diameters of three to five consecutive cardiac cycles, obtained by M-mode at the point the SVC starts to open into the right atrium, were averaged. The VTI of the SVC was measured from a subcostal window and the angle of insonation was minimized by maneuvering the transducer inferiorly to allow visualization of the maximal amount of flow within the SVC before entry into the right atrium. The pulsed Doppler recording was made at the junction of the SVC and the right atrium. The averaged VTI from 5 to 10 consecutive cardiac cycles was obtained. SVC flow (mL/kg/min) was derived from the equation: [(mean SVC diameter2/4) * π * VTI * heart rate] / weight. Then, the LVO/SVC flow was calculated.

E wave/A wave ratio was obtained from a four-chamber view with the probe positioned on the apex of the heart with the marker facing the left side. The probe was tilted to the right shoulder and the pulsed Doppler range gate was set slightly below the mitral valve annulus.

NPE were always performed by the same study team (MCB, RS, and AIB) for whom inter and intra-observer variability study was conducted ahead to the trial start on a sample of 57 scans. The intraclass correlation coefficient ranged between 0.88 and 0.98 (p < 0.001) for all the variables that were explored.



Statistical Analysis

The data were analyzed using the SAS version 9.4 (SAS Institute Inc. 2013). The quantitative perinatal data and echocardiographic variables were expressed as median and interquartile range (IQR), and the qualitative data as count and percentage (%). IB-T group and CM group were compared using the Mann-Whitney U or Kruskal-Wallis-test and Fisher's exact or χ2-test for quantitative and qualitative variables, respectively.

A multiple regression analysis was performed to evaluate the association between perinatal and NPE variables with ibuprofen treatment. Different combinations of the NPE variables were used to calculate the best PDA score to categorize PDA disease and to predict early spontaneous PDA closure, adapted from that proposed by Sehgal et al. (19) for ductal disease severity staging. A receiver operating characteristics curve was constructed to assess the ability of PDA score at screening NPE to predict early spontaneous PDA closure.

The best model for PDA score was retrospectively calculated at screening NPE and at the time of treatment administration. In addition, a backwards elimination method was applied to create the best predictive model of early spontaneous PDA closure, based on the probability of the Wald statistic. A full (saturated) model including all the perinatal variables statistically associated with spontaneous closure (positive and negative associations) from the multiple regression model was created. Then, at each step the analysis gradually eliminates variables from the regression model to find a reduced model that best explains the data.

All the statistical analyses were considered bilateral, and values of p < 0.05 were considered significant.




RESULTS

From July 2018 to April 2020, 87 infants of 27 (25.6–27.8) weeks of gestation were eligible for the study (Figure 1). Of them, 85 underwent screening NPE assessment at a median postnatal age of 45 (24–49) h. Informed consent was declined in one infant, and an additional infant was not included due to incomplete data on screening NPE. Twenty one infants who were identified as having hsPDA by NPE received ibuprofen treatment (IB-T group) at a median postnatal age of 69 (52–158) h, while 42 infants who did not show echocardiographic signs of hsPDA were not treated and formed the CM group. Among the former, treatment was indicated in 7 infants as a result of the screening NPE, while in the remaining 14, a second NPE was needed for decision-making.


[image: Figure 1]
FIGURE 1. Patient flowchart.


Twenty two additional infants underwent screening NPE but were not considered eligible for the intervention trial due to persistent pulmonary hypertension (n = 9) or other clinical conditions (n = 13). This precluded to have a complete systematic approach by NPE in this subset of infants and accordingly are not included in this retrospective analysis. Details of the study population chart flow are depicted on Figure 1.

Infants in the IB-T group had lower gestational age (p < 0.001), birth weight (p = 0.003), and 5-min Apgar (p = 0.04), showed higher rates of advanced resuscitation at birth (p = 0.03), and had larger transductal diameter (p < 0.001), higher ductal Vmax/Vmin ratio (p < 0.001) and higher LPA diastolic velocity (p < 0.001). In addition, reverse descending aorta diastolic flow was more prevalent at screening NPE in infants in the IB-T group than in those of the CM group (p < 0.001).

The predictive capacity of screening NPE for early spontaneous PDA closure was analyzed by different models of PDA score. This analysis yielded that the best model of PDA score included only the echocardiographic variables statistically associated with the CM group (Tables 1, 2). It showed an AUC = 0.93 (95% CI 0.88–0.99), with PDA score cut-off value <4.5 with a sensitivity of 0.90 (95% CI 0.71–0.97), specificity of 0.86 (95% CI 0.72–0.93), positive predictive value of 0.76 (95% CI 0.59–0.87), and negative predictive value of 0.95 (95% CI 0.83–0.98) (Figure 2).


Table 1. Proposed predicted models of early spontaneous PDA closure.
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Table 2. Ductal disease stage* (Model 5).
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FIGURE 2. Receiver operating characteristics curve of the ability of screening PDA score to differentiate between PDA ibuprofen treatment group and early PDA spontaneous closure (conservative management group).


Median screening PDA score was 7 (IQR: 5–8.5) and 1 (IQR: 0–4) for the IB-T group and the CM group, respectively (p < 0.001). Median PDA score at the time ibuprofen treatment was administered was 9 (IQR: 8–9) (Tables 3, 4).


Table 3. Clinical data of the study population.
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Table 4. Neonatologist Performed Echocardiography (NPE) variables.
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The backward stepwise regression analysis showed that the best predictive model to estimate the likelihood of early spontaneous PDA closure included the gestational age [OR = 3.44 (95% CI 1.33–8.87)] and the screening PDA score [OR = 0.42 (95% CI 0.25–0.71)], according to the following equation,

Log (p/1-p) = −28.41 + 1.23* gestational age −0.87* PDA score at screening NPE.

Where, p is the probability of early spontaneous closure. Thus, for each unit increase in the PDA score at screening or in gestational age (in weeks), the likelihood of early spontaneous PDA closure decreases 58% or increases by 3.4 times, respectively.



DISCUSSION

The results of this analysis support screening PDA score at the second day of life in very preterm infants as a valuable tool to discriminate between two different groups of patients: those with a PDA pattern with high probability of early spontaneous closure during the first 2 weeks of life, and those who will develop unequivocal signs of hemodynamic significance related to a patent duct. In the backward stepwise regression analysis, only the gestational age improved the predictive capacity of the model. This is particularly relevant at extreme gestational ages as, according to our data, the likelihood of early spontaneous PDA closure at 24 weeks of gestation and PDA screening score of 5 would be around 4%, while at 29 weeks and the same score, it would reach 94%. Thus, the strength of PDA score is especially remarkable for intermediate gestational age groups, such as 26 weeks of gestation, where a score of 3 or 6 modifies dramatically the likelihood for early spontaneous closure, ranging from 72% to 16%, respectively. These findings highlight the importance of early personalized management of PDA instead of considering PDA as an all or none phenomenon. This personalized approach is essential to avoid overtreatment in infants with high chances of early spontaneous closure, and will focus on babies with high NPE screening scores that would be beneficiaries of early pharmacological prescription for PDA closure.

Early identification of this specific group may offer two main advantages. First, it has been reported that the efficacy of ibuprofen is inversely related to postnatal age at the time treatment is started; thus, the earlier the treatment the higher the likelihood of closure (14). Second, this predictive model also recognizes a subgroup of infants potentially most vulnerable to develop PDA-related morbidities, as a consequence of being exposed to a large blood shunting from the systemic to the pulmonary circulation. This population should be the focus of preventive strategies to minimize the hidden impact of PDA blood flow shifting from specific territories, either from the perspective of clinical management but also for research purposes.

Although, prolonged ductal patency may be associated with a variety of adverse outcomes (1–6), the pathophysiological mechanistic approach involving PDA hemodynamic changes has not been established yet. In addition, although some trials on early pharmacological therapy have shown a reduction in the short-term morbidities, such as pulmonary hemorrhage or severe IVH (9, 13), data on the long-term outcomes did not show benefits in the treatment group (7). The lack of long-term benefits in intervention trials on PDA closure could be explained by misclassification of the eligible population, as infants with PDA were selected for intervention independently of their individual PDA patterns, either if closing patterns were present or not.

We propose the early PDA score defined in this study as a tool for better selection of candidates for intervention in future trials on PDA treatment strategies. This early and objective score identified the population of low birth weight infants who received treatment for PDA closure, corresponding to one third of those who were systematically observed. Recent literature is aligned with our data, as spontaneous permanent closure of PDA by the end of the first week of life is reported in one third of the extremely low birth weight infants (16), and two thirds of them close their PDA by 2 months of life (20). These data have divided the scientific community in two currents with respect to PDA (treat or not treat) (7, 9, 11).

It is of note that active treatment with ibuprofen started at 69 h of birth in our study, although IB-T group screening NPE score was 7 at 42 h. The 27 h delay in ibuprofen treatment could have had a negative effect on treatment response, as the metabolism of ibuprofen has been shown to mature early in life (17).

Previous research focus on the management of PDA according to its capacity to cause harm (18, 19, 21). NPE offers information regarding hemodynamic PDA-related changes and allows the characterization of shunt volume over the lungs as well as the blood steal at the post-ductal circulation (15). Based on this information, different scores at random postnatal ages have been proposed (18, 19, 21) that have shown a relationship between shunt severity (higher PDA score) and IVH, NEC, BPD, or death (19, 21). In this retrospective study, screening NPE conducted on day 2 of birth only included in the PDA score the variables which predicted spontaneous early closure of PDA. Other parameters traditionally used to guide PDA treatment, such as left atrial to aortic ratio, LVO/SVC flow or E wave/A wave ratio, were excluded. These NPE variables may help to PDA disease staging but do not seem to be as useful for early in life treatment decision-making.

As opposite to previous reports (21), we decided not to use tissue Doppler imaging-derived variables to be included in our model because it was intended to define a more generalisable tool, easy to use by a wider population of neonatologists. Our score includes variables that define PDA size and flow (transductal diameter and ductal velocity), lung over-circulation (antegrade LPA diastolic flow), and systemic shunt effect (descending aorta diastolic velocity) according to the latest recommendations of the European Special Interest Group “Neonatologist Performed Echocardiography” (15). Neither platelet count nor the hemoglobin level (22) were found to be associated with PDA closing pattern in this study, so those were not included in the predictive model.

The main limitation of this study is its retrospective design so these results should be validated prospectively in a larger population. A greater predisposition of the neonatologist to treat infants with a lower gestational age and those with echocardiography-derived parameters indicating larger shunts is a matter of fact. As there was not a previously defined cut-off value to guide clinicians on when to start PDA treatment, only NPE variables statistically associated with treatment were included in the score that was retrospectively applied.

The strength, however, is to provide a tool to help clinicians in PDA decision making, by early identification of hsPDA that do not show closing patters, rather than to explore the association between PDA and morbidities. Future research will clarify whether prevention of PDA-related morbidities is feasible by effective early identification and treatment of hsPDA without closing patterns.

In conclusion, a predictive model of early spontaneous PDA closure that includes gestational age and the screening PDA score is proposed. This model may help clinicians in the decision-making process of PDA treatment but these results should be validated prospectively in a larger population. In addition, this model could be used to classify study groups for future intervention trials on ductal treatment that aim to prevent PDA related morbidities.
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Objective: This study aims to evaluate outcome after conservative management (no pharmacological/surgical intervention other than fluid restriction, diuretics, or ventilator adjustments) compared with active (pharmacological and/or surgical) treatment for patent ductus arteriosus (PDA) in preterm infants and analyze differences in outcome between randomized controlled trials (RCTs) and cohort studies.

Study Design: This is a systematic literature review using PubMed, EMBASE, and Cochrane library. RCTs and cohort studies comparing conservative management with active treatment were included. Meta-analysis was used to compare conservative management with any active (pharmacological and/or surgical), any pharmacological (non-prophylactic and prophylactic), and/or surgical treatment for mortality as primary and major neonatal morbidity as secondary outcome measure. Fixed-effect analysis was used, unless heterogeneity (I2) was >50%. Outcome is presented as relative risk (RR) with 95% confidence interval.

Results: Twelve cohort studies and four RCTs were included, encompassing 41,804 and 720 patients, respectively. In cohort studies, conservative management for PDA was associated with a significantly higher risk for mortality (RR, 1.34 [1.12–1.62]) but a significantly lower risk for bronchopulmonary dysplasia (RR, 0.55 [0.46–0.65]), necrotizing enterocolitis (RR, 0.85 [0.77–0.93]), intraventricular hemorrhage (RR, 0.88 [0.83–0.95]), and retinopathy of prematurity (RR, 0.47 [0.28–0.79]) compared with any active PDA treatment. Meta-analysis of the RCTs revealed no significant differences in outcome between conservative management and active treatment.

Conclusion: No differences in mortality or morbidity for conservative management compared with active treatment regimens were observed in RCTs. Findings from cohort studies mainly highlight the lack of high-quality evidence for conservative management for PDA in preterm infants.

Keywords: PDA, ibuprofen, indomethacin, paracetamol, ligation, placebo, morbidity, mortality


INTRODUCTION

A patent ductus arteriosus (PDA) is very common in very low birth weight (VLBW) infants (<1,500 g) (1). It is associated with mortality and severe morbidity, such as bronchopulmonary dysplasia (BPD), necrotizing enterocolitis (NEC), intraventricular hemorrhage (IVH), and retinopathy of prematurity (ROP) (2).

Prophylactic treatment with indomethacin has been shown to reduce the incidence of symptomatic PDA, ligation, and severe IVH (3). Network meta-analysis of randomized controlled trials (RCTs) showed a significant effect on ductus arteriosus (DA) closure in pharmacologically treated children compared with placebo/no treatment (4). However, effective closure of the DA has not resulted in an improvement either in survival or major neonatal morbidity. When analyzing these RCTs, one has to be aware of the great heterogeneity in used definitions (and therefore inclusion criteria) for hemodynamically significant PDA (hsPDA) (5) and the remarkably high rate of open-label-treated patients in the control group (6). Ligation is an effective strategy to close the DA as well but has been associated with adverse outcome (7). Recent studies that adjusted for confounders prior to ligation, showed no association between ligation and adverse outcome (8, 9).

In the last decade, there has been a shift from aggressive pharmacological and/or surgical treatment toward a more conservative management (10). This change in policy can be justified by two arguments. First, since pharmacological treatment is not associated with an improvement in overall outcome (3, 4, 6, 11), fragile preterm infants are withheld from possible adverse effects of the pharmacological intervention. Second, there is a substantial rate of spontaneous closure of the DA (12, 13), even after failed pharmacological treatment (14). In summary, it is perceived that closure of the DA is delayed in preterm infants and treatment seems to only accelerate closure without improving outcome.

In this review and meta-analyses, we systematically reviewed the literature regarding mortality and morbidity associated with a conservative management for PDA in preterm and/or VLBW infants and compare most relevant outcome measures between RCTs and cohort studies.



METHODS

We performed a systematic literature review on 1 July 2020 in PubMed, EMBASE, and Cochrane library using the following search terms “preterm infant,” “very low birth weight infant,” “PDA,” “conservative treatment,” and “placebo” (Table 1). We excluded articles before 2000, as in this period antenatal corticosteroids and surfactant were not part of routine care. Reference lists of reviews and included articles were screened for additional studies. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) was followed (15). No review protocol was published.


Table 1. Search strategy.
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Articles were included when it concerned (a) preterm infants <32 weeks' gestation or VLBW infants <1,500 g, with a PDA (irrespective of diagnostic criteria) in (b) a RCT or cohort study with (c) at least one study group managed conservatively (defined as <25% open-label pharmacological treatment with ibuprofen, indomethacin, or paracetamol and/or ligation/endovascular closure for RCTs and <25% active treatment during follow-up for cohort studies) as our aim is to compare active treatment with conservative management instead of “delayed” treatment and when (d) data about the primary outcome (mortality) or secondary outcome measures (BPD, NEC, IVH, and ROP) were available. Conservative management was defined as the absence of any pharmacological or surgical/endovascular intervention with the intention to actively close the DA other than fluid restriction, diuretics, and/or ventilator adjustments.

Articles were excluded if: (a) data about outcome measurements were not available per treatment regimen; (b) language was not English, German or Dutch; and (c) the paper was a conference abstract.

Two reviewers (TH and EJ) screened the title and abstract of the retrieved papers. Disagreements were resolved by a third reviewer (WdB). For eligible studies, corresponding authors were contacted for missing data from subgroups. Two reviewers (TH and EJ) assessed the risk of bias with the Cochrane Risk of Bias Tool for included RCTs (16) and the Newcastle-Ottawa Scale (NOS) for cohort studies (17). Disagreements were resolved by a third reviewer (WdB).

Data extraction regarding study design, study population, definition of (hs)PDA (not specified, clinical parameters only, echocardiographic parameters only, or both clinical and echocardiographic parameters), definition of conservative management (respiratory adjustments, fluid restriction and/or diuretics, or no pharmacological/surgical PDA treatment), percentage open-label active treatment (pharmacological and/or surgical) in the conservative management group, and outcome parameters (mortality, BPD, NEC, IVH, and ROP) from included studies were done by two reviewers (TH and EJ).

If available from the cohort studies, adjusted odds ratio (aOR) was also extracted and expressed as conservative management group compared with the active treatment regimen.

Conservative management was compared with five active treatment regimens, namely (1) any active treatment, defined as treatment with either ibuprofen, indomethacin, or paracetamol and/or ligation/endovascular closure; (2) any pharmacological treatment, defined as treatment with ibuprofen, indomethacin, and/or paracetamol, both prophylactic and non-prophylactic; (3) non-prophylactic pharmacological treatment, defined as treatment with ibuprofen, indomethacin, and/or paracetamol beyond a postnatal age of 24 h; (4) prophylactic pharmacological treatment, defined as treatment with ibuprofen, indomethacin, or paracetamol within a postnatal age of 24 h irrespective of PDA status; and (5) ligation/endovascular closure, defined as ligation/endovascular closure without preceding pharmacological treatment.

Some studies included a subgroup without a PDA. Those subgroups were excluded from the initial analysis, but in a subgroup analysis, we included those low-risk patients in the conservative treatment group to investigate their modulating effect on outcome measures. Furthermore, our main inclusion criterium for PDA was irrespective of diagnostic criteria used. In a subgroup analysis, we will only include studies with an echocardiographically confirmed PDA >1.5 mm in both subgroups.

Outcome measures were entered in Review Manager Software for meta-analysis (Revman version 5.3 Copenhagen: The Nordic Cochrane Center, The Cochrane Collaboration, 2014). Meta-analysis was performed for RCTs and cohort studies separately per defined treatment regimen. We used random effect if the heterogeneity (I2) was >50% (18) and fixed effect in case of a lower heterogeneity. Effects are presented as risk ratio (RR) and risk difference (RD) with 95% confidence interval (95% CI).

The methodological quality of the studies' outcome parameters was examined with the GRADE method (19). We assessed imprecision as serious if the total number of events was <300 or if the width of the CI of the RR was >0.25. We used the GRADE-pro GDT 2016 software (GRADEpro Guideline Development Tool [Software], McMaster University, 2015) to create a “summary of findings” table to report the quality of evidence. The GRADE approach results in an assessment of the evidence in one of four grades of evidence: high, moderate, low, or very low certainty.



RESULTS

Our search revealed 388 unique articles, of which four RCTs (20–23) and 12 cohort studies (7, 24–34) could be included in the meta-analyses. Figure 1 depicts the PRISMA flow diagram showing the retrieval process of the included articles (15). Due to our inclusion criterium of strict conservative management, we had to exclude many RCTs (n = 18) because of >25% open-label active treatment and cohort studies (n = 13) because of >25% active treatment during follow-up in the conservative management arm.
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FIGURE 1. Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) flow diagram of systematic literature review (15).



Study Characteristics

A total of 63,254 patients were analyzed, of which 720 patients from RCTs and 41,804 from cohort studies were included in the initial meta-analyses. The remaining (n = 20,730) were classified as a subgroup without a PDA in four cohort studies and did not receive any (prophylactic) treatment (26, 29) and were therefore excluded from the initial analyses.

In Table 2, the characteristics of the included RCTs and cohort studies are shown. The used definitions for a (hs)PDA varied extensively between studies. Patient characteristics are presented in Table 3.


Table 2. Study characteristics of included studies.
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Table 3. Patient characteristics of included studies.
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Three RCTs were placebo controlled (20, 22, 23), while for one RCT, the control arm was not specified (21). In the cohort studies, the definition of conservative management ranged from no treatment at all to a regimen with fluid restriction, diuretics, and/or adaptation in ventilator settings or the absence of any pharmacological/surgical treatment.

Mortality was heterogeneously defined, since four studies excluded early neonatal deaths within 24–72 postnatal hours (7, 30, 32, 34). The outcome parameter BPD was defined according to the international criteria at 36 weeks postmenstrual age in 12 papers (7, 20, 22, 26–34). NEC was defined according to the Bell stadium in nine studies (7, 20, 22, 23, 26, 27, 30, 31, 34). Thirteen studies defined IVH as grade III or higher (7, 20–23, 25–32, 34), ROP was defined as stage 3 or higher in five studies (7, 22, 26, 28, 34). No study described endovascular closure.



Risk of Bias

The quality of the included RCTs was high, given the low risk of bias (Table 4). The quality of the cohort studies was classified as moderate (Table 5).


Table 4. Risk of bias assessment of included randomized controlled trials according to the cochrane risk of bias tool (16).
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Table 5. Risk of bias assessment of included cohort studies according to Newcastle–Ottawa scale (NOS) (17).
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Meta-Analysis


Meta-Analysis Outcome Measures Randomized Controlled Trials

Meta-analysis of the four included RCTs did not show significant differences for mortality or morbidity in any of the predefined groups, as is shown in Table 6 (Supplementary Material 1). The quality of the evidence was graded as moderate to low (Supplementary Material 2).


Table 6. Outcome measurements after meta-analysis.
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Meta-Analysis Outcome Measures Cohort Studies

Meta-analysis of the cohort studies revealed that conservative management was associated with a higher risk for mortality compared with any active treatment (RR, 1.34 [1.12–1.62]; RD, 0.03 [0.01–0.06]), any pharmacological treatment (RR, 1.46 [1.14–1.85]; RD, 0.05 [0.01–0.08]), and non-prophylactic pharmacological treatment (RR, 1.54 [1.13–2.09]; RD, 0.04 [0.00–0.07]) (Table 6; Supplementary Material 3). The quality of the evidence was graded as very low (Supplementary Material 4).

Conservative management was associated with a lower risk for BPD and ROP compared with both each separate active treatment regimen and any active treatment. The risk for NEC was significantly lower for conservative management in comparison with any active treatment (RR, 0.85 [0.77–0.93]; RD, −0.01 [−0.02 to −0.01]), prophylactic pharmacological treatment (RR, 0.77 [0.67–0.88]; RD, −0.02 [−0.03 to −0.01]), and ligation (RR, 0.49 [0.35–0.68]; RD, −0.07 [−0.12 to −0.02]). Conservative management was associated with a lower risk for IVH compared with any active treatment (RR, 0.88 [0.83–0.95]; RD, −0.02 [−0.03 to 0.01]) and ligation (RR, 0.65 [0.48–0.88]; RD, −0.09 [−0.15 to −0.03]) (Table 6; Supplementary Material 3). The quality of the evidence was graded as very low (Supplementary Material 4).



Meta-Analysis Outcome Measures Cohort Studies Including Patients Without a PDA

Subgroup baseline characteristics and outcome measures were available for patients without a PDA in three studies (n = 20,497) (26–28). In this subgroup, analysis outcome of those patients was added to the conservative management group (Table 7). The higher risk for mortality lost significance in almost all subgroups, while the lower risk for morbidity was even more pronounced (Table 8, Supplementary Material 5).


Table 7. Patient characteristics of cohort studies with subgroup without patent ductus arteriosus.
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Table 8. Outcome measurements after meta-analysis of cohort studies including patient without patent ductus arteriosus.
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Meta-Analysis Outcome Measures Cohort Studies With Echocardiographic Defined PDA

We performed a subgroup meta-analysis on the two cohort studies that used echocardiographic definitions (n = 316) (29, 34). Outcome measurements, as presented in Table 9, showed a significant lower risk for BPD in the conservative treated group compared with the available subgroups any treatment and any/non-prophylactic pharmacological treatment. Mortality and other morbidity outcomes showed no difference.


Table 9. Outcome measurements after meta-analysis of cohort studies including echocardiographic defined patent ductus arteriosus.
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Adjusted Outcome


Adjusted Outcome Measures From Cohort Studies

Eight cohort studies calculated aOR for baseline characteristics between conservative management and either pharmacological therapy, ligation, or pharmacological therapy followed by ligation (7, 26, 28, 30, 31, 33–35). Table 10 shows a statistically significant higher risk for mortality and an overall lower risk for morbidity, especially BPD, in the conservatively managed group.


Table 10. Adjusted odds ratio for outcome parameters in non-randomized cohort studies.
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Adjusted Composite Outcome Measures From Cohort Studies

Studies that calculated an adjusted composite outcome, mainly involving mortality and/or BPD, observed lower aOR after conservative management in comparison with pharmacological treatment (30), to ligation alone (7, 30, 34), and pharmacological therapy and/or ligation (7, 30) (Table 11). One study defined composite outcome as survival without death or BPD and found no difference between conservative treatment and pharmacological treatment (aOR, 1.72 [0.92–3.23]) (31).


Table 11. Adjusted odds ratio for composite outcome in cohort studies.
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DISCUSSION

In this systematic review, we reviewed the available literature of the last two decades regarding a conservative management for a PDA in preterm infants. Meta-analysis of the included RCTs showed no differences in outcome for the conservative management group compared with active treatment groups. This is in line with a recent network meta-analysis that demonstrated no differences in severe neonatal morbidities between pharmacological treatment and no (active) treatment (4). This meta-analysis also included RCTs with an overall high rate of open-label active treatment in the conservative management (no treatment/placebo) group. However, our meta-analysis only including strict conservative management regimens RCTs, also showed no differences in mortality and/or morbidity in the small number of patients included.

Contrarily, meta-analysis of the cohort studies suggest an association with a significant higher risk for mortality in the conservative management group compared with most active treatment groups. Our meta-analysis hereby adds to the available evidence indicating an association between PDA and mortality (2); however, causality remains unproven. Remarkably, a significant lower risk for severe neonatal morbidities was found in our meta-analysis of the cohort studies in the conservative management group compared with various active treatment regimens.

The risk of bias of the included cohort studies was classified as moderate. The main risk of bias was treatment selection bias or confounding by indication, since patients could be managed conservatively due to contraindications for ibuprofen/indomethacin or because of a non-hsPDA. The lower incidence of neonatal morbidity might be due to survival bias, as patients who died cannot develop BPD. Furthermore, patients at the highest risk to develop (severe) morbidities are more likely to die. This might be enhanced by the exclusion of early neonatal death in four cohort studies (7, 30, 32, 34). Many cohort studies were derived from databases (7, 26, 30–34), which are at risk of poor diagnostic precision. These biases might explain the observed higher risk for mortality on the one hand, and the lower risk for morbidity on the other hand for conservatively managed patients compared with active treatment regimens.

Our subgroup analysis including patients without a PDA (“best-case scenario”) further suggests treatment selection bias, as patients with the highest a priori risk for mortality were possibly not treated for their PDA while low-risk patients might have been excluded from retrospective cohort studies. The higher risk for mortality lost significance, while the lower risk for morbidity was even more pronounced. This supports our hypothesis that the decreased risk for morbidity might be due to the inclusion of relatively well children in the conservative treatment group. Furthermore, treated patients were systematically younger and/or smaller than conservatively treated patients. We also included a subgroup analysis of patients with an echocardiographic confirmed PDA (“worst-case scenario”) in an attempt to exclude preterm infants with a small PDA that did not necessitated treatment as it would close spontaneously. In this subgroup, only the risk for BPD was significantly lower for the conservative management group. This might be due to the clinicians' tendency to treat a PDA, even with the same echocardiographic PDA characteristics, in case of ventilator dependency which in itself is a risk factor for BPD (36).

The higher risk for mortality and lower risk for morbidity in conservatively managed infants remained significant in three cohort studies after adjustment for baseline characteristics (26, 28, 34). Only one study observed a significantly lower risk for mortality for conservatively managed infants, without a difference in risk for morbidity. This might be due to differences in neonatal practice overall, since they compared a first epoch characterized by active pharmacological treatment (2001–2009) with a second epoch with predominantly a conservative management (2010–2014) (31). The composite outcome, heterogeneously defined as mortality and/or morbidity, was significantly lower in the conservatively managed group (7, 30, 34).

Adjustment for baseline perinatal characteristics does not completely reduce treatment selection bias in the cohort studies, since they cannot correct for all relevant clinical conditions after birth and potential unmeasured confounders. These confounders might have influenced the clinician's decision whether or not to treat a PDA in an infant. The importance of these confounders might be crucial, since in analogy the association between ligation and morbidity lost significance only after the adjustment for postnatal, preligation covariates like sepsis, cardiovascular drug support, NEC, and severe IVH (9).

We could not replicate the finding that prophylactic treatment significantly reduces the risk of IVH (3). This might be due to our exclusion criteria, since most trials regarding prophylactic indomethacin were conducted before 2000 and/or had >25% open-label active treatment in the placebo group (37). In the only included cohort comparing conservative management to prophylactic treatment, although conservatively treated infants were significantly less mature, there was no difference in IVH in both the adjusted and unadjusted analysis (28).

This systematic literature review highlights the main pitfalls of the available evidence regarding PDA treatment in preterm and/or VLBW infants. Eligible RCTs are scarce, due to our strict inclusion criteria. Consequentially, most included studies were retrospective cohort studies with the accompanying heterogeneity and higher risk of bias. Heterogeneity occurred due to different diagnostic approaches and variety in used definition of (hs)PDA. Conservative management in the included studies was predominantly classified as no treatment with indomethacin, ibuprofen, acetaminophen, and/or ligation. If specifically defined, it was highly variable from watchful waiting to the use of diuretics and/or fluid restriction and/or ventilator adjustments.

With the currently available literature regarding conservative PDA management, one might conclude that it appears safe to wait for delayed spontaneous closure based on RCT data. However, cohort studies suggest that conservative management is associated with a higher risk for mortality, but a lower risk for morbidity, albeit with a very low level of evidence. Therefore, a conservative management cannot be generalized to all preterm infants with a PDA and considered evidence-based practice at this moment.

Instead of dichotomizing a PDA as present or not, one should consider the PDA as a spectrum in which the amount of shunt volume across the PDA is thought to be associated with adverse outcome. To asses shunt volume (neonatologist performed), echocardiography could play an important role (38). Additional objective measurements indicative of transductal left-to-right shunt volume, rather than DA diameter alone, could better indicate hemodynamic significance, for example, the PDA severity score (39).

The high amount of active treatment in cohort studies and open-label treatment in RCTs suggests that in case of PDA associated morbidities clinicians might try to rule out a putative causal role of a PDA and therefor initiate active treatment in an attempt to achieve PDA closure. As included cohort studies mainly stratified patients regarding their final PDA treatment (“as treated”), instead of the initial management to which RCTs randomize (“intention to treat”), our meta-analysis could not correct for treatment selection bias, which is one of the main limitations.

The tendency of clinicians to actively close the DA in case of associated findings, hence absence of clinical equipoise, remains one of the main limitations in RCTs. In the PDA TOLERATE trial (40), 48% of the patients allocated to conservative management received open-label active treatment, referred to as “rescue” treatment (40). For future RCTs, we would suggest defining “open-label treatment” criteria as “rescue treatment” insinuates treatment is superior to conservative management in preterm infants with a PDA for which evidence is lacking. Together with the different types of bias in both RCTs and cohort studies rescue treatment contributes to the everlasting conundrum on PDA management.

In conclusion, we found no differences in outcome in the included RCTs. Our meta-analysis highlights the lack of high-quality evidence for conservative management for PDA in preterm infants.

The current trend toward conservative management cannot be justified based on these scarce, mainly retrospective and very heterogeneous cohort studies. Further cohort studies will not be able to provide a final and conclusive answer to the question whether we should consider a PDA in preterm infants as an epiphenomenon which can be managed conservatively or as an important causal factor or contributing factor to adverse outcome in preterm infants. High-quality RCTs with a conservative management group with a limited—preferably without—open-label treatment rate are needed to elucidate the conundrum whether or not to treat a PDA in extremely preterm infants.
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Platelets are critically involved in murine patent ductus arteriosus (PDA) closure. To date, the clinical significance of these findings in human preterm infants with PDA is still controversial. We discuss the available study data on the role of platelets for PDA closure in preterm infants: Several mostly retrospective studies have yielded conflicting results on whether thrombocytopenia contributes to failed spontaneous ductal closure. The same applies to investigations on the role of thrombocytopenia as a risk factor for unsuccessful ductus arteriosus closure by pharmacological treatment with cyclooxygenase inhibitors. Nonetheless, recent meta-analyses have concluded that thrombocytopenia constitutes an independent risk factor for both failed spontaneous and pharmacological PDA closure in preterm infants. However, the available investigations differ in regard to patient characteristics, diagnostic strategies, and treatment protocols. Several studies suggest that impaired platelet function rather than platelet number is critically involved in failure of ductus arteriosus closure in the preterm infant. A recent randomized-controlled trial on platelet transfusions in preterm infants with PDA failed to show any benefit for liberal vs. restrictive transfusion thresholds on PDA closure rates. Importantly, liberal transfusions were associated with an increased rate of intraventricular hemorrhage, and thus should be avoided. In conclusion, the available evidence suggests that thrombocytopenia and platelet dysfunction contribute to failure of spontaneous and pharmacological PDA closure in preterm infants. However, these platelet effects on PDA seem to be of only moderate clinical significance. Furthermore, platelet transfusions in thrombocytopenic preterm infants in order to facilitate PDA closure appear to cause more harm than good.

Keywords: platelets, thrombocytopenia, very low birth weight, patent ductus arteriosus, hemodynamics


INTRODUCTION

After birth, a persistently patent ductus arteriosus (PDA) is usually associated with left-to-right shunt; and subsequently, variable degrees of pulmonary overcirculation, systemic hypotension, and malperfusion (1). In preterm infants, the consequences of a hemodynamically significant PDA (hsPDA) are frequently associated with several severe cardiopulmonary complications such as left ventricular volume overload, pulmonary edema, impairment of lung compliance, and abdominal-renal malperfusion due to the ductal steal (1–3). Thus, understanding the mechanisms that contribute to ductus arteriosus (DA) closure is of pivotal importance in order to provide tailored care to at-risk neonates (4, 5).

In 2010, Echtler et al. (6) reported that platelets contribute to ductal closure and subsequent vascular remodeling in mice. By means of intravital microscopy, they showed that platelets are recruited to the luminal aspect of the ductal endothelium within minutes after birth and that formation of a platelet-plug within the DA contributes to ductal remodeling. In addition, by using two murine models of genetic disruption of platelet biogenesis and function (Nfe−/− and Itga2b−/− mice), the authors demonstrated that platelet dysfunction was associated with hsPDA (as assessed by a quantification of pulmonary blood flow using radiolabeled microspheres). Similar results were observed when an antibody directed against platelet collagen receptor GPVI was administered, thus indicating that both GPVI and GPIIb/IIIa contribute to platelet-triggered DA closure. In addition, the authors showed that administration of cyclooxygenase inhibitors (ibuprofen or indomethacin) was not sufficient to compensate for impaired platelet function in their murine model (6). Of note, mouse ductuses are remarkably similar to human ductuses, but they lack prominent intimal cushions, which protrude into the vessel lumen and contribute to vessel closure and permanent remodeling. Therefore, platelets may play a larger role in mouse vs. human duct occlusion due to the lack of intimal cushions.

Taken together, the experimental results above suggest that platelets play a pivotal role in ductus arteriosus closure. However, the clinical significance of these findings in human preterm infants is still controversial and has not been confirmed in vivo (7). Here, we discuss the available data on the current controversy on platelets and PDA and their clinical implications in preterm infants.



THE EFFECTS OF THROMBOCYTOPENIA AND PLATELET TRANSFUSIONS ON SPONTANEOUS AND PHARMACOLOGICAL DUCTUS ARTERIOSUS CLOSURE

Low platelet counts are frequently observed among preterm infants (8, 9) and the role of platelets in spontaneous or pharmacological PDA closure has been explored by several groups yielding conflicting results. In addition to their animal results, Echtler et al. (6) also reported on a small cohort of 123 preterm infants, in which low platelet counts within the first 24 h after birth were associated with a higher incidence of PDA. However, another small study (n = 211) failed to confirm these results in a Japanese cohort of preterm infants (10). Similarly, Shah et al. could not find any association between low platelet counts during the 1st week of life and incidence of PDA, but they observed a decreased incidence of PDA when platelet counts were consistently > 230/nL. Of note, all infants in this study received prophylactic indomethacin within the first 15 h of life (11). Consistently, two other studies did not confirm any significant associations between thrombocytopenia and a higher incidence of PDA/hsPDA or later PDA treatment failure (12, 13). In contrast, data from several other investigators suggest that thrombocytopenia within the 1st week of life did contribute to prolonged ductal patency (14–17) and a meta-analysis from 2015, which included 11 cohort studies involving 3,479 infants, concluded that low platelet counts within the 1st day(s) of life were marginally but significantly associated with PDA/hsPDA (18).

In terms of platelets and pharmacological DA closure, several authors reported that low platelet counts within the 1st day(s) of life were not predictive of later pharmacological treatment failure in infants with hsPDA (14, 15, 19, 20). However, recent studies have yielded conflicting results on whether a positive association between higher platelet counts just before or during cyclooxygenase inhibitor therapy and PDA closure rates exists. For example, while platelet counts before pharmacological therapy were not predictive of PDA treatment success rates, low platelet counts during pharmacological treatment were associated with an increased rate of treatment failure in a cohort of 471 preterm infants. In this study, only infants with hsPDA on day of life 3–5 received cyclooxygenase inhibitor treatment (hemodynamically significant if (i) a respiratory setback with a supplemental oxygen requirement >30% and/or mechanical ventilation, (ii) a LA/Ao ratio ≥1.4 in the echocardiogram and/or (iii) ductal diameter ≥2.5 mm, and/or (iv) a decreased end-diastolic flow in the anterior cerebral artery with a resistance index ≥0.85) (21). In addition, two reports on indomethacin found that higher platelet counts just before treatment initiation were associated with higher success rates (22, 23), while others were unable to demonstrate such an association (24, 25). Nonetheless, similar to the results obtained for spontaneous ductal closure (18), a recent meta-analysis (eight studies including 1,087 infants) revealed a moderate but significant association between pretreatment thrombocytopenia and failure of pharmacological PDA closure (26). Of note, cyclooxygenase inhibitors are known to adversely affect platelet plug formation in adults. The few available data from preterm infants suggest that inhibition of platelet plug formation in neonates may occur, but seem to be of limited clinical significance under cyclooxygenase inhibitor treatment (27). However, one might speculate that even moderate alterations in platelet function may become relevant in severely thrombocytopenic infants.

Taken together, the combined evidence suggests the existence of a moderate but detectable impact of platelets on both spontaneous and pharmacological PDA closure in preterm infants. However, it should be noted, that most studies were retrospective in nature, and thus, even the positive studies cannot conclude on any causality as relevant confounding factors might have been missed by the analyses. In addition, the remarkable heterogeneity in study design (selection criteria, genetic background, and timing of platelet counts), diagnostic protocols (timing of echocardiography and criteria used to define hemodynamic significance), and differences in treatment approaches (timing, dosage, and application route) may have influenced the comparability of the available studies (18, 26, 28).

A recent randomized-controlled trial on platelet transfusions addressed the clinical implications of the aforementioned associations between low platelet counts and failure of hsPDA closure in preterm infants (<35 weeks of gestational age) (29). The authors compared liberal platelet-transfusion criteria (platelet counts were maintained >100,000 /μL) vs. restrictive criteria (platelet count <20,000/μL, clinical bleed, platelet count <50,000/μL and requiring a major non-neurosurgical procedure, or platelet count <100,000/μL and requiring a neurosurgical procedure), and the impact of either approach on hsPDA closure (n = 22 in each group). All subjects received standard co-treatment with nonsteroidal anti-inflammatory drugs. There was no significant difference in the time required to achieve PDA closure (median of 72 h in both groups, p = 0.697). However, 41% of all infants in the liberal transfusion group were found to develop intraventricular hemorrhage (IVH, any grade), while IVH was only seen in 4.5% of the infants allocated to the restrictive transfusion group (p = 0.009) (29). Potential mechanisms that might contribute to the increased rate of IVH in liberally transfused infants include hemodynamic alterations due to volume challenge by transfusions and a possible modification of periventricular capillary function by transfused platelets.



PLATELET INDICES AND PDA

Considering the contradictory results on platelet counts and their possible associations with PDA incidence and treatment success, several experts have speculated that platelet indices such as mean platelet volume (MPV), platelet distribution width (PDW), or platelet mass (calculated by multiplying platelet count by MPV) may be more useful in predicting PDA and/or treatment response. Alyamac Dizdar et al. (14) reported that high PDW values within the first 3 days of life were associated with PDA. Similar to Dani et al. (15) they did not find any association between MPV and PDA incidence or treatment response. Another group reported consistently higher PDW values in infants with hsPDA within the first 24 h after birth, but did not find any association between MPV, platelet mass, or platelet counts and hsPDA, respectively (20). However, such an association between higher platelet mass and MPV and hsPDA closure has been reported by others (30). Another group from Turkey did not find any relationship between platelet counts, MPV, or platelet mass and successful hsPDA closure by ibuprofen (19). In addition to MPV, PDW, and platelet mass, other hematologic indices, such as red cell distribution width-to-platelet ratio (RPR) and platelet-to-lymphocyte-ratio (PLR) have been proposed as markers for hsPDA and treatment response (31–33).

In summary, the aforementioned studies (and recent meta-analyses) on platelet indices and PDA have revealed inconsistent or even conflicting results, which were probably, at least in part, due to differences in study designs, treatment protocols, and the definition of hsPDA (28, 34). Furthermore, hematologic indices might be affected by several conditions, such as inflammation, hypoxia and/or volume status, and thus likely represent surrogate markers of neonatal well-being rather than being specific indicators of PDA/hsPDA, e.g., higher PDW values are thought to reflect altered platelet function/activation (35).



PLATELET FUNCTION AND PDA CLOSURE IN PRETERM INFANTS

Previous studies investigating the role of thrombocytopenia in spontaneous or pharmacological ductus arteriosus closure have provided controversial results. However, several investigations have consistently identified sepsis/inflammation, lower gestational age, and feto-maternal conditions such as preeclampsia as risk factors for failure of DA closure in preterm infants. Since all these factors are associated with altered platelet function, it has been speculated that platelet function, rather than platelet number, is the key determinant of PDA closure in neonates (36, 37). A significant association between lower platelet count, higher CRP level and incidence of PDA has been demonstrated, with CRP being the only independent predictive factor for PDA in a regression model (38). These findings support the theory of a combined effect of one common cause (e.g., sepsis) on both platelet number and function and failure of DA closure. A proteomics-based study on human neonatal plasma identified six differentially expressed proteins (platelet factor 4, fibrinogen, von Willebrand factor, collagen, mannose binding lectin-associated serine protease-2, fibronectin), which were associated with PDA. Interestingly, those proteins are closely related to platelet activation and plasmatic coagulation cascades (39).

Recent observational studies have also confirmed a relationship between altered platelet function and failure of DA closure in human preterm infants. Collagen-ADP closure times > 130 s (PFA-100) are more frequently observed in infants with PDA as compared to those without PDA, and longer collagen-ADP closure times represent an independent risk factor for ductal patency (40). In addition, lower median levels of platelet-derived growth factor (PDGF) were found in those infants who later required pharmacological PDA therapy vs. those who did not require such treatment (41). The same group of authors also proposed the usage of platelet-rich plasma in preterm infants with PDA as an experimental approach for PDA treatment (42–44). Recently, other investigators found lower PDGF levels in very immature infants (22–27 weeks) with failure of spontaneous DA closure (45). In addition, Ghirardello et al. (46) assessed thromboelastography at birth in VLBW infants with PDA (n = 151). In their study, thromboelastography at birth did not predict persistence of PDA. However, infants who failed medical treatment exhibited signs of an enhanced fibrinolysis (46). While the exact mechanisms and the clinical consequences of these findings are yet to be examined, they further indicate a role of the neonatal coagulation system in ductal closure.

It should be noted that the hemostatic system and especially platelet function in infants differ from that of adults—a fact that needs to be taken into account when designing future studies on the impact of platelet function on neonatal diseases such as PDA (47, 48). Despite developmental “defects” in platelet function, healthy full-term infants show a more effective primary hemostasis than healthy adults in whole blood tests of primary hemostasis such as bleeding time and PFA-100 (49). This has been attributed to several factors, including high levels of large von Willebrand factor (vWF) multimers, high hematocrit, and high mean corpuscular volume (MCV) values, which compensate for the impaired platelet function in newborns (47, 49).

Platelet function may play an even larger role in closure of the preterm ductus, given that preterm vessels are often structurally underdeveloped (lack fully-formed intimal cushions) and less responsive to oxygen-induced vasoconstriction. However, in preterm infants below 30 weeks of gestational age platelet function is further impaired when compared to full-term infants (Figure 1). For example, preterm platelets show a decreased number of α2-adrenergic receptors, decreased calcium mobilization, and impaired signal transduction causing a decreased agonist-induced granule secretion and exposure of the fibrinogen binding site on the GPIIb/IIIa complex (49). More immature preterm infants also exhibit lower levels of P-selectin expression on resting platelets (50) and lower levels of P-selectin and PAC-1 following stimulation with platelet agonists (49). They also show decreased platelet adhesion and aggregation in response to platelet agonists such as collagen, epinephrine, ADP, and thrombin and longer bleeding and closure times by PFA-100 (49, 51, 52). Similar results on the developmental maturation of platelet function have recently been reported in murine fetuses. Interestingly, these investigators reported rapid platelet aggregate formation when adult platelets where transfused into the fetal circulation. However, in line with the later prospective trial by Kumar et al. (29), a retrospective analysis on the effect of platelet transfusions on PDA closure rates in preterm infants failed to demonstrate any influence of transfusions on ductal closure (53).


[image: Figure 1]
FIGURE 1. Structural factors that play a role in ductus arteriosus closure. Illustrated are the structural features known to regulate ductus closure in mice, preterm infants, and term-gestation infants. Mice have mature smooth muscle cells (pink) that constrict robustly in response to oxygen but lack intimal cushions (yellow), which may explain why platelets (green) are required for vessel occlusion and remodeling. Term-gestation infants have a thick medial layer composed of mature smooth muscle cells that are very sensitive to oxygen-induced constriction. They also have prominent vasa vasorum (purple circles) which results in local ischemic areas and hypoxic signaling during closure. A platelet plug and mononuclear cells (blue circles) adhere to the lumen during closure and promote formation of a permanent seal and remodeling. In contrast, several structural factors contribute to failed ductal closure in preterm infants. The preterm ductus has an underdeveloped media containing immature smooth muscle cells and less vasa vasorum, making it less sensitive to oxygen/hypoxia signaling. Preterm vessels also lack prominent intimal cushions and have preterm platelets. Characteristics of preterm human platelets that are associated with an enhanced vulnerability to dysfunction, which in turn might contribute to higher rates of ductal patency in immature preterm infants are also listed. ADP, adenosine di-phosphate; GPIIb/IIIa, glycoprotein IIb/IIIa; PAC-1, procaspase activating compound 1 which detects activated GPIIb/IIIa.


In addition to developmental differences in platelet function between preterm infants, term infants and adults, it is known that newly released platelets (immature platelets) differ in their functional properties as compared to older, more mature platelets (54). It has recently been shown that a lower number of mature platelets during the latter half of the 1st week of life was associated with PDA in preterm infants, while immature platelets were not independently associated with PDA (55). Importantly, a mathematical model of platelet turnover in preterm infants demonstrated significantly shorter population survival values for immature platelets and shorter platelet life spans in thrombocytopenic vs. non-thrombocytopenic neonates, indicating a preferential depletion of older, more mature platelets in thrombocytopenic infants (56).

Of note, the interaction of platelets with other circulating and tissue resident blood cells has been studied in common cardiovascular diseases such as atherosclerosis, but not in human PDA. For example, platelet–neutrophil complexes (PNCs) are increased in patients with acute myocardial infarction, in association with increased levels of neuronal guidance protein semaphorin 7A (57). Mononuclear cells contribute to ductal closure (58, 59), but their direct or paracrine interaction with platelets and other circulating blood cells in human PDA is still unclear. Likewise, red blood cells affect bleeding and thrombosis, and interact with cellular and molecular components of the hemostatic system; however, platelet-erythrocyte interactions have not been investigated in preterm infants with PDA (60).



CONCLUSIONS

The identification of platelets as contributors to ductal closure in neonates represents a conceptual breakthrough in developmental vascular medicine. Developmentally regulated platelet-endothelial interactions contribute to normal cardiovascular transition from fetal to postnatal life (6, 7, 36). In addition, thrombocytopenia and impaired platelet function seem to impact spontaneous and pharmacological PDA closure in preterm infants, linking platelets to a specific neonatal cardiovascular disease. While the clinical implications of these findings are still controversial, during the last decade, they have stipulated further research efforts on the specific developmental differences between neonatal and adult megakaryopoiesis, platelet formation and function, and their respective roles in neonatal health and disease (61). For example, the role of platelets in retinopathy of prematurity has been recently elucidated by several investigators (62–64).

In light of the recently observed practice changes toward a less frequent and less proactive treatment approach to managing preterm PDA, clinicians still face the difficult questions on how to decide which infants will benefit from PDA closure; and on when and how PDA closure should be attempted or facilitated [(1, 2, 4)—please also refer to other articles in this special issue]. Despite the experimental and epidemiologic evidence for an association between platelets and ductal closure, current clinical evidence strongly suggests, that platelet transfusions for facilitating PDA closure in preterm thrombocytopenic infants cause more harm than good (29, 65).

Thus, further research is required to elucidate the complex interplay between PDA, shunt, circulating blood cells, including platelets, and adverse outcomes of PDA in order to define accurate biomarkers and the optimal therapeutic strategies for this still elusive condition in the most vulnerable population of preterm infants (1, 66).
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Introduction: There are still uncertainties about the timing and indication for surgical ligation of patent ductus arteriosus (PDA) in pre-term infants, where lower gestational age (GA) usually is predictive for surgical treatment.

Objective: Our aim was to assess differences in clinical characteristics and outcomes between surgically treated and matched non-surgically treated PDA in extremely pre-term infants.

Methods: All extremely pre-term infants born 2010–2016 with surgically treated PDA (Ligated group; n = 44) were compared to non-surgically treated infants (Control group; n = 44) matched for gestational age (+/−1 week) and time of birth (+/−1 month). Perinatal parameters, echocardiographic variables, details of pharmacological PDA treatment, morbidity, and mortality were assessed.

Result: Mean GA and birthweight were similar between the Ligated group (24+5 ± 1+3 weeks and 668 ± 170 g) and the Control group (24+5 ± 1+3 weeks and 704 ± 166 g; p = 1.000 and p = 0.319, respectively). Infants in the Ligated group had larger ductal diameters prior to pharmacological treatment, and lack of diameter decrease and PDA closure after treatment (p = 0.022, p = 0.043 and 0.006, respectively). Transfusions, post-natal steroids and invasive respiratory support were more common in the Ligated group. Except for a higher incidence of severe bronchopulmonary dysplasia (BPD) in the Ligated group there were no other differences in outcomes or mortality between the groups.

Conclusion: Early large ductal diameter and reduced responsiveness to pharmacological treatment predicted the need for future surgical ligation in this matched cohort study of extremely pre-term infants where the effect of GA and differences in treatment strategies were excluded. Besides an increased incidence of severe BPD in the Ligated group, no other differences in morbidity or mortality were detected.

Keywords: case-control study, echocardiography, extreme pre-maturity, ligation, patent ductus arteriosus


INTRODUCTION

Patency of the ductus arteriosus in newborn pre-term infants continues to be one of the most challenging problems in neonatal intensive care units. Despite extensive research efforts, there are still uncertainties about the diagnostic criteria and treatment strategies for patent ductus arteriosus (PDA) in pre-term infants, and specifically in extremely pre-term newborn infants (1, 2).

Before pharmacological treatment was available, early surgical ligation was performed to close PDA in pre-term infants (3). As the initial reduction in morbidity after surgical closure did not translate into improved outcomes, pharmacological treatment with cyclooxygenase inhibitors or acetaminophen eventually became the first-hand choice for PDA treatment. Surgery was then reserved for infants with persistent hemodynamically significant PDA where either contraindications for pharmacological treatment were present or for infants that did not respond to pharmacological treatment (4–6). As it has been recognized that there is a high degree of spontaneous closure of ductus arteriosus and a low efficiency of pharmacological treatment, the application of pharmacological treatment has also declined during the last decade (7). Recently, arguments have also been presented in favor of conservative management of PDA with neither pharmacological nor surgical treatment in pre-term infants (8–10).

Never the less, PDA in extremely pre-term infants (<28 weeks gestational age) might lead to significant hemodynamic effects with cardiac and pulmonary complications such as heart failure, prolonged mechanical ventilation and increased incidence of bronchopulmonary dysplasia (BPD) (11). With improved survival of extremely pre-term infants, these infants have a higher risk of developing a symptomatic PDA that either exhibits contraindications for or fails to respond to pharmacological treatment, whereby the need for surgical treatment might increase in this cohort (12, 13).

There are few studies on surgically treated PDA in infants born before 28 weeks gestational age, and results from studies of infants born at a higher gestational age might be difficult to apply in extremely pre-term infants. Also, many studies on surgically treated PDA were conducted during an era where surfactant therapy, antenatal steroids, non-invasive positive pressure ventilation, routine echocardiography, or pharmacological treatment of PDA were not fully established (14, 15). The aim of this matched case control study of PDA was to investigate the differences in peri- and post-natal characteristics, pharmacological PDA treatment, and outcomes between surgically and non-surgically treated extremely pre-term infants. By matching surgically treated infants with infants born within the same month and week of GA, we wanted to exclude the possible effects of maturation and different treatment strategies over time, factors that could interfere with the studied parameters (16).



SUBJECTS AND METHODS


Subjects

From January 2010 to December 2016, 463 infants were born at 22 + 0 to 27 + 6 weeks GA and admitted to the neonatal intensive care unit at Uppsala University Children's Hospital. Forty-four infants were surgically treated for PDA (Ligated group). Each infant in the Ligated group was matched to an infant in the Control group from the Swedish Neonatal Quality Register (44 out of 101 eligible infants), blindly as to any other outcomes except for (1) not having undergone surgery for PDA, (2) being born within +/−1 month of the birthdate, and (3) within +/−1 week of the gestational age of the infant in the Ligated group. Infants with congenital anomalies or heart conditions other than PDA or foramen ovale were excluded from both groups in this study. This retrospective observational study was approved by the Regional Ethical Review Board, D:nr 933-17.



Perinatal Parameters, Post-Natal Treatments, and Outcomes

Medical records were assessed for perinatal parameters: birthweight, sex, prolonged pre-mature rupture of membranes, administration of pre-natal steroids, mode of delivery, and Apgar-scores at 1, 5 and 10 min. Information on number and volume of erythrocyte transfusions, administration of inotropic drugs, post-natal steroid administration, pharmacological PDA treatment, and surgical treatment of PDA were collected. Clinical outcomes data were assessed for BPD [graded mild, moderate or severe according to Higgins et al. (17)], intraventricular hemorrhage (IVH; graded according to Papile's criteria) (18), retinopathy of pre-maturity (ROP; graded according to the International Classification of ROP) (19), necrotizing enterocolitis (NEC; graded according to the modified Bell's criteria) (20), sepsis (defined as positive blood culture with clinical signs of infection; or as negative blood culture with clinical signs of infection and positive laboratory infectious tests), and mortality.



Ventilatory Parameters

The patient data management/monitoring systems IntelliVue Clinical Information Portfolio (ICIP; Philips Healthcare, Eindhoven, Netherlands) and MetaVision (Metavision; iMDsoft, Düsseldorf, Germany) were used at the unit during the studied period. Data obtained from these monitoring systems included total days with ventilatory support, mode of ventilatory support, ventilator settings, and supplementary oxygen administration.



Echocardiography

Infants in the unit routinely underwent echocardiographic examinations during the first day of life with additional examinations if they exhibited clinical signs of PDA. Examinations were also performed within 24 h of treatment completion, if the infant's clinical condition called for it, and before discharge. The initial assessment was carried out by a pediatric cardiologist and the following examinations either by a pediatric cardiologist or neonatologist with appropriate training and experience (21).

Examinations included assessment of the ductal diameter measured at the narrowest point from the parasternal short axis view, ductal flow velocity measured in line with the ductal flow from the parasternal short axis view, left atrium to aortic root ratio measured from the parasternal long axis and flow in the descending aorta assessed above and below the ductal orifice (22). Ductal closure was defined as absence of identifiable flow in the ductus arteriosus by color Doppler.



Pharmacological Treatment of PDA

Hemodynamically significant PDA (hsPDA) was defined as an open ductus arteriosus with predominantly left-to-right flow after the first day of life and either: (A) ductal diameter of ≥1.5 mm; (B) LA/Ao of >1.5; or (C) an appropriate view of the descending aorta showing absent or reversed flow during diastole (22). Pharmacological treatment was initiated if hsPDA was identified before the seventh day of life. Contraindications were renal failure (serum creatinine >120 μmol/L or serum urea >12 mmol/L), thrombocytopenia (platelets <50 × 109/L), recent IVH grade II–IV, and NEC. Three doses of Ibuprofen (5 mg/mL, Pedea, Orphan Europe Nordic, Stockholm, Sweden) were administered intravenously with an initial dose of 10 mg/kg infused over 20 min and subsequent doses of 5 mg/kg at 24 and 48 h after the initial dose. No additional pharmacological ductus treatment was administered after the first course.



Surgical Treatment of PDA

Surgical ligation was carried out if pharmacological treatment was contraindicated or failed and hsPDA still persisted in combination with clinical signs of deterioration in pulmonary and systemic circulation, i.e. clinically hemodynamically significant; or if PDA reopened and was found to be clinically hemodynamically significant after pharmacological treatment (23).



Statistical Analysis

Matlab (The Mathworks Inc., Natick, Massachusetts) was used for statistical analysis. Categorical variables were statistically analyzed using Fisher exact test. Continuous variables were analyzed using Student's t-test or Mann–Whitney U-test. Normal distribution of parameters was tested by Kolmogorov-Smirnov's goodness of fit test. Categorical variables are presented as number and percent, and continuous variables are presented as mean and standard deviation (SD) or median and interquartile range (IQR). All p-values presented are two-tailed, and a p < 0.05 was considered significant. Multivariate logistic regression was used to examine the relationship between treatments possibly affecting ductal closure (post-natal steroids, transfusions, pharmacological PDA treatment, and ventilatory days), ductal patency/diameter on first examination, and subsequent surgical ligation.




RESULTS

There was no difference in GA or birthweight between the Ligated group and the Control group. Perinatal characteristics for all infants are presented in Table 1. Of all infants born at 22–27 weeks GA during the study period, only 9.5% were surgically ligated. Infants in the Ligated group had surgery for PDA at a mean post-natal age of 50 ± 26 days.


Table 1. Perinatal characteristics and treatments.
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Perinatal Parameters

Median Apgar score at 1 min was higher in the Control group but all other perinatal parameters, including birthweight, sex, prolonged pre-mature rupture of membranes, administration of pre-natal steroids, and mode of delivery were similar between the groups (Table 1).



Ventilatory Parameters

Infants in the Ligated group needed ventilatory assistance for a longer period, with mainly prolonged invasive ventilation (Table 1). Infants in the Ligated group also received more post-natal steroids. On the day before surgery, 35 infants (80%) were on invasive ventilatory support and 9 (20%) were on CPAP.



Inotropic Support and Transfusions

There was no difference in inotropic support between the groups (Table 1). Infants in the Ligated group received in average two red blood cell transfusions more than infants in the Control group during their hospital stay, but no infants received transfusion in connection to their surgery for PDA.



Pharmacological Treatment of PDA

The same amount of infants received pharmacological treatment in both groups and during the same time interval (Table 1). One infant in the Control group received treatment with indomethacin, whereas all other treated infants received ibuprofen according to the described protocol. Five infants in the Ligated group and seven infants in the Control group received acetaminophen as analgesic (20 mg/kg rectally twice daily for 2–5 days) in connection with surgery for NEC (p = 0.757). No other infants received acetaminophen before discharge.

All infants in the Ligated group had hsPDA during the first week of life, compared to 31 infants (70%) in the Control group (p < 0.001). Eleven infants in the Control group had a closed ductus arteriosus at the first echocardiographic examination and none in the Ligated group (Table 2). All infants were examined at the same time after birth.


Table 2. Echocardiography before and after pharmacological treatment.
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All 23 of the pharmacologically treated infants in the Ligated group underwent post-treatment echocardiography, while 19 of 22 (86%) of the treated infants in the Control group were examined (Table 2). The success of pharmacological treatment was most limited in the Ligated group where all but one infant had an open PDA after treatment, in comparison to 11 infants in the Control group. The ductal diameter was unchanged in the Ligated group, whereas it was reduced after treatment in the Control group (Table 2).



Multivariate Logistical Regression for Surgical Predictive Variables

In a logistical regression analysis of factors associated with persistent PDA (post-natal steroids, transfusions, pharmacological PDA treatment, and ventilatory days) and echocardiographic findings on the first examination, prolonged need for invasive ventilation was the only factor independently associated with surgical ligation (Table 3).


Table 3. Multivariate logistical regression for surgical predictive variables.
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Outcomes

Infants in the Ligated group had a higher incidence of severe BPD, whereas mild and moderate BPD were similar to the Control group. The incidence of IVH, NEC, sepsis, and ROP were the same in both groups and there was no difference in mortality (Table 4).


Table 4. Outcomes.
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DISCUSSION

This retrospective study investigates indications for surgical treatment of PDA and compares outcome for infants subjected to ligation with non-surgically treated controls matched for gestational age and time of birth in order to exclude maturational aspects and other treatment strategies that might have affected our data. The cohort was well-matched for GA and the groups did not differ in mean birthweight, sex balance and proportion of pharmacologically treated infants.

Only 9.5% of all infants born at 22–27 weeks gestational age during the studied period were subjected to surgical ligation. Compared to the rate of surgery in cohorts in previous studies, this reflects a conservative approach in line with the general trend during the last decade, where increased survival has been observed with this strategy but also with a trend toward increased BPD, periventricular leukomalacia and ROP (7, 23). In a recent mini-review of conservative treatment for PDA, the authors stated that there do exist evidence for this approach even in the most severe forms of hsPDA and in extremely pre-term infants without a concomitant increase in either mortality or morbidity (24, 25). In addition, more than half of the infants in the Ligated groups in our study had been primarily pharmacologically treated for PDA and did not show any response to this treatment, reflecting the poor effectiveness of pharmacological treatment in extremely pre-term infants, as previously described by our group and others (26–30).

An early large ductal diameter was associated with future need for surgical ligation in this cohort. This is expected, as a large ductal diameter is one of the criteria for hemodynamical significant PDA used at most centers, including ours, and thus part of the indication for both pharmacological treatment and eventual surgical ligation. The decrease in diameter in infants in the Control group but not in the Ligated group during pharmacological treatment confirms the finding of Pees et al. that a reduction in ductal diameter indicates treatment response (31). There was also a trend toward a lower ductal Vmax being associated with surgical ligation, which is in line with previous results from our center (27, 32).

Early identification of infants with a high risk of developing PDA with considerable hemodynamic effects and with a low chance of successful pharmacological closure is likely to minimize the risk for complications and improve outcomes of surgical treatment. Early low ductal flow velocity and lack of reduction in ductal diameter after failed pharmacological treatment might therefore be useful indices for considering future surgical ligation. Prospective studies of these echocardiographic markers and surgical treatment in this subgroup are thus called for.

In these matched cohorts of extremely pre-term infants, differences in outcomes between the Ligated group and the Control group were mainly related to pulmonary complications. Infants in the Ligated group had more days with invasive ventilation, which was also the only factor independently associated with surgical ligation. As failure to come off the ventilator is an important indication for surgical treatment, this could partly be a confounding effect as indicated by a large study by Weisz et al. (11). In a prospective randomized controlled study of infants born <28 weeks' GA (the PDA-TOLERATE Trial Study) there seemed to be an association between maintained intubation beyond 10 days of life and moderate to severe BPD, when moderate to large PDA persisted more than 10 days and deaths were excluded (33). However, in a prospective multicenter study of infants born between 24+0 and 28+6 weeks' GA (the INTERPDA Study), a possible reduction of PDA exposure by early medical treatment did not reduce either surgical ligation or BPD incidence, but on the contrary, was associated with a higher mortality (34). Even though the total amount of infants included in our study was smaller in view of the matched cohort study characteristic, the Ligated group was larger and had a lower mean GA than in the two cited studies (n = 44/88 vs. n = 22/202 and n = 37/444; mean GA 24 + 5 weeks vs. 25 + 6 and 26 + 3 weeks; matched cohort vs. PDA-TOLERATE and INTERPDA, respectively), implying that maturational and ventilatory aspects could have interfered with the outcomes of our study while still being relevant for this conservatively managed cohort of extremely pre-term infants (33, 34).

Infants in the Ligated group received more red blood cell transfusions than the Control group. The need for red blood cell transfusions has previously been associated with presence of PDA (35), however, in a study by Sellmer et al. there was no difference between infants with small and large PDAs (36). Lower hemoglobin values have also been associated with BPD and the need for transfusions could therefore be a confounder for pulmonary disease (35–37).

There were no other significant differences in morbidity nor mortality between the groups, highlighting the fact that extremely low gestational age and presence of PDA do not necessarily lead to future surgical treatment. Besides the observed longer duration of mechanical ventilation in the Ligated group, surgical ligation did not have any detrimental effects in this cohort and could be considered a valid alternative in the most pre-term infants with considerable hemodynamic effects of their PDA and low chance of spontaneous or pharmacological closure. Nonetheless, the results of this study need to be interpreted cautiously due to its retrospective nature. The lack of randomization also means that it cannot be ruled out that unidentified clinical factors could have influenced the course of PDA and outcomes after surgical ligation.



CONCLUSION

The efficacy of pharmacological treatment was limited in this cohort of extremely pre-term infants. Early large ductal diameter and lack of decrease in ductal diameter during pharmacological PDA treatment predicted future need for surgical ligation. Infants who were surgically treated for PDA needed more respiratory support and had a higher incidence of severe BPD than infants that were not surgically ligated. The compromised pulmonary function might reflect a more pronounced hsPDA and an indicator for surgery in these infants, which was neither associated with increased mortality or other morbidities. With no difference in mortality between our matched surgically and non-surgically treated groups, there is still a need for prospective studies validating the indications for and timing of surgical treatment in extremely pre-term infants, as well as randomized trials to confirm the outcomes of ligation.
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Aim: To develop a novel clinical scoring system for predicting hemodynamically significant patent ductus arteriosus (hsPDA) in extremely low birth weight (ELBW) infants.

Methods: A prospective observational study was conducted among ELBW infants born in the study center during a 6-month period. Fourteen items were selected on a literature review basis and weighed by severity on an arbitrary 1–4 scale, the sum of which represented the Scoring preterm Infants for PDA cLinically without Echocardiographic evaluation (SIMPLE) score. The SIMPLE scores were compared at several time points during the first 3 days of life between two groups of patients: those with an hsPDA at echocardiography and those without.

Results: A total of 48 ELBW infants were enrolled, of which 30 infants developed hsPDA. The SIMPLE scores of the infants with hsPDA were significantly greater than those of the infants who did not develop hsPDA. Cut-off SIMPLE scores that were significantly associated with detection of symptomatic hsPDA at each evaluation time point were identified.

Conclusions: SIMPLE is the first scoring system that depends on the risk factors and clinical findings of ELBW infants for early prediction of hsPDA. It is simple, objective and easy to perform, and it does not require any additional tests and/or echocardiographic evaluation. We suggest that SIMPLE can be used as a screening tool for determining the need for echocardiographic evaluation in ELBW infants in order to minimize the number of unnecessary pediatric cardiology consultations.

Keywords: clinical scoring system, echocardigraphy, extremely low birth weight infants, patent ductus arteriosus, SIMPLE


INTRODUCTION

Ductus arteriosus (DA) is an anatomical channel that exists between the pulmonary artery and the aorta. DA is maintained in open conformation throughout fetal life while its persistency after birth is called patent ductus arteriosus (PDA). Although DA closes physiologically within 72 h of life in term infants, it often remains open due to several factors including immaturity, higher prostaglandin levels, respiratory distress, fluid overload, sepsis, and hypoxia in preterm infants (1–3). Spontaneous PDA closure rates for premature infants <28 weeks and/or 1,000 g was reported as 34 and 41%, on the 3rd and 7th days of life, respectively (4). Since PDA produces a left-to-right shunt, clinical findings of systemic stealing and pulmonary overflow develop after completion of the postnatal transition. Clinical findings of PDA include increased respiratory support and precordial pulses, tachycardia, hepatomegaly, accentuated femoral pulses, oliguria, and metabolic acidosis. PDA is also associated with long-term morbidities, such as bronchopulmonary dysplasia (BPD), necrotizing enterocolitis (NEC), focal intestinal perforation, intraventricular hemorrhage (IVH), retinopathy of prematurity (ROP), neurodevelopmental retardation, and death (3, 5, 6).

Although physical examination, clinical findings, and cardiac biomarkers can be used for diagnosis of PDA, echocardiography (echo) is considered the gold standard as a diagnostic tool (1). The scoring systems that have been developed for the PDA diagnosis in preterm infants depend on echo evaluation, and usually they can be used from the 2nd day of life (7–11). As physical examination needs to be performed at two different time points in one of them, this scoring system also comprises the risk of incompatible results in case two different physicians perform the physical examinations (10). Due to these limitations, the previously reported scoring systems may not be useful for the diagnosis of hemodynamically significant PDA (hsPDA) in early days of life, and therefore, are not widely practiced.

Hence, the aim of this study was to establish an easily applied scoring system that allows rapid, standard, and non-invasive evaluation of hsPDA in the early period of life, by combining both the etiology and clinical findings of prematurity without relying on echo findings in extremely low birth weight (ELBW) infants, since the echo evaluation may be challenging at any time point in many neonatal intensive care units (NICUs).



MATERIALS AND METHODS

This prospective observational study was conducted at Kanuni Sultan Suleyman Training and Research Hospital NICU between November 2019 and April 2020. ELBW infants born at the study center with a gestational age of <28 weeks and/or birth weight <1,000 g were eligible for the study. Infants with major congenital anomalies, those who died within the first 24 h of life, and whose parents did not provide signed informed consents were excluded from the study. We established a new scoring system, “SIMPLE” (Scoring preterm Infants for PDA cLinically without Echocardiographic evaluation) for prediction of hsPDA in ELBW infants. The scores were compared at several time points during the first 3 days of life between two groups of patients: those with an hsPDA at echocardiography and those without. The study was approved by the local ethical committee. The flow chart of the study has been presented in Figure 1.


[image: Figure 1]
FIGURE 1. Flow chart of the study population.


The SIMPLE score was elaborated using 14 parameters identified on a literature review basis and weighed by severity on an arbitrary 1–4 scale. These items, which represent established risk factors for PDA, include maternal chorioamnionitis, antenatal steroids, birth weight, cord blood gas, hypotension requiring inotropic support, heart rate, invasive mechanical ventilation (MV) requirement, metabolic acidosis, respiratory acidosis, maximum peak inspiratory pressure (PIP), reduction of PIP, fraction of inspired oxygen (FiO2) upon admission, FiO2 decrease over evaluation time points, and surfactant requirement (12, 13). Our team weighted the scores of SIMPLE criteria according to the previously defined PDA risk factors and also their prior subjective clinical experience as our NICU is a tertiary reference center caring for ~70 ELBW infants per year, and some risk factors have already been identified for hsPDA in routine clinical follow-up of these infants. Clinical chorioamnionitis was defined as the presence of fever, uterine fundal tenderness, maternal tachycardia (>100/min), fetal tachycardia (>160/min), and purulent or foul amniotic fluid (14). All these parameters were scored between 0 and 3 points as shown in Table 1, and the maximum score is 29. The scores for all patients were recorded at postnatal 6, 12, 18, 24, 48, and at 72 h of life.


Table 1. Criteria of SIMPLE scoring system.
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The antenatal characteristics of infants, presence of maternal chorioamnionitis, neonatal demographical data, cord blood gas analyses, clinical findings, and neonatal morbidities including neonatal sepsis, NEC, IVH, ROP, BPD, and mortality were all recorded.

Gestational age of the infants was determined according to the last menstrual period of the mother and antenatal ultrasonographic evaluation. Turkish Neonatology Society (TNS) guideline was used for the diagnosis and treatment of respiratory distress syndrome (RDS) (15). BPD was determined according to 2001 National Institute of Child Health and Human Development (NICHD) consensus statement as requirement for supplemental oxygen for the first 28 days of life and was classified into three groups in terms of BPD severity (mild, moderate, and severe), depending on the duration and level of supplemental oxygen and mechanical ventilatory support at 36-week postmenstrual age (16). NEC was diagnosed considering clinical and radiographic findings and was classified according to the modified Bell's criteria (17). The Volpe classification was used for the IVH staging (18). ROP was classified according to The International Classification of Retinopathy of Prematurity (19). Neonatal sepsis was diagnosed according to the criteria of TNS neonatal infection diagnosis and treatment guideline (20).

The echocardiographic evaluations of all infants were performed at postnatal 24, 48, and 72 h of life by the same pediatric cardiologist. The Vivid E BT12 ultrasonography device Vivid E BT12 (General Electrics, MA, US) was used for the echo evaluation. The ultrasonographical evaluation was performed as two-dimensional imaging, M-mode, color flow mapping, diastolic retrograde flow measurement, and Doppler imaging. The ratio of inner diameter of DA to infant weight and the ratio of left atrium to aorta (LA/Ao) were recorded. The criteria for hsPDA were either being the inner diameter of DA > 1.5 mm/kg and/or LA/Ao > 1.5 according to the TNS PDA guideline in preterm infants (21). A medical PDA closure treatment was initiated for infants with hsPDA who had accompanying symptoms including respiratory compromise (requiring persistent mechanical support, increased ventilatory support, and increased oxygen demand), heart failure, metabolic acidosis or large left-to-right ductus shunt with evidence of hemodynamic compromise, such as reversal of flow in the descending aorta during diastole, oliguria or rising serum creatinine concentration, hypotension, or widened pulse pressure (1). Either ibuprofen or paracetamol was given according to clinical findings of the infants and laboratory data. Ibuprofen was used for three consecutive days at a dose of 10 mg/kg/day on the 1st day, 5 mg/kg/day on the 2nd day, and 5 mg/kg/day on the 3rd day (21). The paracetamol treatment was administered for three consecutive days at a dose of 15 mg/kg q6h in the presence of contraindications for ibuprofen therapy, such as thrombocytopenia (<60.000/mm3), active bleeding (IVH and gastrointestinal hemorrhage), acute renal failure, or NEC (21).

Statistical analysis was performed by IBM SPSS 22.0 (IBM SPSS for Windows version 22, Armonk, NY, USA). Absolute and relative frequencies were determined for nominal scaled parameters. The consistency of continuous variables to normal distribution was tested using the Shapiro–Wilk test. Descriptive statistics are given as median (range) for continuous variables and n (%) for categorical variables. The Mann–Whitney U, Pearson's chi-square, and Fisher exact tests were used for appropriate comparisons between groups. To compare the quality of combinations of specific features, receiver operating characteristic (ROC) curves were used to determine the sensitivity and specificity by calculating the area under the curve (depending on the specified cut-off value). The ROC analysis was performed using the MedCalc for Windows, version 19.4 (MedCalc Software, Ostend, Belgium). The ROC curves, cut-off points, and area under curve (AUC) were all compared with each other using the MedCalc statistical software (Ostend, Belgium). A p < 0.05 was considered statistically significant.



RESULTS

A total of 48 ELBW infants were included in the study. Within the subjects, 26 (54%) were male. The median gestational age and birth weight of infants were 25 weeks and 730 g, respectively. Thirty-four (70%) infants were intubated at the time of admission to NICU, and the median duration for invasive ventilatory support and oxygen treatment were 13 and 31 days, respectively. The median length of stay at hospital was 52 days (Table 2).


Table 2. The demographic data of all infants.
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A total of 30 (62.5%) infants required medical PDA closure treatment. The median gestational age and birth weight of the infants with hsPDA were 25 weeks and 720 g, whereas the median gestational age and birth weight of infants without PDA were 26 weeks and 760 g, respectively; the difference was not statistically significant. There were no significant differences between infants with and without hsPDA in terms of duration of MV, oxygen treatment, and hospitalization (Table 2). The presence of maternal chorioamnionitis, lack of antenatal steroid administration, hypotension, tachycardia, oliguria, and recurrent surfactant requirement and need of high-frequency oscillatory ventilation were all found to be higher in the hsPDA group compared to the no-PDA group (Table 3). Both groups were similar in terms of NEC, BPD, late sepsis, and ROP development. The IVH rate was significantly higher in the hsPDA group. A total of 16 (33%) infants died, all of whom had hsPDA (Table 4).


Table 3. Subject characteristics and SIMPLE score items.
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Table 4. Mortality and co-morbidities between study groups.
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The median LA/Ao ratios of all infants were 1.57, 1.55, and 1.5 and the PDA diameter/infant weight ratios were 2.02, 1.9, and 1.9 at 24, 48, and 72 h of life, respectively. The median LA/Ao ratio was significantly higher in the PDA treatment group at 24, 48, and 72 h of life; the median PDA diameter/infant weight ratio was significantly higher in the treatment group at 48 and 72 h of life (Table 5).


Table 5. Echocardiography indices of the study population.
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During NICU hospitalization, 30 infants with symptomatic hsPDA (62%) required intervention. The PDA closure treatments were initiated at 24, 48, and 72 h of life in 13 (43%), 14 (47%), and 3 (10%) infants, respectively. The ibuprofen treatment was initiated in 5 (16%), infants and the paracetamol treatment was initiated in 25 (84%) infants. The Follow-up echocardiographic evaluation showed closure of PDA immediately after the first dose in 26 (86%) infants, whereas 4 (14%) infants received repeated doses of the medical treatment. A surgical ligation was performed in three (10%) infants. All cases had permanent closure and no infants revealed symptoms of reopening after effective closure of PDA.

Significantly higher scores were obtained by using SIMPLE in infants with hsPDA compared with those without PDA (p < 0.05) (Table 6). Hypotension, tachycardia, oliguria, surfactant administration, and high frequency ventilation were significantly higher in the hsPDA group. The SIMPLE scores were similar between two groups of infants who had either medical or surgical closure. The ROC statistics demonstrated a high sensitivity and specificity of the SIMPLE scores, which did not significantly differ between different time points from 6 to 72 h. The cut-off SIMPLE scores that were found to be statistically significant for the detection of symptomatic hsPDA for each time were identified (Table 7, Figure 2). However, AUC for established cut-off values did not statistically differ between different time points (data not shown).


Table 6. SIMPLE scores in infants with/without hemodynamically significant patent ductus arteriosus (hsPDA) by echocardiography.
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Table 7. Receiver operating characteristics (ROC) curve statistics for SIMPLE scores at various time points 6–72 h.
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[image: Figure 2]
FIGURE 2. Receiver operating characteristics (ROC) analyses of SIMPLE scoring system at each time point.




DISCUSSION

The utility of a novel scoring system that can be easily applied during the first 3 days of life for prediction of hsPDA in ELBW preterm infants was investigated in this prospective study. The main advantage of SIMPLE consists of the fact that it does not require any echo evaluation. The scoring systems consists of 14 parameters that are related with several risk factors associated with the hsPDA development. SIMPLE was found to predict hsPDA requiring medical intervention from 6 h of life with high specificity and sensitivity. It may also be used as a screening tool to establish the requirement for echo and may prevent unnecessary echo evaluation in NICUs.

The main antenatal risk factors for PDA include maternal chorioamnionitis, maternal pregnancy-induced hypertension, and lack of antenatal steroid administration (1–3, 22). Maternal chorioamnionitis was shown to increase the risk of PDA by 1.43 times (12). Similarly, maternal chorioamnionitis was significantly higher in the hsPDA group in our study. Therefore, chorioamnionitis may be suggested as an important criterion of SIMPLE for early prediction of hsPDA in the ELBW infants. Antenatal steroids had an impact on the incidence of PDA in infants ≤34 weeks of gestational age, whereas its effect in the smallest infants are still conflicting (23). The antenatal steroid treatment reduced the risk of symptomatic PDA (22). Therefore, the antenatal steroid administration status was also included to SIMPLE. As 83% of infants with hsPDA had not received antenatal steroids, we suggest that the lack of antenatal steroid administration is an important risk factor for hsPDA in the ELBW infants. In addition, the requirement of the PDA treatment was significantly lower in infants born to mothers without chorioamnionitis (24). All these data may support the idea of implementation of two important antenatal risk factors in SIMPLE. Also, postnatal risk factors, including prematurity, low birth weight, and gender, were all suggested to be important for the development of PDA in neonates (25). Perinatal asphyxia, respiratory distress, surfactant usage, fluid overload, and sepsis represent common postnatal risk factors of PDA (1–3, 22). The incidence of PDA increases as the gestational age decreases, and 60–70% of infants <28 weeks of gestation receive medical or surgical closure treatment (26). Consistent with the literature, PDA was diagnosed in 95, 93, and 85% of ELBW infants at 24, 48, and 72 h of life, respectively (27). In addition, surfactant use and need for re-dosing were also strongly associated with hsPDA, as previously published (28). Therefore, SIMPLE was found to predictive of hsPDA by including both antenatal and postnatal risk factors.

The most common findings of PDA include widened pulse pressure, systolic murmur, tachycardia, hypotension, pulmonary edema, increased mechanical ventilatory and/or oxygen support, pulmonary hemorrhage, metabolic acidosis, oliguria, and feeding intolerance (5, 10, 25). Similarly, hypotension, tachycardia, oliguria, and requirement of high frequency ventilation were significantly higher in the hsPDA group in our study. Therefore, we suggest that SIMPLE, including common PDA findings in postnatal period, may be used to determine hsPDA. The evaluation of clinical findings objectively from the 1st h of life in a non-invasive manner may offer an important advantage for SIMPLE for early prediction of hsPDA in ELBW infants.

Echocardiography represents the most widespread diagnostic technique, allowing for measurement valuation of the PDA diameter and Doppler flow direction (29). Early ductal diameter of >1.5 mm/kg was found to predict symptomatic PDA with high sensitivity (30). Since significant shunt through PDA may remain clinically “silent” in the 1st days and the development of echocardiographic signs of hsPDA may precede the development of clinical signs by a mean of 2 days, an early selective PDA screening by echo has been recommended in ELBW infants (21, 31, 32). The early echo screening was also shown to be associated with lower in-hospital mortality and likelihood of pulmonary hemorrhage in ELBW infants (33). Therefore, all infants were screened daily with echo in the first 3 days of life in our study to evaluate the efficacy of SIMPLE. However, it may not always be possible to perform echo in every NICU. In contrast to the previous PDA scoring systems, we did not include echo findings in SIMPLE for the purpose of providing an echo -independent scoring system. As minimal handling and maximal comfort are important for the quality of ELBW care, we sought to keep the infants warm, stable, and free from infection by identifying those with hsPDA while avoiding unnecessary, repeated echo examinations (34). In addition, although ELBW infants usually require serial echo evaluation, the number of pediatric cardiologists are not enough to perform all of them at every time point in most of NICUs (35). The SIMPLE scores of infants with hsPDA were higher at all time points. In addition, ELBW infants who received the PDA treatment had also significantly higher SIMPLE scores. Therefore, we suggest that SIMPLE may be used as a time- and cost-effective screening tool in ELBW infants who need echo for the confirmation of hsPDA and for the requirement of medical PDA closure. In this context, SIMPLE may prevent unnecessary echo evaluations in ELBW infants and increase the comfort of the infant. It can also guide neonatologists to predict hsPDA without echo findings and may offer an advantage to perform selective echo in ELBW infants in the presence of higher scores, especially in NICUs where it is not possible to perform echo at any time. As studies, such as PDA-Tolerate and INTERPDA which evaluated conservative management in PDA, suggested a new approach for the late echocardiographic evaluation, further randomized controlled studies are required to determine the ideal time of echo screening in ELBW infants (36, 37).

Patent ductus arteriosus is known to be associated with important neonatal morbidities (9, 10). The potential consequences of hsPDA include increased risk for prolonged ventilation, BPD, NEC, IVH, pulmonary hemorrhage, and death (6). However, it is also well-known that all of these are mainly prematurity-associated late morbidities with multifactorial pathogenesis. NEC, BPD, late sepsis, and ROP rates were similar in infants with and without hsPDA in our study. This similarity therefore may suggest validation of SIMPLE for early and accurate prediction of hsPDA in ELBW infants. IVH and mortality rates were significantly higher in the PDA treatment group in this study. As PDA requiring treatment was found to be associated with a higher risk of IVH in a recent study. IVH may be a consequence of hsPDA (38). This finding is in accordance with a previous report indicating an increased risk of death by 3.4 times in the presence of PDA on the 3rd day in ELBW infants (39). In the light of these data, we suggest that hsPDA may be an important contributor for both IVH and mortality in ELBW infants, in spite of medical treatment for closure.

Several severity scores were established for the prediction of PDA depending on the echo findings and seem to be more subjective and usually applied after 2 days of life (7–11, 40). One of them, mainly based on clinical parameters, such as respiratory worsening, acidosis, increased femoral pulses, and precordium pulsatility, from the 2nd to the 10th day of life, reached the highest efficacy and specificity on day 4 (10). However, as this scoring system requires two different physical examination criteria, scoring might be subjective in case two different physicians perform physical examinations. Also, the administration of the scoring from the 2nd day of life might be associated with failure of early prediction of PDA. Another PDA scoring system included findings, such as heart rate, murmur, peripheral pulses, precordial pulsation, and cardiothoracic index. However, it is applied initially on the 4th day of life, and it has also to be confirmed with echo (7). The main advantage of SIMPLE was to be performed by objective evaluation of 14 clinical parameters without any dependence of echo compared with the previous scoring systems. SIMPLE scores from 6th h of life at each time point were all higher in infants with hsPDA who required medical intervention. In addition, cut-off scores at each time points for the detection of hsPDA requiring the PDA closure treatment were also established. In SIMPLE, echo might be used for the confirmation of hsPDA diagnosis. As a result, we suggest to use SIMPLE to predict infants who may develop hsPDA from early hours of life and perform the echo evaluation in a more targeted and selective way to confirm PDA diagnosis. This strategy has the potential to decrease unnecessary echo evaluation and maximize the comfort of the ELBW infant. The physician who follows-up the high risk infants for findings of hsPDA may be able to start PDA closure treatment in the most appropriate time period. In addition, in NICUs with limited ability to perform echo at any time, SIMPLE may suggest the neonatologist to identify the ELBW infants for hsPDA and consult with a pediatric cardiologist on the most suitable time period and/or make decision for the medical closure of PDA. However, SIMPLE scores could not predict the response to the PDA closure treatment as they were similar in both medical closure and surgical ligation groups. This may be associated with small number of infants who required surgical ligation.

On the other hand, the present study is limited with the low number of infants enrolled, the single NICU involved in the study and evaluation of the efficacy of SIMPLE only by identification of high-risk infants. We believe that the efficacy of SIMPLE for prediction of long-term outcomes and PDA-associated morbidities, such as NEC, IVH, ROP, and mortality, should also be investigated. Therefore, we aim to evaluate the efficacy of SIMPLE for early prediction of PDA, morbidities associated with PDA, and also mortality in ELBW infants in a larger multicentered prospective observational study. Another limitation of this study is that the incidence of PDA and several comorbidities are higher than in other Western cohorts and registries such as Vermont Oxford Network or NICHD. This is likely to be related to the very low prevalence of antenatal steroid treatment compared to the US (41). This may be due to the fact that our maternal population is mostly underserved, including many migrants with limited or no prenatal care. Thus, SIMPLE should be validated in other populations with standard prenatal care.

In conclusion, to the best of our knowledge, SIMPLE is the first scoring system that relies only on risk factors and clinical findings for the early prediction of hsPDA in ELBW infants. It is simple, objective, and easy to perform. It does not require any additional tests and/or echo during the evaluation. Therefore, we suggest that it can be used as a screening tool for the identification of ELBW infants for their requirement for the echo evaluation. In addition, SIMPLE will probably minimize the unnecessary pediatric cardiology consultations and/or echo evaluation in NICUs with limited sources. It may also lead to early diagnosis and treatment of hsPDA in ELBW infants as it can be performed within the first 24 h of life. However, its efficacy on both early identification of hsPDA- and PDA-associated morbidities, and also mortality should be evaluated in a multicentered prospective study including higher number of premature infants.
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Objective: This study was conducted in order to compare the strength of correlation between echocardiographic markers of shunt volume and patent ductus arteriosus (PDA) diameter based on postnatal age.

Methods: This retrospective study focused on preterm infants (aged <32 weeks of gestation) admitted to the Neonatal Intensive Care Unit of Korea University Ansan Hospital, between April 2014 and December 2017, who studied serial targeted neonatal echocardiography (TNE) for PDA during hospitalization. The association between echocardiographic characteristics and duct size was divided into the following days: within 3 days (very early, VE), 4–7 days after birth (early, E), and after 8 days of birth (late, L).

Results: We found 113 assessments conducted on 57 infants in the VE period, 92 assessments on 40 infants in the E period, and 342 assessments on 37 infants in the L period. Median gestational age and birth weight were 28+2 weeks of gestation and 1,115 g, respectively. In the univariate regression analysis, we found a statistically significant correlation between PDA diameter and all TNE markers in the E and L days, but not in the VE period. Only ductal velocity [coefficient of determination (R2) = 0.224], antegrade left pulmonary artery diastolic flow velocity (R2 = 0.165), left ventricular output (LVO)/superior vena cava (SVC) flow ratio (R2 = 0.048), and E/A wave ratio (R2 = 0.092) showed weak correlations with PDA diameter in the VE period. The slopes of the regressions showed significant changes based on postnatal age in the maximum ductal velocity, left atrium/aorta ratio, LVO/SVC flow ratio, and LVO.

Conclusions: It is difficult to predict the echocardiographic markers of shunt volume based on the PDA diameter in preterm infants younger than 4 days. A better understanding of the changes in the hemodynamic consequences of PDA based on postnatal age is needed when considering treatment.

Keywords: preterm infant, hemodynamically significant patent ductus arteriosus, patent ductus arteriosis, early targeted treatment, echocardiography


INTRODUCTION

Echocardiography is currently the preferred tool to screen neonates with hemodynamically significant patent ductus arteriosus (hsPDA) in the early postnatal period, owing to its potential benefits in the prevention of pulmonary hemorrhage or intra ventricular hemorrhage (1). The investigation is indicated for clinically suspected PDA, especially in very low birth weight neonates during the initial 24 to 72 h immediately following birth (2–4).

This transitional period is more complicated in preterm infants who have immature organ systems, thereby necessitating surfactant administration, ventilatory support, and vasoactive medications. The preterm left ventricular myocardium is exposed to an abrupt increase in afterload while being relatively immature; therefore, it may be less tolerant to the concurrent changes in preload conditions caused by the presence of pathologic atrial and ductal shunts. Therefore, defining hsPDA and deciding on the treatment may be complicated in the early postnatal period (5–7).

Since hsPDA is determined by both ductal size and shunt volume markers of pulmonary over circulation and systemic hypoperfusion in targeted neonatal echocardiography (TNE), the most common definition of hsPDA is based on the transductal diameter (2, 8, 9). Recently, Fernando de Freitas Martins et al. evaluated the correlation between ductal diameter and individual echocardiographic markers of shunt volume in preterm infants older than 7 days (10). However, there is lack of information regarding differences in the association between PDA diameter and shunt volume markers in the early postnatal period.

The aim of the present study was to compare the strength of association between echocardiographic markers of shunt volume and PDA diameter based on postnatal age and categorized as very early (VE, within 3 days after birth), early (E, 4–7 days after birth), and late (L, >8 days after birth) days.



MATERIALS AND METHODS

We retrospectively reviewed the medical records of 128 preterm infants who were born at <32 weeks of gestation and were admitted to the neonatal intensive care unit of Korea University Ansan Hospital between April 2014 and December 2017. Infants with major congenital anomalies (except PDA and patent foramen ovale), chromosomal abnormalities, and incomplete medical records were excluded. An additional exclusion criterion was the absence of data on TNE assessment of hemodynamic significance of the PDA during hospitalization.

The study was approved by the Institutional Review Board of the Korea University Ansan Hospital (2019AS0223).


Echocardiography Assessment

All infants delivered before 32 weeks of gestation underwent echocardiographic screening to identify congenital heart anomalies. After screening, we decided to study serial TNE assessments when the infants had PDA-related clinical signs or an established shunt, defined as evidence of left-to-right dominant transductal flow to ensure sufficient shunt flow. We performed standardized TNE assessment of hemodynamic significance of the PDA with pulmonary over circulation, myocardial performance, and/or systemic hypoperfusion to decide on the course of treatment. Given the direct vaso constricting effect of ibuprofen, TNE assessments were always performed before each dose of the medication. All study measurements were recorded by a single operator using the Vivid q system (GE Healthcare, Haifa, Israel) and a 10-Hz probe. Analysis of the recorded echocardiographic markers was performed by a blinded investigator. The mean variability between measurements was within 20% for all parameters, and 90% of the measures were approximately within 15% of each other.

Two-dimensional, M-mode, pulse, and color flow Doppler imaging were performed. PDA diameter was measured at its narrowest point, usually at the pulmonary end. We measured additional parameters, including ductal velocity (Vmax, peak velocity of transductal flow was assessed by pulse- and continuous-wave Doppler), end diastolic velocity of the left pulmonary artery (LPA), ratio of the left atrial diameter to aortic root diameter (LA/Ao, measured from the long axis parasternal view at the level of the aortic valve, using M-mode), ratio of mitral inflow E wave peak velocity to A wave peak velocity (E/A wave ratio, trans-mitral valve flow was assessed by pulse-wave Doppler at the tips of the mitral valve leaflets from an apical four-chamber view), left ventricular output (LVO, calculated based on heart rate, aortic diameter, and velocity time integral), and the percentage of retrograde diastolic flow in the descending aorta distal to PDA.



Clinical Data

The medical records of all eligible infants were reviewed to obtain neonatal demographic and clinical data. Birth and clinical characteristics were collected, including gestational age (GA) and birth weight at delivery, sex, mode of delivery, 5-min Apgar score, the use of antenatal steroids, and premature membrane rupture. The following clinical outcomes were also recorded: surfactant use in respiratory distress syndrome, PDA treatment with intravenous ibuprofen or surgical ligation, necrotizing enter colitis with radiologic evidence of pneumatosis intestinalis, intra ventricular hemorrhage classified according to the Papile classification, bronchopulmonary dysplasia (defined as the requirement for supplemental oxygen with a fraction of inspired oxygen of more than 0.21 for 28 days of life), treated retinopathy of prematurity, and death before discharge.

The policies of management to PDA in our NICU were “symptomatic treatment” and/or “early targeted treatment.” The cyclooxygenase inhibitor was administered intravenously after confirming the diagnosis of hsPDA. Early targeted treatment based on echocardiographic parameters may allow for the selection of high-risk preterm infants prior to the duct becoming clinically significant. The clinical signs of PDA were based on the following features: (1) the presence of a systolic or continuous murmur; (2) a bounding pulse or a hyperactive precordial pulse; (3) difficulty in maintaining the blood pressure, i.e., hypotension (the lower limit of normal mean arterial pressure was regarded to corrected gestational age) without response to loading fluid and infusion of dopamine; (4) a worsening ventilator status; and (5) chest radiographic evidence, i.e., pulmonary congestion or cardiomegaly (a cardiothoracic ratio >60%) with increased pulmonary flow. Symptomatic PDA was defined as the presence of two of these five signs with the confirmation of a large left to right ductal flow by color flow Doppler echocardiography (11).



Statistical Analysis

Statistical analyses were performed using IBM SPSS 20 and R statistical software. Continuous variables were analyzed using either the t test or the Mann–Whitney U test/Kruskal–Wallis test for normal or skewed distributions. Proportions were tested using the chi-squared test and Fisher's exact test. p values of <0.05 were considered statistically significant. Data are presented as mean ± standard deviation (SD), median with interquartile range (IQR), or rate.

The association between PDA size and each of the echocardiographic markers was assessed using the Pearson correlation coefficient, followed by a linear regression analysis. The association was divided into VE, E, and L days as explained previously. The coefficient of determination (R2) was used to determine the strength of the association for each marker. We used the F test and t test to compare the coefficients and slopes across different regressions.




RESULTS

A total of 128 preterm infants born at <32 weeks of gestation were identified, and 64 were excluded due to the presence of congenital defects, chromosomal abnormality, and absence of TNE data. A total of 547 TNE assessments in 64 infants with PDA were analyzed. We found 113 assessments conducted on 57 infants in the VE period, 92 assessments on 40 infants in the E period, and 342 assessments on 37 infants in the L period (Figure 1). Median GA and birth weight were 28+2 weeks (IQR, 26+4-29+6 weeks) and 1,115 g (IQR, 950–1,397 g) (Table 1). The median number of TNE assessments per infant was 6 (IQR, 3–13). These were performed at a median of 2 days (range, 0–3) after birth in the VE period, 5 days (range, 4–7) after birth in the E period, and 18 days (range, 8–63) after birth in the L period. No difference was observed in the GA and birth weight of infants among the three periods. There were significant differences in the TNE assessments between the groups according to postnatal age, except E/A wave ratio, and in the use of mechanical ventilator depending on the different postnatal days (77.1 vs. 47.8 vs. 35.9%, p < 0.05). There were no significant differences in receiving treatment among the three periods (Table 2).


[image: Figure 1]
FIGURE 1. Flowchart of the study population.



Table 1. Demographics and outcomes.
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Table 2. Clinical characteristics and echocardiographic markers of shunt volume based on postnatal age.

[image: Table 2]

In the univariate regression analysis, we found a statistically significant correlation between PDA diameter and all TNE markers in the E and L days, but not in the VE period. Only ductal velocity (R2 = 0.224, p < 0.05), antegrade LPA diastolic flow (R2 = 0.165, p < 0.05), LVO/superior vena cava (SVC) flow ratio (R2 = 0.048, p < 0.05), and E/A wave ratio (R2 = 0.092, p < 0.05) showed weak correlations with PDA diameter in the VE period. The LA/Ao ratio (R2 = 0.010, p = 0.291) and LVO (R2 = 0.028, p = 0.078) did not correlate with PDA diameter in the VE period; however, there were strong correlations in the E (R2 = 0.230, p < 0.05 and R2 = 0.344, p < 0.05, respectively) and L days (R2 = 0.311, p < 0.05 and R2 = 0.272, p < 0.05, respectively) (Table 3). The regression lines in the scatter plots of PDA diameter and each of the TNE markers are outlined in Figure 2. P-values were analyzed to test the difference in the regression lines and slopes among groups. The regression lines of all echocardiographic markers except IVRT were significantly different between the VE and L days (Table 4). The slopes of the regressions showed significant changes depending on the time of birth for the maximum ductal velocity, LA/Ao ratio, LVO/SVC flow ratio, and LVO (Table 5). The slopes of the regressions for all markers except the maximum ductal velocity were statistically equivalent between the E and L days.


Table 3. Univariate regression analysis of PDA diameter and echocardiographic markers of shunt volume based on postnatal age.
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FIGURE 2. Scatterplots showing the association between the echocardiographic markers with PDA diameter in the three periods.



Table 4. Comparing the linear regression lines by analysis of the covariance.
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Table 5. Comparing the slopes of linear regression lines by analysis of the covariance.
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DISCUSSION

This study focused on the diameter of the PDA and its association with echocardiographic consequences of the shunt volume at the very early stages of life. It is difficult to estimate the echocardiographic markers of the ductal shunt and systemic hypoperfusion based on the PDA diameter in preterm infants younger than 4 days.

McNamara and Sehgal suggested a PDA staging system using clinical signs and echocardiographic parameters to understand the impact of the ductal shunt and PDA treatment (12, 13). However, their echocardiographic parameters have not been widely adopted in standard practice because of their extensive number of parameters and difficulties (14). Conventional echocardiographic markers such as PDA diameter do not predict neonatal outcomes, and it remains the routinely used parameter in clinical settings (15, 16). Based on the observations of our study, the PDA staging system was not correlated with the PDA diameter in the early period. We speculate that the impact of the PDA in echocardiography is less significant in the first 3 days of life due to the immediate transitional phase. The magnitude of the transductal shunt not only relates to the transductal diameter but also is affected by pulmonary and systemic vascular resistance and the compensatory ability of the immature myocardium depending on the time of birth (13). This result closely aligned with an earlier study reporting that clinical signs are not reliable in the first few days of life (17).

El-Khuffash et al. (18) proposed the use of another PDA severity score on day 2 after birth to predict the later occurrence of CLD/death. They suggested a predictive score within the first 48 h of life that could correlate with PDA-related morbidity, including GA, PDA diameter, LVO, maximum shunt velocity across PDA, and LV A wave. This suggestion is in accordance with the findings of our study, wherein the aforementioned factors showed a reliable correlation with the PDA diameter, despite being in the VE period. These factors could be predictive of the hemodynamic significance that can guide treatment decisions in the early period.

The treatment intervention for PDA in preterm infants varies from the conservative approach (“wait and watchful”) to the active, early treatment approach. Recent evidence suggests that mortality may depend on the management of PDA, and a moderate approach is associated with optimal outcomes (19). While in some infants a careful “wait and watchful” strategy may be the best option, other infants may need treatment to minimize the comorbidities in the early postnatal period (20). Also, for extremely preterm infants in the transitional period, echocardiographic assessment for hsPDA is very important for the conservative management of hemodynamically unstable infants. Our report is the first to directly investigate the strength of association between echocardiographic markers of shunt volume and PDA diameter based on postnatal age in preterm infants. Our results might help to select newborns in the early postnatal period that should be treated in order to improve their clinical outcomes without a significant increase of markers of pulmonary over circulation and/or systemic hypoperfusion. PDA symptoms and echocardiography results are insignificant in the first few days of life; therefore, comprehensive interpretation is essential before any intervention including conservative management, along with assessment of other factors such as GA at birth, clinical risk, ventilation requirements, cardiac biomarkers, and organ perfusion.

Our study is limited by its retrospective design and small sample size. The indication for TNE evaluation was at the discretion of the attending neonatologist, which may have introduced a selection bias toward sicker patients. Although we did not report the clinical effectiveness of PDA treatment at any of the included periods, the clinical effectiveness of treatments of PDA cannot be concluded because of the retrospective design. Of note, there were no significant differences in receiving treatment among the three periods. Since the rates of hsPDA vary widely by center, our results may not be generalizable to other centers where the rates of hsPDA differ from ours. There is an urgent need of prospective randomized controlled trials to assess the effectiveness of targeted treatment of hsPDA in matched conditions, including the timing, medications used, GA, and PDA severity in order to assess the association between PDA treatment and outcomes in preterm infants.

In conclusion, we found a significantly weaker association between PDA diameter and echocardiographic parameters of shunt volume in the VE days after birth than in the other periods. It is difficult to predict the echocardiographic markers of ductal shunt by the PDA diameter in infants younger than 4 days. A prospective study identifying the proper criteria for beneficial PDA treatment, especially in the early period after birth, is of paramount importance.
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Focusing onthesurgial uestment of PDA: 403

for ligbility: n = 295

Included sriles:
n=ds

250 Aricles excluded with ressons:
Not evaluating the associaton between PDA and i rsk
factors andlor complications acording o fllext n = 88
No complere desred data: n = 69
Notreevable: n=37
No conirl groups: n=23
Not meatin the inclusion crteia: n =9
Notin the requird lnguages: n = 7
Duplicates found in fulltext review: n = 6
Case reports o rviews found in ful-ext review: n =5
Factorstudied was mentioned in only one ricle: n = 5
oo low sores of NOS system: = |
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Cohort A Cohort B P
n=27 n=45

BPD 4(14.8) 7(156) 0607
NEC 00 0(0) NA

IVH 4(14.8) 13(289) 0178
Stage 22 16.7) 11(24.4) 0020
ROP 1037) 18(d0) 0803
Stage = 2 8(206) 900 0852
PLV 5(18.5) 6(133) 039
Prolonged invasive mechanical ventilation 4(14.8) 14@31.1) 0122
Acute renal failure 00 2044 0387

BPD, bronchopuimonary  dysplasia; NEC, necrotizing  enterocolitis (Bel - stage
22); IVH, intraventricular hemorrhage; ROR retinopathy of *prematurty; PLV,

periventricular leukomatacia.
Data are expressed as number (%).
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Cohort A

Cohort B P
n=21 n=45

Close after the first cycle of therapy 21(77.8) 31(68.9) 0.59%

Definitive closure of PDA 23(85.2) 39(86.7) 0561

Reopening of PDA 5(18.5) 8(17.8) 0576

Surgical intervention 2(7.4) 1(22) 0314

PDA, patency of the ductus arteriosus.
Data are expressed as number (%).
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Need more than one cycle of therapy, number (%)

Number of cycles

Start of the first cycle of medical therapy, days

Duration of medical therapy, days

Paracstamol i the first cycle of medical therapy, number (%)
ouprofen in the first cycle of medical therapy, number (%)
No treatment, number (%)

Data are expressed as mean (95% Cl) when not specified.

Cohort A
n=27

4(14.8)
1.3(1.1-1.5)
38(2.7-4.9)
4.4(34-5.3)
5(18.5)
22(815)
0(0.0)

Cohort B
n=45

13 (28.9)
15(1.2-1.7)
38 (3.0-4.5)
53(4.3-6.3)
18 (40.0)
25(55.6)
2(4.4)

0.143
0.277
0.895
0.202
0.068
0.088
0.068
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Primary Outcome

Model 1
Birth weight

Twins

Pregnancy-induced hypertension

pH on cord blood

Alteration of doppler velocimetry of uterine arteries
Gender

Antenatal corticosteroids®

Respiratory distress syndrome

Cohort

Model 2

Gestational age

Twins

Pregnancy-induced hypertension

pH on cord blood

Alteration of doppler velocimetry of uterine arteries
Gender

Antenatal corticosteroids®

Respiratory distress syndrome

Cohort

2,027
—0.497
-0.789
-1.176
—-0.149
—1.056

0.324

0.868
—1.826

3913
-1.276
-0.892
-1.297
1.068
-1579
0.499
1526
—2.243

8Intramuscular steroid cycle in two doses of 12 mg over a 24-h period.

p-value

0175
0519
0.328
0.239
0.877
0.179
0.661
0.336
0.024

0007
0.185
0313
0.258
0.333
0.083
0.553
0.143
0.020

OR

7.588
0.608
0.454
0.309
0.862
0.348
1.383
2.383
0.161

0.020
0.279
0410
0273
2.909
0.206
1.648
4598
0.106

95.0% confidence interval

Lower limit

0.405
0.134
0.093
0.044
0.130
0.075
0.324
0.406
0.083

0.001
0.048
0.073
0.029
0.334
0.085
0.316
0.596
0.016

Upper limit

142,239
2.758
2212
2.185
5.699
1.622
5.896
14.000
0.784

0.347
1.621
2.314
2.603
25314
1.227
8.587
35.488
0.703
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Female
Gestational age, median weeks (IQR)

Birth weight, median g (IQR)

Twins

Cesarean section

Antenatal steroids®

Pregnancy-induced hypertension

Alteration of doppler velocimetry of uterine arteries
pH at birth, median (QR)

Respiratory distress syndrome

FEF, median days (IQR)

Hypotension reqiring inotropes

Temperature at 1st h of life, median °C (IQR)
Normoglycernia

APGAR score at 5 min of lfe, median (IQR)

Sepsis

AIntramuscular steroid cycle in two doses of 12mg over a 24-h period. Data are expressed as number (%) when not specified.

FEF, full enteral feeding.

Cohort A
n=27

1140.7)
28(4)
1,020 (500)
9(33.9)
23(85.2)
16(59.2)
8(20.6)
4(148)
7.25(0.17)
21(77.8)
21(22)
4(148)
36.1(0.7)
8(53.9)
74)
6(22.2)

Cohort B
n=45

22(48.9)
27(2)
900 (480)
8(17.8)
35(77.8)
27 (60)
12/(26.7)
6(13.3)
7.26(0.09)
39(86.7)
25 (19)
20(44.4)
36.1(0.8)
15 (40.5)
70
10(22.2)

0.502
0.135
0.161
0.132
0214
0.586
0.444
0.441
0.187
0.254
0.926
0.009
0.289
0.400
0815
0.620
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Cohort A CohortB p
n=27 n=45

Diameter >1.5mm 21778 33(733) 0673

Unrestrictive ductal flow (unidirectional left-right or pulsatie bidirectional) 26(96.3) 4497.8) 0634

Left atrium/aorta ratio >1.5 11 (40.7) 17 (37.8) 0.707

Absent or reverse flow in descending aorta 4(148) 5(11.1) 0430

The diagnosis of hemodynamic significance of ductus arteriosus based on echocardiographic parameters. Data are expressed as number (%).
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#4

Search items

(((Factor, Risk [Title/Abstract) OR Factors, Risk
[Title/Abstract]) OR Risk Factor [Title/Abstract]) OR Factors
[Title/Abstract]) OR Factor [Title/Abstract) OR relationship
[Title/Abstract])) OR *Risk Factors” [Mesh))

((((infants, Premature{Title/Abstract) OR Preterm
Infant(Title/Abstract]) OR Premature Infant(Title/Abstract)) OR
Proterm Infants{Title/Abstract)) OR Infant,
Preterm(Title/Abstract]) OR Infants, Preterm[Title/Abstract))
OR Premature Infants[Tile/Abstract]) OR Neonatal
Prematurity[Tile/Abstract]) OR Prematurity,
Neonatal[Title/Abstract})) OR “Infant, Premature”[Mesh)) OR
(((Neonates(Title/Abstract)) OR Infants,
Newborn(Title/Abstract}) OR Newborn Infant[Titie/Abstract])
OR Newborn Infants[Title/Abstract]) OR
Newborns[Title/Abstract)) OR Newborn[Title/Abstract)) OR
NeonatefTitle/Abstract])) OR “Infant, Newborn"[Mesh])
((“Ductus Arteriosus, Patent’[Mesh]) OR ((Patency of the
Ductus Arteriosus[Title/Abstract]) OR Patent Ductus
Arteriosus[Title/Abstract]) OR Patent Ductus Arteriosus
Familial[Title/Abstract)) OR PDA[Title/Abstract)) OR ductus
arteriosus(Title/Abstract]))

#1 AND #2 AND #3

PDA, patent ductus arteriosus.
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PDA evaluation
criteria

Ductal
characteristics

Assessment of
pulmonary
over-circulation

Assessment of
systemic
hypoperfusion

Essential echocardiographic parameters for
assessment of PDA and hemodynamic
evaluation

* PDA size (small <1.5mm, moderate 1.51-2mm,
large >2mm) and flow direction (eft o right, right to
left, or bi-directiona) and Doppler assessment with
maximum velocity (Vmax) in systole and
end-diastole

« Dilated left side of the heart on visual inspection
“eyeballing” and LA/Ao ratio (mild <1.4, moderate
1.41-1.6, severe >1.6) OR LVEDD (correlate with
Zz-scores) OR LPA diastolic velocity, mean velocity
>0.42 m/s, end-diastolic velocity >0.2 m/s OR
Reversal of mitral E/A ratio *Document presence or
absence and magnitude of intra-atrial shunt

« Retrograde or absent blood flow during diastole in:
~descending aorta OR
~cosliac trunk or superior mesenteric artery (SMA)
OR
-anterior or middle cerebral artery

A comprehensive echocardiographic assessment should be performed to rule out any
underlying congenital heart defect or pulmonary hypertension and delineate orientation of
arch (left or right sidedness) before any intervention to close the PDA.





OPS/images/fped-08-613749/crossmark.jpg
©

2

i

|





OPS/images/fped-08-573627/fped-08-573627-g006.gif





OPS/images/fped-08-573627/fped-08-573627-g007.gif





OPS/images/fped-08-573627/fped-08-573627-g008.gif
[ ——






OPS/images/fped-08-573627/fped-08-573627-g009.gif





OPS/images/fped-08-582735/fped-08-582735-g001.gif
Percentage (%)

proon

Suvival
withou Morbidiies

Morbidiy

O Cohort A B Cohort B

Suvival





OPS/images/fped-08-613749/fped-08-613749-t003.jpg
Total sample 30w =30w no-hsPSA 30w hsPDA p-value*
(s32w) (calculated comparing
no-hsPDA and hsPDA)

RDS 35/35 (100%) 24/24(100%)  19/19 (100%) /5 (100%) -

Need for surfactant Yes 22/35 (62.9%) 15/24 (62.5%) 10/19 (52.63%)  5/5 (100%) <0.05*
No 13/35% (37.1%) /24 (375%)  919(4737%)  O/5(0%)

Surfactant doses () 1 14/35 8/24 m9 1/5 o
2 7135 5/24 3/19 25 -

1/36 1/24 019 1/5 -

hsPSA Yes 5/35 (14.3%) 5/24(20.83%)  0/19 (0%) 5/5 (100%) E
No 30/35 (85.7%) 19/24 (79.47%)  19/19 (100%)  0/5 (0%) -

Treatment for hsPDA Yes 4/35 (11.4%) 4/24 (16.67%) 0/19 (0%) 4/5 (80%) -
No 31/35 (83.6%) 20/24(83.33%) 19/19 (100%)  1/5 (20%) -

hsPDA closure** Yes (treatment) 4/35 (11.42) 4/24 (16.67%) - 4/5 (80%) z
Yes (no treatment) 1135 (2.8%) 1124 (4.17%) - 115 (20%) -
No (treatment) 0/35 (0%) 0724 (0%) - 0/5 (0%) -

Sepsis EOS 7/35 (20%) 424 (16.67%)  2/19(10.53%)  2/5 (40%) 011
Los 6/35 (17.1%) 6/24(25%)  5/19(2631%)  1/5(20%) 077
EOS +LOS 4/35 (11.43%) 4/24(1667%)  2/19(1053%)  2/5 (40%) 011

Early aminoglycosides 8/35 7724 5/19 2/5 05

administration (22.8%) (29.17%) (26.31%) (40%)

Creatinine values at 3-5 days of 05602 059021  057£021 065021 0.46

fife mean value  SD

Death 0/35 (0%) 024 (0%) 019 (0%) 0/5 (0%) -

w, Weeks; hsPDA, hemodinamically significant patent ductus arteriosus; RDS, respiratory distress syndrome; n, number; EOS, early onset sepsis; LOS, late onset sepsis; SD,
standard deviation.

“Statistically significant if p < 0.05.

“"When pharmacological treatment for hsPDA was performed, ibuprofen at the standard dose was used as first choice drug, while in case of contraindication, paracetamol was preferred.
Not calculated because the authors do not believe it could be useful for statistical analysis. Bold values are statistically significant.
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PLS-DA and OPLS-DA models

Groups Components® R2Xcum® R2Ycum®
<30w No-hsPDA vs. >30w No-hsPDA 2 0669 0819
vs. <80w hsPDA

< and >80w No-hsPDA vs. <30w hsPDA 1P 420 0539 0862
30w No-hsPDA vs. <30w hsPDA 1P 420 0512 0888

aThe number of Predictive and Orthogonal components used to create the OPLS-DA statistical models.

Permutation (400 times)*

Q2cum¢ R2 intercept Q2intercept
0.501 0.474 -0.508
0.479 0586 -0.594
0.433 0511 ~0.496

b¢R2X and R2Y indicated the cumulative explained fraction of the variation of the X block and Y block for the extracted components.

9Q2 cum values indicated cumulative predicted fraction of the variation of the Y block for the extracted components.

*An Q2 intercept value <0.05 are indicative of a valid model.
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Metabolites Mean (SD) of group (mM)* p-value®

<30w No-hsPDA <30w hsPDA
3-Methybanthine 053034 023+0.18 005
4-Hydroxyproline 6.39+2.22 3.44+1.72 0.03
Betaine 1.55£0.73 069 0.20 002
Creatine 119082 094078 031
Glucose 108:£7.24 3754221 001
Glycylproiine 855 +3.26 4472197 002
Hippurate 0524029 0384017 044
Lactate 287103 61025 002
Methylhistidine 2294195 118092 059
Myo-Inositol 346+ 11.9 19.2+ 6,03 004
Taurine 110+ 4.44 578222 070
TMAO* 815+ 2.39 468+ 2.20 001
Tryptophan 076 +0.24 039017 <001

“Relative concentrations were calculated by normalization of the molar concentration of
each metabolite to the total molar concentration of all 13 metabolites for each sample.
bStatistical signiicance was determined using the Menn-Whitney U-test (two-tailec)
and a p-value <0.05 was considered statistically significant. The Benjamini-Hochberg
adjustment was applied.

*Trimethylamine-N-Oxide.
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Choricamnionitis

Altered glucose load curve

Placental abruption

Hypertension

(in treatment)

PROM > 18 hours

Antenatal Steroids

Yes

Yes
No

N.p.

Yes

No

Yes

No

Yes

Yes

No

Total sample
(s32w)

2/35 (5.71%)

33/35
(94.20%)
1/35 (2.86%)
16/35
@5.71%)
18/35 (51.43)

6/35
(17.14%)
29/35
(82.86%)
4/35
(11.43%)
31/35
(88.57%)
5/35 (14.29)

30/35
65.71%)
24/35
(68.57%)
2 doses:
22124
1 dose: 2/24
11/35
(81.43%)

=30w

2/24(8.33%)

22124
(91.67%)
1124 (4.17%)
824
(33.33%)
15/24
(62.5%)
6/24 (25%)

18/24 (75%)

4/24
(16.67%)
20/24
(83.33%)
5/24 (20.3%)

19724
(79.17%)
15/24 (62.5%)
2
doses: 14/15
1 dose: 1/15

9/24 (37.5)

=30w
no-hsPSA

219
(10.53%)
1719
(89.47%)
1/19 (5.26%)
6/19
(31.58%)
1219
(63.16%)
419 (21%)

15/19 (79%)

2/19
(10.53%)
1719
(89.47%)
5/19
(26.31%)
14119
(73.60%)
12/19
(63.16%)
2 doses:
1112
1 doses: 1/12
79
(36.84%)

=30w
hsPDA

075 (0%)

5/5 (100%)

05 (0%)
2/5 (40%)

3/5 (60%)

2/5 (40%)

3/5 (60%)

2/5 (40%)

3/5 (60%)

0/5 (0%)

5/5 (100%)

3/5 (60%)
2 doses: /5

2/5 (40%)

p-value*
(calculated comparing no-hsPDA and hsPDA)

03

04

o1

0.19

09

w, Weeks; hsPDA, hemodinamically significant patent ductus arteriosus; n.p., not performed; PROM, premature rupture of membranes (>18 h).

“Statistcally significant ifp < 0.05.
Not calculated because the authors do not believe it could be useful for statistical analysis.
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Total sample
(s32w)
Number of subjects 35
Sex M 23/35 (65.7%)
Gestational age Wk SD29.92 + 2.06
Birth weight g  SD 1,346 367
Twins Yes 13/35 (37.14%)
No 22/35 (62.86%)
Antropometry (percenties) LGA 4/35 (11.4%)
AGA 29/35 (82.9%)
SGA 2/35 (6.7%)
Mode of delivery ) 4/35 (11.43%)
ucs 31/35 (88.57%)
Apgar Score G 583+225
Mean & SO 5 7.34+1.97
Apgar Score (Median) 1 6
5 8
Delivery room resuscitation No 2/35 (6,7%)

n.i. ventiiation + Oz

et intubation + O, i chest
compressions or adrenaline

Perinatal asphyxia No

Mid
Severe

25/35 (71.4%)

8/35 (22.9%)

18/35 (51.4%)

12/35 (34.3%)
5/35 (14.3%)

=30w

24

M 14/24 (68.33%)

29+1.85
1239.92 + 329
9/24" (37.5%)
15/24 (62.5%)
3/24 (12.5%)
20/24 (83.3%)
1124 (4.2%)
1/24 (4.2%)
23/24 (95.8%)

6+232
746+ 167
6
8
1/24 (4,17)
18/24 (75%)

5/24 (20.83%)

12/24 (50%)

/24 (37.5%)
3/24 (62.5%)

=30w  <30w hsPDA
no-hsPSA

19/24 (79.2%) 5/24 (20.8%)

M11/19 M35 (60%)
(657.9%)

2063+ 1.03 26.62 % 2.46
1,802 £261 1,004 + 476
919 (47.4%)  0/5(0%)
10/19 (52.6%) 5/5 (100%)
2/19(10.5%)  1/5 (20%)
16/19 (84.2%)  4/5 (80%)
119(6.3%)  0/5(0%)
119 (5.26%)  0/5 (0%)

18/19  6/5(100%)
(94.74%)

658+ 1.74 88311
748+121  6+245
7 3
8 5
1/19(65.26%)  0/5(0%)

16/19 25 (40%)
(84.21%)
2/19(1053%)  3/5 (60%)

10/19 115 (20%)
(52.64%)

819 (42.1%)  1/5 (20%)
1/19(65.26%)  3/5 (60%)

p-value*
(calculated comparing
no-hsPDA and hsPDA)

<0.01*
0.93

<0.001*
0.069
<0.05*

0.75

06

<0.01*
<0.05*

<0.05*
e.tintubation:
<0.05%

<0.05*
Severe:
<0.01*

w, Weeks; hsPDA, hemodinamicall significant patent ductus arteriosus; g, grams; SD, standard deviation; LGA, Irge for gestational age; AGA, appropriate for gestational age; SGA,
smell for gestational age; VG, vaginal delivery; UCS, urgent cesarean section; n.i, non-invasive; e.t, endotracheal.

“Statistcally significent ifp < 0.05.

Twins are not even in number, since one of them was excluded by the study because we could not collect the urinary sample. Bold values are statistically significant.
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Characteristic

Number infants treated with cox inhibitors, n (%)
PDA ligation, n (%)

Pulmonary hemorthage, 1 (%)
Severe Intraventricular hemorrhage (IVH), n (%)
Spontaneous intestinal perforation (SIP), 7 (%)
Necrotizing Enterccolitis (NEC), 1 (%)

Sepsis, n (%)

Retinopathy of prematurity (ROP) stage =3, n (%)

Any respiratory support at 36 weeks (CLD) n (%)
Assisted Ventilation duration (days)
Mean  SD

Median (IQR)

CPAP duration (days)

Mean + SD

Median (IQR)

NICU duration (days)

Mean & SD

Median (IGR)

Death

Labor Ward, n

Neonatal death, n

In hospital (post-neonatal), n

Total, n (%)

Standard treatment (n = 202)

56/202 (27.7)
15/1991 (7.54)

47199 (2.01)
11/1991 (5.53)
3/199" (1.51)
4/199" (2.01)
15/1991 (7.43)
13/1851 (7.03)
47/1851 (25.4)
n=197
303+£438
12 (2, 40)

20.9.+80.1
8(1,32)

39.1+426
225 (12, 48)

3
14

6
23(11.4)

Early selective
treatment (n = 213)

46/213 (21.6)
41/213 (19.3)"

6/203" (2.96)

7/209" (3.35)
10/2031 (4.93)
7/1961 (3.57)
3/200 (1.44)
21/209" (9.86)
191941 (9.79)
58/194" (20.9)
n=198
321452
12.5 (3, 40)

235338
8(1,33)

470547
28(1,33)

4
15
10
29(136)

P-value®

0.171
0.049

0.045
0.059"

0.544
0.825
0.337
0.718
0.390
0.360
0.359

0.694
0414

0.396
0.466

0.100
0.197
0.554

Two-sample t-test (mean) or Wiicoxon rank sum test (median), Fisher's exact test (counts).
*Excludes death before assessment, IQR, interquartile range. *After adjusting for gestational age.
PDA, Patent ductus arteriosus; CPAR, Continuous positive airway pressure.
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Characteristic Standard treatment (n = 202) Early selective treatment (1 = 213) P-value®

Maternal age (yr), Mean (SD) 32.2(5.76) 31.4(6.14) 0.161
Ethnicity, n (%) 0.483
Chinese 104 (51.5) 102 (47.9)

Malay 52(25.7) 67 (315)

Indian 22(10.9) 17 (7.98)

Other 24 (11.9) 27 (12.7)

Pregnancy-induced hypertension (PIH), n (%) 45 (22.3) 521213 (24.4) 0643
Antenatal steroid (complete course), n (%) 129 (63.9) 137/213 (64.3) 0918
Chorioamnionitis, n (%) 64(31.7) 68/213 (31.9) 1.000
Mode of delivery NVD, 1 (%) 59(20.2) 56 (26.3) 0512
Apgar score at 5 min <6, n (%) 21(10.4) 19 8.92) 0622
Male gender, n (%) 109 (54.0) 101 (47.4) 0202
Gestational age (wk), Mean (SD) 28.8(3.03) 29.0 2.97) 0547
Birth weight (g), Mean (SD) 1,055 (296) 1,072 (296) 0556

aTiwo-sample t-test (mean) or Wilcoxon rank sum test (median), Fisher's exact test (counts).
IQR, Interquartile range; NVD, Normal vaginal delivery.
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Study

Echtler (11)
Fujioka (14)
Shah (15)

Dwarakanath®
(42)

Dizdar (12)
Sallmon (16)
Dani (13)
Brunner (43)
Bas-Suarez (18)
Ghen (17)
Simon® (19)
Engir (27)
Demir (25)
Kulkarni (32)
Meinarde (33)
Morawietz (34)
Oliveira (38)
Olukman (35)
Temel (22)
Kahvecioglu (29)
Bekmez (41)
Kiiguk (31)
Akar (24)
Karabulut (30)
Kazanci (10)
Saldaiia (39)
Demirel (26)
Shekharappa
(36)

Ahmed (23)
Ghirardello (28)
Kusuma (37)

Year

2010
2011
2011

2011

2012
2012
2012
2013
2014
2014
2015
2015
2016
2016
2016
2016
2016
2016
2017
2018
2018
2018
2019
2019
2019
2019
2020
2020

2020
2020
2020

123
118
497

148

361
1350
163
322
194
7
126
34
235
70
88
368
328
824
97
60
212
75
389
148
481
250
100
88

75
161
86

Country

Germany
Japan
USA,
Canada
USA

Turkey
USA

italy
Austria
Spain
Taiwan
NL, ltaly
Turkey
Turkey
India
Argentina
Germany
Portugal
Turkey
Turkey
Turkey
Turkey
Turkey
Turkey
Turkey
Turkey
Peru
Turkey
India

Egypt
italy
Indonesia

GA cohort
(weeks)

28.0
279
25.8

26.0

28.6
28.3
271
29.0
27.9
295
28.4
29.8
29.0
31.7
284
28.0
30.0
295
32.2
27.8
29.0
285
295
28.8
28.0
NR

28.8
30.4

31.7
29.1
31.4

BW cohort
(9)

1038
1059
825

733

1054
1060
931

1170
1008
1163
1098
1250
1549
1197
1112
1043
1231
1193
1809
1024
1238
1180
1055
1092
1068
NR

1238
1335

NR
1098
1535

% males  Day PDA

48.8
576
52.6

46.5
48.7
49.7
50.6
55.7
49.4
51.2
58.8
54

51.4
50.0
529
48.8
459
485
45.0
59.4
56.0
49.1
459
513
51.6
NR

46.6

480
44.4
a7.7

assessment

13

NR

%PDA

70.7
297
34.0

60.8

NR
56.3
NR
50.9
NR
NR
69.8
NR
NR
286
NR
64.1
30.2
NR
NR
NR
54.7
NR
NR
NR
NR
NR
NR
NR

53.3
NR
50

%hsPDA Range PL

236
237
NR

45.9°

427
267
82.8
472
546
442
643
323
489
174
50.0
369
NR

2562
485
400
NR

613
457
479
35.1
348
50.0
829

NR
245
NR

assessment
(days)

1
1
3

3
1
1
1
2
1
2
25
0-3

3
NR
NR

NR
03
0-3
2-3
0-1
01
1-7
1
NR

1
NR

2
0
NR

% PL <
150

15.4
16.1
2722

412

238
16.4
325
NR
13
NR
28.6
NR
16.17
50.0
30.7
268
195
NR
NR
NR
NR
NR
NR
NR
NR
10.8
NR
NR

NR
245
348

% PL <
100

0.0
6.8
8.7

NR

5.5%
34
19.6*
28¢
8.7
NR
14.28
NR
NR
243
NR
NR
NR
NR
NR
NR
NR
NR
NR
NR
NR
92
NR
NR

NR
73
NR

#Data not reportedin the original article but obtained after request to authors. ®Abstract. “Based on numer of patients treated with COX inhibitors. ®Patients with platelet count <50
x 10%L excluded. Data published in the meta-analysis of Simon et al. a5 ‘CPS” group. GA, gestational age (mean or mediar); B, birth weight total cohort (g, mean or median); PL,
platelets (x 10%/L); NR, data not reported: PDA, patent ductus arteriosus; hsPDA, hemodynamically significant PDA. I the study of Shah et al. all the patients received prophylactic
indomethacin. In the study of Echtler et al. a non-reported number of patients received prophylactic indomethacin.
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Low risk
Gestation age (GA) PDA treated control PDA treated
group (mos.) infants*/full-year treatment

standard cohortin  infants/full-year early
Gestation age group  selective treatment
(%) cohort in Gestation
age group (%)

<24 15/28 (63.7) 10/21(47.6)
<25 22/40 (55.0) 22/41 (53.6)
<26 30/56 (53.5) 20/57 (50.8)
<28 47/102 (46.0) 39/99 (39.3)
=30 55/153 (35.9) 46/156 (29.4)
Weight group (g)

<600 6/16 (37.5) 9/16 (56.2)

<800 25/50 (50.0) 25/49 (51.0)
<1000 40/87 (45.9) 35/84 (41.1)
<1,200 47/91 (51.6) 417129 31.7)
GA/weight group

<26/<800 32/65 (49.2) 22/65 (49.2)

P-value

0.776
1.000
0.851
0.392
0.274

0.479
1.000
0.644
0.003

0.851

High risk

Gestation age (GA) PDA treated control  PDA treated P-value
group (mos.) infants/full-year treatment
standard cohortin infants/full-year early
Gestation age group ~ selective treatment
(%) cohort in Gestation
age group (%)
>24 411174 (235) 31/192 (16.1) 0.087
25 34/162 (20.9) 19/172 (11.0) 0016
>26 26/146 (17.8) 12/156 (7.6) 0.009
>28 9/100 9.0) 2/144.(1.38) 0.008
>80 1/49 2.0) 0/57 (0.0) 0.462
Weight group (g)
>600 50/186 (26.8) 321197 (16.2) 0012
>800 31/152 20.9) 16/164 (9.7) 0007
>1000 16/115 (139) 6/118 (5.08) 00251
>1200 9111 8.1) 0/840.0) 0011
GA/weight group
>26/>800 24/146 (17.5) 14/156 (9.4) 0.055

#The numerators of the High and Low Risk PDA Treated Control Infants sum to N = 56, which is the total number of PDA Treated Control Infants; the denominators sum to N = 202,

which is the number of Low Risk + High Risk Full-year Control cohort,

©The numerators of the High and Low Risk PDA Treated early selective treatment Infants sum to N = 41, which is the total number of PDA Treated treatment Infants (five were excluded
PP); the denominators sum to N = 213, which is the number Low Risk + High Risk Full-year treatment infants.

PDA, Patent ductus arteriosus.
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Gestational age (weeks), median (IQR)

Birth weight (g), median (IQR)

Maternal age (years), median (IQR)

5-min Apgar score <5, (IQR)

Gord pH, median (IQR)

Premature rupture of membranes >24 h, n (%)
Advanced resuscitation, n (%)
Ghorioamnionitis, 1 (%)"

Antenatal steroids, 1 (%)

Multiple, n (%)

Male sex, n (%)

Surfactant therapy, n (%)

Postnatal age at screening NPE, median (IQR)

Platelet count (x 10%ml) at screening NPE, median (IQR)
Hemoglobin (g/dL) at screening NPE, median (QR)
Postnatal age at PDA closure (days), median (IQR)

intubation i the delivery room with or without assisted circulation.

Conservative management (n = 42)

27.8(26.7-28.4)
1056 (858-1056)
33(30-85.7)
8(6-8)

7.30 (7.25-7.36)
13 (31)
15.(36)

18 (62)
29(70)
18 (43)
19 (45)
25 (60)

475 (24-48)
215 (134.5-282.5)
14.4 (12.6-15.7)
5(2-15)

thistological placental studies (n = 29, conservative management; n = 20, ibuprofen treatmen.

Zfull course.

Ibuprofen treatment (n = 21)

26 (24.6-26.6)
850 (660-957)
31(26.5-34)
6(4.5-8)
7.34(7.31-7.34)
20
14.(67)

14 (70)

14 (67)
6(29)
13(62)

16 (76)

45 (24-56)
241 (161-305)
13.9 (12.8-15.9)
19 (9-34)

p-value

<0.001
0.003
02
0.04
0.02
007
0.08
07
0.7
04
03
03
0.7
02
06
<0.001
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Modality/position of sample gate

Transductal diameter, mm
Ductal velocity Vmax/Vmin ratio, m/s
Antegrade LPA diastolic flow, cmv/s

Color Doppler, high left-sided parasternal
PWD at pulmonary end of duct view
PWD within left pulmonary artery
Descending aorta diastolic velocity PWD within descending aorta. High parasternal

*adapted from Sehgal et al. (19): Maximum score = 11. Minimum score = O,
LPA, left pulmonary artery; PWD, pulse wave Doppler.

Score 0

Forward

Score 1

<16

<15

<30
Absent

Score 2

156-3

15-2

30-50
Reverse

Score 3

>3
>2
>50
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Predicted model AUC (95% CI) Cut-off value Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI)

Model 1 089 (0.82-0.97) 65 086 (0.65-0.95) 078 (0.64-0.88) 067 (0.52-0.78) 0.92 (0.79-097)
Model 2 089 (0.82-0.97) 65 0.80 (0.60-0.92) 0.80 (0.66-0.90) 0.68 (0.52-0.80) 0.89(0.77-0.95)
Model 3 090 (083-0.97) 45 090 (0.71-097) 0.74(0.59-085) 0,63 (0.50-0.74) 094 (0.80-0.98)
Model 4 089 (0.81-0.97) 65 0.86 (0.65-0.95) 081 (0.67-0.90) 069 (0.54-0.81) 0.92 (0.79-097)
Model 5 093 (0.88-0.99) 45 090(0.71-097) 086(0.72-093) 0.76 (0.59-087) 095 (0.83-0.98)

Model 1 includes all the echocardiographic variables (transductal diameter, ductal velocity Vmax/Vmin ratio, antegrade LPA diastolic flow, Left atrial: aortic ratio, LVO/SVC flow ratio,
E wave/A wave ratio and reverse descending aorta diastolic velocity). Model 2 includes all the echocardiographic variables but E/A ratio. Model 3 includes all the echocardiographic
variables but left atrial/aortic ratio. Model 4 includes all the echocardiographic variables but LVO/SVC flow. Model 5 includes only the echocardiographic variables significantly associated
with conservative management (transductal diameter; ductal velocity Vmax/Vmin ratio, antegrade LPA diastolic flow and reverse descending aorta diastolic velocity).

Transductal diameter (mm): <1.5 = score 1; 1.5-3 = score 2; >3 = score 3; Ductal velocity Vmax/Vmin ratio (m/s): <1.5 = score 1; 1.5-2 = score 2;
>2 = score 3. Antegrade LPA diastolic flow (cm/s): <30 = score 1; 30-50 = score 2; >50 = score 3; Left atrial: aortic ratio: <1.4:1 = score 0; 1.4-
1.6:1 = score 2; >1.6:1 = score 3; LVO/SVC flow ratio: <4 = score 0; =4 = score 3; E wave/A wave ratio: <1 = score 0; 1-1.5 = score 2; >1.5
score 3.

AUC, area under the curve; Cl, confidence interval: PPV, positive predictive value; NPV, negative predictive value.
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Characteristic/
outcome

Female
Male
SGAno
SGAyes

Prenatal
steroids-no
Prenatal
steroids-yes
Precclampsia-
o
Preeclampsia-
yes
Chorioamnionitis-
no
Chorioamnionitis-
yes

BPD-no
BPD-yes
NEC-no
NEC-yes

IVH-no

IVH-yes

ROP-no
ROP-yes

Mean

150.3
1163
1282
1323
120.0

130.6

126.6

116.6

1871

776

124.4
1285
1293
166.4
139.4
1223
1221
"3

sD

85.4
57.4
744
59.3
796

705

737

452

725

56.3

766
49.7
70.7
106.6
828
575
63.6
329

52
70
101
22
25

95

91

23

11

12

74
31
105
7
85
35
93
7

P-value

0.012

0.523

0574

0.687

0.007

0.742

0.196

0.200

0.157

Adjusted
P-value

0.019

0.857

0.302

0.162

0.0156

0.224

0.470

0.086

Results are expressed as mean (SD). Standardized residuals were examined for outlers,
and measurements that were <-3.0 or >3.0 SD from the mean were removed.
Adjusted for gestational age and birth weight. SGA, small for gestational age; BPD,
bronchopulmonary dysplasia (defined as oxygen at 36 weeks postmenstrual age); NEC,
necrotizing enterocolits (>stege I); IVH, intreventriculer hemorrhage (>grade 2); ROP
retinopathy of prematurity (>stage 1.
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Amino acid PDAstatus  Mean sD N P-value Adjusted

P-value

Glutamate  PDA-no 1067 491 66 0004  0.0006
PDA-yes 1470 840 47

Asparagine PDA-no 60.8 226 70 0.870 0.636
PDA-yes 615 256 47

Serine PDA-no 1558 453 71 0232 0092
PDA-yes 1684 619 48

Glutamine PDA-no 481.1 1899 69 0.189 0.692
PDA-yes 4412 1761 44

Histidine PDA-no 727 196 70 0311  0.63
PDA-yes 768 288 45

Glycine PDA-no 3139 1172 72 0614 0.167
PDA-yes 3255 1291 47

Threonine PDA-no 2474 903 72 0257 0039
PDA-yes 268.1 1065 47

Citruline PDA-no 213 63 68 0894 0807
PDA-yes 212 55 48

Arginine PDA-no 452 225 73 0026 0074
PDA-yes 37 219 45

Alanine PDA-no 3208 1780 69 0718 0441
PDA-yes 3422 18156 45

Taurine PDA-no 2080 940 73 0664 0468
PDA-yes 2009 756 47

« PDA-n0 159 76 72 0204 0253

aminobutyric

acid
PDA-yes 181 100 48

Tyrosine PDA-no 109.8 315 69 0.015 0.027
PDA-yes 1207 488 48

Valine PDA-no 167.1 493 67 0201 0216
PDA-yes 1828 520 45

Methionine PDA-no 49.0 280 kal 0.004 0.023
PDA-yes 668 876 48

Isoleucine PDA-no 502 245 70 0953 0831
PDA-yes 499 252 46

Phenylalanine  PDA-no 688 151 70 0606 0358
PDA-yes 707 212 46

Tryptophan ~ PDA-no 277 82 66 0204 0014
PDA-yes 297 b & 46

Leucine PDA-no 691 227 67 0578 0432
PDA-yes 718 275 44

Ornithine PDA-no 807 407 71 0062 0033
PDA-yes %9 459 47

Lysine PDA-no 2614 1086 72 0510 0423
PDA-yes 2743 1086 46

Results are expressed as mean (SD). Standardized residuals were examined for outliers,
and measurements that were <-3.0 or >3.0 SD from the mean were removed. Adjusted
for gestational age and birth weight. PDA, patent ductus arteriosus.





OPS/images/fped-09-647018/fped-09-647018-t001.jpg
Birth weight (g)

Gestational age
(wks)

Male sex
Prenatal steroids.
Preeclampsia

Clinical
chorioamnionitis

Vaginal delivery
Apgar (1 min)
Apgar (5 min)
RDS

Mechanical vent.
BPD
Hypotension
Sepsis

NEC

IVH

PVL

ROP

Mortality

PDA-yes
(n=48)

967 (SD 238)
275(SD 1.5)

26(54.2)

39(81.2)
5(10.6)
2(4.2)

16(33.3)
5(4-7)
8(6-9)

36(75.0)

15(83.3)

19(45.2)

26(54.2)

29(63.0)
5(109)

18(37.5)
5(10.4)
4(100)
7(14.6)

n data
missing

0

0

o -o0o

0
1
1
0
0
6
0
2
2
0
0
8
0

PDA-no
(=13

1,069 (SD
238)
286(SD 1.5)

43(58.9)
55 (77.5)
20(28.2)
9(12.9)

24(32.9)
76-9)
9(7-9)

40 (65.6)

40 (56.3)

14(21.2)

27 37.5)

34 (46.6)
2(29

17 (23.6)
465
5(7.5)
9(12.3)

n data

P-

missing  value

0

o

om N o

0
0
0
1
2
7
1
o
5
1
0
6
0

0.023

0.000

0.607
0.159
0.023
0.127

0.958
0.079
0.109
0.030
0.002
0.008
0.072
0.080
0.084
0.101
0311
0.647
0.720

Results are expressed as mean (SD). median [interquartie range] or absolute numbers of
patients (percentage). PDA, patent ductus arteriosus; RDS, respiratory distress syndrome;
BPD, bronchopulmonary dysplasia (defined as oxygen at 36 weeks postmenstrual age);
NEC, necrotizing enterocolits (=stage Il; IVH, intraventricular hemorrhage (>grade 2);
PVL, periventricular leukomalacia; ROP, retinopathy of prematurity (>stage ).
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Failed closure Need for NEC BPD Sepsis PVL IVH (Grade > 3) ROP Mortality

PDA ligation
Whole population 0.40[0.33-048]  0.61[0.49-0.76]  1.10(089-1.37]  097(0.85-1.10]  1.02[0.82-125]  093(0.65-1.33]  0.76[0.62-0.93]  0.99(086-1.15  1.02(0.89-1.17)
40; 4,201 24;3,289 29, 3,686 26;3,005 18;1,205 11; 1,619 19;3,071 19; 1,489 37,3987
BW < 1,000g 0.48[0.37-0.63]  0.61[0.46-0.80]  1.07[0.84-1.37]  0.94[0.79-1.12]  1.09[0.84-1.41]  0.84[0.55-1.28]  0.77[0.61-0.97]  1.18[0.95-1.47)  1.08(0.91-1.28]
13; 2,045 11;2,102 14; 2,330 13; 1,883 7,720 8;951 12; 2,251 9; 864 15;2,368
BW1,000-1250g  037[027-0.51]  0.60[0.41-0.89]  121(0.74-1.97)  107[0.90-126]  0.89[061-129]  122[0.60-2.48] ~ 0.78[054-1.13]  082[0.67-1.00]  0.98[0.75-1.28]
18;1,516 10;1,088 13;1,291 8,857 6,485 3,668 6;851 9,585 15; 1,413
BW1.251-1500g  032[0.16-0.65]  1.08(0.08-15.46) 1.27 (0.54-301) 0.7 [0.10-4.53] - - - 1.36(025-7.27)  0.65(0.33-1.28]
5,204 2,75 1; 41 3114 1;40 5,155
BW > 1,500g 0.15 [0.02-1.09] - - 0.54 [0.06-5.26] - - - - 0.27 [0.03-2.11]
127 127 1;27
BW unknown 028[0.18-0.44]  056(0.13-2.33]  0.70(007-6.70]  105(0.78-1.41) - - 069 [0.12-3.85] - 1.40(0.55-3.57)
3; 499 1,24 1,24 1;24 1;69 1;24
GA < 28w 063[0.47-0.84]  0.67[0.52-0.87)  1.20(094-154]  092[0.74-1.15]  1.15[089-149]  090(0.59-1.37]  0.77[0.61-0.98]  1.17[094-1.46  105[0.88-1.26]
9;2,039 92,130 12; 2,367 9; 1858 5,644 8,959 9;2,008 7:809 12;2,369
GA28-32w 034[028-0.41]  0.45[0.20-0.71]  0.86(056-1.34]  106(0.92-1.21]  0.83[0.58-1.18]  1.02(0.60-204)  0.77[0.55-1.09]  0.86(0.71-1.04  0.97 [0.76-1.24)
29;1,823 13;1,110 16;1,295 15;1,100 8,561 3,660 10; 1,063 12; 680 231,570
GA > 33w - - - - 2 - - - -
GA unknown 031[022-042]  066[0.19-2.28]  0.70(007-6.70] 057 (0.08-4.09] - - - - 088 [0.38-2.04]
2,429 2,49 1:24 247 248
PNA < 24h 059[025-1.35]  0.22(0.01-4.41)  1.56(0.45-542]  0.68(0.42-1.09]  0.85[0.48-1.49]  1.70(0.54-6.37] - 0.46[0.16-1.32)  0.76 (0.41-1.42]
(targeted) 3; 150 1,92 3,224 3,477 192 2,146 2; 150 3; 180
PNA <24h 039[0.32-0.48]  0.53[0.39-0.72]  1.04[0.79-1.35]  096[0.75-122]  095[069-132]  082[050-1.33]  0.70[0.57-0.87]  1.02(085-1.21)  104[0.88-121]
(untargeted) 21;2,916 13;2,502 17, 2,677 14;2,236 8;704 6;1,036 16;2,630 9; 706 20; 2,872
PNA24-72h 0.12[0.02-0.63]  078(0.35-1.76]  1.26(0.71-222  0.93(0.61-1.43) - 058[0.18-183]  0.92[050-1.70]  1.20(0.90-1.61) 0.7 [0.42-1.42)
2;68 2,130 3,276 83 2,235 2,239 4,294 5,280
PNA > 72h 0.41[0.30-0.57]  0.75[0.52-1.07]  1.33 (0.87-2.04] [0.86-1.19) 115[084-158] 120 [057-2.51]  1.63[0.82-8.24]  0.78[0.48-1.27]  1.21(0.81-1.81]
13;1,076 8,565 7:907 05 4,400 1;202 02 4;339 9,637
PNA unknown 0.13(0.02-1.00] - - - - - - - -
1;72
Low risk of bias 039[0.30-0.50]  0.55[0.42-0.71]  1.04(080-1.35]  097[0.83-1.14]  092[0.73-1.18]  0.85[(0.53-1.36]  0.79 [0.63-0.98] [086-1.17) 1.03(0.88-1.21]
18;3,049 13;2,548 152,767 132,284 10;925 81,240 92,393 11;1,029 192,940
Intermediate risk of 037 [0.26-0.53]  0.74[0.46-1.20]  1.61(0.98-2.64)  1.08([0.74-1.44] [0.07-15.04) 090[0.36-222]  0.55[0.32-0.96]  083(0.48-1.42)  0.98(0.70-1.38)
bias 17;927 8,483 11; 655 8; 408 1; 46 2,477 7; 410 6,226 12; 694
High risk of bias 0.42[0.19-0.97]  0.90[0.45-1.82]  0.84[0.47-1.53]  088(0.68-1.13]  1.40[0.89-221)  1.20[067-2.51]  1.02[057-1.82]  1.12[0.68-1.86]  1.05[0.62-1.77]
5,315 3,258 3,264 5,313 2,284 1;202 3,268 2,234 6,353
Open-label treatment  0.38[0.29-0.50]  0.39[0.15-0.97] ~ 065(0.31-1.33]  109[0.90-131]  0.97[0.47-1.99]  205[0.71-589]  1.06[063-1.78] ~ 093[0.45-1.98]  1.14 [0.81-1.62]
<25% 6; 762 3; 549 5; 658 3;493 2;152 1;415 4; 635 3; 164 6; 769
Open-label treatment ~ 0.40 [0.31-0.52] ~ 0.52[0.39-0.70]  1.09(085-1.39]  094[0.78-1.13]  1.07[082-139]  0.72[0.47-1.11]  0.76 [0.61-0.95] [087-1.17) 1.05 (0.89-1.24)
25-50% 142,323 11;2,226 12;2,379 14;2,160 6,79 7:999 92,152 10; 1,036 14;2,457
Open-label treatment ~ 0.40 [0.25-0.62] ~ 0.63[0.40-0.99] 124 (0.68-2.28)  098[0.76-126]  0.90[061-1.34]  163[0.58-458]  0.57[025-1.80]  1.17[0.64-2.15]  0.86[0.55-1.33]
> 50% 13;843 8;361 10; 467 8,325 5,260 3,205 4;200 4212 12; 499
Open-label treatment ~ 0.37 [0.21-0.66]  1.89 [0.91-3.93] [0.07-15.08) 0.54 [0.06-5.26] - - 0.26[0.05-1.48]  0.32[0.07-1.42)  0.41[0.15-1.13]
unknown 7,363 1,134 1,48 1;27 2,84 1;47 5;262

Risk ratio with 95% confidence interval. Number of studies and infants. RR < 1 favors treatment; RR > 1 favors placebo/no treatment. In bold the statistically significant differences. BW, birth weight; GA, gestational age; PNA, postnatal
age; PDA, patent ductus arteriosus; NEC, necrotizing enterocolitis; BPD, bronchopulmonary dysplasia; PVL, periventricular leukomalacia; IVH, intraventricular hemorrhage; ROR, retinopathy of prematurity. w, weeks; b, hours. - means
not estimable.
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References Patients Treatment characteristics Patient characteristics Study characteristics

. Intervention  Control StartatPNA GA(w) BW (g) Open- 123 4 5 6 7 Riskofbias
label
treatment

Nestrud et al. (18) 23 Indomethacin  Placebo >72h 2882 12511500 >50%  + + + ? + + ? Low
Meritt et al. (1) 24 Indomethacin  No treatment 24-72h unknown 1,251-1,500  >50% - - - ? - + ? Hgh
Neuetal. (20) 21 Indomethacin  Placebo > 72h 2882 1000-1,250  25-50% 2 + + + - + ? Intermediate
Yanagi et al. (21) 17 Indomethacin  Placebo > 72h 2832 1251-1,500  unknown + + + ? + + ? Low
Yeh et al. (22) 55 Indomethacin  Placebo > 72h 2832 1000-1,250  25-50% + ? + + + + ? Low
Mahony et al. (23) 47 Indomethacin  Placebo >72h 2882 1000-1250  >50%  + + + + + + ? Low
Mullett et al. (24) 47 Indomethacin  Placebo > 72h 2882 1000-1250 >50% 2 + + ? + - ? Intermediate
Gersony et al. (25) 405 Indomethacin  Placebo > 72h unknown  unknown >50% 4+ + + ? + + ? Low
Kaapa et al. (26) 27 Indomethacin  Notreatment <24hT 2882 >1,500 unknown 4+ ? - 2 ? + ? High
Rudd et al. (27) 30 Indomethacin  Placebo >72h 2882 1000-1,250  >50% 4+ + + + + + ? Low
Yeh et al. (28) 47 Indomethacin  Placebo > 72h 2882 1000-1,250  unknown + ? + ? ? + ? Intermediate
Mahony et al. (29) 104 Indomethacin  Placebo <24hUT 2882 1000-1260  <26%  + + + + ? + ? Low
Ment et al. (30) 48 Indomethacin  Placebo <24hUT 2882  1000-1250 unknown - ? + 4+ ? + ? Intermediate
Hammermanetal. (31) 24 Indomethacin  Placebo >72h unknown  unknown 25-50% 4+ + + + ? + ? Low
Rennie et al. (32) 50  Indomethacin  Placebo <24hUT 2882  1251-1500 25-50% ? ? + + ? ? ? Intermediate
Hammerman etal. 33) 24 Indomethacin  Placebo >72h 2882 <1,000 >50% 4+ + + + + + 2 Low
Krueger et al. (34) 32 Indomethacin  Noteatment <24hUT 2832  1,000-1250  >50%  ? ? - ? ? + ? High
Vincer et al. (35) 30 Indomethacin  Placebo <24hUT 2882 <1,000 <25% 2 - 4+ 7 + + ? Intermediate
Weesner et al. (36) 26 Indomethacin  Placebo 24-72h 2882  1000-1.250  25-50% + ? + + ? + ? Intermediate
Bandstra et al. (37) 199 Indomethacin  Placebo <24hUT 2882  1000-1250  25-50% + + + + + + ? Low
Hanigan et al. (38) 111 Indomethacin  Placebo <24hUT 2882  1000-1260 <26% 4 + + + ? + ? Low
Ment et al. (39) 36 Indomethacin  Placebo <24hUT 2882 <1,000 uknown - ? + + - + ? High
Laietal. (40) 32 Indomethacin  Placebo <24hUT 2882  1000-1250 >50% - - ? ? ? + ? Hgh
Ment et al. (41) 431 Indomethacin  Placebo <24hUT 2882 <1,000 <25%  + + ? + - + ? Intermediate
Couser etal. (42) 9 Indomethacin  Placebo <24hUT <28 <1000 2550% + ? + + + + 2 Low
Supapannachart et al. 30 Indomethacin  Placebo <24hUT 2882 <1,000 >80% 4+ + + ? + + ? Low
(“3)
Couser et al. (44) 9 Indomethacin  Placebo <24hUT <28 <1,000 unknown 4+ ? 4+ + - + 7 Intermediate
De Carolis et al. (45) 46 louprofen Notreatment <24hUT  28-82  <1,000 >50% 4+ - - 4+ + + ? Intermediate
Schmidt et al. (46) 1,202 Indomethacin  Placebo <24hUT <28 <1000 25-50% 4+ + + + ? + 2 Low
Osborn etal. (47) 70 Indomethacin  Placebo <24hT <28 1000-1250 >50%  ? + + + + + ? Low
Gournay et al. (48) 131 Ibuprofen Placebo <24hUT <28 <1,000 25-50%  + + + + - + - Intermediate
van Overmeire etal. (49) 415 lbuprofen Placebo <24hUT 2882  1000-1260  <26% 4 + + + + + ? Low
Dani et al. (50) 155 Ibuprofen Placebo <24hUT <28 <1000 25-50% 4+ + + + ? + ? Low
Sanglawesinetal. (51) 42 Ibuprofen Placebo <24hT 2882 1251-1,500  >50% 2 ? + + + + ? Intermediate
Sangtawesinetal. (52) 62 lbuprofen Placebo <24hT 2832 1000-1,250  25-50% 2 ? + + + + ? Intermediate
Aranda et al. (53) 136 Ibuprofen Placebo 24-72h <28 <1000 25-50%  + + + + + + ? Low
Amoozgar et al. (54) 51 Ibuprofen Placebo > 72h >33 1500 <25% 2 ? 2 ? + + ? Intermediate
Maruyama et al. (55) 19 Indomethacin  Placebo <24hUT <28 <1,000 >50% 4+ + ? ? + + ? Intermediate
Sosenko et al. (56) 105 Ibuprofen Placebo 24-72h <28 <1000 >850% 4+ + + + + + ? Low
Bagnoliet al. (57) 134 Ibuprofen Placebo > 72h <28 1000-1.250 Unknown ? ? ? ? + + ? Intermediate
Kanmaz et al. (58) 46 lbuprofen Notreatment <24hUT <28 <1,000 25-50% 4+ + - + - + ? Intermediate
Ding et al. (59) 72 lbuprofen Placebo Unknown — 28-82  1,251-1,500  Unknown 2 ? ? + + + ? Intermediate
Jannatdoust et al. (60) 70 indomethacin  Noteatment <24hUT — 28-32  Unknown 25-50% 4+ + - 2 2 + ? Intermediate
Kluckow et al. (61) 92 Indomethacin  Placebo <24hT <28 <1000 25-50% 4+ + + + + + - Low
Harkin et al. (62) 48 Acetaminophen Placebo <24hUT 2882  1000-1260  <25%  + + + + + + ? Low
Clyman et al. (63) 202 Any No treatment > 72h <28 <1000 2550% 4+ ? - ? + + - High
Jutjarvi et al. (64) 44 Acetaminophen Placebo <24hUT 2882  1000-1250  Unknown + + + + ? ? ? Intermediate

BW, bith weight; GA, gestational age; h, hour; n, number; NA, not available; PNA, postnatal age; any, indomethacin/ibuprofen/aceteminophen; T, targeted treatment, UT, untargeted
treatment; risk of bias numbers stand for (1) random sequence generation (selection bias); (2) allocation concealment (selection bias); (3) blinding of participants and personnel
(performance bias); (4) blinding of outcome assessment (detection bias); (5) incomplete outcome data (attrition bias); (6) selective reporting (reporting bias), and; (7) other bias.
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Gestational age (WK)"
Birth weight (g)*

Gender (male), 1 (%)

Type of delivery (C/S), 1 (%)
Multiple gestation, n (%)
PPROM, 1 (%)
Preeclampsia, n (%)
Chorioamnionitis, 1 (%)
Antenatal steroid, n (%)

Delivery room intubation, 1 (%)

Surfactant use, n (%)
RDS, n (%)
Early-onset sepsis, n (%)

No. of patients (n = 1,193)

26714
906 + 243
605 (51)
949 (79)
231 (19)
288 (24)
305 (26)
112(9)
83(70)
565 (46)
956 (80)
986 (83)
436 (36)

C/S, cesarean section; PPROM, prolonged premature rupture of membranes; RDS,

respiratory distress syndrome.
*Data given mean + SD.
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Gestational age (w)*

Birth weight (9)"

Gender (male), n (%)

Type of delivery (C/S), n (%)
Multiple gestation, n (%)

PPROM, (%)

Preeclampsia, n (%)
Chorioamionitis, n (%)

Antenatal steroid, n (%)

Delivery room intubation, n (%)
Surfactant use, 1 (%)

RDS, n (%)

Early-onset sepsis, n (%)
Received respiratory support, n (%)
Duration of respiratory support (d)**
Discharged with open PDA, n (%)
PDA ligation, n (%)

LOS, n (%)

IVH (>Grade 3), n (%)

NEC, n (%)

Moderate-severe BPD¥, n (%)
Treated ROP¥, n (%)

Mortality, 1 (%)

BPD/death, n (%)

Duration of hospitalization (c)**

Conservative
(n =130)

265 1.4
924 + 232
65(30)
96 (74)
22(17)
40(31)
32(25)
14.(11)
83(68)
64 (49)
104 (80)
108 (83)
48(37)
113(87)
18 (1-245)
25(19)
8(6)
71(55)
5(4)
28(21)
25(47)
14(13)
29(22)
51(39)
59 (2-269)

Medical
(n=414)

265+ 15
877 +230
202 (49)
311(75)
90 (22)
94 (23)
101 24)
52(13)
283 (70)
239 (58)
380 (92)
392 (95)
186 (40)
408 (99)
22 (1-181)
80(19)
29(7)
216 (52)
15 (4)
107 (26)
98 (49)
63(21)
144 (35)
226 (55)
62 (2-357)

A

A

A

0.89
0.08
0.81
077
023
0.06
0.96
0.58
0.68
0.08
0.001
0.001
0.52
0.001
0.001
0.98
0.73
0.62
0.05
0.32
0.84
0.08
0.008
0.002
0.79

BPD, bronchopuimonary  dysplasia; C/S, cesarean section; IVH, intraventricular
hemorhage; LOS, late-onset sepsis; NEC, necrotizing enterocolts; PDA, patent ductus
arteriosus; PPROM, prolonged premature rupture of membranes; RDS, respiratory
distress syndrome; ROP, retinopathy of prematurity.
#Infants had at least one eye examination for ROP.

¥ Infants survived at PMA 36 weeks’ gestation.

*Data given mean + SD, **Data given as median (range).
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PDAtreatment N (%)  Crude OR (95% Cl) P aOR1(95%Cl) p  aOR2(95%Cl)  p

Hoarse voice No surgery 1/56 (2) 16.9(2.0-143) 0009  96(1.0-938 005  14.1(16-122) 002
Surgery 8/34 (24)

Voice cracks when the child shouts No surgery 4756 (7) 47(1.3-18.7) 0017 82(12207) 010  39(1.1-144)  0.04
Surgery 9/34 (27)

Voice influences participation in No surgery 3/56 (5) 46(1.1-19.1) 004  28(06-181) 019  87(09-162) 008

singing
Surgery 7/3421)

Problems shouting or talking loudly No surgery 5/57 (9) 37(1.1-12.9) 0.03 260793 014 3209109 007
Surgery /34 (27)

Weak or unclear voice No surgery /57 (16) 16(0.6-4.8) 036 100384 096 150546 046
Surgery 8/34 (24)

Voice influences participation in No surgery /57 (12) 19(0.6-58) 029 13(0.4-44) 078  18(05-58 085

school or social activities
Surgery 7/34 (21)

N (%) represents proportion who answered affimative (‘A ltle,” “Moderately,” *A lot more” or “Extremely’) to the following questions: Hoarse voice: “Is the chids voice more hoarse
compared to other chidren at the same age? Voice cracks when the chid shouts: Does the voice <cracks> when the child shouts?,” Voice influences participation in singing: ‘Does
the voice influence the chids participation in singing?,” Problems shouting or talking loudly: “Does the chid have problems with shouting o talking with a loud voice?,” Weak or unclear
voice: “Is the chid's voice so weak or uncleer that it imits the possibilty of being heard in a noisy environment?,” Voice influences participation in school or social activities: “s the child's
voice influencing participation in school or regular social activities?.” aOR1, adjusted for total number of days on invasive mechanical ventiation; 2OR2, adjusted for gestational age; Cl,
confidence interval: OR, odds ratio; PDA, patent ductus arteriosus. Values in bold indicates a p-value of less than 0.05.
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No PDA

(N =137)
Characteristics, mean (SD)

GA (wesks) 27.07 (1.7)
Birth weight (gram) 865 (166.1)

Start of PDA treatment, days after birth §
Indomethacin

PDA Surgery
Days on invasive mechanical ventilation
Mean (SD) 7.1(157)
Median (range) 2(0-113)
Days on CPAP 22:8(18.8)
Characteristics N (%)

SGA 36(26)
Sex (female) 63 (46)
BPD (Oz-suppl. at 36 weeks GA) 49 (36)
Tracheal intubation at birth* 83 (64)
Surfactant 108 (75)
Prenatal steroids 108 (75)
Postnatal steroids. 37 (27)
Cerebral Palsy at 5 years of age 6(4)

PDA
(N =91)

26.07 (1.4)
866 (162.8)

1.1 (14.0)
6(0-83)
284 (19.4)

89
41(45)
62 (68)
75(82)
85(93)
57 (63)
45 (50)
6(7)

PDA, no
surgery
(N=57)

26.32(1.9)
836 (154.5)

107 (7.4)

8.1(3)
5 (0-44)
207(19.7)

7(12)
28 (49)
35(61)
45 (79)
54(95)
36(63)
23 (40)
40

Independent t-test, chi-square test or Fischer’s exact test was used as appropriate.
BPD, bronchopulmonary dysplasia: Cl, confidence interval; CPAR, continuous positive ainway pressure. GA, gestational age; IMV, invasive mechanical ventiation; PDA, patent ductus
arteriosus; SD, standard deviation; SGA, smallfor gestational age.
“Missing data: Tracheal intubation at birth: Eight cases missing from the “no PDA” group and two cases missing from the *PDA'/*PDA, no surgery” groups. §Start of PDA treatment: Data
are missing for nine chidren regarding age at day of PDA surgery. 21 chidren in the *PDA, no surgery” group received indomethacin treatment andsix children in the “PDA, surgery”
group received indomethacin treatment before surgery. Values in bold indicates a p-value of less than 0.05.

PDA,
surgery
(N=34)

25.6(1.4)
832 (172.9)

95(52)
13.4.(96)

162(18.6)
10.0 (0-89)
26.1(18.8)

10
13(38)
27 (79)
30(88)
31 (1)
21(62)
22 (65)

2(6)

Mean difference
(95% CI)
No PDA vs. PDA

1.03(0.6-1.4)
—0.95(-44.6-43.0)

~3.96 (~7.8-0.04)

~55(~105; -06)

<0.01
097

0.05

0.03

0.001
0.185
<0.001
0.001
<0.001
0.04
0.001
055

Mean difference
(95% CI)
no surgery vs.
surgery

0.73(0.15-1.31)
535 (-16.1-123.0)

8.1 (1.2-15.0)

369 (~4.7-12.0)

0.01
0.13

0.02

0.38

0.25
0.31
0.08
0.42
0.67
0.89
0.03
0.99
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PDA treatment

Breathing problems  No surgery

Surgery
Wheeze No surgery

Surgery
Scraping sound No surgery

Surgery

N (%)

9/56 (16)
13/33 (39)
7/57 (12)
9/34 27)
5/57 (9)
7134 21)

Crude OR (95% CI) P aOR1 (95% Cl) P aOR2 (95% Cl) P

3.4(13-9.2) 0.02 2.6(0.9-7.4) 008 32(1.1-9.0) 0.03
2.6(09-7.7) 0.09 25(08-7.9) 011 28(0.9-8.8) 008
270 012 1.8(05-6.8) 041 2.4(0.7-8.7) 017

Breathing problems: proportion who answered “a little more then normal” or 2 lot more than normal” to question 1 “Does the child have breathing problems beyond what is normal
during physical exertion?” Whesze: Proportion who answered *yes” to question 2: “During the last 12 months, has the chid had heavy breathing or wheezing from the chest during or
after physical exercise or play?" Scraping sound: proportion who answered “a litle” or a ot” to question 3: “Does the chid make <scraping sounds3» or other abnormal soundss from
the throat during physical exertion?” aOR1, adjusted for total number of days on invasive mechanical ventiation. aOR2, adjusted for gestational age; Ci, confidence interval; OR, odds
ratio; PDA, patent ductus arteriosus. Values in bold indicates a p-value of less than 0.05,
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OPS/images/fped-08-00130/fped-08-00130-t002.jpg
Apgar score
Last day of ife receiving oxygen
Respiratory support at 28th day
Supplemental oxygen
Non-invasive ventiation

niMv

Mechanical ventilation
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Surfactant more than 2 doses
Early neonatal sepsis, 1 (%)
Late onset sepsis, 1 (%)

BPD, moderate and severe, n (%)
IVH Grade lll and IV, n (%)
ROP, n (%)

Day of discharge, days & SD
Mortality, n (%)

Early surfactant Late surfactant

n=365 n=228
528 5(1-8)
42424 4021
186 (51) 120 (53)
7621) 45(20)
55 (15) 38(16)
54(15) 32(14)
21+18 19+ 156
5746 767
31+5 38+5
6.2+ 10 77£15
10(2.7) 8(35)
175 (48) 168 (74)
95 (26) 68 (30)
80 (22) 57 (25)
131 (36) 75(33)
58 (16) 38(17)
58 (16) 27(12)
36(10) 32(14)
6921 70422
36(10) 29(11)

P

0.827*
0.597

0.639

0373

0.011
0.236
0.251
0.282
0.001
0313
0.386
0.456
0.8
0.17
0.12
0.68
0.182

CPAR continuous positive airway pressure; nilV, nasalintermittent mandatory ventiation;
MV, mechanical ventiation; PDA, patent ductus arteriosus; BPD, bronchopulmonary
dysplasia; IVH, intraventricular hemorrhage; ROR, retinopathy of prematurity; SD, standard

deviation; *non-parametric test.
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Patient characteristics

Conservative management No or asymptomatic PDA
References Infants (male/N) GA (weeks) BW (grams) Infants (male/N) GA (weeks) BW (9)
Hérkin et al. (26) 98/182 2882 £2.41 1,225 402 1,308/2,536" 297419 1,340 £ 374
Heuchan et al. 47 27 [25-28) 1,046 (680-1,440] 37 26[24-28) 912 [500-1,440)
@n

Laughon et al. 2,201/3,886 27 [26-29) 970 [750-1,220] 9,796/18,136 29 [27-30] 1,170 [895-1,400]
@8)

Data presented as number, mean + standard deviation or median [interquartile range]. Statistical difference between other treatment groups in same study are in bold.
BW; birth weight, GA; gestational age, N; total infants, PDA; patent ductus arteriosus.
tincluding 182 patients with PDA that were conservatively managed and analyzed separately.
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Comparison

Conservative management vs.
any active treatment

Conservative management vs.
any pharmacological treatment

Conservative management vs.
nonprophylactic pharmacological
treatment

Conservative management vs.
prophylactic pharmacological
treatment

Conservative management vs.
ligation

(Subjgroup  Mortality

RCTs

Cohort
studies

RCTs

Cohort
studies

RCTs

Cohort
studies

RCTs

Cohort
studies

RCTs
Cohort
studies

1.00¢ (0.73-1.61)
0,07 (~0.04 10 0.06)
[4; 720)
134 (1.12-1.62)
003 (0.01-0.06)

[11; 40,916]
1.00¢ (0.73-1.61)
007 (~0.04 t0 0.06)
4 720)

1.46 (1.14-1.85)
005 (0.01-0.08)

I7; 24,729]
097¢ (0.33-2.87)

0.00(~0.09 10 0.09)
[1:142)
1.54 (1.13-2.00)
0.04 (0.00-0.07)

[6; 18,148]
1.11¥ (0.72-1.69)
007 (~0.04 10 0.07)
18;578)

0.92% (0.83-1.01)
—0.01 (~0.03 t0 0.00)

[1: 10,075)
NA
1.25 (0.76-2.05)
0.07 (~0.0210.0.16)

[7;7,867)

BPD (any definition)

080 (0.55-1.17)
~0.06 (~0.16 t0 0.04)
[4; 709]

0.55 (0.46-0.65)

-0.18(-0.24 to
-0.12)

[11;39,993]
080 (0.65-1.17)
—0.06 (~0.16 t0 0.04)
4; 709]

0.63 (0.51-0.78)

—0.12(=0.17 to
~0.06)

17; 24,104]
0.89% (0.60-1.32)

—0,05(~0.22100.12)
[1;131)
0.60 (0.48-0.76)

~0.13(-0.18 to
-0.07)

16;17,779]
066 (0.25-1.76)
~0.06 (~0.19 t0 0.07)
3 578)

082 (0.78-0.87)

~0.07 (-0.09 to
—0.05)

1 9,580]
NA
0.36 (0.27-0.47)

~0.36 (~0.47 to
-0.26)

17: 8,021]

NEC (any stage)

1.47¢ (0.65-2.19)
0.01(-0.02100.04)
[4; 720
0.85¢ (0.77-0.93)

-0.01(-0.02to
—0.01)

9; 28,004]
1.47¢ (0.65-2.18)
0.01(-0.02100.04)
4: 720)

1.06 (0.78-1.46)
0.01(-0.02100.03)

6: 23,965]
0.42¢ (0.11-1.55)

~0.06 (~0.14 t0 0.03)
[1: 142)
1.01(0.81-1.26)
0.00(~0.02t00.01)

5: 17,640)
1.63% (0.81-3.31)
0.03 (~0.01100.07)
3:678]

0.77% (0.67-0.88)

-0.02 (-0.03 to
—0.01)

[4;9,580]
NA
0.49 (0.35-0.68)
-0.07 (-0.12to
-0.02)
[6; 7,535]

IVH (any grade)

1.00¢ (0.71-1.40)
0.00 (~0.04 0 0.05)
[4; 720)
0.88¢ (0.83-0.95)

-0.02(-0.03 to
-0.01)

[10; 28,504]
1.008 (0.71-1.40)
0.00 (~0.04 t0 0.05)
4; 720]
0.95¢ (0.89-1.02)
~0.01 (~0.02 t0 0.00)

[7; 24,446)
1.94% (0.37-10.28)

0.03 (~0.04 0 0.09)
[1;:142)
0.97¢ (0.90-1.04)
0.00 (~0.02 0 0.01)

6: 18,141]
096 (0.68-1.35)
-0.01(~0.06 t0 0.05)
8;578)
0.91¢ (0.81-1.01)
-0.07(~0.03t0 0.00)

[1;9.580]
NA
0.65 (0.48-0.88)

~0.09 (~0.15 to
-0.03)

[7; 8,020]

ROP (any stage)

0.85¢ (0.45-1.60)
~0.08 (~0.13t0 0.08)
[2; 190)
0.47 (0.28-0.79)
—0.06 (0.10 to ~0.02)

8; 26,608]
0.85¢ (0.45-1.60)
~0.08 (~0.13 10 0.08)
2 190]

0.57 (0.40-0.82)

—0.04 (~0.06 to
-0.02)

15; 22,892]
091% (0.47-1.74)

-0.02(~0.150 0.17)
[1: 142)
057 (0.37-0.87)

—0.04 (~0.06 to
—0.01)

[4;16,567]
0.31% (0.01-7.20)
~0.04(~0.15 0 0.07)
1; 48)
0.66¢ (0.59-0.75)
~0.05 (-0.06 to
-0.03)
[1;9,580]

NA
0.23 (0.18-0.31)

-0.17 (-0.28to
-0.07)

[6; 7,146]

Date presented as risk ratio (95% confidence interval) and risk difference (95% confidence interval) after random effect unless otherwise specified, [number of studies; number of patients].
BPD; bronchopulmonary dysplasia, IVH; intraventriculer hemorrhage, NA; notavailable, NEC; necrotizing enterocolits, RCTs; randomized controledtrials, ROP; retinopathy of prematuriy.
$Fixed effect. Signiicant differences are depicted in bold fonts. To show difference between risk ratio with 95% confidence intervel in non-italic font, risk difference with 95% confidence
interval in italic and number of studies/patients within brackets.
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References. Selection Comparability Outcome

A B c D E 4 G H

Alexander et al. (24) o . . . - : _ .
Bourgoin et al. (25) . . . . - . B .
Hérkin et al. (26) : . . . - . . .
Heuchan et al. (27) . . . . - . N .
Laughon et al. (28) - . . . - o B N
Letshwit et al. (29) . . . . _ : _ "
Lokku et al. (30) . . . . . . B R
Mirea et al. (7) . . . . . . . .
Moharmed et al. (31) . . . . - . . -
Sadeck et al. (32) - . . . _ . B B
Slaughter et al. (33) . . . . . . . I
Sung etal. (34) . . . . - % N .

A; representatives of the exposed cohort, B; selection of non-exposed cohort, C; ascertainment of exposure, D; demonstration that outcome of interest was not present at start of
study, E; comparabilty of cohorts on the basis of the design or analysis, F; assessment of outcome, G; was follow-up long enough for outcomes to occur, H; adequacy of follow-up
of cohorts.

Maximum score for each item is one star (), except for comparability for which two stars (**) can be scored, and if not scored positive presented as “-".
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Conservative management

References  Infants
(male/N)
RCTs Harkin etal. (20)  14/25
Kumar Nair NA59
etal. (21)

Sungetal. (22)  41/72
Van Overmeire  NA/210

etal. (28)
Cohort Nexanderetal.  NA/54
studies @4

Bourgoinetal.  254/505
25)
Herkin et al. (26)  98/182

Heuchan et al, 4
@0

Laughonetal. 2,201/
©8) 3,886
Letshwitietal.  16/34
(©9*

Lokkuetal. 811/

@of 1,486

Mireaetal. (7)  821/577

Mohamed etal.  122/228

©1)
Sadecketal.  91/187
©2)
Slaughter etal. 4,302/
(33) 8,130

Sungetal. (34)  54/97

GA BW
(weeks)  (grams)

283+2.06 1,120+
340

279+1.4 9954836

26.7£20 9154243

28116 1,065+
324

257419 7296+
169.6

NA 977 £212

2882+ 1,225+

241 402
27(25-28) 1046

680-1,440)
27(26-29) 970

[750-1,220)
27.4£27 1010%
250

282+23 NA

282424  NA
283+23  NA

280+34 1016+

340
278+£22 724+
142.3

NA NA

245+10 718137

Open-label

Prophylactic
pharmacological
treatment

Infants GA

treatment (male/N)  (weeks)

12.0%

NA

0%
24.8%

0%

0%

0%

0%

0%

14.7%

0%

0%

0%

0%

0%

0%

13/23 2844236

NA/S6  27.8+1.2

NA/205 281 +£1.7

3,203/ 26[25-28]
6,189

BW (9)

1220 +
430
989.6 +
95

1,048 £
315

873
[703-1075]

Patient characteristics

Pharmacological treatment

Infants
(male/N)

28/70

27198

134/248

395/770

3,021/
5,600
15/52

26/52

1,754/
3,226

1,062/
2,026

216/415

90/205

2,068/
3,888

GA
(weeks)

26821

261£19
NA

263:+12

27[25-29)
27.9+20
27.5+19
27424

266420
27.0:+24

27729
27419

NA

BW (9

893 + 256

730
1405

911 £ 191

1,145+
£

960 [760-
1,208]

1,040 £
270

1010%
280

NA

NA
NA

988 + 311
804+

121.6
NA

Ligation closure

Infants
(male/N)

246

40104

66/112

811

388/701

166/280

185/327

48/102

35/81

Date presented as number, percentage, mean = standard deviation or median finterquartie range]. Statistical difference between other groups in same study are bold.
ETG; early treatment group, GA; gestational age, N; totalinfants, NA; not availeble, PDA; patent ductus arteriosus, RCTS; randomized controlled trials, STG; symptomatic treatment group.
$Pharmacological treatment in study subivided between early treatment and symptomatic treatment.
1 Cohort subdivided in cohort 2006-2008 and 2009-2012. BW: birth weight.

GA BW(g)
(weeks)

248+15 6787+
153.5
NA 8334225
256 1.4 8344207
262427 780

[613-1,240]
25[24-27] 730
[624-895]

26.0+22 NA

260+£18 NA
26023  NA

266+£18 781+
1185

246+1.1 728 +134

Pharmacotherapy and/or

ligation closure

Infants  GA
(male/N) ~ (weeks)

423/832 25617

25316
325/626 255+ 1.7

BW(9)

NA

NA
NA
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References

RCTs. Harkin et al.

(20)

Kumar Nair
etal. (21)

Sung et al.
(22)

Van
Overmeire
etal. (23)

Cohort
studies

Alexander
etal. (24)

Bourgoin
etal. (25)

Hérkin et al.
(26)

Heuchan
etal. (27)

Laughon
etal. (28)

Letshwiti
etal. 29

Lokku et al.
©0)

Mirea et al.
(@)

Mohamed

etal. (31)

Sadeck

etal. (32)

Slaughter
etal. (33)

Sung etal
@49

Period

2013
2015

1998
2001

2014
2019

1999
2001

1996
2005

2003
2011

2005
2013

2005
2009

1997
2004

2004
2011

2006
2012

2004
2008

2001
2014

2014

2010
2011

2006
2013

2009
2014

Design

Double-blind
Monocenter

Non-blinded
Monocentre

Double-blinded
Monocenter

Double-blind
Multicenter

Retrospective
(chart review)
Monogentre

Prospective
Multicenter

Retrospective
(FMBR
database)
Multicentre

Retrospective
Monocentre

Retrospective
Multicenter

Retrospective
Monocenter

Retrospective
(CNN database)

Multicentre

Retrospective
(CNN database)

Muticenter
Retrospective
(database)
Monocentre

Retrospective
(BNRN
database)
Muticentre
Retrospective
(PHIS database)

Multicentre

Retrospective
(database)
Monocentre

Treatment
strategies

CONS (placebo)
vs. PPT

CONS vs. PPT

CONS (placebo)
vs. PT

CONS (placebo)
vs. PPT

CONS vs. PT or
LIG or LIG after
PT

CONS for
(non-hs)PDA vs.
PTor LIG for
hsPDA

CONS vs. PT
and/or LIG or
no PDA

CONS vs. LIG
orno PDA

CONS vs. PPT
or STG or UG
or no PDA
CONS vs. PT
(subdivided in
ETG and STG)
or no PDA
CONS vs. PT
and/or LIG

CONS vs. PT
and/or LIG

CONS vs. PT

CONS vs. PT
and/or LIG

CONS vs. PT

CONS vs. PT
and/or LIG

Main inclusion
criteria

GA <32 weeks

BW
750-1,250g,
absence of IVH
prior to
inclusion

GA
23-80-weeks
with respiratory
support and
PDA at PNA
6-14 days
GA24-30
weeks within
6hPNA

BW <1,000g
with ECHO of
PDA
documented
Discharged
alive

GA <32 weeks

Echocardiogram
performed at
PNAG-48h

GA
23-30-weeks

BW <1,5009

GA
23-32-weeks
with CLIN
and/or ECHO of
PDA

GA <82 weeks
with CLIN
and/or ECHO of
PDA

BW <1,500g

BW <1,000g,
GA <33 weeks
with ECHO of
PDA

GA <28 weeks

GA23-26-
weeks

Main exclusion
criteria

CM, lethal disease,
PPHN

GA <26 weeks,
ASS <5,CM,
sepsis,
contraindication for
PPT

CHD, life
thveatening CM,
predominant RIL
shunt, IVH 23,
contraindication for
PT

Major GM, IVH >
grade |, AS® <5,
sepsis,
hypotension,
contraindication for
PPT

Not defined

Dead <2 years,
CM, lost to
follow-up.

Mortality <7 days
PNA, severe CM

CHD

Not defined

Not defined

Dead <72h PNA,
severe CM, >triplet,
missing data
regarding date of
birth or sex

Dead <72h PNA,
CHD

Not defined

Died or transferred
<3 days PNA,
congenital
infections, CM
Hospitalized <3
days, admitted
>24h PNA, no
recorded discharge
status

Died <48h, CHD,
PDA <2mm or off
ventilator

Infants (n)

a8

115

142

415

208

857

3,668

25

34,602

a7

5,824

3,556

643

494

12018

178

Conservative
management

Placebo (0.45%
saline)

Not defined

Placebo (0.9%
saline)

Placebo

No PT and/or LIG

No PT and/or LIG

No PT and/or LIG

No PT and/or LIG

No PT and/or LIG

PEEP >5 cmH,0,

FR (180-150
mikg/day)

No PT and/or LIG

FR and/or diuretics

Standard respiratory
setting, no FR

No PT and/or LIG

No PT and/or LIG

FR and diuretics it
indicated

Used drug(s) (hs)PDA
(dosage if diagnosis
available)

Paracetamol (once  CLIN + ECHO
20 mgkg; 24 x 7.5

mg/kg every 6 h)

INDO (3 x 0.1 CLIN + ECHO
mg/kg/day) start

6-12h PNA

IBUp.o.(10-55  ECHO

ma/ka)

IBU (10-5-5 mg/kg) Not defined
INDO (3 x 0.2 ECHO

mg/kg every 12h)

1BU (10-6-6 mg/kg) ECHO

INDO or IBU CLIN +ECHO
None (primary LIG)  CLIN + ECHO
INDO Not defined
1BU (10-5-5 mg/kg) ECHO

INDO CLIN  ECHO
INDO CLIN - ECHO
INDO [2001-2006] ~ CLIN + ECHO
1BU [2006-2014]

INDO/IBU Not defined
INDO/IBU Not defined
INDO (3 x 0.2 CLIN + ECHO
mg/kg every 12h)

hsPDA definition

GLIN: increased respiratory
support, decreased blood
pressure, increased pulse pressure,
puimonary congestion,
cardiomegaly, hepatomegaly,
murmur, hyperdynamic precordium,
bounding pulses ECHO: LAVAo
>1.4, PDA diameter/LPA >1.5,
large LiR shunt

GLIN: hemorrhagic pulmonary
edema, cardiomegaly on chest
X-ray or failure of weaning from
ventiatory support ECHO: not
defined

ECHO: diameter >1.5mm with
predominant LtR shunt

Not definedt

Not definedt

PDA diameter >1.5mm; LAVAo
>1.5; pulsatile flow in the DA;
retrograde/absent diastolic flow in
the cerebral anterior artery or in the
descending thoracic aorta.

CLIN: murmur, hyperdynamic
precordium, bounding pulses,
increased need for respiratory
support and increased pulse
pressure ECHO: not defined
CLIN: murmur, hypotension,
pulmonary hemorthage, renal
impairment ECHO: color Doppler
diameter

Not defined

PDA diameter >2mm; LA/Ao
>1.5; evidence of reduced
splanchnic Doppler flow

CLIN: systolic murmur, bounding
puises, wide puise pressure ECHO:
not defined

Not definedt

CLIN: cardiac mumur, pulsating
pericardium, wide peripheral
puises,

increasing metabolic acidosis (base
excess <-8 mEq/L) ECHO:
moderate to severe PDA

Not defined

Not defined

CLIN: deterioration in respiratory
condition, carciac murmu,
hyperactive precordium,
hypotension and widened puise
pressure ECHO: PDA diameter
=2mm with predominant LtR shunt

ASS, Apgar score at 5 min postpartum; BNRN, Braziian Neonatal Research Network; BW, birth weight; CHD, congenital heart disease; CM, congenital matformation and/or chromosomal abnormality and/or genetic syndrome; GNN,
Canadlan Neonatal Network; CLIN, ciinical diagnosis; CONS, conservative management; d, days; DA, ductus arteriosus; ECHO, echocardiographic parameters; ETG, earl treatment group; FMBR, Finnish Medical Birth Register; FR,
flid restriction; GA, gestational age; 1BU, ibuprofen; INDO, indomethacin; IVH, intraventricular hemorrhage; LA/Ao, left atrium to aortic root ratio; LIG, ligation; LPA, left pulmonary artery; LR, left to right; (hs)PDA, (hemodynamicall
significant) patent dluctus arteriosus; PEER, positive end expiratory pressure; PHIS, Pediatric Health Information System; PNA, postnatal age; PPHN, persistent pulmonary hypertension of & newborn; PT, phermacological treatment; PPT,
prophylactic pharmacological treatment; RCTs, randomized controlled trials; RtL, right to left; STG, standard treatment group.
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Ductus arteriosus, patent [MeSH Terms]
Patent ductus arteriosus [Title/Abstract]

Patency of the ductus arteriosus [Title/Abstract]
Persistent ductus arteriosus [Title/Abstract]

hsPDA (Tile/Abstract]

PDA [Title/Abstract]

#1OR #2 OR #3 OR #4 OR #5 OR #6

Infant, extremely premature [MeSH Terms]

Preterm [Title/Abstract]

VLBW [Title/Abstract]

Very low birth weight infant [Title/Abstract]
Extremely premature infant [Title/Abstract]
Premature birth [Tile/Abstract]

Prematurity [Title/Abstract]

Infant, low birth weight [MeSH Terms]

#8 OR #9 OR #10 OR #11 OR #12 OR #13 OR #14
Conservative treatment [MeSH Terms]

Conservative [Title/Abstract]

Expectative [Title/Abstract]

Expectant [Title/Abstract]

Placebo [Title/Abstract]

Placebos [MeSH Terms]

No treatment [Title/Abstract]

#17 OR #18 OR #19 OR #20 OR #21 OR #22 OR #23
#7 AND #16 AND #24

#25 with filters: Publication date from 01 Jan 2000

Patent ductus arteriosus.i. or patent ductus
arteriosus.ab.

PDAUi. or PDA.ab.

Patency of the ductus arteriosus.ti. or patency of the
ductus arteriosus.ab.

Persistent ductus arteriosus.ti. or persistent ductus
arteriosus.ab.

hsPDA . or hsPDA.ab.
#1 OR #2 OR #3 OR #4 OR #5

Extremely preterm infant.ti. or extremely preterm
infant.ab.

Extremely premature infant.t. or extremely premature
infant.ab.

Extreme preter infant.i. or extreme preterm infant.ab.

Extreme premature infant . or extreme premature
infant.ab.

Very low birth weight.ti. or very low birth weight.ab.
VLBW.ti. or VLBW.ab.

Prematuri

1i. or prematurity.ab.
Premature birth.ti. or premature birth.ab.

#7 OR #8 OR #9 OR #10 OR #11 OR #12 OR #13 OR
#14

Conservative treatment.ti. or conservative treatment.ab.
Conservativei. or conservative.ab.

Expectativeti. o expectative.ab.

No treatment.ti. or no treatment.ab.

Placeboi. or placebo.ab.

Expectanti. or expectant.ab.

#16 OR #17 OR #18 OR #19 OR #20 OR #21

#6 AND #15 AND #22

Limit #23 to year = *2000~current”

Cochrane library

"

#10

#11
#12
#13
#14
#15
#16
"7

#18

#19

MeSH descriptor: [Ductus Arteriosus, Patent] explode all
trees

(Patent ductus arteriosus)-tiab
(PDAMiab

(Persistent ductus arteriosus):ti,ab
(hsPDA}i;ab

(Patency of the ductus arteriosus):t,ab
(46 OR #5 OR #4 OR #3 OR #2 OR #1)
(Extremely preterm)-tiab

MeSH descriptor: [Infant, Extremely Premature] explode
all trees

MeSH descriptor: [Infant, Low Birth Weight] explode all
trees

(Pretermy:tiab
(LBW):ti.ab

(Very low birth weight infants):tiab
(Infant, Extremely Premature)-tiab
(Premature birth):tiab
(Prematurity)ti,ab

#3 OR#10OR #11 OR #12 OR #13 OR #14 OR #15 OR
#16

MeSH descriptor: [Conservative Treatment] explode all
trees

(Conservative):ti,ab
(Expectative)tiab
(Expectant):i,ab
(Placebo):ti.ab

(No treatment)i

MeSH descriptor: [Placebos] explode all trees
#18 OR #19 OR #20 OR #21 OR #22 OR #23 OR #24
#7 AND #17 AND #25

#26 with Cochrane Library publication date between Jan
2000 and 1 Jul 2020

Hits

8951
8328
198
490
190
12,050
21,577
2,477
75,235
33,696
85
145
3,607
21,967
34,180
114,537
2,955
105,930
141
5,866
214,408
34,946
30,200
365,730
214
175

9,985

16,176
276

558

162
22,852
161

166

15
17

9275
5,016
28,702
4,534
42,047

39,080
137,261
214
44,953
307,386
7,806
489,991
117
93

285

750
959
92
33
34
1,408
564
177

2,157

13,188
896
1,680
103
2,672
2,349
17,085

119

8311
90
1,007
293,798
262,232
23,914
489,460
339
282
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Transductal diameter, mm (median, IQR)

Ductal velocity Vimax/Vimin ratio, m/s (median, IQR)
Antegrade LPA diastolic flow, crvs (median, IQR)
Left atrial: aortc ratio (median, IQR)

LVO/SVG flow ratio (median, IQR)

E wave/A wave ratio (median, IQR)

Reverse descending aorta diastolic velocity, n (%)
PDA Score (median, IGR)

*screening vs. treatment.

Conservative management (n = 42)

0(0-15)
0(0-1.4)
0.1(0.08-0.18)
1.6(1.2-1.8)
22(152.6)
075 0.7-1)
2(8)
1(0-4)

Screening NPE

2(1.7-2.6)
15(1.2-2.2)
032 (0.17-0.38)
1.7 (14-2)
2.4(1.8-3.5)
08 (0.7-0.84)
11 (52)
7(5-85)

Ibuprofen treatment (n = 21) p-value

<0.001
<0.001
<0.001
03
007
08
<0.001
<0.001

NPE at treatment

2(23-29
2(1.6-2.8)
036 (0.3-0.45)
1.9(1.6-2.1)
37(2.9-48)
0.8(0.7-1)
19 (90)
989

p-value*

001
0.02
0.006
0.01
0.02
0.08
0.01
0.002
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Very early vs. early

t

Ductal velocity Vimax (m/s) —1.12842
Antegrade LPA diastolic flow (cmvs) 06711187

VAo ratio ~2.390946
LVO/SVC flow ratio —0.3765719
E wave/A wave ratio —1.181472
IVRT (ms) 1.419482

Retrograde diastolic flow (%) —1.266117
LVO (mikg/min) ~3.544158

p value <0.05 means the slopes are significantly different.

0.260
0503
0.018
0.707
0.260
0.157
0.207
0.000

Early vs. late

-23712
-0.2831184
—1.766935
—1.503919
1.799364
-0.8386917
1.324976
-1.51831

0.018
0777
0.078
0.133
0.073
0.402
0.186
0.130

Very early vs. late

r

-3.780218
0.6102204
—4.738054
—2.067582
0.5451293
1.716798
-0.6051878
—4.679049

0.000
0542
0.000
0.040
0.586
0.0869
0.545
0.000
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Ductal velocity Vimax (mv/s)
Antegrade LPA diastolic flow (cmvs)
VAo ratio

LVO/SVC flow ratio

E wave/A wave ratio

IVRT (ms)

Retrograde diastolic flow (%)

LVO (mikg/min)

Very early vs. early

461,728
0.847,749
0.686,919
6.722,909
0317094
0.845,727
8.801,438
2.446,328

P

0011
0.430
0.504
0.002
0.729
0.431
0.000
0.089

Early vs. late

8.832,969
3.744,606
1.676,959
8.450,433
5.835,583
2.88,524

9.717,368
1.066,506

0.000
0.024
0.188
0.000
0.003
0.057
0.000
0.345

Very early vs. late

39.4,595
16.20,804
5.061,182
48.63,806
13.93,361
0.919,061
72.00,497
5.463,855

0.000
0.000
0.007
0.000
0.000
0.397
0.000
0.005

p value <0.05 means the lines are significantly different.
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Markers

Ductal velocity Vmax (m/s)
Antegrade LPA diastolic flow (cmvs)
LAVAo ratio

LVO/SVC flow ratio

E wave/A wave ratio

IVRT (ms)

Retrograde diastolic flow (%)

LVO (mU/kg/min)

R2

0224
0.166
0.010
0.048
0.059
0.009
0.021
0.028

Very early

B coefficient correlation

-0.777
10.632
0.036
0.293
0.083
—2.900
5.272
24.206

LA/Ao, ratio of the left atrial diameter to aortic root diameter.

0.000
0.000
0.291

0.020
0.010
0.325
0.122
0.078

R2

0.091
0.144
0.230
0.083
0.160
0.099
0.167
0.344

Early

B coefficient

-0529
8.502
0.145
0.360
0.135

-8.976
10.800

92.501

0.003
0.000
0.000
0.006
0.000
0.002
0.000
0.000

R?

0.000
0.175
0311
0.183
0.033
0.186
0.087
0.272

Late

B coefficient

0.024
9.192
0210
0.584
0.062
—7.043
7073
128.940

0.823
0.000
0.000
0.000
0.001
0.000
0.000
0.000
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Numbers of infants during the period,
Gestational age, weeks, median (IGR)
Birth weight, g, median (IQR)

Mechanical ventilation during assessments, 1 (%)

Pharmacological treatment for PDA, n (%)
PDA diameter (cm)

Ductal velocity max (m/s)

Antegrade LPA diastolc flow (cvs)

Left atrial:aortic ratio

LVO/SVG flow ratio

E wave/A wave ratio

IVRT (ms)

Retrograde diastolic flow (%)

Left ventricular output (mi/kg/min)

Very early (n = 113)

57
28+2 (26+4-29%9)
1,115 (950-1,415)

87/118 (77.1)
30/58 (53.6)
1.20 (1.08-1.50)
1.55 (1.18-2.19)
23.88 (18.54-31.05)
1.24 (1.18-1.33)
1.57 (1.29-2.03)
0.81(0.77-0.86)

50.15 (51.76-66.54)

0(0-23.56)
202.0(169.5-240.0)

Early (n = 92)

20
27+6 (26+4-29+9)
1,095 (940-1,367)

44/92 (47.8)
23/40 (59.0)
1.06 (0.90-1.31)
2,06 (1.48-2.50)
2455 (20.28-29.63)
1.30 (1.20-1.38)
1.63 (1.33-1.98)
0.80 (0.76-0.87)

51.81 (48.06-59.15)

0(0-18.23)

2405 (192.8-293.0)

Late (n = 342)

37
27+1 (26+0-30+*°)
1,040 (880-1,315)

123/342 (35.9)
22/37 (61.1)
1.28 (1.00-1.68)
2,28 (1.68-2.92)
27.23 (28.50-33.43)
1.40 (1.27-1.50)
1.93 (156-2.32)
0.80 (0.75-0.85)

48,06 (44.36-53.60)

0(0-17.92)

296.0 (236.8-376.3)

0.536
0.491
<0.001
0.492
0.000
0.000
0.000
0.000
0.000
0.227
0.000
0.000
0.000

Data are presented as median with interquartil range (IQR) for non-normally distributed variables. p values were obtained by Kruskal-Walis test. PDA, patent ductus arteriosus; LPA,
left pulmonary artery; LVO, left ventricular output; SVC, superior vena cava; IVRT, isovolumic relaxation time.
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Characteristics and outcomes

Gestational age, weeks, median (IQR)
Birth weight, g, median (IQR)
Number of echocardiograms, median (IQR)
Male sex, n (%)
PPROM, n (%)
Antenatal steroids (complete), n (%)
Surfactant administration, 1 (%)
Bronchopulmonary dysplasia, n (%)
Necrotizing enterocolits, 1 (%)
Intraventricular hemorthage grades 34, n (%)
Retinopathy of prematurity (aser/bevacizumab), n (%)
Death, n (%)
PDA, n (%)
No treatment
Pharmacological treatment
Pharmacological treatment and ligation
Ligation

Values

28+2 (26+4-20%6)
1,115 (950-1,397)
6(3-13)
44 (68.8)
17 (26.6)
36 (56.3)
57 (89.1)
37 (57.8)
5078
7(10.9)
1(1.6)
5078

19.(29.7)
30 (46.9)
693
23.1)
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Time point

6h

12h
18h
24h
48h

72h

Sensitivity
(95% CI)

92,00 (73.5-98.7)
90,00 (73.5-97.9)
93.33 (77.9-99.2)
93.33 (77.9-99.2)
100.00
(88.4-100.0)
100.00
(88.4-100.0)

Specificity
(95% Cl)
85.00 (67.7-92.6)
94.44 (72.7-99.9)
94.44 (72.7-99.9)
94.44 (72.7-99.9)
94.44 (72.7-99.9)

94.44 (72.7-99.9)

*Each p-value shows the statistical significance of AUC for the given time point.

Area under
curve (AUC)

0.926
0.956
0.949
0.961
0.987

0.991

Cut-off value

>85
>8
>8
>8
>6

>6

p-value*

<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
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Author (ref)

Baspinar et al. (62)

Zahnetal. (43, 61)

Mornville et al. (60)

Sathanandam et al. (50)

Rodriguez Ogando et al. (49)
Regan et al. (52)

Mean weight (grams)

1,700 £ 3009

1,250 (range: 755-2,380g)

<2,500; 17 under 1,200g

<2,000g

1,260g (range: 1,000-1,980g)
1,200 (range: 1,025-1,700g)

No of procedures

16

23

34

82

27
64

Success rate

13/16 (81%)

20/23 (87%)

32/34 (94%)

80/82 (98%)

27 (100%)
63/64 (98%)

Major complications (no of cases)

Device embolization (2);
Death from cardiac perforation (1)

Transient descending aortic obstruction (1);

LPA stenosis needing stenting (1)

Death from hemopericardium (1);

LPA obstruction requiring surgical device removal (1)
Death from inferior vena cava laceration (1);

Severe LPA stenosis needing device retrieval (1);
Pericardial effusion needing drainage (1)

No major complications reported

Severe LPA stenosis needing device retrieval (2);
Aortic arch obstruction needing re-intervention (1);
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Group 1 Group 2

Inclusion criteria GA <28weeks  GA < 30 weeks and/or
and/or birth weight  birth weight <1,260g
<1,000g

Number of studies 1" 20

Total number of 17,156 2,980

patients

Gestational Age

Mean (weeks) [median 26,0 [265-26.6]  28.0[26.2-288] (13)
(range)] () ®

Median [median - 280 ()
(range))

Not reported () 3 5

Birth weight

Mean [median (range)] 818 [802-851] (8) 1,028 [(797-1,259] (13)
Median [median - 1,060-1,062 (2)
(range)]

Not reported (n) 3 5

Postnatal age of cardiac ultrasound

Median postnatal age 72 (18-1,464) 72 (5-672)

in h range)

Percentage of PDA closure at postnatal age 3 (72-95.9h)

Weighted mean 34% (9-71) 47% (33-98)

percentage of patients.
with PDA (range)

Number of studies with 6 9
reported percentage

Total number of 646 978

patients

Study references (15-20) (21-29)
Percentage of PDA closure at postnatal age 7 (168-191.9h)
Weighted mean 41% (11-97) 7%

percentage of patients
with PDA (range)

Number of studies with 2 1
reported percentage

Total number of 228 2
patients

Study references (18,54) (24)

Separated by groups based on inclusion criteria.

Group 3

GA < 32 weeks and/or
birth weight <1,500g

49
6,946

28.4[26.0-30.0] (22)
29 [27-31) (15)

12

112 [794-1,371] (22)
1,160 (980-1,595) (16)

12

79 (6-3,864)

48% (22-65)

1,709
(80-45)

63% (38-100)

550

(30, 33, 43, 55-59)

Group 4

GA < 87 weeks and/or
birth weight <2,500g

19
2,450

30.8[30.2-31.1] (7)
31.0(28.1-31.0] (5)

7

1,543 [1,355-1917] (7)
1,475 [950-1,640] (5)

72 (24-1,632

55% (15-79)

621

(46-53)

78% (67-97)

181

(46, 50, 60-62)

All studies

29,532

28.1[25.5-31.2] (50)
20.0[27.0-31.0] (22)

27

1,082 [794-1917 (50)
1,160 (950-1,640) (22)

27

72 (5-3,864)

47% (9-96)

39
3954
(15-59)

61% (11-100)

985

(18, 24, 30, 33,

, 43, 46, 50, 54-62)
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Evaluation time SIMPLE scores SIMPLE scores p-value

nfants with infants

hsPDA (n = 30) without PDA (n

median (range) = 18) median

(range)

6h 12 (5-19) 4(2-18) <0001
12h 13 (5-20) 4(2-13) 0.001
18h 13 (5-22) 4(2-14) <0001
2h 14 (5-19) 4(2-14) <0.001
48h 15 (10-23) 4(2-13) <0001

72h 14.(9-21) 4(-12) <0001
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Parameters Infants with

hsPDA
(n=30)
La/Ao ratio, day 1 median (range) 1.7 (1.2-2.8)
La/Ao ratio, day 2 median (range) 1.6 (1.3-3.4)
La/Ao ratio, day 3 median (range) 1.6(1.2-2.9)

PDA diameter/weight, day 1 median (range) 2.1 (1.1-3.7)
PDA diameter/weight, day 2 median (range) 2.1 (1.1-3.8)
PDA diameter/weight, day 3 median (range) 2.3 (0.9-3.5)

Infants
without PDA
(=18

13(1-2.3)
1.2(0.9-1.8)
1.2009-15)
1.9(1.2-2.7)
1.6(1.3-2.3)
1.3(1.4-2.1)

p-value

0.009
<0.001
<0.001

0.27
<0.001
<0.001
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Parameters

IVH > Grade 8, 3rd day, n (%)
IVH > Grade 3, 7th day, n (%)
NEC > stage Il, n (%)

BPD (moderate-severe), n (%)
Late sepsis, n (%)

ROP, 1 (%)

Mortality, n (%)

Infants with
hsPDA (n = 30)

15 (50)
17(57)
798
12 (40)
12 (40)
19(69)
16 (59)

Infants without  p-value

PDA (n = 18)
1(6) <0.001
1) <0001

2(11) 031
7(39) 053
12.(67) 008
18(72) 026
0 <0001

BPD, bronchopulmonery dysplasia; IVH, intraventriculer hemorhage; NEC, necrotizing
itis; ROP, retinopathy of prematurity.
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Parameters

Gestational age, weeks, median (range)

Birth weight, g, median (range)

Maternal choricamnionitis, 1 (%)

Lack of antenatal steroid therapy, n (%)
Hypotension requiring inotropic support, n (%)
Tachycardia, 1 (%)

Oiguria, n (%)

Surfactant treatment, n (%)

Repeated dosage of surfactant (%)

High frequency ventitation, n (%)

Cord blood gas deficit >—12 mmol/L, n (%)
Need of invasive ventilation, n (%)

Metabolic acidosis, pH < 7.35, BD > —4, n (%)
Respiratory acidosis, pH < 7.35, PCO, > 45 mmHg, n (%)
Maximum PIP, > 18cm HeO, n (%)

FiO, at admission, >40%, 1 (%)

Infants with
hsPDA (n = 30)

25 (21-29)
720 (340-990)
21(70)
19(69)
22(79)

16 (69)
11(37)

16 (53)
9(30)
9(30)
7(14.6)
26(54.2)
7(14.6)
26(54.2)
22 (18-24)
26(54.2)

Infants without
PDA (n = 18)

26 (24-29)
760 (620-995)
508
4(22
2(11)
3(17)
1(55)
6(33)
00
16)
483
15(31.3)
483
15(31.3)
22 (18-24)
15(313)

p-value

0.06
0.06
0.005
0.008
<0.001
001
0.01
0.14
0.001
0.003
0.92
075
0.92
0.75
0.62
0.75
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Parameters

Gender (male/female, n)

Gestational age; weeks median (range)

Birth weight; grams median (range)

Duration of invasive MV: days median (range)
Duration of oxygen treatment; days median (range)
Length of stay at hospital; days median (range)

hsPDA, hemodynamic significant PDA; MV, mechanical ventilation.

Allinfants
(h=48)

26/22
25 (21-29)
730 (340-995)
13 (0-69)

31 (2-106)
52 (3-151)

Infants with
hsPDA (n = 30)

16/14
25 (21-29)
720 (340-990)
17 (3-69)
47 (©-106)
58 (3-142)

Infants without
PDA (n = 18)

10/8
26 (24-29)
760 (620-995)
9(0-62)
34 (2-69)
43 (34-151)

p-value

0.34
0.06
0.06
0.1
0.23
0.39
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Presence of matenal chorioamnionitis
Completed cure of antenatal steroid

Birth weight, (g)

Cord blood gas base deficit (mmol/L)

*Presence of hypotension requiring inotropic support
*Presence of tachycardia (beat/min)

*Need of invasive MV

*"Presence of metabolic acidosis

*Presence of respiratory acidosis (PCO,, mmHg)
*Maximum PIP (cmHz0)

PIP reduction % according to prior assessment
FiOy at admission (%)

FiO, reduction % according to prior assessment
Number of surfactant administered

No
Yes
>1,250
<-12
No
<160
no
pH: >7.35
BD: < -4
35-45
<18
>20%
<40
>20%

Yes
No
1,000-1,250
—12to -16
Yes
160-180
yes
7.25-7.35
—4t0-10
45-55
18-23
%10-20
40-60
10%-20%
1

750-1,000
>-16

>180

7.10-7.25

—10to —16
55-65
>28
<10%
>60
<10%
>1

<750

HFOV/
<71
<-16
>65

*During evaluation episode.
#The highest score will be given according to pH or BD.

BD, base deficit; HFOV, high frequency oscillatory ventilation; MV, mechanical ventilation; PIP, peak inspiratory pressure.
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Ligated Control

n=44 n=44 P
Mild BPD, n 1(2%) 2(5%) 1.000
Moderate BPD, n 4(9%) 7(16%) 0521
Severe BPD, n 38 (86%) 28 (64%) 0025
IVH grade I, n 11 (25%) 5(11%) 0.166
IVH grade lI-IV, n 5(11%) 2(5%) 0434
ROP stage Ill,n 14 (32%) 15 (34%) 0653
NEG stage llla-lib, n 5(11%) 8(18%) 0549
Sepsis, n 19 (43%) 21 (48%) 0831
Mortality, n 5(11%) 5(11%) 1.000
Age at death, day M7 £72 191+ 178 0.417

Continuous veriables are presented as mean = standard deviation and categorical
variebles are presented as number and percent. BPD, Bronchopulmonary
dysplasia; IVH, Intraventricular hemorthage; ROR Retinopathy of pre-maturity;
NEC, Necrotizing enterocolitis.
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LtoRshunt Bidirectional  P-value

n=18 shunt
n=19
Neurological complications
Post-op severe IVH 6(33.3%) 5(26.3%) 072
IVH progression 4(22.2%) 1(6.3%) 0.15
Post-op PVL 6(33.3%) 4(21.1%) 0.46
Progression to PVL 6(33.3%) 1(6.3%) 004"
Hydrocephalus 2(11.1%) 3(15.8%) 0.63
Post-op NEG 0 2(10.5%) 0.16
Bronchopulmonary dysplasia
Overall 16(88.9%)  9(47.4%) 0054
Miid 3(16.7%) 0 0.10
Moderate 1(5.6%) 0 0.36
Severe 12 (66.6%) 9 (47.4%) 071
Early mortality 0 421.4%) 004
Overall Mortality o 5(26.3%) 002"
Composite outcomes
Early mortality or 6(33.3%) 7 (36.8%) 0.82
progression to PVL
Early mortality or post-op o 5(26.3%) 002"
NEC
Early mortality or BPD 16(88.9%)  13(68.4%) 0.13
Death after PDA ligation (days) NA 2919 NA

BPD, Bronchopulmonary dysplesia; IVH, intraventricular hemorrhage; NEC, Necrotizing
enterocolitis; PVL, Periventricular leukomalacia; NA, not applicable; “represented
statistically significant, p < 0.05.
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L-to-R shunt  Bidirectional shunt  P-value

Number 18 19
Gestational age (week-old) ~ 29.1+0.8 30912 022
Birth body weight (gram) 1329 + 201 1452 + 187 0.66
Vaginal delivery 10 (55.6%) 5(26.3%) 009
Male 9(50%) 11(67.9%) 063
Antenatal corticosteroid 7(38.9%) 3(15.8%) 0.11
Age at surgery (day-old) 20482 132£55 022
Age at surgery (PMA, 32013 32815 068
week-old)
Body weight at surgery 1544 + 264 1585 & 216 090
(gram)
Pre-op complications
Severe IVH 2(11.1%) 4(21.4%) 066
Periventricular 1(5.6%) 1(5.3%) 1.00
leukomalacia
Meconium fleus 1(5.6%) 0(0%) 047
NEC 1(5.6%) 0(0%) 047
Pulmonary hemorrhage 5(27.8%) 9(47.4%) 031
Acute kidney injury 10 (56.6%) 11 (67.9%) 0.67
Pre-op ventilatory support
Non-invasive ventilator or 9(50%) 2(10.5%) <001
no support
Invasive ventiator 9(50%) 17 (89.5%) <001
Conventional ventilator 8 (44.4%) 9 (47.4%) 0.09
HFOV. 1(5.6%) 8(42.1%) 0012*
Inhaled nitric oxide 0 2(10.5%)
Oxygen index 47£22 93£27 0.02*
LAVAO ratio 1.73:£007 1.73+0.08 097
PDA size/BW (mmvkg) 21£02 24£02 033
Cardiothoracic ratio on 060+ 0.05 0.65+0.08 074
radiograph
Serum creatinine before 1.1+06 14+10 0.21
PDA closure (mg/dl.)
Prior 7 (38.9%) 3(15.8%) o011
ibuprofen/acetaminophen
treatment

HFOV, high frequency oscillatory ventiator; IVH, grade 3 or 4 intraventricular hemorrhage;
LA/AO ratio, left atrium-to-aorta ratio; NEC, stage 2 or 3 necrotizing enterocolitis; PMA,
post-menstrual age; * represented statistically significant, p < 0.05.
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L-to-R shunt  Bidirectional P-value

n=18 shunt
n=19
Pre-op body temperature (°C) 36701 364+0.2 023
Pre-op heart rate (opm) 16242 16543 058
Tachycardia > 160 bpm 12 13 091
Use of dopamine 5 12 003"
Pre-op blood pressure (mmHg)
Systolic blood pressure 643 63+3 091
Diastolic blood pressure 362 353 080
Mean blood pressure 45+ 2 422 0.83
Estimated PASP (mmHg) 42 583 <0001
Post-op body temperature (°C) 366 % 0.1 36.6 +0.1 074
Post-op heart rate (bpm) 165 +3 166+ 4 075
Post-op blood pressure (mmHg)
Systolic blood pressure 664 6745 088
Diastolic blood pressure 42+3 44 £ 4 1.00
Mean blood pressure 5043 50+4 095

Bopm, beats per minute; PASP. pulmonary arterial systolic pressure; ‘represented
statistically significant, p < 0.05.
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L-to-R shunt

n=18
PDA bleeding during 0(0%)
surgery

Intraoperative desaturation 1(6.9%)
Preumothorax 1(6.9%)
Hemothorax 0(0%)
Vocal cord paralysis 1(6.9%)
Phrenic nerve palsy 2(11.8%)
Immedate surgical mortalty 0(0%)

NS, non-significant; *represented statis

Bidirectional
shunt
n=19

4(21.1%)

3(15.8%)

2 (10.5%)
1(6.3%)
0(0%)
0(0%)
0(0%)

tically significant, p < 0.05.

P-value

0.04*

0.32
0.62
0.34
0.28
0.12
NS
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Activation of transient receptor potential channels.
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Low oxygen tension
High levels of circulating prostaglandins

Increase in nitric oxide production

Increase in carbon monoxide production

High levels of circulating adenosine

Increase in intracellular AMP and cGMP

Raised plasma concentrations of atrial natriuretic peptide
Activation of potassium channels Kv1.5, Kv1.2, Kv2.1, Karp, BKca
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<27 weeks (n = 282) 227 weeks (n = 262)

Conservative Medical P Conservative Medical P
(n=68) (n=214) (h=62) (n =200)
DEMOGRAPHIC AND CLINICAL DATA
Gestational age (week)" 25309 25308 037 27.7£05 27805 029
Birth weight ()" 796 + 158 754+ 170 0.06 1,086 & 219 1,009 & 212 007
Gender (male), n (%) 31 (46) 107 (50) 052 34(55) 95(47) 031
Type of delivery (C/S), n (%) 47 (69) 146 (68) 0.89 49 (79) 165 (82) 053
Multiple gestation, n (%) 12(18) 42 (20) 071 10(16) 48(24) 0.19
PPROM, n (%) 22(32) 67(31) 087 18 (29) 27(13) 0005
Preectampsia, n (%) 16 (23) 46 21) 072 16 (26) 55(27) 079
Choricamnionitis, 1 (%) 11(16) 36(17) 0.90 3 16 (8) 0.4
Antenatal steroid, n (%) 45 (66) 132 (62) 050 43 (69) 156 (78) 0.16
Delivery room intubation, n (%) 40 (59) 164 (72) 0.04 24(39) 85(42) 059
Surfactant use, n (%) 61(90) 206 (96) 0.09 44(71) 177 (88) 0001
RDS, n (%) 60 (38) 203 (96) 005 47 (76) 186 (93) <0.001
Early-onset sepsis, n (%) 27 (40) 94 (44) 054 21(34) 72(36) 076
Received respiratory support, n (%) 61(90) 213(99) <0.001 52 (84) 195 (97) <0001
Duration of respiratory support (d)"* 26 (2-245) 23 (1-150) 091 14 (1-96) 22 (2-181) 0001
OUTCOMES
Discharged with open PDA, n (%) 16(23) 53(25) 083 9(14) 27(13) 083
PDA ligation, n (%) 6(9) 17(8) 081 2@ 12(6) 053
LOS, n (%) 44 (65) 24 (55) 0.16 27 (43) 98(49) 045
IVH (=Grade 3), n (%) 4(6) 9(4) 052 12 6(3) >005
NEC, n (%) 22(32) 62 (29) 059 6(10) 45(22) 0026
Moderate-severe BPDY¥, 1 (%) 18 (50) 57 (56) 050 11(50) 49(47) 080
Treated ROP*, n (%) 11 (16) 45(21) 038 3() 18(9) 0.42
Mortality, n (%) 24 (35) 111(52) 0017 5@ 33(16) 009
BPD/death, n (%) 37 (54) 150 (70) 0017 14.(23) 76(38) 0025
Duration of hospitalization (d)"* 71 (2-269) 545 (2-357) 034 54 (2-120) 63 (3-180) 0018

BPD, bronchopulmonary dysplesia; C/S, cesarean section; IVH, intraventricular hemorhage; LOS, late-onset sepsis; NEC, necrotizing enterocolitis; PDA, patent ductus arteriosus;
PPROM, prolonged premature rupture of membranes; RDS, respiratory distress syndrome; ROR, retinopathy of prematurity.

Infants had at least one eye examination for ROP

* nfants survived at PMA 36 weeks' gestation.

*Data given mean + SD, **Data given as median (range).
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WV ibuprofen Oral ibuprofen IV paracetamol Oral paracetamol p

(n = 148) (n=129) (n=108) (=29
Discharged with open PDA, 1 (%) 28 (19) 19(15) 24(22) 931) 0.18
Surgical ligation, n (%) 10) 10 6(6) 20) 091
LOS, n (%) 82(64) 65 (51) 54 (61) 10 (53) 0.08
IVH (2Gr 8), n (%) 3@ 665 56 10 0561
NEC, n (%) 40 (27) 32 (25) 20 (18) 15 (52) 0.004
Treated ROP¥, n (%) 22(15) 18 (14) 18(17) 5(17) 093
Moderate-severeBPD¥, n (%) 36 (44) 39(59) 28(58) 3(30) 011
Mortality, n (%) 46 (31) 34 (26) 48 (44) 16 (55) 0.002
BPD/death, n (%) 75 (51) 63 (49) 71 (66) 17 (59) 004

BPD, bronchopulmonary dysplesia; IVH, intraventricular hemorrhage; LOS, late-onset sepsis; NEC, necrotizing enterocolis; PDA, patent ductus arteriosus; ROR. retinopathy
of prematurity.

#Infants had at least one eye examination for ROP.

¥ nfants survived at PMA 36 weeks’ gestation.
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Discharged with open PDA, n (%)

PDA ligation, n (%)

LOS, n (%)

IVH (=Gr8), n (%)

NEC, n (%)

Moderate-severe BPD¥, n (%)
Treated ROP¥, n (%)

Mortality, n (%)

BPD/death, n (%)

Conservative Medical treatment
(n=414)

(n = 130)

25(19)
8(6)
71(55)
5(3.8)
28(21)
25 (47)
14(13)
29(22)
51(39)

<7 days

=7 days

=363 (N=51)

72 (20)
24(7)
188 (52)
13 (36)
91 (25)
80 (48)
56(22)
131(36)
201 (55)

8(16)
5(10)
28 (55)
239
16(31)
13 (54)
7(16)
13 (25)
25 (49)

P

0.78
0.66
0.81
0.32
0.38
0.83
0.12
0.009
0.007

BPD, bronchopulmonary dysplasie; IVH, intraventricular hemorthage; LOS, late-onset
sepsis; NEC, necrotizing enterocolitis; PDA, patent ductus arteriosus; ROP, retinopathy

of prematurity.

#Infants had at least one eye examination for ROP.
¥ nfants survived at PMA 36 weeks’ gestation.
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No PDA hsPDA P

=27 (n=33)
Gestational age (weeks) 312 27+2 0.007
Birth weight (gr) 1645 & 335 878+ 368 0949
<10th percentile 0(0) 7@1)
Male 15(57) 16 (48) 0301
Cesarean section 19(78) 22(66) 0.062
Apgar score at 5min 9(8-9 8(6-9) 0.004
FiO, on 2nd DOL. 024009 027 006 0943
on 10th DOL 021 0,02 023003 0.063
Mechanical ventiation 3(11) 20 (60) <0.001
Duration (day) 03:%14 97£220 0.003
Non-invasive ventiation 20(76) 32(96) <0.001
Duration (day) 4x4 23422 <0001
Sepsis 2(7) 11(38) <0001
8PD 0(0) 11(38) <0001
NEC 000 309 0.002
IVH 10 8(24) 0,005
= grade 3 1@ 4(12) 0367
PVL 0(0) 2(6) 0.002
ROP 0(0) 7@1) <0.001
= grade 3 000 2(6) NA
Mortality 0(0) 309 <0.001
Stay in hospital (day) 33+2 72449 <0001

Mean < SD, rate and (%), or median and (IQF).
GA, gestational age; hsPDA, hemodynamically significant patent ductus arteriosus;
BPD, bronchopulmonery dysplasia; NEC, necrotizing enterocolis; IVH, intraventricular
hemorrhage; PVL, periventricular leukomalacia; ROP, retinopathy of prematurity.
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ulPs on 2nd DOL ulPs on 10th DOL P

No PDA 960.9 (541.0-1470.6) 4105 (226.0-1027.5)  0.742
n=27)

Ibuprofen treated 27000 535.0(314.0-1791.9)"  0.001
PDA (1205.7-6688.0)°

n=27)

Surgical closed PDA 5028.7 1689.0(198.5-6541.8) 0.974
n=46 (1233.0-17770.0) A

With hsPDA treated with ibuprofen, or who underwent surgical ligation after failure of
pharmacological treatment. Median and IQR.

“P < 0.01 no PDA vs. ibuprofen treated PDA; **P = 0.01 no PDA vs. surgical closure.

~ P < 0.01 ibuprofen treated PDA vs. surgical closure.

#These patients had PDA closed on 10th DOL.
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