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Abstract
BACKGROUND
[bookmark: _Hlk61438923][bookmark: OLE_LINK23][bookmark: OLE_LINK24]Patent ductus arteriosus (PDA) is a common congenital heart abnormality in preterm neonates with a high incidence in neonates with very low birth weights. When PDA persists, interstitial lung water content increases, which could lead to abnormal circulation hemodynamics and pulmonary edema. It is important to perform early and reliable assessment of lung water content in very low-weight preterm neonates with persistent PDA.

AIM
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]To evaluate the role of bedside cardiopulmonary ultrasonography in the lung water content assessment in very low-weight preterm neonates with persistent PDA. 

METHODS
[bookmark: OLE_LINK28][bookmark: OLE_LINK27][bookmark: _Hlk61438972]From January 2018 to March 2020, 69 very low-weight preterm neonates with echocardiography-confirmed PDA were selected as the PDA group. At the same time, 89 very low-weight preterm neonates without PDA were randomly selected as the control group. All neonates underwent echocardiography and 6-segment lung ultrasonography on the fourth day after birth. The clinical characteristics and main ultrasonography results were compared between the two groups. Pearson’s analysis was used to analyze the correlation between lung ultrasonography score (LUS) and other related clinical and ultrasonography results in all neonates. In the PDA group, PDA diameters were recorded, and the correlation with LUS and left atrium to aortic (LA/AO) dimension ratio were also analyzed. LA/AO ratio is one of the ultrasonic diagnostic criteria for hemodynamically significant PDA. When the ratio is ≥ 1.5, it suggests the possibility of hemodynamic changes in persistent PDA. A receiver operating characteristic curve was established using the sensitivity of LUS to predict the hemodynamic changes in neonates with PDA as the ordinate and 1-specificity as the abscissa.

RESULTS
[bookmark: OLE_LINK29]A total of 158 neonates were enrolled in this study, including 69 in the PDA group and 89 in the control group. There were no statistical differences in sex, gestational age, birth weight, ventilator dependence, hospitalization length and left ventricular ejection fraction between the two groups (P > 0.05). The LUS and LA/AO ratio in the PDA group were higher than those in the control group (P < 0.05), but there was no difference of LUS in neonates with or without use of the ventilator (t = 0.58, P = 0.16). In all cases, LUS was negatively correlated with gestational age (r = -0.28, P < 0.01) and birth weight (r = -0.36, P < 0.01), while positively correlated with the LA/AO ratio (r = 0.27, P < 0.01). In the PDA group, PDA diameter was positively correlated with the LA/AO ratio (r = 0.39, P < 0.01) and LUS (r = 0.31, P < 0.01). Receiver operating characteristic results showed that LUS had the moderate accuracy for predicting hemodynamic changes in PDA (area under the curve = 0.741; sensitivity = 93.75%; specificity = 50.94%).

CONCLUSION
[bookmark: OLE_LINK30][bookmark: OLE_LINK31]Bedside cardiopulmonary ultrasonography can evaluate lung content in neonates with PDA and predict the possibility of hemodynamic changes in persistent PDA.
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[bookmark: OLE_LINK18][bookmark: OLE_LINK17][bookmark: OLE_LINK6][bookmark: OLE_LINK5][bookmark: OLE_LINK22]Core Tip: Patent ductus arteriosus (PDA) has a high incidence in very low-weight preterm neonates. If PDA persists, then interstitial lung water content increases, which could cause hemodynamic changes and pulmonary edema. Thus, early and reliable assessment of lung water content is important in these cases. In this study, we performed cardiopulmonary ultrasonography on the fourth day after birth to investigate whether there are differences between neonates with or without PDA. The results indicated that neonates with PDA had higher lung water content. Lung ultrasonography score had moderate accuracy for predicting the possibility of hemodynamic changes in persistent PDA.


INTRODUCTION
[bookmark: OLE_LINK32][bookmark: OLE_LINK33]Patent ductus arteriosus (PDA) is a common congenital heart abnormality in preterm neonates. Neonates with prematurity and low birth weights, especially those with a birth weight less than 1500 g have poorly developed organs and thus a higher incidence of PDA[1]. The direct communication between the aorta and pulmonary artery can result in abnormal pulmonary circulation, left heart overload and poor systemic perfusion[2], which may present with pulmonary edema, pulmonary hemorrhage, left ventricular dysfunction and bronchopulmonary dysplasia[3,4]. Therefore, it is important to perform an early and reliable lung water content and hemodynamic assessment in very low-weight preterm neonates with persistent PDA.
With recent advancements in lung ultrasonography, the detection of a variety of lung diseases in neonates has improved markedly. Studies have reported that changes in the ratio of fluid in the interstitial or pleural spaces can produce artifacts, making it impossible to diagnose pulmonary diseases[5,6]. The B line is an artifact caused by excessive water outside of pulmonary blood vessels, and the number of B lines is related to the severity of pulmonary edema[7]. The lung ultrasonography score (LUS) is a quantitative assessment of B line. In very low birth-weight preterm neonates with PDA, hemodynamic instability mainly manifests as pulmonary edema[8,9]. 
Also, PDA has a characteristic performance in echocardiography. For typical PDA cases, the diagnostic accuracy of echocardiography can be 100%, and the structure and function of the heart can be simultaneously evaluated. At present, the diagnostic criteria for hemodynamically significant PDA include clinical symptoms and echocardiographic indicators, of which the left atrium to aortic (LA/AO) dimension ratio and PDA diameter are important ultrasonic indicators for hemodynamically significant PDA. A ratio of LA/AO ≥ 1.5 suggests the possibility of hemodynamic changes in persistent PDA[10,11]. Therefore, we performed cardiopulmonary ultrasonography in neonates with or without PDA and compared their ultrasonography results to explore the differences, evaluate lung water content and predict hemodynamic changes in very low-weight preterm neonates with PDA.

MATERIALS AND METHODS
[bookmark: OLE_LINK35][bookmark: OLE_LINK34]Study population and data collection
A total of 69 very low-weight preterm neonates with echocardiography-confirmed PDA screened fetal congenital heart defects who were admitted to the neonatal intensive care unit of the Hangzhou First People’s Hospital from January 2018 to March 2020 were enrolled in this study. During the same period, 89 cases without PDA were included as the control group. The inclusion criteria were: gestational age less than 37 wk; birth weight less than 1500 g; and admission to the neonatal intensive care unit of our hospital within 24 h of birth. The exclusion criteria were: congenital malformations and other chromosomal abnormalities identified before birth; and lung diseases caused by definite pathogenic factors (including meconium aspiration syndrome, pulmonary hemorrhage, and pneumonia, etc.). The study protocol was approved by the Ethics Committee of the Hangzhou First People’s Hospital in China (approval no. 2018-30-1) and conducted in accordance with the tenets of the Declaration of Helsinki. Informed consent was obtained from the guardians of the neonates prior to inclusion.

Ultrasonic examination instrument
Ultrasonic examination was performed with the use of Philips IE33 and Philips CX50 United States instruments (Philips Healthcare, Best, the Netherlands). Neonatal cardiac ultrasound probe (12 MHz), high-frequency shallow probe (12 MHz) and micro-convex probe (8 MHz) were used to evaluate the heart and lung functions.

Ultrasonic examination techniques
Ultrasonic examinations were completed on the fourth day after birth. Echocardiography was performed to measure the left ventricular ejection fraction, LA and AO in M-mode with standard planes. Lung ultrasonography was carried out to evaluate lung function in horizontal and vertical scans. Each lung was divided into three regions, namely anterior superior, anterior inferior and lateral. According to the method of Brat et al[12], we scored the lungs as follows (Figure 1): lung sliding with line A or slight line B, 0 point; more than three B lines with a gap between B lines and no fusion, 1 point; diffuse B lines and fusion between B lines with moderate subpleural lung consolidation, 2 points; and extensive consolidation, 3 points. Each region with the most severe performance was scored, the final LUS value was the sum of the scores, and the highest score was 18 points. All ultrasound examinations were performed by the same sonographer who was well-experienced in cardiopulmonary ultrasonography examination. All images were saved and stored in the picture archiving and communication system.

Statistical analysis
All statistical analyses were conducted using SPSS 17.0 software for Windows (IBM Corp, Armonk, NY, United States). Measured data were presented as means ± standard deviations and categorical variables as percentages. Differences between the two groups were determined by Student’s t-test or Chi-square test. Pearson’s analysis was used to analyze the correlation between the LUS and other data in all cases. In the PDA group, Pearson’s analysis was also used to analyze the correlation between the PDA diameter, LUS and LA/AO ratio. A receiver operating characteristic curve was established using the sensitivity of the LUS to predict the possibility of hemodynamic changes in persistent PDA as the ordinate and 1-specificity as the abscissa. P values less than 0.05 were considered statistically significant.

RESULTS
[bookmark: OLE_LINK36][bookmark: OLE_LINK37]General data
A total of 158 cases were included in this study. There were 69 neonates in the PDA group (33 males and 36 females; 68 of them were ventilator dependent) with an average gestational age of 29.09 ± 2.15 wk, an average birth weight of 1195.14 ± 235.96 g and an average hospitalization length of 41.61 ± 22.76 d. There were 89 neonates in the control group (52 males and 37 females; 84 of them were ventilator dependent) with an average gestational age of 29.26 ± 1.93 wk, an average birth weight of 1165.11 ± 230.04 g and an average hospitalization length of 48.67 ± 16.43 d. There were no statistical differences in any of the parameters between the two groups (P > 0.05).

Ultrasonography results in the two groups
Lung ultrasonography results revealed that all cases had different B line characteristics. The LUS of neonates on a ventilator were 8.00 ± 3.66 points, and those not on a ventilator were 5.83 ± 3.12 points. There were no differences between them (t = 0.58, P = 0.16). The ultrasonography results of the two groups are summarized in Table 1. The PDA group had an average LUS of 9.26 ± 3.21 points, with a minimum of 2 points and a maximum of 15 points, whereas the control group had an average LUS of 6.88 ± 3.66 points, with a minimum of 2 points and a maximum of 18 points. The difference in the LUS between the two groups was statistically significant (P < 0.01). There were two deaths in the PDA group with lung scores of 10 points and 16 points, respectively. The average left ventricular ejection fraction value was not statistically different between the two groups (P = 0.22), while the average LA/AO ratio of the PDA group was higher than that of the control group (P = 0.01). Pearson’s analysis showed that the LUS was negatively correlated with gestational age (r = -0.28, P < 0.01) and birth weight (r = -0.36, P < 0.01), while positively correlated with the LA/AO ratio (r = 0.27, P < 0.01).

PDA diameter in PDA group
PDA diameter ranged from 0.08 to 0.35 cm, with an average of 0.20 ± 0.06 cm. PDA diameter was positively correlated with the LA/AO ratio (r = 0.39, P < 0.01) and LUS (r = 0.31, P < 0.01). There were 16 cases with an LA/AO ratio ≥ 1.5. The receiver operating characteristic curve results showed that the LUS had moderate accuracy for predicting the possibility of hemodynamic changes in persistent PDA. The area under the curve was 0.741 (95% confidence interval: 0.621-0.839), and sensitivity and specificity were 93.75% and 50.94%, respectively (Figure 2).

DISCUSSION
[bookmark: OLE_LINK39][bookmark: OLE_LINK38]The lungs were once considered to be blind spots in ultrasonography. Advancements in lung ultrasonography have made it possible to detect a variety of pulmonary diseases, including respiratory distress syndrome, pneumonia, wet lung and pulmonary hemorrhage in neonates[13,14]. The 2019 Guidelines for Ultrasound Diagnosis of Neonatal Lung Diseases confirmed that lung ultrasonography had higher sensitivity and accuracy compared with traditional chest X-rays in the diagnosis of pneumothorax, pulmonary edema, pulmonary consolidation and pleural effusion[15-17]. Ultrasonography also has many advantages; it produces highly reproducible findings without radiation damage. Scanning can also be performed easily at the bedside, which is especially important for critically ill patients. As such, lung ultrasonography has become increasingly used in the diagnosis of lung diseases in general intensive care and child intensive care units[17-22].
Persistent PDA in very low-weight preterm neonates would cause left ventricular enlargement and increase diastolic blood pressure, resulting in congestion of the left atrium and pulmonary vascular bed causing abnormal circulation hemodynamics and pulmonary edema. It was previously reported that the LUS was related to the presence of lung water content[12,23-25], while it is still controversial whether the LUS can directly reflect the severity of pulmonary diseases[26,27]. The aim of the present study was to evaluate lung water content and predict the possibility of hemodynamic changes in very low-weight preterm neonates with persistent PDA. The results showed that the LUS in the PDA group was statistically higher than in the control group and negatively correlated with gestational age and birth weight, suggesting that neonates with lower gestational age and birth weight would had higher lung water content. This would provide useful information for clinical treatment. 
PDA has a characteristic performance in echocardiography, and the LA/AO ratio measured in M-mode is related to the severity of the PDA diameter. The LA/AO ratio and PDA diameter are important ultrasonic indicators for hemodynamically significant PDA, and a LA/AO ratio ≥ 1.5 suggests the possibility of hemodynamic changes in persistent PDA. There were 16 cases with a LA/AO ratio ≥ 1.5 in the PDA group. The receiver operating characteristic curve showed that the LUS had moderate accuracy for diagnosing hemodynamically significant PDA. When the cut-off of the LUS was more than 9 points, its sensitivity and specificity were 93.75% and 50.94%. PDA diameter can be measured and was positively correlated with the LUS and LA/AO ratio. Therefore, it might provide more information for clinicians to determine whether further interventions are needed.
Ultrasonic examinations were completed on the fourth day after birth based on the following reasons: (1) patent ductus is still present 72 h after birth[28]; (2) pulmonary blood vessels dilate after birth, and the pulmonary artery pressure decreases rapidly by 72 h[29]; and (3) examinations at different time points may affect the LUS. Currently, there are several different methods for the LUS calculation. The most widely used are the 6-zone and 12-zone methods[5]. In the present study, the 6-zone method was used. First, as the body surface area of very low-weight preterm neonates was very low, the 6-zone method can cover all inspection areas. Second, some neonates were on ventilators and moving them would increase the risk of tube removal. Last, the dense B line was mainly located in the anterior chest.
This study has several limitations. First, the LUS is a semi-quantitative evaluation of lung function, and there is no established quantitative standard for the number of B lines and the range of lung consolidation. Second, scores are affected by subjective factors of the operator. Different operators may give different scores for the same neonate. It is also difficult to collect large amounts of data from several centers. However, this study involved one sonographer who scored all the cases. Third, very low birth-weight preterm neonates often have other lung problems, indicating that a variety of complex factors may affect the accuracy of the scoring. Fourth, the number of cases in this study is small, and additional studies with a larger sample are needed.

CONCLUSION
[bookmark: OLE_LINK41][bookmark: OLE_LINK40]Cardiopulmonary ultrasonography could evaluate lung water content and predict the possibility of hemodynamic changes in very low-weight preterm neonates with PDA. The LUS in lung ultrasonography is higher in PDA neonates and has a moderate accuracy for predicting hemodynamic changes. Echocardiography can detect PDA and indirectly assess left atrial pressure based on LA/AO ratio. The LUS is positively correlated with PDA diameter and LA/AO ratio and comprehensive assessment of the ultrasonic indicators is needed.

ARTICLE HIGHLIGHTS
Research background
[bookmark: OLE_LINK43][bookmark: OLE_LINK42]Patent ductus arteriosus (PDA) has a high incidence in neonates with very low-birth weights, and abnormal circulation hemodynamics and pulmonary edema may occur in persistent PDA. Lung ultrasonography was reported to be a quantitative method for assessment of lung water content. However, there are few studies reporting its role in neonates with PDA.

Research motivation
[bookmark: OLE_LINK45][bookmark: OLE_LINK44]With recent advancements in lung ultrasonography, the detection of a variety of lung diseases in neonates has improved markedly. The advantages of bedside, radiation free, relatively cheap and reproducible would make it widely used in clinical work.

Research objectives
[bookmark: OLE_LINK46][bookmark: OLE_LINK47]To evaluate lung water content and predict the possibility of hemodynamic changes in very low-weight preterm neonates with PDA.

Research methods
[bookmark: OLE_LINK49][bookmark: OLE_LINK48]In this study, we performed cardiopulmonary ultrasonography in neonates with or without PDA and compared the ultrasonography results including left ventricular ejection fraction, left atrium to aortic dimension ratio and lung ultrasonography score (LUS) between the two groups.

Research results
[bookmark: OLE_LINK50]Results showed that the LUS and left atrium to aortic ratio were higher in neonates with PDA, and the LUS was positively correlated with PDA diameter and left atrium to aortic ratio, indicating that the lung water content was higher in PDA. In addition, the receiver operating characteristic curve showed that the LUS had moderate accuracy for predicting the possibility of hemodynamic changes. The area under the curve was 0.741 (95% confidence interval: 0.621-0.839), and sensitivity and specificity were 93.75% and 50.94%, respectively.

Research conclusions
[bookmark: OLE_LINK51][bookmark: OLE_LINK52]We conclude that bedside cardiopulmonary ultrasonography can evaluate lung water content and predict the possibility of hemodynamic changes in very low-weight preterm neonates with PDA.

Research perspectives
[bookmark: OLE_LINK54][bookmark: OLE_LINK53]The LUS is subjective and operator dependent. A more objective and appropriate evaluation method should be identified. In addition, neonatal lungs are complex, different diseases can have the same ultrasound images, the LUS alone cannot reflect its severity, and comprehensive evaluation is needed.
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Figure Legends
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[bookmark: OLE_LINK57][bookmark: OLE_LINK58]Figure 1 Lung ultrasonography score was evaluated in lung ultrasonography. A: Line A, 0 point; B: Five B lines with no fusion, 1 point; C: Diffuse B lines with moderate subpleural lung consolidation, 2 points; D: Extensive consolidation, 3 points.
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[bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: _Hlk61439024]Figure 2 Receiver operating characteristic curve to predict the presence of hemodynamically significant patent ductus arteriosus using the lung ultrasonography score in patent ductus arteriosus group. Receiver operating characteristic curve showed that lung ultrasonography score had moderate accuracy for diagnosing hemodynamically significant patent ductus arteriosus. The area under the curve was 0.741; when the cut-off of lung ultrasonography score was more than 9 points, its sensitivity and specificity were 93.75% and 50.94%, respectively.

Table 1 Ultrasonography results in patent ductus arteriosus group and control group
	Variable
	PDA group, n = 69
	Control group, n = 89
	P value

	LUS
	9.26 ± 3.21
	6.88 ± 3.66
	< 0.01

	LA/AO
	1.28 ± 0.24
	1.18 ± 0.24
	0.01

	LVEF
	62.70 ± 7.61
	64.00 ± 5.86
	0.22


LA/AO: Left atrium to aortic ratio; LUS: Lung ultrasonography score; LVEF: Left ventricular ejection fraction.
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