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ABSTRACT 

Background- Transthoracic strain elastosonography (TSE) is being increasingly studied for 

estimating lung-pleura interface stiffness in pulmonary fibrosis. To date, no data exist on its 

application in chronic obstructive pulmonary disease (COPD).  

Objectives- To describe the TSE pattern in patients with COPD and healthy subjects, either smokers 

or non-smokers, and evaluate the feasibility of this technique for early detection of COPD in smokers. 

Methods- Nineteen patients with COPD, twenty-one healthy smokers and twenty healthy non-

smokers underwent spirometry and TSE. Elastosonography was performed by one ultrasound-

certified operator on 12 different scans for each participant, on right and left side, anteriorly and 

posteriorly, on upper and lower lobes. For each scan, lung-pleura interface stiffness index (SI) was 

calculated, and the average SI on all 12 scans (SI-12) and on posterior basal scans (SI-PB) was 

calculated and used for comparisons among groups of participants and correlations with spirometric 

parameters.  

Results- Patients with lung injury (i.e., with COPD or healthy smokers) exhibited significantly 

increased lung-pleura interface stiffness on TSE, measured by SI-12 and SI-PB, than healthy non-

smokers (P<0.05). Unlike SI-12, SI-PB was able to discriminate between subjects with lung injury 

and healthy non-smokers on Receiver Operating Characteristics analysis (Area Under the Curve 

0.846, 95% Confidence Interval 0.730-0.926, p<0.001), and correlated with Forced Expiratory 

Volume in the first second (r=-0.31, p=0.018).  

Conclusion- The measurement of lung-pleura interface stiffness by TSE in posterior basal scans was 

able to discriminate patients with lung injury from healthy non-smokers. The role of TSE for detecting 

early lung damage in COPD should be further investigated.  



 

INTRODUCTION 

Elastosonography is an ultrasound technique that provides an in-vivo non-invasive assessment of 

tissue elasticity. It is being increasingly used within daily clinical practice in various fields of 

medicine, helping clinicians to assess the alterations of tissue elasticity related to cancer or 

inflammatory diseases, especially in breast, liver and prostate imaging [1-2].  

Two types of elastosonography are available, namely shear-wave elastosonography (SWE) and strain 

elastosonography (SE) [1]. SWE is based on the emission of high-energy acoustic pulses from the 

ultrasound probe inducing waves of compression in the examined tissues that, in turn, produce shear 

waves that are detected by the probe. Conversely, in SE compression of the examined area is directly 

performed by the operator. A color-coded image differentiates tissue elasticity, with colors ranging 

between two extremes typically represented by blue (maximal stiffness) and red (maximal elasticity) 

[1-2].  

The technique relies on the assumption that the examined tissue is elastic, incompressible and 

isotropic [3]. This ideal model cannot be perfectly applied to the physics of soft tissues, where 

elasticity, compressibility and isotropy are violated in several conditions [3]. This is particularly true 

for the lung tissue, whose elastosonographic examination may be particularly challenging, from a 

technical perspective, because a direct vibration excitation on the lung surface is not possible and the 

surface wave propagation on the lungs must be obtained by vibration excitation applied on the chest 

wall [4].  

In spite of this, SWE and SE are increasingly being studied in the field of respiratory medicine. Apart 

from application of SWE during endobronchial ultrasound-guided transbronchial needle aspiration 

(EBUS-TBNA) procedures for differentiating malignant versus non-malignant consolidations and 

mediastinal and hilar lymph nodes [5-9], transthoracic SWE was also shown to be of potential utility 

in discriminating between subpleural malignant lesions from non-malignant consolidations [10-12]. 

Furthermore, the pioneering studies by Zhang and colleagues has shown that the lung tissue, despite 

its low density and very high acoustic impedance, can generate a surface wave propagation at the 



 

lung-pleura interface that can be reliably and reproducibly measured by elastosonography in both 

healthy subjects [13] and patients with interstitial lung disease [14-16]. In these conditions, the 

prevalent subpleural distribution of lung abnormalities makes shear waves more easily detectable by 

ultrasound probes. Recent studies have also reported promising data on the application of 

elastosonography in pulmonary edema [17] and COVID-19 pneumonia [18]. To date, transthoracic 

lung elastosonography has not been studied in patients with chronic obstructive pulmonary disease 

(COPD) yet. Although the distribution of lesions in COPD is not exclusively subpleural, significant 

changes in comparison with normal lung tissue density at the pleural interface are anyway expected, 

due to smoke-induced remodeling in peripheral airways (increased tissue density) or secondary to 

emphysema (reduced density) [19]. Computed tomography (CT) studies have also shown that 

pulmonary stiffness was increased from the early phases of the disease [20].  

Thus, we hypothesized that transthoracic SE can discriminate between subjects suffering from COPD 

and healthy non-smokers and provide a measurement of increased lung-pleura interface stiffness in 

long-time smokers not yet diagnosed with COPD. Currently, early COPD imaging biomarkers are 

not routinely tested within daily clinical practice [21-23], and lung-pleural interface stiffness, 

measured by transthoracic SE, could theoretically represent an early marker of COPD-associated lung 

injury. The aim of this pragmatic, proof-of-concept, cross-sectional study was therefore to describe 

the transthoracic elastosonographic pattern in these three categories of subjects and evaluate its 

feasibility as a tool for early detection of COPD.    



 

METHODS 

Study design, population and setting 

Sixty participants were enrolled in this cross-sectional, pragmatic diagnostic study, divided in three 

categories:  

 a) Group A: patients with confirmed spirometric diagnosis of COPD and no recent 

exacerbation.  

b) Group B: healthy subjects with smoking history (either ongoing or former, ≥ 10 pack-years) 

and normal spirometry. 

c) Group C: healthy non-smokers. 

Each participant provided informed consent in written form. Excluded subjects were those with alpha-

1 antitrypsin deficiency, severe respiratory failure, cognitive impairment, severe disability, 

neurological illness preventing compliance to examinations, heart failure, severe generalized edema, 

or cancer.  

The study was conducted in an Internal Medicine unit of a large academic hospital, in which the use 

of point-of-care thoracic ultrasound is commonplace for the management of patients with respiratory 

illness [24-25].  

The study protocol was approved by the local Ethics Committee and registered on ClinicalTrials.gov 

(NCT04149652).  

   

Clinical procedures and assessment of respiratory functions 

Each participant was screened for inclusion through a careful physical examination and evaluation of 

medical history. Spirometry was performed with a JAEGER™ MasterScope Body cabin, unless the 

participant had already undergone such examination for clinical reasons within the previous month. 

COPD diagnosis was made on clinical-instrumental basis (i.e. by integration of spirometric data with 

clinical and anamnestic records). Thus, clinical-anamnestic data, Forced Expiratory Volume in the 

first second (FEV1), the ratio between FEV1 and Forced Vital Capacity (FEV1/FVC, Tiffeneau Index), 



 

were the basis for classifying participants in groups a), b) or c). The Maximal Mid-Expiratory flow 

between 25% and 75% (MMEF25-75) was also considered as a proxy of obstructive small airway 

disease.   

  

Lung ultrasound and strain elastosonography procedures 

A portable ultrasound equipment, with convex 3.5-5 MHz and linear 4-8 MHz probes (Esaote MyLab 

Alpha™, Esaote, Genova, Italy), was used for all ultrasound and elastosonographic examinations. 

One operator with more than five years of experience and certification in thoracic ultrasonography 

performed all the examinations.  

First, each participant was examined in the sitting position with B-mode ultrasound using a convex 

probe, following a protocol of visualization of all lung fields used for the diagnosis of acute 

respiratory diseases [24-25]. The probe was moved longitudinally on parasternal, hemiclavicular, 

axillary, scapular, and paravertebral lines, and then transversally in intercostal spaces, to evaluate the 

ultrasound characteristics of pleural line and subpleural lung parenchyma and exclude the presence 

of unknown underlying abnormalities that could impair elastosonographic examination.  

Then, the probe was positioned posteriorly on the right lung basis, two intercostal spaces above the 

diaphragm. The SE function was activated with the duplex mode, that allows to visualize on screen 

both B-mode and elastosonography images. Then, the operator executed gentle and rhythmic manual 

compressions with the convex probe on the thoracic wall, following the indications suggested by the 

compression sensor of the ultrasound probe. To optimize SE image quality, the window of the 

ultrasonographic region of interest (ROI) was reduced to analyze the entire vertical extension of the 

thoracic surface and make it appear as red, meaning that compressions were applied properly (Figure 

1A). The two lateral thirds of the image were excluded from the ROI, to avoid analyzing echoes from 

marginal structures such as the column or the ribs (Figure 1A). The SE image was then saved on the 

ultrasound software for further processing and analysis.  

Twelve different elastosonographic scans were obtained in each participant, six for each lung:  



 

- basal and apical on the scapular line; 

- basal and apical on the anterior axillary line; 

- basal and apical on the hemiclavicular line.  

Basal scans were obtained two intercostal spaces above the diaphragm. Apical scans were obtained 

in the third intercostal space, except for the left scan on the hemiclavicular line, that was obtained in 

the first or second intercostal space to avoid the cardiac region.   

 

Analysis of elastosonographic images 

Elastosonographic images were analyzed with the ElaXto™ software provided by the ultrasound 

manufacturer (Esaote, Genova, Italy) [1]. This software measures the percentage of tissue stiffness 

deviating from a pre-specified stiffness threshold (set at 20%), in accordance with the chromatic range 

of the elastosonographic image. The obtained Stiffness Index (SI) was a measurement of stiffness 

ranging from 0 (lower stiffness threshold) to 100 (maximal stiffness). The software allows to calculate 

the SI in a specific ROI that is selected by the examiner.  

For the purposes of this study, the ROI was first identified as the entire area under the pleural line 

included in the image (Figure 1A), and then was reduced to cover both the upper (3-4 cm of depth 

from pleural line) (Figure 1B) and lower part of the image (Figure 1C).  

In aerated lungs, only the part of the image immediately beyond the pleural line (upper part of the 

image) corresponds to signals truly generated at the lung-pleural interface, while the lower part of the 

image could instead represent the result of reverberation artifacts amplifying the signal produced at 

the lung-pleural interface [26]. Thus, the measure of SI in the lower parts of elastosonographic images 

may not correspond to the true lung parenchyma stiffness. However, it may represent a useful 

parameter for differentiating normal and diseased lungs as well. Therefore, for clinical purposes, we 

calculated the average of upper and lower SI values of all twelve scans (SI-12, representing the 

average of SI for the 12 scans). We also calculated the average of SI values obtained in right and left 

posterior basal scans (SI-PB), and in right and left apical scans (SI-PA).  



 

 

Statistical analysis 

Data were expressed as median and interquartile range (IQR) for continuous variables or as 

percentage for dichotomous variables. The demographic (age, gender), spirometric (FEV1, Tiffeneau 

Index) and elastosonographic metrics (SI-12, SI-PB, SI-PA) were compared among the three study 

groups with Kruskal-Wallis or chi-square test, as appropriate. The correlations of elastosonographic 

parameters with age, FEV1 and Tiffeneau Index were also assessed in the whole study population 

with Spearman’s rank correlation coefficients.  

The capacity of elastosonographic indexes (SI-12, SI-PB, SI-PA) to discriminate between healthy 

never smokers (group C) and patients with COPD (group A), and between group C and subjects with 

lung injury (healthy smokers plus patients with COPD, groups A and B) was also assessed through 

Receiver Operating Characteristics (ROC) curve analysis and calculation of the Area Under the ROC 

Curve (AUC).  

All analyses were performed with Stata v.16 (StataCorp LLC, College Station, Texas, US), 

considering P values <0.05 as statistically significant.  



 

RESULTS 

Among sixty participants, nineteen (31.7%; 13 M, 6 F) were included in Group A, twenty-one (35%; 

13 M, 8 F) in Group B, and twenty (33.3%; 10 M, 10 F) in Group C. No age and gender distribution 

differences were detected, while FEV1 and Tiffeneau Index were lower (p<0.001) in Group A (Table 

1).   

The typical elastosonographic image pattern of each group is depicted in Figure 2. Blue nuances were 

more frequent in group A at visual inspection, while red nuances prevailed in images from 

participants categorized in group B and C. Further images are provided in Supplementary Material. 

A trend towards increased SI-12 values was detected from Group C to Group A (Group A: median 

53.71, IQR 52.43-55.24; Group B: median 52.74, IQR 51.66-56.95; Group C: median 52.26, IQR 

49.10-53.61; p=0.031) (Table 1). SI-12 discriminated between Group A and Group C on ROC 

analysis (AUC 0.672, 95% CI 0.539-0.788, p=0.014) (Figure 3A). However, SI-12 was not 

significantly correlated with any of the spirometric parameters considered in the investigation (FEV1: 

r=-0.14, 95% CI -0.39 to 0.11, p=0.266; Tiffeneau Index: r=-0.19, 95% CI -0.42 to 0.07, p=0.151; 

MMEF25-75
 r=-0.03, 95% CI -0.30 to 0.25, p=0.841) .  

SI-PB showed higher values in Group B (healthy individuals with smoking history) than in Group A 

(patients with COPD), while Group C (healthy never smokers) had the lowest average values of this 

variable (Group A: median 53.97, IQR 52.29-58.81; Group B: median 55.65, IQR 50.65-58.51; Group 

C: median 49.09, IQR 47.65-51.65; p<0.001) (Table 1). SI-PB significantly discriminated patients 

with lung damage (either COPD or smoke-induced damage, Groups A and B) from healthy never 

smokers (Group C) on ROC analysis (AUC 0.846, 95% CI 0.730-0.926, p<0.001; Figure 3B). In the 

studied population, SI-PB was also significantly and inversely correlated with FEV1 (r=-0.31, 95% 

CI -0.52 to -0.05, p=0.018), but not with Tiffeneau Index (r=-0.16, 95% CI -0.40 to 0.09, p=0.209) 

or MMEF25-75 (r=-0.25, 95% CI -0.49 to 0.03, p=0.07).  

SI-PA was not statistically different among the three groups of participants (Table 1).  

 



 

DISCUSSION 

In this proof-of-concept study, the qualitative appearance of transthoracic SE showed different 

patterns among healthy never smokers, smokers with normal respiratory function and patients with 

COPD. These differences were also reflected by SI, in particular when calculated from the posterior 

basal scans. Moreover, SI-PB exhibited a fairly good correlation with FEV1 and could discriminate 

between participants with and without lung injury.  

Overall, these results support the feasibility of transthoracic SE for non-invasive detection of 

subpleural lung damage in subjects who are at risk for COPD. In the pathogenesis of COPD, lung 

tissue alterations generally precede pathological findings on respiratory function tests, as well as the 

onset of respiratory symptoms [23]. The detection of emphysema, bronchial wall thickness and air 

trapping on chest CT scans of healthy individuals is associated with increased risk of developing overt 

forms of COPD, representing a subclinical marker of the disease [27]. In recent years, several studies 

have investigated the possible role of chest imaging, particularly low-dose CT, for screening the 

general population for early diagnosis of COPD or lung cancer [20-23, 28].  

These studies, however, were not focused on lung elasticity, which is affected since the earliest stages 

of COPD. Interestingly, Hasse and colleagues [29] validated a measure of lung tissue elasticity 

derived from 4-dimensional computed tomography (4DCT) scans. This parameter exhibited a good 

correlation between respiratory function and severity of COPD in 13 patients with coexisting COPD 

and lung cancer [29]. However, the methodology of assessment of lung elasticity with chest CT 

requires 4DCT technology, which is not easily available and implies a higher exposure to ionizing 

radiations. One further approach based on elastic registration of CT scans was focused on the 

detection of morphological and functional changes in patients with systemic sclerosis-related 

interstitial lung disease [30]. 

On the other hand, transthoracic SE is a non-invasive and radiation-free technique. To date, this 

technique has been studied mainly in the context of lung fibrosis, either idiopathic or caused by 

systemic autoimmune disorders [14-16]. In these conditions, the increase in lung-pleura interface 



 

stiffness is more obvious and directly correlated with the disease stage and severity [14-16]. In a 

recent study conducted on 77 subjects, embedding elastosonographic measures of stiffness with 

functional parameters in an algorithm for assessment of lung fibrosis, elastosonography increased the 

overall diagnostic accuracy [31]. Anecdotal evidence also suggests that transthoracic 

elastosonography might estimate the severity of lung involvement in COVID-19 pneumonia [18] and 

help for the differential diagnosis of lung parenchymal lesions with complicated morphology [32].   

To the best of our knowledge, our study is the first assessing the role of transthoracic SE in COPD, 

as well as its potential role as marker of early damage in healthy smokers without spirometric 

evidence of obstructive pattern. Future studies with larger sample size and longitudinal design are 

awaited to investigate whether the alterations of SI predict deterioration of respiratory function with 

development of obstructive pattern and COPD. Comparison of elastosonography with low-dose chest 

CT would also allow to establish whether lung-pleura interface stiffness measured by 

elastosonography might increase the diagnostic value of traditional imaging in early detection of at 

risk patients. 

Despite the promising findings, some pitfalls emerging from this proof-of-concept investigation 

should be carefully considered. First, SI-12, SI-PB and SI-PA do not represent direct measures of 

lung parenchyma stiffness, but only an estimation of stiffness at the lung-pleura interface, since deep 

structures cannot be directly assessed by thoracic ultrasound when the lungs are normally aerated and 

the pleura is not involved [26]. Furthermore, the differences of SI-12 among the groups of participants 

were only mild in absolute terms, and probably of little clinical value. The capacity of SI-12 of 

discriminating patients with COPD from healthy participants was also poor (Figure 3A). The 

derivation of the SI-12 parameter was also very time-consuming, requiring the execution of 12 

ultrasound scans and the subsequent analysis of several images in the post-processing phase. SI-12, 

being the average of the SI measured in different scans, may not adequately account for regional 

variations of the distribution of emphysematous lesions, which is common since the early phases of 

COPD and influenced by genetic factors [33-34].  



 

SI-PB, instead, was faster and simpler to obtain, requiring only two ultrasound scans and the analysis 

of a small number of images. SI-PB specifically explores the presence of lower lobe lung-pleura 

interface alterations, which are generally associated with increased clinical severity at the time of 

COPD diagnosis, but with reduced risk of clinical progression to severe respiratory failure in 

comparison with upper lobe emphysema [35-36]. Although in our study SI-PB was associated with 

an excellent capacity of discriminating healthy non-smokers from subjects with lung injury, these 

aspects of the pathophysiology of COPD should be considered for a correct interpretation of its 

significance.  

Of note, the quality of transthoracic SE examinations could be reduced in older patients, due to several 

reasons, including difficulties in maintaining the sitting position, age-related changes of lung and 

chest wall anatomy, presence of comorbidities (e.g., obesity) that could pose challenges in obtaining 

elastosonographic images of adequate quality [37]. All these elements could have influenced the 

results of our study, that was conducted on a relatively small sample of subject mostly older than 70 

years.  

Additional limitations of our study include its cross-sectional design and the lack of data on chest CT. 

The use of the SE, instead of SWE, could be also regarded as a limitation, because it is less 

standardized in its application and more dependent on the examiner’s manual skills. Previous studies 

on lung elastosonography mainly used SWE rather than SE, but the examinations were made mainly 

in experimental conditions and not in a clinical setting [14-17]. SE, instead, is a widely used technique 

with a good diagnostic value in other fields of medicine, and represents a good compromise for a 

quick assessment at the patient’s bedside, being more accessible as a complement of routine lung 

ultrasound tests. Unfortunately, no measures of inter- and intra-operator variability were taken in our 

study. However, data from breast SE indicate that the process of image acquisition is only fairly 

affected by intra- and inter-operator variability, while the critical step relies in image interpretation 

[38]. The use of the custom software ElaXto™ in our study may favor repeatability of results. Finally, 

having been conceived with a proof-of-concept design, the study lacked sufficient power to detect 



 

possible differences in elastosonographic pattern and lung-pleura interface stiffness index among 

patients with different COPD severity.  

Despite these limitations, the results of this investigation point out that the assessment of lung-pleura 

interface stiffness by transthoracic elastosonography represents a promising marker of early COPD 

lesions. The presence of increased stiffness on lung-pleura interface in healthy smokers could in fact 

precede the onset of alterations in respiratory function tests and represent an early stage of lung injury 

associated with COPD. Thus, lung elastosonography should be further studied for its potential 

applications in the field of screening and diagnosis of COPD.   



 

CONCLUSIONS 

The measurement of lung-pleura interface stiffness by transthoracic SE, especially in posterior basal 

regions, was able to discriminate patients with COPD and subjects with smoke-related lung injury 

from healthy non-smokers. The use of this technique should be further investigated for its potential 

utility in screening and early detection of COPD.      
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FIGURE LEGENDS 

Figure 1 – Acquisition of elastosonographic images and selection of the region of interest 

(ROI) for measurement of the stiffness index. A) Selection of the whole pulmonary 

parenchyma explored in the scan as ROI. B) Selection of the superficial portion of lung 

parenchyma as ROI. C) Selection of the deep portion of lung parenchyma as ROI. 

 

Figure 2 – Typical elastosonographic pattern of lungs of patients with COPD (A), healthy 

smokers (B), and healthy controls (C) on posterior basal scans. Red and yellow nuances 

indicate elasticity of deep tissues, while blue and green nuances indicate tissue stiffness. 

 

Figure 3 - ROC curves showing the capacity of the elastosonographic stiffness index 

calculated as average of 12 different scans (SI-12) to discriminate between patients with 

COPD and healthy subjects (panel A) and the capacity of the elastosonographic stiffness 

index calculated as average of left and right posterior basal scans (SI-PB) to discriminate 

between healthy non-smokers and subjects with lung damage (healthy smokers and patients 

with COPD) (panel B). 
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