Introduction
Bronchopulmonary dysplasia (BPD) is the most common disease of infantile chronic lung disease. Several recent studies revealed that the incidence of BPD has increased greatly in both developed and developing countries, such as the United States, Europe and China, which means BPD has become the most serious neonatal pulmonary condition associated with premature birth [1, 2, 3]. BPD could result from several factors, including the immature development of the lungs, inflammation, infections, injuries of mechanical ventilation and supplemental oxygen etc. The lung structures of the infants with BPD are impaired, which leads to the long hospitalization and high readmission rate [4]. 
The current consensus on BPD includes bedside CXR for management guidance, whereas X-ray computed tomography (CT) scans may be used in severe infants to further assess the lesions [5]. However, infants with BPD, especially moderate and severe BPD, requires imaging following-up frequently, there are concerns regarding the ionizing radiation exposure associated with X-ray, particularly for the nontrivial cumulative exposures from longitudinal monitoring in neonatal populations. As a new method to assess pulmonary lesions, lung ultrasound has perform the advantage on diagnosing other common pulmonary diseases in newborns such as neonatal respiratory distress syndrome, transient tachypnea, pneumonia and so on. [6]
There are only a few literatures on the lung ultrasound diagnosing BPD. With the sagittal transhepatic scanning, retrodiaphragmatic hyperechogenicity was thought a valuable lung ultrasound feature to predict BPD [7, 8]. Alonso-Ojembarrena et al [9] applied the semi quantitative method with lung ultrasound score to predict moderate-severe BPD at 1 to 6 weeks age of ‘life, the sensitivity was 42.9% to 100% and specificity was65.4% to 100%. Liu J et al [10] found that the ultrasonic imaging of infants clinically diagnosed BPD performed atelectasis, pneumonia, pulmonary edema and other manifestations, which indicted lung ultrasound might be an important way to identify the pulmonary causes of BPD. In a review about the multimodality update of imaging BPD, lung ultrasound isn’t considered as a safe alternative to chest radiography, because of its nonspecific artifacts [5]. However, due to limited literatures of BPD lung ultrasound, the basis of this view is insufficient. Thus, much more lung ultrasound research on BPD is needed to evaluate the value of this imaging method.  

The aim of this study is to describe the features of lung ultrasound imaging of mild, moderate and severe BPD, especially to investigate the value in evaluating moderate and severe BPD. Considering the clinical symptoms and CXR images of infants with BPD are similar to those with pneumonia, we compared the lung ultrasound of BPD infants with pneumonia infants and without pulmonary disease in our study.
Materials and methods
2.1 Study subjects and design    
Subjects were recruited from the NICU with Institutional Review Board approval and informed parental consent. According to the clinical history and diagnosis, the patients were divided into BPD group, non-pulmonary disease group and infectious pneumonia group. Inclusion criteria for patients with BPD included: history of prematurity (<37 weeks GA); clinically diagnosed BPD according to the current NICHD/NHLBI consensus definition [11].
Inclusion criteria for non-pulmonary disease group included: history of prematurity (<37 weeks GA); no history of intrauterine distress, no symptoms or signs of dyspnea after birth.

Inclusion criteria for pantients with infectious pneumonia included: clinically diagnosed infectious pneumonia according to the respirotory symptoms (cough, shortness of breath, dyspnea and abnormal temperature), abnormal blood routine, CPR>8mg/L and the chest radiographs suspected of pneumonia.
Exclusion criteria for patients with BPD included: with major congenital and chromosomal malformations; with oxygen dependence caused by other system diseases, such as intracranial lesions. 

Each infant enrolled underwent both LUS and CXR. The interval between the two exams was less than 7 days. The BPD infants were scanned at the time point of BPD assessment (no more than one week before and after 36wk postmenstrual age of the infants). The operator who skilled in lung ulsonography was blinded to the patients’ radiographic findings.
2.2 Instrumental examination

The lung ultrasound examinations were performed at bedside with a convex 8C-RS probe and a linear 9L-RS probe (VolusonTM S8pro, GE Health care, Milwaukee, WI, USA) . 

The babies were in supine, lateral or prone position. With the linear probe, lungs on both sides were observed through six lung areas. The parasternal line, the anterior axillary line and the posterior axillary line were used to divide each lung into three areas. With linear probe, the lung was performed from medial to lateral in the sagittal section, and from top to bottom in the transverse section. In addition, convex probe was used as a supplement of linear probe. Sagittal and transverse scans were performed through the right lobe of liver and spleen to detect the base of both lungs and the diaphragmatic morphology. 

All the images were stored in the machine and copied out to be evaluated later after the examination was completed. 

2.3 Ultrasound observation

Pleural line

We measured the thickness of the pleura (the probe was perpendicular to the chest wall) and observed the shape of the pleura line, which was smooth or coarse.

Alveolar-interstitial syndrome (AIS) and diffuse AIS

Alveolar-interstitial syndrome is defined as the detection of mutiple or confluent B lines between one rib. If the number of lung areas with AIS per infant is more than four totally, it is defined as diffuse AIS.

Retrodiaphragmatic hyperechogenicity

With the convex probe, we observed the reverberation of the area above the diaphragm. It is abnormal if there is persistent retrodiaphragmatic hyperechogenicity which replaced the hypochogenicity of normal lung. This sign was defined if there were multiple sheets of hyperechoes above both sides of the diaphragm. 

Diaphragmatic morphology

We observed the diaphragm of all the infants whether the diaphragmatic line is smooth or rough. Furthermore, we studied carefully if there was any small cyst near the diaphragm. 

2.4 Lung ultrasound features of BPD

We compared not only the lung ultrasound images features of mild BPD group with the non-pulmonary disease group and infectious pneumonia group, but also compared the features of moderate to severe BPD group with the infectious pneumonia group. In this way, the characteristics of BPD in different degrees are summarized. 
2.5 Ultrasound and CXR evaluation of moderate and severe BPD

After summarizing the lung ultrasound features of moderate and severe BPD, we investigated the value of lung ultrasound in evaluating moderate and severe BPD, which was compared with CXR furthermore. 

The diagnostic evaluation based on CXR was made by a pediatric radiologist. The criteria for CXR to diagnose moderate and severe BPD are: coarse reticular opacities, cystic appearing lucencies and disordered lung aeration. [12] 

2.6 Statistical Analysis
All the data was analyzed with Stata 15.0. Continuously distributed variables were expressed as median interquartile range. Nonparametric continuous variables (gestational age, neonatal weight, pleural thickness) were compared by using the Wilcoxon Signed Ranks Test with a P value <0.05 considered statistically significant. Categorical variables were expressed as counts and percentages. The differences in the rate of abnormal pleural line, diffuse AIS, retrodiaphragmatic hyperechogenicity, irregular diaphragm line and small cysts were compared by a chi-squared test or Fisher’s exact test (theoretical number <5), and the level of significance was set at P<0.05. According the lung ultrasound features of BPD, we calculated the sensitivity, speciality, positive predictive value, negative predictive value of lung ultrasound in evaluating moderate and severe BPD, which was compared with CXR furthermore. 

Results

In this study, there were 69 cases in BPD group, and 411 lung areas were explored. The number of the non-pulmonary disease group was 39, and totally 231 lung areas were observed. There were 43 cases in infectious pneumonia group, and 291 lung areas were observed. The patients’ general characteristics and clinical data are described in Table 1.
3.1 Lung ultrasound findings in BPD group

Table 2 shows the lung ultrasound findings of BPD group, non-pulmonary disease group and infectious pneumonia group.
Pleura line
The median pleura thickness of mild, moderate and severe BPD was respectively 1.7 (1.55-1.8) mm, 1.7 (1.6-1.9) mm and 1.65 (1.6-1.8) mm, and there was no significant difference between the three groups. The proportion of lung areas with rough pleural line in moderate and severe BPD were significantly higher than that of mild BPD .

Diffuse AIS（Figure 1a）
According to the lung areas involved among the infants with mild, moderate and severe BPD, the proportion of AIS were 67.6% (98/145), 85.1% (149/175) and 92.3% (84/91) respectively. The percentages of the infants suffering from mild, moderate and severe BPD with diffuse AIS were 37.5% (9/24), 55.2% (16/29) and 93.8% (15/16). The proportion of diffuse AIS in severe BPD was significantly higher than that in mild and moderate BPD.
 Retrodiaphragmatic hyperechogenicity (Figure 1b and Figure 1c)

Among the infants suffering from mild, moderate and severe BPD, 12.5% (3/24), 58.6% (17/29) and 56.3% (9/16) had the sign of retrodiaphragmatic heperechogenicity. The proportions of retrodiaphragmatic heperechogenicity in moderate and severe BPD were significantly higher that that in mild BPD. 
 Diaphragmatic morphology

The percentages of rough diaphragm (Figure 2a and 2b) in the mild, moderate and severe BPD infants were 0, 20.7%(6/29) and 56.3%(9/16). In the moderate and severe BPD group, the percentages of rough diaphragm were significantly higher than that in mild BPD group.

The percentages of small cysts near the diaphragm (Figure 2c and 2d) in mild, moderate and severe BPD were 0, 34.5% (10/29) and 43.8% (7/16). The percentage of small cysts in the severe BPD is higher than that of moderate BPD, and that in moderate BPD was also significantly higher than that in mild BPD. 

3.2 Lung ultrasound features of the mild BPD

The pleura thickness of non-pulmonary disease group and infectious pneumonia group was 1.2 (1.1-1.4) mm and 1.5 (1.3-1.7) mm. The pleura of mild BPD was significantly thicker than that of non-pulmonary disease group and infectious pneumonia group. The proportion of rough pleura in mild BPD is significantly higher than that in non-pulmonary disease group and infectious pneumonia group. In the mild BPD, the proportion of lung fields with AIS was significantly higher than that of both non-pulmonary disease group and infectious pneumonia group.The percentage of diffuse AIS in mild BPD group was also significantly higher than that in non-pulmonary disease group and infectious pneumonia group. No small cysts were found near the diaphragm line in all the groups. Comparing the rough diaphragm, there was no significant statistical difference among the mild BPD, non-pulmonary disease group and infectious pneumonia group. 

3.3 Lung ultrasound features of the moderate and severe BPD

The pleura thickness of the moderate BPD group and the severe BPD group were respectively 1.7(1.6-1.9) mm and 1.65(1.6-1.8) mm, which were both thicker than that of non-pulmonary disease group and infectious pneumonia group. The proportion of rough pleura in moderate and severe BPD groups were significantly higher than that of the non-pulmonary disease group and infectious pneumonia group. In the moderate and severe BPD groups, the proportion of lung fields with AIS were significantly higher than that of the non-pulmonary disease group and infectious pneumonia group. Furthermore, the percentage of the diffuse AIS in the moderate and severe BPD group were also higher than that in the non-pulmonary disease group and infectious pneumonia group. Both in the moderate and the severe BPD group, the percentage of small cysts near the diaphragm line was 34.5% (10/29), and the percentage of small cysts in the severe BPD group was 43.8% (7/16), both of which were significantly higher than that in the non-pulmonary disease group and infectious pneumonia group. The percentages of rough diaphragm in the moderate BPD group and severe BPD group were 20.7% (6/29) and 56.3% (9/16), which were significantly higher than that of the non-pulmonary disease group and the infectious pneumonia group. 

3.4 The value of lung ultrasound in the evaluation of moderate and severe BPD

Based on the above comparative analysis, there are three characteristics of BPD lung ultrasound images: 1. diffuse AIS 2. small cysts near the diaphragm line 3. rough diaphragm, all of which are most consistent with the clinical characteristics of moderate and severe BPD. If two of the three signs were seen, the ultrasound evaluation of moderate or severe BPD was considered positive. Table 3 shows our results of the lung ultrasound diagnosis of moderate and severe BPD, which was compared with the results of CXR (Table 4). There were no significant differences of sensitivity, specificity, positive predictive value, negative predictive value between the lung ultrasound and CXR (P>0.05). 

Discussions
The assessment of BPD is mainly based on the requirement of oxygen therapy at 36wk post-menstrual age. Before the time point, neonatologists need to evaluate the severity of BPD in infants [13]. In addition to the clinical observation, imaging evaluation is also necessary. In NICU, bedside chest radiography is always the only way of imageology that is available. However, the reliability of CXR for the diagnosis of BPD is limited [14]. Especially to the extremely low birth weight infants, the correlation between radiographic findings and pathologic criteria is poor [15]. In our study, about 37.7% of the infants in the BPD group were ELBW. In order to describe the characteristics of BPD ultrasound images, we compared these patients with immature infants without pulmonary diseases and infants with infectious pneumonia.

Lung AIS is a non-specific ultrasound sign, which originates from the partial air loss of lobes and segments [16], such as the thickened interlobular septa, the exudation in the alveolus, and the fluid outside the alveolar capillaries. Although BPD, pneumonia and preterm infants have overlaps in chest radiographs, there are differences in their anatomy and pathology, which can be reflected by the scope and degree of AIS. Copetti et al. observed some preterm infants of 36 weeks’ gestational age and find some B-lines at the lung base [17]. In the non-pulmonary disease group, most of the preterm infants’ gestational age were between 30 weeks and 37 weeks, the proportion of AIS was higher than normal term infants [18], which indicates more water in lung interstitium. Despite all this, the proportion of AIS in the non-pulmonary disease group were significantly less than that of BPD group. In the early stage of life, the damage of BPD to the respiratory system is that the infants are prone to recurrent reactive airway disease and pneumonia, especially lower respiratory tract infection [19]. It has been found out that to the infants with BPD, when the lung is infected, the inflammatory reaction will cause further damage to both lungs [20]. AIS is also related with the increase of water content in both lungs and the damage of alveolar tissue. Avni et al observed the abnormal retrodiaphragmatic hyperechogenicity to predict the chronic lung disease, and found out that the abnormal retrodiaphragmatic hyperechogenicity and the interstitial changes of both lungs were correlated. In neonatal pneumonia, AIS may occur due to the inflammatory exudation of local pulmonary lobes or two lungs. The fibrous exudation of bronchioles, neutrophils and macrophages in the alveoli lead to the emergence of AIS. The difference of AIS between BPD and infectious pneumonia is that most of the former is diffuse and the latter is prone to be local. In our study, the proportion of AIS and diffuse AIS in infants with different degrees of BPD was higher than that in the other groups, which corresponded to their pathological characteristics.  

In our study, small cysts were found as one of the lung ultrasounds features of the moderate to severe BPD. These cysts were small in diameter, about 1-3mm. Most of the cysts were at the junction of the lung base and the diaphragmatic surface. A few of them were under the pleura and at the surface of the lungs. A study by Pieper et al demonstrated the retrodiaphragmatic hyperechogenicity can predict BPD with great value at day 9 of life. But so far, there’s no report on the appearance of the small cysts in the ultrasound image of lung. We observed 17 cases of small cysts totally, 10 with moderate BPD and 7 with severe BPD. No small cysts were found in mild BPD, non-pulmonary disease group and infectious pneumonia group. In chest radiograph, cystic appearance is one of the BPD characteristics because of the expanded alveoli and emphysema, the cysts mean the air filled in. While in the ultrasonography, cysts mean fluid. To the lung ultrasound of BPD, what do the small cysts come from? In Weiwei Zhang’s research, the MSCT images showed the lower part of the lung tissue was difficult to ventilate. And a large quantity of mucus was seen, which were surrounding. The mucus plugs mainly had a watery appearance [21]. To some extent, these mucus plugs are the reason of the small cysts in the lung ultrasound images. In our study, the more obvious the small cystic change and the larger the involved area, the more serious the degree of BPD. After long-term ventilation treatment, some alveolar septa of the BPD infants will become necrotic due to oxygen toxicity and air pressure injury. After repair, there will be fibroplasia and dysplasia of some alveoli. These pathological changes will lead to the disorder of the structure around the small cysts. 
The detection of diaphragm with convex probe was an indirect observation of the surface morphology of lung base. In the absence of pleural effusion and pneumothorax, the visceral pleura on the lung surface is close to the parietal pleura. The diaphragmatic surface shows the shape of the lung base surface. The lung surface of children with moderate or severe BPD is pebble like, which is caused by the alveoli with different shapes. Some of the alveoli are emphysema, some of them are normal, and some of the alveolar septum is fibrotic. Tremblay et al. observed the lung damage area of the severe BPD, and found that the damage of lung was not uniform, which was mainly concentrated in the gravity dependant area, that is, the posterior and inferior lung field [22]. the posterior lower part of the lung field. In our study, using the convex probe to observe the shape of the diaphragms on both sizes, we can exactly observe the surface morphology of the seriously affected lung base. Avni and Pieper didn’t report finding abnormal patterns of the diaphragm due to the earlier examination, within 28 days after birth. Swischuk et al. carried out chest radiograph followed-up monitoring on premature BPD children, about 65% of which still had the bubbly lungs in later stage [23].

According to statistical induction, diffuse AIS, small cysts and rough diaphragm are the three major factors of lung ultrasound in judging moderate and severe BPD. Compared with CXR in the evaluation of moderate and severe pneumonia, both had high specificity but low sensitivity. Therefore, as another bedside imaging method, lung ultrasound has the same value as CXR in evaluating moderate and severe BPD. In addition, as ultrasound has no radiation injury, it can reduce the use of CXR in the clinical practice with benefits in terms of irradiation. Even though lung ultrasound can’t substitute for the chest X-ray, it is still a good choice for pediatricians to follow up the BPD, especially when the condition is serious.   

In conclusion, the lung ultrasound features of moderate and severe BPD are diffuse AIS, small cysts near the diaphragm and the rough diaphragm, while the mild BPD doesn’t show some special lung ultrasound characteristics. These findings will further expand the application of lung ultrasound in NICU and help the doctors judge the condition of BPD.  
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