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Summary: 
Pneumothorax (PTX) is one kind of common emergency and critical disease in newborn infants, which needs rapid clear diagnosis and timely treatment. Traditionally, diagnosis and treatment based on chest x-ray have been associated with delayed management and radiation damage. Lung ultrasound will provide useful guidance for the rapid and accurate diagnosis and precise thoracentesis of PTX.

Abstract:
Pneumothorax represents accumulation of the air in the pleural space. Large-enough or tension pneumothoraces can collapse the lung and cause hemodynamic compromise indicating a life-threatening disorder. Traditionally, neonatal pneumothorax diagnosis has been based on the clinical picture, auscultation, transillumination and chest x-ray findings. This approach may potentially lead to a delay in both diagnosis and treatment. The use of lung ultrasound in diagnosis of pneumothorax together with US-guided thoracentesis results in earlier and more precise management. This consensus and recommendations are aimed to improve the application of lung ultrasound in guiding neonatal pneumothorax diagnosis and management.

Introduction:
[bookmark: OLE_LINK1][bookmark: OLE_LINK11]Pneumothorax (PTX) is defined as the presence of air within the pleural space. It is a well-recognized medical emergency with high mortality rates especially in neonates with associated risk factors1-3. The incidence of PTX is reported to be 1-2% in term infants and 6% in premature infants with respiratory distress2-3. In addition, lung ultrasounds (LUS) performed on asymptomatic term infants show that the incidence of mild PTX in these patients can be as high as 10% 2,3. Risk factors associated with increased incidence of PTX include meconium aspiration syndrome (MAS), respiratory distress syndrome (RDS), and persistent pulmonary hypertension of the newborn (PPHN)4-7. A one minute Apgar score ≤ 7 was associated with 2.67 times increased risk of PTX (95% CI 1.14-6.25)8. Increasing peak inspiratory pressure (PIP) during conventional mechanical ventilation has been shown to be a risk factor for PTX, and a PIP increase of 1 cmH2O increases the odds of PTX by 1.46 (95% CI 1.02-2.07)8. The incidence of PTX in infants with birth weight (BW) <2500g is increased almost 10-fold compared to those with BW ≥2500g8. Notably, PTX is associated with increased mortality with an odds ratio of 5.27 (95% CI = 1.96-14.17)7. Apiliogullari et al reported that the aggregate mortality was as high as 30% in PTX patients while survivors also had an increased rate of bronchopulmonary dysplasia (4.28 times vs controls)9. Therefore,  early and accurate diagnosis followed by adequate treatment is imperative3-14. Lately, less expensive ultrasound imaging systems have become readily available, and non-ionizing, fast and repeatable LUS represents a seamless tool for the diagnosis of neonatal PTX.

PTX is traditionally diagnosed by clinical presentation, auscultation, transillumination and chest x-ray findings. In some cases of non-tension PTX watchful waiting is warranted. However, large PTX or tension PTX requires prompt evacuation of the air in the pleural space by thoracentesis. Obtaining a chest x-ray image can be time-consuming and prolong the diagnosis of tension PTX. For these reasons, in many neonatal intensive care units (NICUs), LUS has been replacing chest x-ray in diagnosing PTX due to its superior sensitivity and specificity15-17. Moreover, LUS has been shown to be more accurate than chest x-ray even for small, non-tension PTX18-27. LUS signs of PTX were first studied and described in adult critical patients. Patients with suspected PTX were scanned by LUS and computed tomography (CT). LUS signs characteristic of PTX were abolition of lung sliding in the B-mode (corresponds to the ‘stratosphere sign’ in the M-mode), presence of the A-lines and the lung point. In the same study, abolition of lung sliding alone has sensitivity of 100% and a specificity of 78% for PTX. Absent lung sliding together with the presence of A-lines had a sensitivity of 95% and a specificity of 94% while lung point alone had sensitivity of 79% and a specificity of 100%18.

[bookmark: OLE_LINK7]Similarly, the usefulness of LUS to diagnose PTX has been described in infants19-24. CT could not be used as the gold standard in neonatal patients, thus LUS was compared with chest x-ray and clinical exam findings. Most of the studies included infants with sudden deterioration of their respiratory status where LUS was performed before or after chest x-ray. The diagnostic accuracy was: sensitivity 100%, specificity 100%, positive predictive value 100% and negative predictive value 100%16-19. In cases characterized by large PTX,‘lung point’ was absent, which consequently decreased the sensitivity of this sign to 75- 95%21,22.The average time to perform the diagnostic tests in these studies was 5.3 ± 5.6 minutes for LUS versus 19 ± 11.7 minutes for a chest x-ray 19. As expected, LUS showed better diagnostic accuracy than chest transilumination19. Keeping in mind that in infants with tension PTX the needle is blindly placed in the second intercostal space at the midclavicular line, it is not surprising to see treatment failure and/or complications6. On the other hand, PTX thoracentesis performed under LUS guidance has shown promising results in infants 28,29.

Neonatal Lung Ultrasound Training Base of China, Chinese College of Critical Ultrasound, as well as the World Interactive Network Focused On Critical Ultrasound China branch have organized this international expert panel that reviewed the latest literature related to the neonatal PTX diagnosis and treatment aimed at the improvement in the application of LUS based diagnosis and treatment of PTX.

Patients and timing of the examination
[bookmark: OLE_LINK6]LUS exam can be used on any neonate in respiratory distress. It is emergently indicated in the following situations: (i) Suspicion of PTX in neonates with sudden deterioration of respiratory status. (ii) Before and after thoracentesis.

Lung Ultrasonography Terminology used in PTX diagnosis
Frequently used ultrasound terms in diagnosis of PTX include: A-line, B-line, confluent B-lines, compact B-lines, alveolar-interstitial syndrome, pleural line, lung sliding, ‘lung pulse’, ‘sandy beach sign’ and ‘stratosphere sign’. The exact definitions of the terms used have been described in detail previously 30-34. 

[bookmark: _Hlk26279233]Protocol:
[bookmark: OLE_LINK8]This work was approved by the Research Ethics Committee of Beijing Chaoyang District Maternal and Child Healthcare Hospital & Beijing Chaoyang District Bureau of Science, Technology and Information. The study protocol follows the guidelines of the hospital’s human research ethics committee.

1. Ultrasound exam preparation

1.1 Probe selection

1.1.1 Select a high-frequency linear probe (≥10.0 MHz) to scan the lungs.

1.2 Probe disinfection

1.2.1 Sterilize the transducer before and after each examination.

1.3 Preset selection

1.3.1 Select the LUS preset.

1.3.2 Optimize imaging settings for examination when no LUS preset is available.

1.3.2.1 Select one of the Small Parts presets.

1.3.2.2 Adjust depth to 4-5 cm using the depth button.   
             
1.3.2.3 Adjust the Focus Zone button to have 1 or 2 focuses.

1.3.2.4 Adjust the focus close to the pleural line. 

1.3.2.5 Turn on the SRI (Speckle Reduction Imaging) by clicking the button and selecting a level of 2-3(to reduce the speckle noise).

1.3.2.6 Turn on the CRI button (Crossbeam) selecting a level of 2 to improve the contrast resolution.      
         
1.3.2.7 Select fundamental imaging for sharper A-lines or B-lines.

1.4 Using ultrasound gel 

1.4.1 Apply the appropriate volume of warm gel on the transducer to keep it in good contact with the skin surface.

2. Place the infant in a suitable position

2.1 Keep the infant quiet. Use a pacifier when necessary. 

2.2 Keep the infant in supine, prone or side-lying position for examination.

3. Partitioning the lungs

3.1 Six-regions: Divide each side of the lung into three regions along the anterior axillary and posterior axillary line, that are anterior, lateral and posterior areas. Thus, both lungs are divided into 6 regions.

3.2 Twelve-regions: Divide each lung into upper and lower lung fields by the nipple connection line. Thus, there were totally of 12 regions on both lungs.

4. Procedure for LUS imaging 

4.1 B-mode scanning

4.1.1 Press the 2D button or B key to start B-mode scanning.

4.1.2 Place the transducer perpendicular to the ribs to start perpendicular scanning. Identify the presence of pleural line, A-line and B-lines.

4.1.3 On real-time ultrasound observe whether there is lung sliding or ‘lung point’.

4.1.4 Rotate the probe 90 degrees to start parallel scanning.		

NOTE: (i) The exam must cover the entire bilateral lung fields. Start at the highest part of the thorax, especially in emergency situations. Since newborns are usually placed in supine position, this zone is usually located at both sides of the sternum. (ii) Bilateral perpendicular scanning is the most essential scanning method, while parallel scanning is helpful for diagnosing mild-to-moderate PTX.

4.2 M-mode scanning

4.2.1 Press M-button to start M-mode scanning. Look for the presence of ‘stratosphere sign’ or ‘lung point’ that signify PTX. 

NOTE: In more experienced sonographers PTX can be detected by using B-mode only. M-mode scanning can be used to confirm the B-mode findings in less experienced examiners.

5. Identifying the presence of pneumothorax

5.1 Observe if the pleural line, A-lines and B-lines exist on B-mode.

5.2 Observe if lung sliding and ‘lung point’ exist on real-time US.

5.3 Observe if ‘stratosphere sign’ is present on M-mode.

6. Identifying the degree of the PTX 

6.1 Identify the degree of PTX according to the LUS findings.

[bookmark: OLE_LINK3]7. LUS-guided thoracentesis 

7.1 Select an appropriate puncture needle (18-20 gauge needle or angiocatheter connected to 20ml syringe and 3-way stopcock).

7.2 Body positioning

7.2.1 Keep the infant in a quiet state. Assure adequate pain control according to the local unit policy.

7.2.2 Place the infant in the supine, prone or side position before thoracentesis, allowing the air on the affected side to raise up. 

7.2.3 Don a pair of sterile gloves. Disinfect the puncture area before puncturing.

7.3 Identify suitable puncture point 

[bookmark: OLE_LINK12]NOTE: When identifying suitable puncture point, obey the following principles:(i) Intercostal space where the pleural line and A-lines exist on B-mode.(ii) Intercostal space that presents with ‘stratosphere sign’ in M-mode.(iii) Intercostal space where lung sliding disappears on real-time ultrasound.

7.4 Thoracentesis

7.4.1 Keep the infant in stable position. 

7.4.2 Evacuate the pleural air by needle aspiration at the selected puncture point. Alternatively, chest tube may be placed immediately. 

NOTE: In general, thoracentesis achieves good results. We strongly recommend adequate pain control (local 1% lidocaine injection in the dose of 0.5 to 1.0 mg per kg or enteral pain control as per unit policy). The use of a pacifier is also encouraged. Larger or tension-PTX is at increased risk of having an underlying bronchopulmonary fistula. It may need a prolonged period of continuous chest tube drainage. We recommend postprocedural LUS evaluation of the affected side. Cover the insertion site with small petroleum gauze once thoracentesis is completed.

REPRESENTATIVE RESULTS:

The main purpose of this guideline is to direct users on how to perform US-guided thoracentesis to treat PTX. Normal neonatal lung appears as ‘bamboo sign’ on B-mode ultrasound and as ‘seashore sign’ on M-mode ultrasound. Lung sliding is clearly evident under real-time ultrasound (bamboo sign Figure 1A and seashore sign in Figure 1B, see Video 1 for lung sliding31-34.

Pneumothorax is diagnosed based on the following LUS imaging characteristics: (i) Disappearance of lung sliding. This is the most important sign in the ultrasound diagnosis of PTX. (ii) There are no B-lines. (iii) The pleural line and A-lines are present. (iv) On M-mode imaging normal ‘sandy beach sign’ is replaced by the ‘stratosphere sign’ which is highly specific of PTX. (v) Presence of ‘lung point’ in mild to moderate PTX. This sign may not be found if PTX is large enough30-34. The pneumothorax diagnostic flowchart program is presented in Figure 234.

Identifying the degree of pneumothorax
PTX degree can be identified by the following characteristics: (i) Mild PTX: LUS signs of PTX exist in anterior chest areas only when placing infant in supine position. The area where lung sliding disappears is approximately less than 50% of the whole lung field or the spared areas exist. Lung point is easily identifiable due to the presence of normally expanded lung. If presence of spared area generally suggests a mild PTX. (ii) Moderate PTX: With infant in supine position LUS signs of PTX are demonstrated in anterior and lateral chest areas. The area where lung sliding disappeared is more than 50% of the whole lung field. Identifying the transitional ‘lung point’ area may be challenging. (iii) Severe PTX: LUS signs of PTX exist in anterior, lateral and posterior lung areas. Lung sliding is absent in all lung areas. No identifiable ‘lung point’.

[bookmark: OLE_LINK10]Thoracentesis under lung ultrasound guidance
The baby can be placed in the supine, prone or side position. Slight elevation of the upper body helps obtain more complete air evacuation. If severe PTX is present, the thoracentesis must be performed immediately (Figure 3, Video 2). Place the patient in a prone position (Figure 4A), side position (Figure 4B) or supine position. In the case of tension PTX, continuous air drainage with chest tube can be used with infant in a supine position (Figure 4C). In moderate PTX, if thoracentesis is indicated, the site of needle insertion is selected anywhere in the field where lung sliding is absent (Figure 5, Video 3). Mild PTX (Figure 6, Figure 7, Video 4, Video 5, Video 6) generally does not require thoracentesis. However, if the primary pulmonary disease of the infant is more severe and infant presents with clinical deterioration then thoracentesis may be indicated (Figure 8, Video 7). 

Figure legends:

Figure 1: Normal neonatal LUS. (A) B-mode ultrasound: Pleural line and A-lines are smooth, regular and straight hyperechoic lines, parallel and equidistant from each other. A-lines gradually diminish and finally disappear off the screen. (B) M-mode ultrasound: Above the pleural line are linear hyperechoic lines that correspond to the non-moving skin, subcutaneous and muscle tissue. Below the pleural line is the normal lung tissue that moves with each respiration leaving grainy appearance. These M-mode findings create ‘seashore sign’. 

Figure 2: The pneumothorax diagnostic flowchart program. This flowchart program tells us the B-mode ultrasound is the most important method to diagnosis PTX, while M-mode ultrasound is helpful to confirm the diagnosis. This figure is reproduced from Liu et al.34

Figure 3: Severe PTX. B-mode ultrasound (the upper part): Pleural line and the A-lines are present looking as normal LUS. M-mode ultrasound (the lower part) shows ‘stratosphere sign’ as the lung below the pleural line is displaced by PTX (absence of moving lung under the pleural line voids the normal grainy appearance).

Figure 4: Body position. (A) Infant in prone position. (B) Infant in side position. Angiocatheter is used to evacuate the air from the pleural place. It is connected to 20 ml syringe. (C) Chest tube under continuous suction.

Figure 5: ‘Lung point’ in moderate PTX. B-mode ultrasound: ‘Lung point’ with an area of disappeared lung sliding that is larger than 50% of the whole field suggesting moderate PTX. Evacuation of air is in general needed with this degree of PTX. The needle puncture site can be selected anywhere in the lung field where lung sliding is disappeared.

Figure 6: ‘Lung point’ in mild PTX. B-mode ultrasound: ‘Lung point’ with an area of disappeared lung sliding that is smaller than 50% of the whole lung field suggests moderate PTX. Evacuation of air is rarely needed.

Figure 7: Spared area of normal lung in mild PTX. The pleural line and A-lines exist In the middle field of the lung while the significant B-lines exist in the upper and lower field of the lung, this kind of lung ultrasound sign in known as spared area. You can find existence of two ‘lung points’ at such a condition.The presence of spared area generally suggests a mild PTX (please see also Video 6). Air evacuation is usually not needed in such a condition.

Figure 8: Spared area of normal lung in mild PTX. A male patient with gestational age of 41 weeks and birth weight 3200 grams. Admitted to the NICU because of dyspnea 20 minutes after birth. LUS showed that spared areas existed in the left anterior chest only. B-mode LUS (Figure 8) and real-time US (Video 7) suggests the presence of mild pneumothorax in the left chest together with pneumonia. Although infant had only a mild PTX it was accompanied by severe dyspnea not alleviated with mechanical ventilation. Thus, the pleural puncture was performed. Infant’s status significantly improved upon drainage of 15 ml of air from the left chest.

Video 1: Normal neonatal LUS. Positive lung sliding under real-time ultrasound appears as shimmering of the pleural line.

Video 2: Severe PTX. Absence of lung sliding under real-time ultrasound.

Video 3: Lung point in moderate PTX. Under real-time ultrasound ‘lung point’ presents as an alternate point of lung sliding emergence and disappearance.

Video 4: Lung point in mild PTX. Under real-time ultrasound ‘lung point’ presents as an alternate point of lung sliding emergence and disappearance.

Video 5: Spared area in mild PTX. Under real-time ultrasound, two alternating points of lung sliding emergence and disappearance, indicating two ‘lung points’ and a spared lung field area.

Video 6: Spared area of in mild PTX. A spared area is present in the left anterior chest on real-time LUS.

Video 7: Spared area of in mild PTX. On real-time US you can find the lung sliding disappeared (but the pleural line and A-lines exist) in the middle field of the lung while the lung sliding (as well as significant B-lines) exists in the upper and lower field of the lung, that is the presence of spared area, suggesting mild pneumothorax in the left chest.

Discussion
LUS for the diagnosis of neonatal PTX is attainable and timely diagnostic modality17,19-23,30,35-38. Recent animal studies found that the LUS diagnosis of PTX is very accurate and reliable 39,40. In one of these studies LUS and chest x-rays findings of PTX were compared to CT scans as a gold standard and confirmed that the LUS is superior to the chest x-ray in diagnosis of small PTXs40. In newborn infants with PTX, LUS sensitivity and specificity are also higher than when using chest X-ray 17,19-23,37,38, and recent meta-analysis further established that sensitivity of LUS in diagnosing PTX is nearly 50% higher than the chest x-ray sensitivity41,42. 

[bookmark: OLE_LINK15][bookmark: OLE_LINK17]Identification of the PTX degree is very important for thoracentesis. However, absolutely accurate quantification of PTX volume by LUS is not easy. Finding of the ‘lung point’ effectively distinguishes normal lung from the lung being separated from the chest wall by the presence of PTX. Similarly, LUS cannot ascertain the depth of air collection. Some studies have shown that semi-quantification of PTX volume is only reliable for small sized PTX43. Therefore, comprehensive analysis of vital signs, physical exam and LUS images is essential before making the decision of performing invasive procedures such as thoracentesis or thoracostomy44,45. Next, a study showed certain variations among pediatric surgeons in the management of spontaneous PTX. The use of CT, timing of operation, and length of observation for air leak before performing surgery have not been adequately standardized44. Recent systemic reviews showed no significant difference between thoracentesis and chest tube placement with regards to safety and rates of immediate success. However, thoracentesis is associated with decreased pain and duration of hospital stay compared to chest tube thoracotomy6. Traditionally, thoracentesis is performed in the 2nd intercostal space at the midclavicular line or 4-5th intercostal space at the mid-axillary line with needle pointed toward the opposite shoulder with a repeat chest X-ray after the procedure.This technique may have several disadvantages. It may delay evacuation of the air since the needle may not always be located right above the PTX rendering the evacuation incomplete. Evacuation drainage may be prolonged due to incomplete evacuation and the need to change patient’s body position. Repeated chest X-ray exposure is always needed. Finally, if needle is not pointed in the right direction major blood vessels can be pierced. LUS not only facilitates the needle aspiration by decreasing the risk of complications but it also offers real-time observation of postprocedural PTX resolution and lung reexpansion46. In summary, compared to the traditional thoracentesis procedure there are several benefits of LUS-guided thoracentesis: (i) Convenience: No limitations due to infants body position. (ii) Accurate and real-time procedure performance: Procedure can be performed immediately after the LUS diagnosis, precisely aimed at the PTX with simultaneous follow-up of the lung reexpansion. (iii) Decreased risks of complications: LUS can guide the needle just above the rib avoiding the blood vessels and allow the operator to visualize the needle as it enters the pleural space. (iv) Pain reduction: Shortening the procedural time as well as accurate needle insertion may alleviate infant’s pain47.
Critical steps within the protocol are to diagnose PTX and perform thoracentesis proficiently and accurately. The operator must be skilled in neonatal LUS examination as well as in neonatal thoracentesis technique. Studies have shown that learning essential LUS skills require short lasting training programs with a relatively small number of supervised scans ranging between 20 and 80 LUS exams34,35. Several published guidelines should assist developing and maintaining those skills30-34.  

Limitations to LUS-guided thoracentesis are: (i) Difficulty to accurately quantify the exact PTX volume.(ii) Operator dependent procedure.(iii) Less experienced examiners may misdiagnose PTX for diseases that mimic it, such as the bullae and some congenital pulmonary airway malformations48,49. 

Comprehensive neonatal LUS guidelines, including PTX diagnosis, one can also reference to previous publications30-34. The diagnosis of PTX by using LUS is relatively easy when guiding principles are followed. Formal LUS training allows trainees to quickly acquire these skills50. Thoracentesis remains a high risk procedure particularly in very low birth weight infants. US-guided thoracentesis offers several potential improvements over conventional landmark PTX management. Further multicenter studies should aim at quantifying the extent of this improvement. With detailed description of US-guided thoracentesis, this consensus and recommendation allow for a more standardized approach that should help guide both clinical practice and research. 
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