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Objective: We evaluated the effect of transcatheter PDA closure (TCDC) on pulmonary edema by chest x-ray and respiratory status in preterm infants and identified factors contributing to clinical improvement.



Study design: A retrospective review of TCDC in 68 premature infants from January 2017 to June 2021. Chest x-rays were reviewed to assess pulmonary edema. Multiple clinical characteristics were also evaluated.



Results: 40% of patients weaned respiratory support. x-ray haziness change was not significantly different between groups (p = 0.086), however trended toward significance. 59% had decreased haziness and 16% had a marked decrease. Smaller, younger infants were more likely to wean support and have improved edema.



Conclusion: Chest x-ray haziness improved after TCDC, with smaller infants and earlier closure having more improvement. Infants with lung disease had less noticeable improved edema, indicating the difficulty to assess the hemodynamic significance of their PDA prior to closure. Further studies are needed to identify which neonates benefit most from TCDC.
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Introduction

During gestation, oxygenated blood from the placenta reaches the systemic circulation via shunts that are present in utero and normally close shortly after delivery. One of these shunts is the ductus arteriosus, which diverts blood away from fluid-filled lungs (1). In full-term infants, postnatal changes in hemodynamics and vasoregulatory mediators typically result in ductal closure within 72 h (2–4). In preterm infants, ductal closure is often delayed due to structural immaturity and inadequate constrictive responses, with the likelihood of patency inversely proportional to gestational age (3). Studies have shown that the likelihood of ductal patency after birth is inversely proportional to the gestational age and weight at birth (5–8).

“Ductal steal” from a patent ductus arteriosus (PDA) can lead to pulmonary overcirculation, edema, and organ hypoperfusion, with reported adverse outcomes such as pulmonary hypertension, bronchopulmonary dysplasia (BPD), other end-organ injuries, and increased mortality (3, 8–17). A few scoring systems have attempted to incorporate clinical and echocardiographic findings to assess for hemodynamically significant PDA's (hs-PDA's), with a noted one being the McNamara score (18).

Management options for PDAs include pharmacologic, interventional, and surgical approaches. NSAIDs, such as ibuprofen, remain the first-line treatment for PDA closure (19). Recently, early transcatheter PDA closure (TCDC) has emerged as a viable option, especially for infants who fail medical management. A 2022 study (20) using data from the Pediatric Health Information System (2016–2020) reported that TCDC in neonates and infants is associated with lower mortality (0% vs. 1.7%) and shorter hospital stays compared to surgical ligation. Similarly, a 2024 study (21) from the Vermont Oxford Network database (2018–2022) found that very low birth weight infants undergoing TCDC had a slightly shorter median hospital stay (128 vs. 132 days) compared to surgical closure. A non-randomized clinical trial (22) on the Amplatzer Piccolo Occluder in patients ≥700 g showed a 95.5% implant success rate, 99.4% achievement of the primary effectiveness endpoint, and a 2.1% rate of primary safety endpoint events. Despite these promising findings indicating TCDC as a viable and safe option with minimal adverse outcomes, most available data are retrospective, with limited research on optimal timing and short- and long-term outcomes, particularly regarding pulmonary and end-organ function in preterm infants (3, 23).

We routinely perform TCDC in premature infants with a hsPDA at our institution and noticed a small subset of these patients have significantly improved appearance of their chest x-ray (CXR) immediately after TCDC. The purpose of this study is to evaluate the effect of TCDC in premature infants on pulmonary edema and respiratory status, and more specifically to characterize the subset of patients who have significantly improved CXRs immediately after TCDC. Better characterization of the infants in whom the CXR and clinical respiratory status benefit the most from TCDC will help guide which infants should be referred for ductal closure and optimal timing of ductal closure.



Material and methods


Data collection and baseline characteristics

Data was collected through a retrospective chart review after obtaining approval from the Indiana University Institutional Review Board (IRB) with waiver of informed consent. All transcatheter PDA-closure cases done at Riley Hospital for Children were identified using procedural billing codes between January 2017 and June 2021. These cases were reviewed, and only inpatients from the NICU born at an age less than 37 weeks gestation and less than 6 months old at the time of closure were included. Patients who required surgical PDA-closure after failed transcatheter intervention were excluded.

We stratified the patients into different categories based on their gestational age (extremely preterm, very preterm, and moderate-late preterm), birth weight (extremely low birth weight, very low birth weight, and low birth weight), and weight at PDA closure. We also included other characteristics such as the use of surfactant therapy at birth, comorbid conditions, prior steroid therapy, prior inotrope requirements, prior diuretic requirements, and respiratory support on the day prior to PDA closure. The Bronchopulmonary Dysplasia (BPD)/Chronic Lung Disease (CLD) criteria used was based on the 2019 classification, which requires a corrected gestational age greater than 36 weeks (24).



Hemodynamic significance of the PDA

At Riley Hospital for Children, the decision to proceed with transcatheter PDA closure in preterm infants is largely driven by the PDA's hemodynamic significance (hs), determined by the Indiana University (IU) Modified McNamara Scale. This score is a modified version of the original McNamara Score (18). The IU-Modified McNamara Scale (Table 1) is calculated by adding the “Clinical” and “Echocardiographic” scores, with the latter determined by one of the pediatric cardiologists at our institution for this study.


TABLE 1 IU-modified mcNamara scale.
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Chest x-ray (CXR) scoring

To assess the effect of transcatheter PDA closure on pulmonary edema in the immediate post-procedure period, pre-procedure CXR's and post-proc CXR's were reviewed. Considering the dynamic clinical status of premature infants in the NICU, neonates' increased risk for fluid overload with its possible effect on radiographic findings of lung edema, and the decreased frequency of CXR's done at >2 days post-proc, this study looked at the post-proc CXRs that were done only within two days after the procedure. Moreover, we recognize that CXR haziness can reflect various underlying conditions, including pulmonary edema, BPD-associated parenchymal changes, atelectasis, and infection-related consolidations. Therefore, we chose to compare CXRs taken immediately before and after the procedure, hypothesizing that any observed changes in haziness would primarily indicate alterations in pulmonary edema. CXRs were read and scored by 4 independent scorers (2 cardiologists, 1 neonatologist, and 1 radiologist) using the Radiographic Assessment of Lung Edema (RALE) score, initially described by Warren et al. (25) and validated in subsequent studies (26, 27). To calculate the RALE score, the rater scored the haziness in each quadrant of the CXR before adding all 4 values. The rater assigns a consolidation score (C), which assesses the extent of alveolar opacities, as well as a density score (D), which assesses the density of alveolar opacities, and then multiplies the consolidation score by the density score (CxD). The scores from the four quadrants were then added together to get the final total RALE score.

In our study, the four raters evaluated the pre-procedure (pre-proc) CXRs as well as all the post-proc CXRs. To assess the change in haziness between these two periods, we compared the average of the four raters' scores for the pre-proc CXR with the raters' average for the last CXR done within a two-day post-proc period. This time period was chosen given the infrequency of CXRs done after that time, as well as the possibility of other factors affecting the presence of pulmonary edema in the NICU population as described above.



Respiratory support changes

Tracking changes in respiratory support presented challenges due to frequent fluctuations in FiO2 and other respiratory machine settings, as well as the diverse range of support modalities used before and after the intervention. Initial attempts to analyze specific changes proved overly complex and did not yield meaningful results. Therefore, we focused on assessing the ability to transition to a respiratory support machine that provides less support. This approach was chosen to offer a more comprehensive understanding of respiratory support changes, irrespective of the initial modality.



Intra-rater and inter-rater reliability

For the intra-rater reliability, the scorers reassessed forty-nine CXRs two months after their initial CXR read. The inter-rater reliability was assessed for the pre-proc CXR and the first three post-proc CXRs.



Statistical methods

Intra-rater repeatability was assessed by paired t-tests and by the intraclass correlation coefficient (ICC). Original and repeated measurements were summarized by mean, standard deviation (SD), median, minimum, and maximum. Differences were calculated for each subject and a paired t-test was used to test the hypothesis of no difference. The ICC measured the proportion of total variance coming from between subject variation. One minus the ICC is the proportion of total variance from repeated measurements. Inter-rater reliability was assessed by the ICC and by Bland-Altman plots of differences vs. mean ratings.

Patient characteristics and pre-closure haziness scores, last post-proc haziness scores, and change in haziness scores were summarized by count and percentage for categorical variable and by mean, standard deviation, median, minimum and maximum for continuous variables. Clinical status measures were summarized by count and percentage for day 7 post-proc. Patient characteristics were summarized by clinical status and were tested for differences in distributions by means of Fisher's exact tests and by Wilcoxon rank-sum tests.

Cumulative logistic regression models were used to assess associations between the ordinal outcomes of decreasing support on day 7 and patient characteristics. These estimates are interpreted as the odds of having less support relative to greater support. For the respiratory support data, the order was increased < maintained < decreased. The model assumes the odds are proportional regardless of which levels of the outcome are being compared.

Linear models were used to assess associations between change in haziness and patient characteristics.

A decrease in haziness of at least 16 was used to define groups, and patient characteristics were compared between groups by means of chi-square and Fisher's exact tests.




Results


Baseline characteristics

The final number of patients included in the study was 68. Baseline characteristics for our patient population are presented in Table 2. Prior to closure, 74% of patients had a hsPDA. PDA devices used included the Amplatzer Piccolo Occluder (52.2% of patients), Medtronic Microvascular Plug (31.8%), Covidien Microvascular Plug (8.7%), Amplatzer Vascular Plug (1.5%), and Amplatzer Vascular Plug II (5.8%).


TABLE 2 Baseline patient characteristics.
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Haziness change in immediate post-procedure period

A total of 183 CXRs were read and scored. Seven patients were excluded from the study because they did not have a pre-procedure CXR within 4 days of the ductal closure. The haziness change, as per the RALE score, between the pre-proc CXR and the most recent post-proc CXR show a mean change of −2.7 ± 12.2. Mean haziness change was not significantly different from zero with a p-value of 0.086. There was a decrease in haziness in 36 (59.0%) of patients, and 10 patients (16.4%) had a decrease of at least 16 which was considered a significant decrease (Table 3). As previously noted, with otherwise stable respiratory and clinical status in the days surrounding the catheterization intervention, these changes were thought to likely reflect variations in pulmonary edema on CXR, the primary outcome of our study.


TABLE 3 Mean haziness change.
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Relationship between baseline patient characteristics and haziness change

Infants born more prematurely showed a greater improvement in RALE scores, with an average change of 5.2 points lower (indicating less haziness) compared to older infants (Table 4). Older and larger infants tended to exhibit less improvement in RALE scores than their younger and smaller counterparts. Infants who received steroid inhalational therapy had higher RALE scores after the intervention than those who did not. Infants with a larger indexed PDA/BSA, a higher Echo McNamara score, more advanced CLD, or a higher total McNamara score showed greater improvements in RALE scores. Infants with a hsPDA (score ≥7) had an average RALE score improvement that was 8 points lower (less hazy) than those without an hsPDA, with this being the only statistically significant association.


TABLE 4 Haziness change association with patient characteristics.
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Comparison of patient characteristics for those with a haziness decrease of at least 16 points

To look for specific patient characteristics in infants who had a significant improvement in their RALE score after PDA closure (defined as a decrease of at least 16 points, which would represent an improvement of one density point in all 4 quadrants), a comparison of patient characteristics between those with and without a haziness decrease of at least 16 was performed. As shown in Table 5, in patients with a haziness decrease of at least 16, there was a greater proportion of patients who had a weight at PDA closure in the 1,000–<2,000 category, were CLD Diagnosis class 1, were younger on average by about 0.8 months, had a larger Echo McNamara score and were less likely to have pHTN, all of which reached statistical significance (p < 0.05).


TABLE 5 Comparison of patient characteristics based on haziness change.
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Relationship between baseline patient characteristics and respiratory status

We initially compared the clinical status of patients on PPD-1 (post-procedure day) and PPD-7 to their status the day prior to the procedure. To enhance statistical reliability due to the small sample sizes in several patient categories, several patient characteristics, such as prematurity, birth weight, steroid use, and CLD diagnosis, were combined into broader categories. While 10% of patients required increased respiratory support on PPD-1, the trend strongly shifted toward improvement by PPD-7, where 40% of patients required less respiratory support, compared to only 3% who required increased support. The change in diuretic use was less pronounced, with 6% of patients started on or requiring increased diuretics by PPD-7, while 3% had diuretics weaned, and 9% had them completely discontinued. The analysis and results for associations between patient characteristics and outcomes (diuretic requirements and respiratory support changes) using Fisher's exact test and Wilcoxon rank sum tests, are presented in Supplementary Tables A1 and A2.



Complications

Complications occurred in 9% of patients, including MSSA bacteremia in one patient and one mortality. Inotrope initiation or increase was required in 3% of patients on PPD-1 and in 6% by PPD-7.



Intra-rater and inter-rater reliability

Looking at intra-rater reliability, repeatability was highest for Rater A. Raters B and C had similar repeatability with 39% of total variation coming from repeated measurements. Rater D had 30% total variation from repeated measurements. Aside from Rater A, the ICC for all raters is considered to be “Good” as per Fleis (28) criteria. The ICC for Rater A is considered to be “Excellent” (Supplementary Table A3).

The Inter-rater reliability was the same for all 4 CXR's assessed. 28% of total variation came from differences between raters. The ICC for the inter-rater reliability had a value of 0.72, which is considered to be “Good” as per Fleis (1986) criteria (Supplementary Table A4).

Of note, an ICC of 0.75 and above is considered to be “Excellent” as per Fleis.




Discussion

Management of premature infants with a patent ductus arteriosus remains controversial and difficult due to changing practices and lack of robust evidence outlining the indications and benefits. Several studies have been published in the past decade describing the technical success of TCDC in premature infants, with several cohort studies describing a more rapid return to baseline respiratory status after device closure when compared to surgical ligation (20, 29, 30). One of these retrospective studies looked at premature infants undergoing TCDC with The Amplatzer Duct Occluder II Additional Size (ADO II AS, Abbott Vascular, Santa Clara, California, USA) and provided matched patients that underwent surgical ligation. They found faster respiratory improvement after transcatheter closure (30).

Our study was first born from the notion that some patients had marked improvement in chest x-ray appearance after their PDA closure. There is currently no validated assessment tool to quantify pediatric pulmonary edema. Warren, et al. first described the RALE score to evaluate the extent and density of alveolar opacities on chest radiographs in adult patients with acute respiratory distress syndrome (ARDS). There was excellent between-observer agreement for the total RALE score and individual quadrant scores (intra-class correlation coefficient of 0.93) (24). Nearly 60% of our patients showed a decrease in haziness between their pre- and post-procedure CXR. 16% showed a change of at least 16, which is defined as a change of at least one in each quadrant, which was what we deemed to be clinically significant. The expectation in a hemodynamically significant PDA would be that after closure, x-ray appearance should improve. The literature describes a phenomenon after closure of patients with either transient or progressive worsening oxygenation and ventilation. Following closure, there is an acute increase in systemic vascular resistance and simultaneous decrease in left ventricular preload, which can increase strain on the preterm left ventricle and upstream impact on the pulmonary vascular bed. When pulmonary venous pressure increases, this manifests as pulmonary edema (31). This phenomenon occurring would lead to a less impressive haziness change outcome overall. Another confounding factor is that many patients have significant lung disease, contributing to haziness on x-ray that is not solely edema. While distinguishing pulmonary edema from cystic emphysema or chronic lung disease is challenging, we aimed to attribute immediate postoperative changes to reduced pulmonary edema. Additionally, even though an attempt was made to blind the x-ray scorers from any patient identifiers and time progression during their CXR reading, we realize the presence of the PDA device on the CXR signifies a post-procedure CXR, which might have led to some bias.

Our study analyzed the clinical change in the immediate post-procedure period for our patients. Within a week of closure, 6% of patients required initiation of inotropes. This is similar with the incidence in another study, where they found 8% were diagnosed with low cardiac output syndrome (32). Although not addressed in this study, our institution has previously published that patients undergoing surgical ligation were more likely to require increased respiratory and vasoactive support postoperatively compared to infants undergoing TCDC (33). Our data showed that 40% of patients were able to wean respiratory support after TCDC. This result alone cannot be proven to be due to the procedure itself, as we know that patients that do not undergo intervention are still able to wean support with time. One study showed that the presence or prolonged duration of a PDA might not increase the rate of mortality or morbidities (34). However, we hypothesize that reduced pulmonary over-circulation during the immediate postoperative period also contributed to this weaning process. In 54% of the patients in this study, respiratory support was similar before and after the procedure. This datapoint is difficult to interpret in the absence of other variables. One proposed explanation is that patients who were more critically ill prior to the procedure may continue to require comparable levels of respiratory support postoperatively due to persistent critical illness and underlying lung pathology, despite successful PDA closure.

We then sought to analyze characteristics of patients to better understand which patients experienced more clinical benefit from TCDC, both in clinical respiratory status and by CXR appearance. Analysis was complicated due to the small counts seen in many of the patient categories. This caused instability in the analysis model results, which we attempted to mediate by combining some categories to increase counts in each. Early PDA closure in extremely low birth weight infants, particularly within the first 4 weeks of life, has been associated with preventing pulmonary vascular disease, faster somatic growth, shorter respiratory support duration, and earlier discharge compared to delayed closure (34–37). Although not statistically significant, our data did support trends seen in the literature, as the group of babies with significantly improved CXR's and improved respiratory status were more likely to be younger, weighed less than 2 kg, had more mild chronic lung disease, and had larger PDA's than the babies with less CXR improvement after TCDC. Considering that younger and smaller infants are known to have lung immaturity, one can theorize that pulmonary overcirculation from a hemodynamically significant PDA may lead to more pulmonary edema. The benefit from closure in these patients may be greater due to this varied effect. We did find that there was a statistically significant difference in those that had a higher CLD severity score, as patients with a higher score showed less benefit. The respiratory status in these patients changed less after intervention, likely because the PDA was not the main driver of their symptoms.

Our study leads us to agree with other institutions in how to determine which patients have a hemodynamically significant PDA. In our patient population, only the echo component of our modified McNamara score was associated with improvement, while the Total and Clinical score were not clearly associated. We propose that the clinical score may be falsely elevated in patients with other comorbidities, including CLD, and therefore explain why not as much benefit was achieved after intervention.

Our study was limited by its retrospective nature and our limited control over the timing and nature of the assessment points as well as the interventions. Even though we attempted to look at the relationship between immediate post-procedure radiographic and clinical changes within the first week after the intervention, we realize that our study was not powered to adequately assess the long-term outcomes or their determinants in our patient population. Additionally, given that our study was retrospective, data collection and interpretation were limited by reliance on accurate documentation in the medical record.

In conclusion, our study contributes to the growing evidence that transcatheter closure of the patent ductus arteriosus (TCDC) in premature infants, particularly those with lower birth weight and earlier intervention, may offer clinical benefits, including less evidence of pulmonary edema on CXR and improved respiratory support weaning. However, further studies are needed to better assess which neonates or clinical characteristics indicate more benefit from TCDC. Debates still exist about whether a hemodynamically significant PDA needs to be closed in the early neonatal period in these small neonates but can only be effectively assessed by a properly designed randomized control trial looking at those with and without intervention.
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