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ABSTRACT 

Introduction: The tissue stiffness information may help in the diagnosis of lung 

lesions. This study aimed to investigate and validate the application of transthoracic 

two-dimensional shear-wave ultrasound elastography in differentiating malignant 

from benign subpleural lung lesions. 

 

Methods: This study involved one retrospective observational derivation cohort from 

January 2016 to December 2017 and one prospective observational validation 

cohort from December 2017 to December 2019. The inclusion criterion was 

radiographic evidence of pulmonary lesions. The patients were categorized into the 

air-bronchogram and hypoechoic groups based on the B-mode grayscale images. 

The elasticity of subpleural lung lesions with acceptable shear-wave propagation 

was measured. Diagnoses were made on the basis of pathology, microbiological 

studies, or following up the clinical course for at least 6 months. 

 

Results: A total of 354 patients were included. Among the 121 patients in the 

derivation cohort, a receiver operating characteristic curve was constructed and the 

cut-off point to differentiate benign from malignant lesions was 65 kPa with Youden 

index 0.60 and accuracy 84.3%. Among the 233 patients in the validation cohort, the 

diagnostic performance was maintained with Youden index 0.65 and accuracy 

86.7%. Upon applying the cut-off point to the air-bronchogram group, Youden index 

was 0.70 and accuracy 85.0%. 

 

Conclusions: This study validated the application of transthoracic shear-wave 

ultrasound elastography for assessing lung malignancy. A cut-off point of 65 kPa is 

suggested for predicting lung malignancy. Furthermore, for pulmonary air-

bronchogram lesions with high elasticity, tissue proofing should be considered 

because of the high possibility of malignancy. 

 

  



Introduction 

 

Advancements in imaging capacities and the development of a precise 

puncture-guiding transducer have made transthoracic ultrasonography a useful 

diagnostic tool for evaluating peripheral subpleural lung tumors [1, 2]. Ultrasound-

guided transthoracic real-time needle aspiration biopsy (UTNAB) has proved to be a 

reliable and safe diagnostic modality in several thoracic diseases [3]. Nevertheless, 

the heterogeneity of lung malignancy with necrosis may limit the accuracy of UTNAB. 

For lung malignancy that mimics pneumonia on chest radiographs and ultrasound 

images, tissue proofing is typically not considered until the failure of empirical 

antibiotic treatment [4].  

Different human tissues have varying levels of elasticity because of the 

properties of the extracellular matrix [5]. Ultrasound elastography has been 

intensively employed to image the liver, thyroid, breast, prostate, kidney, lymph 

nodes, and musculoskeletal diseases with promising results [6-12]. In pulmonology, 

Izumo et al. used endobronchial ultrasound elastography to predict mediastinal and 

hilar nodal metastases [13]. Pleural two-dimensional (2D) shear-wave elastography 

(SWE) can be used to differentiate between malignant pleural effusion and benign 

pleural disease [14-16]. For subpleural lung lesions, high shear wave velocity was 

observed in lung malignancy compared with benign lung lesions by point SWE or 

acoustic radiation force impulse (ARFI) elastography [17, 18]. Lim et al. deployed 

transthoracic ultrasonography strain elastography with external manual compression 

to image lung lesions [19]. The strain ratio of necrosis was low while the strain ratio 

of primary lung cancer was significantly higher than that of pneumonia.  

Transthoracic 2D-SWE uses acoustic radiation force and assesses the velocity 

of tissue displacement propagation in multiple focal zones. The shear waves are 



monitored in 2D by creating a near-cylindrical shear-wave cone, enabling 

measurement of the shear-wave speed or Young’s modulus E on a color quantitative 

elastogram [20]. Based on the hypothesis that transthoracic 2D-SWE could add 

accurate tissue stiffness information to B-mode grayscale ultrasound images and 

help in differentiating lung malignancy from benign lung lesions, this study aimed to 

investigate and validate the predictive value of transthoracic 2D-SWE in the 

diagnosis of subpleural lung lesions. 

  



METHODS 

 

Study design 

This study employed one retrospective observational derivation cohort from 

January 2016 to December 2017, and one observational validation cohort including 

consecutive prospectively enrolled patients from December 2017 to December 2019. 

The inclusion criterion was radiographic evidence of pulmonary lesions. The 

exclusion criteria were age younger than 20 years and an inability to hold the breath 

for at least 5 s. This study was conducted at the chest ultrasound unit in a tertiary 

medical center. Written informed consent was obtained from each patient or 

surrogate in the prospective validation cohort before examinations (trial registration: 

ClinicalTrials.gov NCT03376425). 

 

 
Chest ultrasound and 2D-SWE 

We used the Toshiba Aplio 500 Platinum Ultrasound Machine with a 1.5- to 6-

MHz convex transducer (Toshiba Aplio PVT-375 BT Transducer) for chest 

ultrasound examinations. First, we used the B-mode grayscale images of subpleural 

lung lesions to categorize the patients into the air-bronchogram and hypoechoic 

groups. The air-bronchogram group was defined as tubular hyperechoic artifacts 

within the lung lesion and a serrated margin with reverberation echoes at the margin. 

The hypoechoic group referred to lung lesions without any tubular hyperechoic 

artifacts. Information including size, location, and intercostal chest wall thickness was 

collected. Then, we asked the patient to hold the breath for 5 s and simultaneously 

began the transthoracic 2D-SWE measurement. On propagation display, the shear 

wave arrival time was presented as contour lines. Only after obtaining adequate 

shear-wave propagation in at least certain regions of the lesion did we switch to the 



elasticity and speed displays. We used regions of interest (ROIs) with 3-mm 

diameter, and selected up to four ROIs with the highest mean elasticity values. The 

elasticity measurements were performed one time in the derivation cohort and three 

times in the validation cohort. We calculated the average as the final value (see 

Supplementary Materials for the protocol of SWE and Figure E1, E2, and E3). If 

patients had multiple subpleural lung lesions, we chose the largest and the most 

approachable one to perform 2D-SWE. In patients who consented to undergo 

UTNAB after transthoracic SWE, UTNAB was performed if the lesion was 

approachable and the risks of bleeding and pneumothorax were low. 

 

Data collection 

The baseline characteristics of patients—including age, sex, and body mass 

index—were collected. Final diagnoses were obtained using one of the following 

three methods: (1) pathology or cytology per UTNAB, bronchoscopic biopsy, 

computed tomography-guided biopsy, or surgical operation; (2) microbiological 

studies; and (3) following up the clinical course for 6 months after the chest 

ultrasound studies. 

Benign lesions were classified as bacterial pneumonia, tuberculosis, fungal 

pneumonia, and others. Bacterial pneumonia was defined on the basis of clinical 

presentations and results of microbiological studies, or referring the lung lesions that 

resolved after antibiotic use. Malignant lesions were classified as lung 

adenocarcinoma, small cell lung carcinoma (SCLC), squamous cell lung carcinoma, 

non-small-cell lung carcinoma not otherwise specified (NSCLC-NOS), metastatic 

lung cancer, lymphoma, and others. 

 



Safety 

We reviewed the patients’ medical records and follow-up chest radiography to 

see if hemoptysis or pneumothorax developed during or after chest ultrasound 

examinations. At our chest ultrasound unit, we routinely use ultrasound to evaluate if 

the presence of lung point sign, stratosphere sign, or loss of gliding at the end of the 

UTNAB, followed by chest radiography to detect any pneumothorax. 

 

Inter-rater reliability 

The chest ultrasound examinations, including B-mode and 2D-SWE, were 

performed by two pulmonologists (raters) with experience in chest ultrasonography 

of more than 5 years. The two raters were blinded to the diagnosis of the lesion. To 

assess the inter-rater reliability, we randomly selected 11 patients in the validation 

cohort and the 2D-SWE measurements of their lung lesions were performed by each 

rater. 

 

Statistics 

Data are presented as mean ± SD or median with IQR for continuous measures 

and n (%) for categorical measures. The baseline characteristics of the derivation 

and validation cohorts were compared using the Pearson chi-square or student’s t-

test. The derivation cohort was used to construct a receiver operating characteristic 

(ROC) curve. The cut-off point was determined by maximizing the Youden function 

to differentiate malignant from benign lung lesions. The cut-off point was then used 

to construct 2 X 2 contingency tables comparing the disease status 

(malignant/benign based on the final diagnoses) to the SWE results 

(positive/negative based on cut-off point dichotomy). Diagnostic performance of 



SWE was assessed using sensitivity, specificity, positive predictive value, negative 

predictive value, accuracy, positive likelihood ratio, and negative likelihood ratio. The 

derivation and validation cohorts were combined to conduct a multiple logistic 

regression model to determine the probability of lung malignancy after adjusting for 

age, sex, and possible confounding covariates. Interrater reliability was expressed by 

the Pearson product-moment correlation coefficient. Box plots were used to illustrate 

the distribution of the elasticity value among different etiologies in benign and 

malignant lung lesions, and the difference in elasticity was investigated using one-

way analysis of variance on rank. The ROC curve was plotted using MedCalc 

version 13.0.6.0. The other statistics were obtained using STATA software version 

14.0 (StataCorp, College Station, TX, USA). All tests of significance were two-sided, 

with p < 0.05 indicating statistical significance. 

 

 

  



RESULTS 

 

Patients’ characteristics 

Figure 1 presents a flow diagram of patient enrollment from January 2016 to 

December 2019. Overall, 586 consecutive patients with radiographic evidence of 

pulmonary lesions were screened, and 471 patients underwent transthoracic 2D-

SWE. Unacceptable shear-wave propagation was observed in 65 patients 

(Supplementary Table E1), and no definite diagnoses could be made in 24 patients. 

Finally, 354 patients were included in the analyses, with 121 patients in the 

derivation cohort and 233 in the validation cohort. The clinical characteristics of 

patients in the derivation and validation cohorts are presented in Table 1. Among the 

354 patients, the mean age was 65.3 ± 13.5 years, and most patients (61.3%) were 

men. The mean body mass index (BMI) was 22.6 ± 3.8.  The mean lung lesion size 

was 49.7 ± 26.4 mm. The location of lung lesions was: right upper lobe 27.1%, right 

lower lobe 25.4%, left lower lobe 21.8%, left upper lobe 18.9%, and right middle lobe 

6.8%. Most lung lesions were malignant (68.6%) and hypoechoic (77.4%). The 

baseline characteristics were comparable between the two cohorts except for the 

lower intercostal chest wall thickness in the derivation cohort (17.8 vs. 19.7 mm, p = 

0.004). 

Among the 243 patients with diagnosis of lung malignancy, 6 patients did not 

undergo UTNAB, and diagnoses could not be discerned using UTNAB of the lungs in 

20 patients. Hence, the diagnoses in these 26 patients were made later through 

bronchial biopsy (n = 9), computed tomography-guided lung biopsy (n = 7), biopsy of 

nonlung tissue (n = 6), surgical biopsy (n = 3), and sputum cytology (n = 1). Among 

the 111 patients with diagnosis of benign lung lesions, 65 patients underwent 



UTNAB.   The diagnoses were made by pathology (n=21), microbiological study 

(n=22), and clinical course (n= 68). 

 

Diagnostic performance of 2D-SWE 

The derivation cohort was used to determine the optimal cut-off point. Figure 2 

reveals that the cut-off point of 65 kPa resulted in the maximal Youden index (0.60) 

for differentiating between benign and malignant lesions (sensitivity 89.7%, 

specificity 70.6%, accuracy 84.3%, area under the receiver operating characteristic 

curve 0.866, p < 0.001). The diagnostic performance was maintained when using the 

same cut-off point in the validation cohort (accuracy 86.7%, Youden index 0.65). 

When applying the cut-off point to the air-bronchogram group, Youden index was 

0.70 and the accuracy was 85.0% (Table 2). 

 

Elasticity among different etiologies of lung lesions 

Figure 3 illustrates the distribution of the elasticity value among benign and 

malignant lesions. Bacterial and fungal pneumonia constituted most of the benign 

lesions, and the median elasticity was 42.64 kPa (IQR, 22.77–57.45 kPa) and 54.33 

kPa (IQR, 33.03–65.73 kPa), respectively. The median elasticity among patients with 

tuberculosis was 77.53 kPa (IQR, 71.29–89.10 kPa), which was higher than the cut-

off point of 65 kPa. Significant differences were observed between various types of 

benign lesions (Figure 3A, p = 0.013). Lung adenocarcinoma constituted a major 

portion of the lung malignancy observed in this study, with median elasticity of 

103.09 kPa (IQR, 92.20–113.98 kPa). A wide range of elasticity values were 

obtained in patients with SCLC (median, 95.09; IQR, 69.28–105.36 kPa). The 

median elasticity of metastatic tumor and lung lymphoma was 105.22 kPa (IQR, 



94.29–122.76 kPa) and 109.09 kPa (IQR, 98.22–120.97 kPa), respectively. No 

significant difference was observed between the different types of malignant lesions 

(Figure 3B, p = 0.201). Representative examples of 2D-SWE images are presented 

in Supplementary Figure E4. 

In the air-bronchogram group, 59 patients had benign lung lesions and 21 had 

malignant lung lesions. The median elasticity of bacterial pneumonia (n=39) , fungal 

pneumonia (n=9), tuberculosis (n=6), and adenocarcinoma (n=13) was 38.24 kPa 

(IQR, 20–53.73 kPa), 35.41 kPa (IQR, 30.08–52.83 kPa), 72.62 kPa (IQR, 38.65–

82.18 kPa), and 93.75 kPa (IQR, 77.83–103.04 kPa), respectively. 

In the hypoechoic group, 52 patients had benign lung lesions and 222 had 

malignant lung lesions. The median elasticity of bacterial pneumonia (n=23), fungal 

pneumonia (n=14), and tuberculosis (n=7) was 56.50 kPa (IQR, 26.94–93.30 kPa), 

62.51 kPa (IQR, 54.33–94.12 kPa), and 85.43 kPa (IQR, 76.85–122.93 kPa). The 

median elasticity of adenocarcinoma (n=107), SCLC (n=23), squamous cell lung 

carcinoma (n=29), NSCLC-NOS (n=24), and metastatic lung cancer (n=19) was 

103.74 kPa (IQR, 94.19–114.61 kPa), 95.09 kPa (IQR, 69.28–105.36 kPa), 104.53 

kPa (IQR, 92.81–112.63 kPa), 103.37 kPa (IQR, 86.99–110.64 kPa), and 106.55 

kPa (IQR, 93.78–127.43 kPa). 

 

Determination of the independent predictive factors of lung malignancy 

Age, sex, and factors significantly associated with lung malignancy in 

univariable analyses (p ≤ 0.05) were included in the multivariable analysis 

(Supplementary Table E2). Age, lung lesion size, B-mode ultrasound image 

(hypoechoic vs. air-bronchogram), and elasticity > 65 kPa were the independent 

predictors of lung malignancy, with odds ratios of 1.04 (95%CI: 1.01–1.07), 1.03 



(95%CI: 1.02–1.05), 5.72 (95%CI: 2.60–12.59), and 20.11 (95%CI: 9.33–43.32), 

respectively. 

 

Safety 

A total of 471 patients underwent transthoracic 2D-SWE. Among the 386 

patients undertaking UTNAB after 2D-SWE measurements, 12 patients (3.1%) 

developed mild post-biopsy hemoptysis and another 9 patients (2.3%) developed 

post-biopsy pneumothorax; Among the 85 patients undertaking 2D-SWE 

measurements only, no pneumothorax or hemoptysis was observed. 

 

Inter-rater reliability 

Regarding interrater reliability, two raters evaluated the SWE in a subset of 11 

randomly selected patients based on the standardized operating protocol in the 

validation cohort. A strong correlation was discovered between the elasticity values 

given by the two raters (Pearson correlation coefficient, 0.93, p < 0.001). Besides 

these 11 chest ultrasound examinations, rater one interpreted 248 examinations and 

rater two interpreted 95 examinations. 

  



DISCUSSION 

 

This study investigates and validates the predictive value of transthoracic 2D-

SWE in differentiating malignant from benign subpleural lung lesions. The cut-off 

point suggested in this study is 65 kPa. To the best of our knowledge, this is the first 

study that have validated the application of transthoracic 2D-SWE in the diagnosis of 

lung lesions. 

Transthoracic 2D-SWE quantitatively reveals tissue stiffness and is less 

operator-dependent compared with strain elastography [19, 21]. In this study, the 

shear-wave propagation display served as a quality control tool to measure elasticity 

reliably. We did not record the elasticity value if no adequate shear-wave 

propagation could be observed within the lesions. Besides rapid onsite 

cytopathological examination and color Doppler ultrasound imaging [22-24], 

transthoracic 2D-SWE can add tissue stiffness information to B-mode grayscale 

ultrasound images and may be used as an adjunctive tool with UTNAB, 

bronchoscopy, and computed-tomography-guided biopsy if tissue proofing is 

indicated. Another clinical implication of SWE is that it can help in assessing lung 

malignancy mimicking pneumonia and non-resolving consolidation [25]. Chest 

sonography of these patients may reveal a consolidation lesion with air-bronchogram 

and pulmonary vasculatures. UTNAB might be deferred because of concern over 

hemoptysis from vascular injury. Pneumonic-type lung adenocarcinoma and non-

Hodgkin lymphoma may involve lung parenchyma without obstruction of a bronchus, 

present with pneumonia-like consolidations, and lead to diagnostic delays [26-28]. 

For pulmonary air-bronchogram lesions with high elasticity, tissue proofing should be 

considered because of the high possibility of malignancy.  



The safety issue of SWE has been raised since acoustically induced techniques 

require push pulses to displace the local tissues [29-31]. In this study, no hemoptysis 

or pneumothorax was observed among the 85 patients undertaking 2D-SWE 

measurements without biopsy. Among the 386 patients undertaking UTNAB after 

2D-SWE measurements, the rate of post-biopsy hemoptysis was 3.1% and post-

bopsy pneumothorax 2.3%. Compared with the previous cohort study at our chest 

ultrasound unit with 6% post-biopsy hemoptysis and 4% post-biopsy pneumothorax 

[32],  the risk of post-biopsy complications did not increase after 2D-SWE 

measurements. Nevertheless, the full safety profile of 2D-SWE for lung needs further 

scientific investigations. 

Notably, acute bacterial infection had lower elasticity than chronic tuberculosis 

infection. Ten out of 13 patients with tuberculosis in this study had elasticity higher 

than the cut-off point of 65 kPa, causing false-positive results. This problem was also 

reported in a study using SWE for assessing tuberculous pleurisy [14]. This finding is 

probably because of tubercles conglomerating into a firm lump or an irregular thick 

wall in pulmonary tuberculosis [33]. The elasticity of SCLC in this study was relatively 

low (95.09 kPa) and had a wide range (IQR, 69.28–105.36 kPa).  The extensive 

necrotic nature of SCLC may result in this finding [34]. 

To differentiate lung malignancy from benign lung lesions, Wei et al. used point 

SWE and selected 1.951 m/s as the cut-off shear wave velocity while Ozgokce et al. 

found the optimal cut-off value was 2.47 m/s [17, 18]. The cut-off points of 1.951 or 

2.47 m/s (approximately 11 or 18 kPa) were lower than the 65 kPa obtained in this 

study. Nevertheless, the techniques of point SWE and 2D-SWE are different [20, 35]. 

Point SWE uses acoustic radiation force to induce tissue displacement in a single 

focal location while 2D-SWE allows monitoring of shear waves in multiple focal 



zones.  Up to four ROIs in each SWE measurement was assessed in this study. The 

strengths of this 2D-SWE study are its large sample, the validation method, and the 

selection of ROIs on the basis of the B-mode and shear-wave propagation map. 

This study had some limitations. First, although the propagation mode could 

serve as a quality measurement map to help select the ROI, some techniques are 

mandatory to obtain adequate measurement of SWE, including obtaining the optimal 

B-mode image, avoiding excessive tissue compression by the transducer, and the 

correct instruction to patients to hold their breath during the specific respiratory 

phase to ensure the lung lesion is perpendicular to the probe and simultaneously 

avoid rib shadowing. Second, some signal void areas were observed in 2D-SWE. 

This observation was probably because of the heterogeneity within the lung lesion, 

intralesional necrosis, or the existence of liquid within the lesion [35]. Therefore, to 

avoid obtaining such areas, an ROI diameter of 3 mm was applied in this study. 

Furthermore, the doctors performing the UTNAB were not necessarily aware of the 

elastogram, and hence, the ROI locations were not necessarily the biopsy areas. 

Third, pulsation of the heart or great vessels, thick chest walls, or presence of pleural 

effusion interfered with the transthoracic SWE of 65 patients (13.8%), causing 

unacceptable shear-wave propagations (Supplementary Figure E5). Fourth, the 

relatively low to normal BMI and thin intercostal chest wall thickness in this study 

may place additional limits on the generalization to other populations of overweight 

and obese patients. Moreover, the applicability of transthoracic SWE is limited to 

peripheral subpleural lung lesions. Finally, this study had a relatively small number of 

patients with benign lesions or in the air-bronchogram group. In most clinical 

scenarios at our hospital, the doctor arranges a chest ultrasound examination if the 

clinical suspicion of lung malignancy is high. Therefore, the high incidence of lung 



malignancy in a tertiary medical center could have affected the positive and negative 

predictive values. 

In conclusion, this study demonstrated and validated the excellent 

performance of transthoracic 2D-SWE in differentiating between malignant and 

benign subpleural lung lesions. Further study to compare the diagnostic yield of 

SWE-guided and conventional UTNAB for subpleural lung lesions is warranted to 

remorselessly investigate the predictive value of 2D-SWE. 
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FIGURE LEGENDS 

 

Figure 1. Flow diagram of patient enrollment from January 2016 to December 2019 

 

Figure 2. Receiver operating characteristic curve based on the derivation cohort 

(n=121). The optimal cut-off point of 65 kPa for predicting lung malignancy was 

shown (Youden index 0.60, sensitivity 89.7%, and specificity 70.6%; area under the 

receiver operating characteristic curve 0.866, p < 0.001). 

 

Figure 3. Box plot showing elasticity of the different benign (n = 111) and malignant 

lung lesions (n = 243). A significant difference noted between different types of 

benign lesions (Figure 3A, p = 0.013), whereas no significant difference was 

discovered between different types of malignant lesions (Figure 3B, p = 0.201). TB= 

tuberculosis; Adeno= adenocarcinoma; SCLC= small cell lung carcinoma; SqCC= 

squamous cell carcinoma; NSCLC-NOC= non-small-cell lung carcinoma not 

otherwise specified; Mets= metastatic lung cancer. 

 

  



Table 1. The clinical characteristics of the derivation and validation cohorts 

 
Total 

Derivation 
cohort 

Validation 
cohort p-value 

Characteristics  N=354 N=121 N=233 
 Age, y 65.3±13.5 63.6±13.0 66.2±13.7 0.082 

Male sex 217 (61.3) 79 (65.3) 138 (59.2) 0.267 

BMI, kg/m2 22.6±3.8 22.5±3.7 22.7±3.8 0.744 

Lung lesion size (mm) 49.7±26.4 50.3±25.3 49.4±27.0 0.756 
Intercostal chest wall 
thickness (mm) 19.0±6.1 17.8±5.2 19.7±6.4 0.004 

Location 
 

0.313 

Right upper lobe 96 (27.1) 27 (22.3) 69 (29.6) 
 Right middle lobe 24 (6.8) 10 (8.3) 14 (6.0) 
 Right lower lobe 90 (25.4) 30 (24.8) 60 (25.8) 
 Left upper lobe 67 (18.9) 29 (24.0) 38 (16.3) 
 Left lower lobe 77 (21.8) 25 (20.7) 52 (22.3) 
 Etiology 

  
0.341 

Benign 111 (31.4) 34 (28.1) 77 (33.0) 
  Bacterial pneumonia 62 (17.5) 13 (10.7) 49 (21.0)  

 TB 13 (3.7) 9 (7.4) 4 (1.7)  

 Fungal pneumonia 23 (6.5) 9 (7.4) 14 (6.0)  

 Others* 13 (3.7) 3 (2.5) 10 (4.3)  

Malignant 243 (68.6) 87 (71.9) 156 (67.0) 
  Adeno 120 (33.9) 44 (36.4) 76 (32.6)  

 SCLC 23 (6.5) 8 (6.6) 15 (6.4)  

 SqCC 32 (9.0) 5 (4.1) 27 (11.6)  

 NSCLC-NOS 25 (7.1) 9 (7.4) 16 (6.9)  

 Mets 20 (5.6) 10 (8.3) 10 (4.3)  

 Lymphoma 8 (2.3) 4 (3.3) 4 (1.7)  

 Others# 15 (4.2) 7 (5.8) 8 (3.4)  

B-mode ultrasound image  
  

0.86 

Hypoechoic 274 (77.4) 93 (76.9) 181 (77.7) 
 Air-bronchogram 80 (22.6) 28 (23.1) 52 (22.3) 
 BMI, body mass index; TB, tuberculosis; Adeno, adenocarcinoma; SCLC, small cell 

lung carcinoma; SqCC, squamous cell carcinoma; NSCLC-NOS, non-small-cell lung 

carcinoma not otherwise specified; Mets, metastatic lung cancer. 

Data are presented as mean ± standard deviation for continuous measures, and n 

(%) for categorical measures. 

* Other benign lesions included 9 patients in whom the lung lesions subsided 

spontaneously without definite treatment, 2 patients with Immunoglobulin G4-related 



lung disease, 1 patient with organizing pneumonia, and 1 patient with calcifying 

fibrous tumor.  
# Other malignant lesions included 4 patients with spindle cell carcinoma, 3 patients 

with lymphoepithelioma-like carcinoma, 3 patients with sarcomatoid carcinoma, 2 

patients with pleomorphic carcinoma, 1 patient with epithelioid 

hemangioendothelioma, 1 patient with Ewing sarcoma, and 1 patient with combined 

small cell lung carcinoma with adenocarcinoma. 

 



Table 2. Diagnostic performance of cut-off point (> 65 kPa) in predicting malignant lesions in different cohorts and groups. 

 

 
n SEN (%) SPE (%) PPV (%) NPV (%) Accuracy (%) LR+ LR- 

Cohort 
        

 derivation 121 
89.7              

(81.3-95.2) 
70.6            

(52.5-84.9) 
88.6            

(80.1-94.4) 
72.7            

(54.5-86.7) 
84.3             

(76.6-90.3) 
3.05     

(1.80-5.16) 
0.15      

(0.08-0.28) 

 validation 233 
94.9         

(90.1-97.8) 
70.1  

(58.6-80.0) 
86.6      

(80.5-91.3) 
87.1       

(76.1-94.3) 
86.7       

(81.6-90.8) 
3.18     

(2.25-4.48) 
0.07      

(0.04-0.15) 

Group 
        

 air-bronchogram 80 
85.7        

(63.7-97.0) 
84.8   

(73.0-92.8) 
66.7     

(46.0-83.5) 
94.3      

(84.3-98.8) 
85.0       

(75.3-92.0) 
5.62     

(3.00-10.50) 
0.17  

(0.06-0.48) 

 hypoechoic 274 
93.7       

(89.6-96.5) 
53.9  

(39.5-67.8) 
89.7     

(85.0-93.3) 
66.7     

(50.5-80.4) 
86.1       

(81.5-90.0) 
2.03      

(1.51-2.73) 
0.12    

(0.07-0.21) 

SEN, sensitivity; SPE, specificity; PPV, positive predictive value; NPV, negative predictive value; LR+, positive likelihood ratio; LR−, 

negative likelihood ratio. 

Numbers in parentheses represent the 95% CI.  
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586 patients screened 

471 patients with lung  
lesions received SWE 

354 patients for analyses 

105 mediastinal or chest wall lesions 
9 refusals 
1 cannot hold breath for 5 s 

65 had poor propagation 
24 had no definite final diagnosis 
17 were duplicates 
11 had missing data 
 

Derivation cohort 
January 2016 to 
December 2017 

n=121 

Validation cohort 
December 2017 to 

December 2019 
n=233 
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Adeno SCLC SqCC NSLCL-NOS Others Mets Lymphoma

Type N Median (kPa) IQR (kPa) 
Bacteria 62 42.64  22.77-57.45 

TB 13 77.53  71.29-89.10 
Fungus 23 54.33  33.03-65.73 
Others 13 36.70  19.12-78.90 

Type N Median (kPa) IQR (kPa) 
Adeno 120 103.09 92.20-113.98 
SCLC 23 95.09 69.28-105.36 
SqCC 32 104.64 92.56-113.35 

NSCLC-NOS 25 104.40 87.05-110.93 
Others 15 103.05  91.63-109.44 
Mets 20 105.22 94.29-122.76 

Lymphoma 8 109.09 98.22-120.97 

A  B  
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Additional detail on METHODS 

Protocol of transthoracic shear-wave ultrasound elastography 

1. B-mode grayscale sonography to obtain images of lung lesions 

 Air-bronchogram or hypoechoic 

 Intercostal chest wall thickness 

 Size (longest diameter) and location 

 Color Doppler images to evaluate vascularity 

2. Select target area to perform the 2D-SWE 

 No more than 8-cm depth from the skin surface 

 Position the transducer perpendicular to the skin surface and lung lesion 

 Avoid excessive tissue compression by transducer 

3. Ask the patient to hold their breath for 5 s and simultaneously switch to the 

“shear-wave” mode to perform SWE  

4. Use the “propagation display” to check 

 Adequate shear wave propagation: parallel contour lines 

 If distorted contour lines are found, repeat steps 2–4 

5. Switch to the “elasticity display” 

 Use the region of interest (ROI) with circle shape and 3-mm diameter to 
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select up to four ROIs with the highest mean elasticity values 

 Referring to the “propagation display”, avoid choosing regions with 

distorted contour lines 

 In comparison with grayscale, avoid areas of necrosis, cavity, and fluid and 

the boundary between lung lesions and adjacent tissues 

6. Switch to the “speed display” 

7. Repeat steps 2–6 one to three times 
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Figure E1. Selecting ROIs in a heterogeneous lung lesion (squamous cell 

carcinoma). After obtaining B-mode grayscale sonography, a green-bordered target 

area was selected to performed the 2D-SWE. Parallel contour lines were observed in 

the upper & central part of target area (panel A). While avoiding the necrotic area and 

the area with distorted contour lines in the right & lower part of target area, four ROIs 

with the highest elasticity values (indicated in red) were chosen in panel B. The speed 

of shear wave was shown in panel C. 

 

 

 

A   

B   

C

A   
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Figure E2. Selecting ROIs in a relatively homogenous lung lesion (bacterial 

pneumonia). After obtaining B-mode grayscale sonography, a target area was 

selected to perform the 2D-SWE. Parallel contour lines were observed in panel A. 

The four ROIs were relatively straightforward to select in panel B because there was 

no area of necrosis and the distribution of elasticity was relatively even.  
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Figure E3. Effect of great vessel on the propagation of shear wave. Target areas to 

perform shear-wave elastography were surrounded with green border line. The shear 

wave arrival time was presented as contour lines. On the left half of both panels, 

acceptable shear wave propagation was observed with parallel contour lines. 

However, due to the pulsation of a great vessel (red arrowhead), the contour lines 

gradually became distorted on the right half of panel A&B. 
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Statistics 

The difference in elasticity among different types in benign and malignant lung 

lesions was investigated using one-way analysis of variance on rank, because the 

SWE elasticity values were right-skewed in benign lung lesions and left-skewed in 

malignant lung lesions.  

 

Power calculation 

By assuming a power of 0.8 with a two-sided p value of 0.05 and a ratio of 1:5 for 

benign and malignant lung lesions to detect the difference between the area under 

the receiver operating characteristic (ROC) curve of 0.7 and null hypothesis value of 

0.5, a sample size of 106 (88 malignant and 18 benign) was deemed necessary in the 

derivation cohort. 
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Additional detail on RESULTS 

Table E1: Unacceptable shear wave propagation in 65 patients 

 

Freq. Percent 

Reasons   

Presence of effusion 14 21.5 

Thick chest wall 5 7.5 

Great vessel Nearby 28 43.1 

Liquid within  1 1.5 

Size too small 17 26.2 

Location   

Right upper lobe 10 15.4 

Right middle lobe 6 9.2 

Right lower lobe 12 18.5 

Left upper lobe 12 18.5 

Left lower lobe 25 38.5 
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Table E2. Univariable and multivariable analyses of factors associated with 

malignancy 

factors Univariable Multivariable 

 OR (95% CI) p value OR (95% CI) p value 

Age (y) 1.03 (1.01-1.05) 0.001 1.04 (1.01-1.07) 0.002 

Sex 1.47 (0.93-2.32) 0.098 1.08 (0.55-2.15) 0.816 

BMI (kg/m2) 1.12 (1.05-1.2) 0.001 1.07 (0.98-1.17) 0.143 

Intercostal chest wall 

thickness (mm) 
1.03 (0.99-1.07) 0.117   

Lung lesion size (mm) 1.04 (1.02-1.05) <0.001 1.03 (1.02-1.05) <0.001 

Hypoechoic vs.     

Air-bronchogram 

11.99 

(6.70-21.47) 
<0.001 

5.72 

(2.60-12.59) 
<0.001 

Elasticity > 65 kPa 
30.11 

(15.92-56.93) 
<0.001 

20.11 

(9.33-43.32) 
<0.001 

BMI, body mass index 
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Figure E4. Representative ultrasound images obtained using 2D-SWE. The 

lesions with highest elasticity are indicated in red, whereas those with lowest 

elasticity are presented in blue. Air-bronchogram group: (A) Lung 

adenocarcinoma; (B) fungal pneumonia; (C) B-cell lymphoma; Hypoechoic 

group: (D) metastatic squamous cell carcinoma; (E) pulmonary cryptococcus; 

(F) small cell lung carcinoma. 
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Figure E5. Main factors causing inadequate propagation of shear waves were 

presence of nonviscous liquid such as pleural effusion (panel A) or 

intralesional fluid (panel B) and pulsation of aorta (panel C). 
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