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Abstract
BACKGROUND
There is no research on quantitative pleural line movement. In this study, we assume that tissue Doppler and its quantitative technology can quantify the pleural line movement and can be used to diagnose pneumothorax.

AIM
To evaluate the quantitative assessment of pleural line movement measured by tissue Doppler imaging (TDI) for pneumothorax diagnosis.

METHODS
Adult patients (n = 45) diagnosed with unilateral pneumothorax were included in this study. Each patient underwent TDI of both lungs. The pneumothorax side and contralateral normal lung side were compared using several indices obtained from TDI: peak pleural line velocity (PVmax), peak chest wall tissue velocity (CVmax), peak pleural line strain value (PSmax), peak chest wall tissue strain value (CSmax), PVmax/CVmax and PSmax/CSmax. The receiver operating characteristic analysis was used to evaluate the performance of these quantitative assessments for pneumothorax diagnosis.

RESULTS
Various quantitative variables of the pneumothorax side were all lower than that of the non-pneumothorax side and included the PVmax (0.36 cm/s vs 0.59 cm/s, P < 0.001), PSmax (1.14% vs 1.90%, P = 0.001), PVmax/CVmax (1.06 vs 4.93, P < 0.001), and PSmax/CSmax (0.76 vs 1.74, P < 0.001). For the discrimination of pneumothorax, the cut-off values of the PVmax, PSmax, PVmax/CVmax, and PSmax/CSmax were calculated as 0.50 cm/s, 0.94%, 1.96, and 1.12, respectively. Similarly, the sensitivities and specificities of PVmax, PSmax, PVmax/CVmax, and PSmax/CSmax were 96% and 62%, 47% and 91%, 93% and 96%, and 82% and 93%, respectively. The area under the receiver operating characteristic curve were 0.84, 0.72, 0.99, and 0.91, respectively, for PVmax, PSmax, PVmax/CVmax, and PSmax/CSmax.

CONCLUSION
Quantification analysis of pleural line movement using TDI is a useful tool for the diagnosis of pneumothorax. 
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Core Tip: This study used tissue Doppler to quantify the movement of the pleural line for the diagnosis of pneumothorax in patients with unilateral pneumothorax. Various quantitative variables of the pneumothorax side were all lower than that of the non-pneumothorax side. Peak pleural line velocity/peak chest wall tissue velocity was the best variable to diagnose pneumothorax (area under receiver operating characteristic curve, 0.99). Tissue Doppler quantitative technique is an effective tool for the diagnosis of pneumothorax.


INTRODUCTION
Pneumothorax is characterized by sudden dyspnea, respiratory distress, chest pain, cough, or decreased blood oxygen saturation and is a common and critical acute condition. A timely diagnosis can improve patient outcomes. However, in practice pneumothorax diagnosis requires further discrimination with other conditions. Pneumothorax is easily diagnosed using radiological tools, such as chest radiograph and computed tomography (CT)[1]. For pneumothorax diagnosis, CT has several disadvantages, such as radiation exposure, cost, and availability[2]. Although chest radiograph is more convenient than CT, its sensitivity in the diagnosis of pneumothorax is relatively low and is estimated to be only around 20.9%[3]. 
Due to its easy access, ultrasound has been widely used in emergency departments and intensive care units. Recently, lung ultrasound has been evaluated for the diagnosis of pneumothorax. For example, among intensive care unit patients, lung ultrasound was found to be a useful tool for pneumothorax diagnosis with a sensitivity of 75% and a specificity of 93%[4]. Currently, the criteria of ultrasound diagnosis for pneumothorax are as follows: absence of lung sliding[5], lung point[6,7], and barcode sign[6]. Of these, the absence of lung sliding is the most common sign for pneumothorax diagnosis and has been listed in the bedside lung ultrasound in emergency protocol[8]. Unfortunately, pneumothorax diagnosis using lung ultrasound still faces several challenges. First, the ultrasonic features of pneumothorax are similar to a wide range of other diseases that include severe asthma[9], pulmonary bullae[10], and chronic obstructive pulmonary disease[11]. Second, the ultrasonic method for pneumothorax diagnosis depends on the physician’s experience and training[12]. Third, the movement of the pleural line is based on the movement of the visceral and parietal pleura during respiration, and the evaluation of movement using ultrasound is subjective and may vary between observers. In addition, patient postures may also have a significant impact on the diagnosis[13].
Usually, tissue Doppler imaging (TDI) is performed to quantitatively evaluate cardiac function, including systolic and diastolic cycles[14,15]. Moreover, it is also advised to evaluate the synchronization of left ventricular myocardial contraction by tissue velocity imaging and strain quantitative technology[16]. Recently, we found that TDI can quantify the movement of the pleural line. Therefore, in this prospective study, we aimed to evaluate the performance of TDI for pneumothorax diagnosis by quantitative analysis of pleural line movement during respiration. 

MATERIALS AND METHODS
Ethics
This study was approved by the Ethics Committee of the First Affiliated Hospital of Nanchang University, and written consent was obtained from all subjects. This study was performed in accordance with the Declaration of Helsinki (2013). 

Patients
Between September 2019 and May 2020, adult patients (> 18 years) who were admitted to the emergency department and intensive care unit at our center with unilateral pneumothorax confirmed by CT were included for further analysis. Lung ultrasound was performed 2 h after CT examination. Patients were excluded if they presented with bilateral pneumothorax, if cardiac monitoring was absent from ultrasound images, or if invasive mechanical ventilation was performed. Patient characteristics such as age, sex, weight, height, etiology, and pneumothorax side were collected for further analysis.

Lung ultrasound
Ultrasound examination was performed by a senior physician with > 5 years of experience in lung ultrasonography. The examination was performed with a Mindray Ultrasound Scanning machine (M8/M9, Mindray, Shenzhen, China) equipped with low frequency transducers (1-5 MHz and 2-4 MHz). Ultrasonic images were analyzed with the TDI-QA software (Mindray, Shenzhen, China). Lung ultrasound was performed for patients with pneumothorax by a specific investigator (RX). Briefly, the ultrasound was performed as follows. First, the patient laid in the supine position, and the probe was positioned perpendicularly to the chest wall. For the pneumothorax side, if the pleural line movement disappeared, tissue Doppler was switched, and ultrasonic images were collected for at least 20 s. For the non-pneumothorax side, ultrasound images were collected at the contralateral site.
Ultrasonographic data were selected retrospectively. Quantitative analysis of ultrasonic images was performed as shown in Figures 1 and 2. Briefly, the diameter of the region of interest (ROI) was adjusted to the width of the pleural line, and then the first ROI (ROI1, red) was placed at the midpoint of the pleural line. Subsequently, a velocity-time curve and a strain-time curve were generated automatically. Meanwhile, the maximum velocity and strain were calculated based on the quantitative analysis and included the peak pleural line velocity (PVmax) and peak pleural line strain value (PSmax). The second ROI (ROI2, yellow) was placed in the chest wall tissue about 0.5 cm from ROI1. The software automatically generated a velocity-time curve and a strain-time curve, measuring the maximum chest wall tissue velocity and maximum strain. These parameters are called peak chest wall tissue velocity (CVmax) and peak chest wall tissue strain value (CSmax). All above-mentioned indexes, including the PVmax/CVmax and PSmax/CSmax ratios were calculated based on data collected from the pneumothorax and non-pneumothorax side separately.

Statistical analysis
SPSS 17.0 (IBM, Armonk, NY, United States) was used for statistical analysis. Normally distributed data were reported as the mean (± standard deviation), and non-normally distributed data were expressed as the median (interquartile range). Comparisons between paired samples were performed using a Wilcoxon test. The receiver operating characteristic curve was constructed to evaluate the diagnostic performance of biomarkers to detect pneumothorax. The best cut-off values were defined using Youden’s index. Sensitivity, specificity, positive predictive value, negative predictive value, positive likelihood ratio, negative likelihood ratio, and the corresponding 95% confidence intervals (CIs) were estimated with these cut-off values. Interobserver and intraobserver agreements were evaluated using intraclass correlation coefficients by comparing measurements made by the senior physician (RX) and resident (NZ). A P value < 0.05 was considered statistically significant. 

RESULTS
Patient characteristics
During the study period, 61 suspected patients were admitted to our center, and a total of 45 patients were included for further analysis. The flowchart of patient selection is given in Figure 3. Of these patients, 28 were male, and the median age was 38 years. The etiology of pneumothorax was as follows: spontaneous pneumothorax (n = 16) and traumatic pneumothorax (n = 29). Eighteen patients had pneumothorax on the left side and twenty-seven patients on the right side (Table 1). 

Comparison between the pneumothorax and non-pneumothorax side
A total of 90 images of the included patients were obtained. Tissue Doppler features (Figures 4 and 5 and Videos 1-4) are shown in Table 2. The CVmax was found to be 0.30 (0.15, 0.39) cm/s at the pneumothorax side and 0.13 (0.09, 0.19) cm/s at the non-pneumothorax side. The PSmax was found to be 1.62% (1.16%, 2.06%) at the pneumothorax side and 1.00% (0.71%, 1.98%) at the non-pneumothorax side. Statistical analysis showed that quantitative variables, such as the PVmax [0.36 (0.23, 0.41) vs 0.59 (0.38, 0.80) cm/s, P < 0.001], the PSmax [1.14 (0.41, 1.85) vs 1.90 (1.30, 3.34) %, P = 0.001)], the PVmax/CVmax ratio [1.06 (0.85, 1.53) vs 4.93 (3.40, 7.52), P < 0.001], and the PSmax/CSmax ratio [0.76 (0.32, 1.05) vs 1.74 (1.30, 2.66), P < 0.001] of the pneumothorax side were all lower than the non-pneumothorax counterparts. 

Diagnostic value of TDI measurements 
The performance of TDI measurements in the diagnosis of pneumothorax are presented in Table 3. The results of the receiver operating characteristic analysis are shown in Figure 6. The areas under the receiver operating characteristic curve of the PVmax, PSmax, PVmax/CVmax, and PSmax/CSmax were 0.84 (95%CI: 0.75, 0.92), 0.72 (95%CI: 0.62, 0.83), 0.99 (95%CI: 0.96, 1.00), and 0.91 (95%CI: 0.84, 0.97), respectively. For the discrimination of pneumothorax, the cut-off values of the PVmax, PSmax, PVmax/CVmax, and PSmax/CSmax were calculated as 0.50 cm/s, 0.94%, 1.96, and 1.12, respectively. The corresponding sensitivities and specificities of PVmax, PSmax, PVmax/CVmax, and PSmax/CSmax were 96% and 62%, 47% and 91%, 93% and 96%, and 82% and 93%, respectively. 

B-Mode ultrasound
Another two physicians (one senior physician and one resident) who were blinded to the clinical diagnosis were recruited to evaluate the 90 images in B-Mode (mainly using A-line, lung sliding, lung pulse). Eighty-five episodes were correctly diagnosed by the senior physician, with the sensitivity, specificity, positive predictive value, negative predictive value, and accuracy calculated as 93%, 96%, 95%, 93% and 94%, respectively. Meanwhile, eighty-four episodes were correctly diagnosed by the resident, with the sensitivity, specificity, positive predictive value, negative predictive value and accuracy calculated as 91%, 96%, 95%, 91% and 93%, respectively. Hence, it appears that the sensitivity and specificity of the TDI method are consistent with those of the senior physician and are better than those of the resident.

Variability of TDI measurements
The intraobserver variabilities of the PVmax, CVmax, PSmax, and CSmax were 0.88 (95%CI: 0.79; 0.93), 0.82 (95%CI: 0.59; 0.92), 0.85 (95%CI: 0.75; 0.92), and 0.86 (95%CI: 0.77; 0.92), respectively (Table 4). The interobserver variabilities of the PVmax, CVmax, PSmax, and CSmax were 0.79 (95%CI: 0.64; 0.88), 0.75 (95%CI: 0.48; 0.87), 0.72 (95%CI: 0.54; 0.84), and 0.75 (95%CI: 0.59; 0.86), respectively. Further analysis showed that there was no clinically significant difference in the intraobserver variability between the two physicians (RX and NZ).

DISCUSSION
In this study, several measurements (e.g., PVmax, CVmax, PSmax, and CSmax) obtained using the TDI method were evaluated for the detection of pneumothorax. Our results showed that compared with other indices, the PVmax/CVmax ratio exhibited the best diagnostic performance in the diagnosis of pneumothorax. Our data demonstrated that quantification analysis of pleural line movement using TDI is useful for the diagnosis of pneumothorax. To the best of our knowledge, this is the first time that measurements obtained by TDI quantification analysis of pleural line movement have been used as a diagnostic tool for pneumothorax. 
The performance of lung ultrasound has been previously evaluated. However, the performance has varied widely between studies. For example, Ziapour and Haji[17] found that if the pleural movement disappears and the B-line is used, lung ultrasound exhibited a sensitivity of 78% and a specificity of 92% for pneumothorax diagnosis[17]. Press et al[18] found a sensitivity of 91.95% and a specificity of 89.10% for the performance of pneumothorax detection via lung ultrasound[18]. In addition, lung ultrasound has also been reported to exhibit low sensitivity for pneumothorax diagnosis[19]. This may be explained by the criterion of lung sliding disappearance that is often used for pneumothorax diagnosis, in which particular expertise and training is required[20]. The Mindray ultrasound device has a very useful feature by which tissue Doppler can analyze the movements of several selected arbitrary ROIs without the need to generate a heart model. Therefore, the velocity and strain of visceral and partial pleura during respiration are easy to evaluate and can be measured with pleural line movement. Hence, tissue velocity and strain imaging in the current work were innovatively used to analyze the movement of pleural movement for the pneumothorax diagnosis. In addition, our data suggest that the interobserver variabilities of the measured indexes are moderate, and the intraobserver variabilities are low. The moderate interobserver variability is mainly due to the manual selection of ROIs. A good intraobserver agreement suggests that TDI can be well repeated by a clinical physician, indicating that this method is easy to access for the diagnosis of pneumothorax.
We found that the PVmax/CVmax calculated by data obtained from the non-pneumothorax side was greater than that from the pneumothorax side and that the PSmax/CSmax from the non-pneumothorax side was greater than that from the pneumothorax side. Compared with other indices, the PVmax/CVmax ratio exhibited the largest area under receiver operating characteristic curve for the diagnosis of pneumothorax. This suggests that the PVmax/CVmax ratio was the strongest biomarker in the diagnosis of pneumothorax in our study. In lungs under normal conditions, the velocity and strain of the pleural line seen via ultrasound represent the movement of the visceral pleura during respiration. By contrast, in the state of pneumothorax, the velocity and strain of the pleural line represent the movement of the parietal pleura during respiration. Therefore, when in the normal state, the velocity and strain describing the movements of the visceral and parietal pleura were higher than those in the state of pneumothorax. In addition, the pleural strain had a low sensitivity but a high specificity for pneumothorax diagnosis. This may be due to the perpendicular position of the imaging plane and that changes in the velocity of visceral pleura may be easier to find when compared with changes in the strain.
Our study also had several limitations. First, although some interesting points have been raised, the study had a small sample size. Second, most patients included in our study were thin, and our findings must be validated in obese patients as well. Third, Mindray’s TDI-QA ultrasound image analysis software was used, which allows cardiac probes of the pleural line, whereas other software packages are not useful without a ventricular shape. The widespread use of this method may be limited by this shortcoming. Fourth, due to poor resolution of high-frequency probes, a phased array probe would benefit quantitative assessment of pleural line movement. Fifth, a lung ultrasound loop based on the combination of respiratory cycle and ultrasound may be more useful for the quantitative analysis of lung ultrasound[21]. Unfortunately, conventional TDI software is only applicable in echocardiography where the respiratory circle is unavailable. Therefore, the respiratory cycle may need to be introduced into the software package. Finally, a larger sample size and a prospective diagnostic study is still needed to confirm our findings.

CONCLUSION
The current study utilized TDI and quantification analysis of pleural line movement to extract several indices such as the PVmax, PSmax, CVmax, and CSmax. Our findings showed that the PVmax, PSmax, PVmax/CVmax, and PSmax/CSmax are good diagnostic biomarkers for pneumothorax. Compared with the other three biomarkers, the PVmax/CVmax ratio exhibited a better diagnostic performance. Overall, quantification analysis of pleural line movement using TDI is a useful tool for the diagnosis of pneumothorax.

ARTICLE HIGHLIGHTS
Research background
The criteria for pneumothorax using ultrasound is usually based on qualitative methodologies. 

Research motivation
Tissue Doppler imaging (TDI) technology might discriminate pneumothorax by quantifying pleural line movement. Based on that, pneumothorax might be diagnosed in an objective way.

Research objectives
TDI can quantify pleural line movement while diagnosing pneumothorax.

Research methods
Forty-five patients with unilateral pneumothorax were recruited. The pneumothorax side and contralateral normal lung side were then compared using several indices extracted from TDI, such as peak pleural line velocity (PVmax), peak chest wall tissue velocity (CVmax), peak pleural line strain value (PSmax), peak chest wall tissue strain value, PVmax/CVmax, and PSmax/peak chest wall tissue strain value. Receiver operating characteristic analysis was used to evaluate the performance of these quantitative assessments for pneumothorax diagnosis. 

Research results
PVmax, PSmax, PVmax/CVmax, PSmax/peak chest wall tissue strain value obtained on the pneumothorax side were lower than those on the non-pneumothorax side. The PVmax/CVmax was the best index for the detection of pneumothorax with an area under receiver operating characteristic curve of 0.99. 

Research conclusions
Therefore, we concluded that TDI is an effective tool for the diagnosis of pneumothorax. 

Research perspectives
Further research is required to validate our findings in suspected cases.
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Figure Legends
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Figure 1 Peak velocity measurement. Tissue Doppler image (left), ultrasound image (right); region of interest 1 (ROI1, red dot) at the midpoint of the pleural line, ROI2 (yellow dot), 0.5 cm from the pleural line; velocity-time curve of ROI1 (red curve), velocity-time curve of ROI2 (yellow curve); velocity of ROI1 (white arrow, dotted line), peak velocity of ROI2 (white arrow, solid line).
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Figure 2 Peak strain measurement. Tissue Doppler image (left), ultrasound image (right); region of interest 1 (ROI1, red dot) at the midpoint of the pleural line, ROI2 (yellow dot), 0.5 cm from the pleural line; strain-time curve of ROI1 (red curve), strain-time curve of ROI2 (yellow curve); peak strain of ROI1 (white arrow, dotted line), peak strain of ROI2 (white arrow, solid line).
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Figure 3 A flowchart of patient selection for our study. CT: Computed tomography.

[image: ]
Figure 4 Tissue Doppler imaging of the pneumothorax side and the non-pneumothorax side. A: Velocity-time curve (pneumothorax side); B: Strain-time curve (pneumothorax side); C: Velocity-time curve (non-pneumothorax side); D: Strain-time curve (non-pneumothorax side).
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Figure 5 Scatter plot of measurements obtained by tissue Doppler imaging. A: Scatter plot of peak pleural line velocity; B: Scatter plot of peak pleural line strain value; C: Scatter plot of peak pleural line velocity/peak chest wall tissue velocity; D: Scatter plot of peak pleural line strain value/peak chest wall tissue strain value. Data are expressed as the median and interquartile range. PVmax: Peak pleural line velocity; CVmax: Peak chest wall tissue velocity; PSmax: Peak pleural line strain value; CSmax: Peak chest wall tissue strain value.
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Figure 6 Receiver operating characteristic analysis of the extracted measurements obtained by tissue Doppler imaging. PVmax: Peak pleural line velocity; CVmax: Peak chest wall tissue velocity; PSmax: Peak pleural line strain value; CSmax: Peak chest wall tissue strain value.


Table 1 Clinical characteristics of patients included in our study
	Characteristics
	Value

	n 
	45

	Male
	28 (62)

	Age (yr)
Weight (kg)
Height (cm)
	38 (21, 59)
63 (60, 70)
16 (163, 175)

	Etiology for pneumothorax
	

	Spontaneous pneumothorax
	16 (36)

	Trauma
	29 (64)

	Pneumothorax features
	

	Left
	18 (40)

	Right
	27 (60)


Data are expressed as n (%) or median (interquartile range).

Table 2 Comparison of measurements obtained by tissue Doppler imaging between the pneumothorax and non-pneumothorax sides
	
	Pneumothorax side, n = 45
	Non-pneumothorax side, n = 45
	P value

	PVmax (cm/s)
	0.36 (0.23, 0.41)
	0.59 (0.38, 0.80)
	< 0.001

	PSmax (%)
	1.14 (0.41, 1.85)
	1.90 (1.30, 3.34)
	0.001

	CVmax (cm/s)
	0.30 (0.15, 0.39)
	0.13 (0.09, 0.19)
	< 0.001

	CSmax (%)
	1.62 (1.16, 2.06)
	1.00 (0.71, 1.98)
	0.075

	PVmax/CVmax
	1.06 (0.85, 1.53)
	4.93 (3.40, 7.52)
	< 0.001

	PSmax/CSmax
	0.76 (0.32, 1.05)
	1.74 (1.30, 2.66)
	< 0.001


Data are expressed as the median and interquartile range. PVmax: Peak pleural line velocity; CVmax: Peak chest wall tissue velocity; PSmax: Peak pleural line strain value; CSmax: Peak chest wall tissue strain value.
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Table 3 The diagnostic performance of measurements obtained by tissue Doppler imaging in the diagnosis of pneumothorax
	
	AUC
	P value
	Cut-off value
	Sensitivity
	Specificity
	PLR
	NLR
	PPV
	NPV

	PVmax (cm/s)
	0.84 (0.75, 0.92)
	< 0.001
	0.50
	96%
	62%
	2.53
	0.07
	0.72
	0.93

	PSmax (%)
	0.72 (0.62, 0.83)
	< 0.001
	0.94
	47%
	91%
	5.25
	0.84
	0.84
	0.63

	PVmax/CVmax
	0.99 (0.96, 1.00)
	< 0.001
	1.96
	93%
	96%
	21.00
	0.07
	0.95
	0.93

	PSmax/CSmax
	0.91 (0.84, 0.97)
	< 0.001
	1.12
	82%
	93%
	12.33
	0.19
	0.93
	0.84


AUC: Area under receiver operating characteristic curve; PVmax: Peak pleural line velocity; CVmax: Peak chest wall tissue velocity; PSmax: Peak pleural line strain value; CSmax: Peak chest wall tissue strain value; PLR: Positive likelihood ratio; NLR: Negative likelihood ratio; PPV: Positive predictive value; NPV: Negative predictive value.

Table 4 Variability of tissue Doppler imaging measurements
	
	PVmax
	CVmax
	PSmax
	CSmax

	Senior physician
	
	
	
	

	Pneumothorax
	0.87 (0.78, 0.93)
	0.85 (0.73, 0.91)
	0.84 (0.72, 0.91)
	0.88 (0.79, 0.93)

	Non-pneumothorax
	0.88 (0.79, 0.93)
	0.82 (0.59, 0.92)
	0.85 (0.75, 0.92)
	0.86 (0.77, 0.92)

	Resident
	
	
	
	

	Pneumothorax
	0.75 (0.59, 0.87)
	0.67 (0.47, 0.81)
	0.64 (0.43, 0.79)
	0.72 (0.48, 0.85)

	Non-pneumothorax
	0.79 (0.64, 0.88)
	0.75 (0.48, 0.87)
	0.72 (0.54, 0.84)
	0.75 (0.59, 0.86)

	Total
	
	
	
	

	Pneumothorax
	0.77 (0.65, 0.85)
	0.73 (0.60, 0.83)
	0.68 (0.54, 0.80)
	0.80 (0.69, 0.89)

	Non-pneumothorax
	0.80 (0.69, 0.87)
	0.75 (0.62, 0.85)
	0.76 (0.64, 0.85)
	0.74 (0.62, 0.84)


PVmax: Peak pleural line velocity; CVmax: Peak chest wall tissue velocity; PSmax: Peak pleural line strain value; CSmax: Peak chest wall tissue strain value.
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