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Shear wave elastography-based skin assessment system for 
systemic sclerosis: a supplement or alternative to conventional 
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Background: Although shear wave elastography (SWE) has been found to have the potential to evaluate 
skin lesions in systemic sclerosis (SSc), current research fails to answer the following questions: (I) can high-
frequency ultrasound (HFUS) and SWE at multiple sites throughout the body distinguish SSc subtypes; (II) 
is HFUS and SWE at every site equally affected by clinical characteristics; and (III) is SWE a supplement 
or a choice to HFUS. This prospective study aimed to compare the value of SWE-based skin stiffness and 
HFUS-based skin thickness in distinguishing different SSc subtypes, verify the influence of clinical features 
on SWE and HFUS, and provide a basis for the screening of the optimal evaluation sites and indicators in 
the future.
Methods: Forty-nine limited and 51 diffuse SSc patients were included in this study. Their skin was 
assessed at 17 sites by palpation using the modified Rodnan skin score (mRSS), skin thickness measured 
by HFUS, and skin stiffness by SWE. Clinical features, including age, sex, body mass index, and disease 
duration, were collected.
Results: The diffuse SSc patients had higher skin stiffness at most sites (P<0.05), except for the finger, foot, 
and forehead, and a thicker skin layer at most sites (P<0.05), except for the finger. The area under the curve 
(AUC) of HFUS, SWE, and the combination of the two in distinguishing diffused and limited SSc were 
0.866, 0.921, and 0.973, respectively. The differences were statistically significant (combination vs. SWE, 
P=0.002, combination vs. HFUS, P=0.021). Longer disease duration was associated with a thinner skin layer 
at the forearm, arm, chest wall, abdominal wall, and thigh in limited SSc, including the leg in diffused SSc. 
SWE was less affected by clinical features than HFUS. SWE could achieve greater discrimination between 
different mRSSs at multiple sites, such as fingers and arms, than HFUS.
Conclusion: For the assessment of SSc skin, SWE has several advantages over HFUS, including less 
influence by clinical features and greater sensitivity to discriminate different mRSSs. SWE has the potential 
to become a primary imaging assessment tool as well as HFUS.
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Introduction

Systemic sclerosis (SSc) is an immune-mediated rheumatic 
disease characterized by autoimmunity, widespread tissue 
fibrosis of the skin and internal organs, and vasculopathic 
alterations (1). According to the skin involvement 
evaluated by palpation, SSc can be further subdivided 
into limited cutaneous SSc (lcSSc) and diffuse cutaneous 
SSc (dcSSc). There are differences in musculoskeletal and 
cardiopulmonary involvement between the two subdivisions, 
which have been previously reported (2-4). Accordingly, 
assessing skin involvement for a clear classification is an 
important step in evaluating SSc. The modified Rodnan 
skin score (mRSS) is the most widely used tool for assessing 
skin involvement in SSc; however, this method still has 
several limitations, such as the unsatisfactory interobserver 
reliability among doctors with different training experience 
(5,6) and the use of semiquantitative data not sensitive 
enough for evaluating disease progression or treatment 
effect in the follow-up (7).

Medical imaging, such as laboratory tests, can provide 
plenty of quantitative information to reflect anatomical 
changes and disease progression. Previous studies have 
found that skin thickness measured by high-frequency 
ultrasound (HFUS) can reflect site-specific skin involvement 
(8,9). However, subclinical abnormalities in skin thickness 
were present in normal mRSS skin in SSc, so traditional 
results of HFUS can be confusing when evaluating the 
subtype classification (9-11). In addition, some related 
studies have found that skin thickness may be affected by 
sex, body mass index (BMI), age, disease duration, etc., 
and these influencing factors are interrelated (12,13), thus 
limiting the application and explainability of HFUS.

Shear wave elastography (SWE), as a new acoustic 
technique, can be used to quantify the stiffness of tissue 
according to the physical characteristics of different 
shear wave propagation speeds in tissues with different 
mechanical properties (14,15), which expands the evaluation 
dimension of traditional acoustic technology to the 
function and structure of the tissue. SWE uses Young’s 
modulus to measure the stiffness of the target tissue, where 
a larger value indicates higher stiffness (15). At present, 
the quantitative assessment of liver cirrhosis by SWE has 
been applied in the clinic (16). Considering the technical 
characteristics of SWE, theoretically, SWE can be a suitable 
imaging evaluation tool for SSc. Our previous studies have 
confirmed the reliability of SWE in healthy [inter- and 
intraclass correlation coefficients (ICC): 0.62–0.91] and 

SSc skin stiffness (ICC: 0.82–0.99) (17-19). Some SWE-
based studies on SSc have demonstrated the potential value 
of SWE in SSc skin assessment and follow-up (7,20,21); 
however, evidence based on the current research still fails 
to answer the following questions: (I) can skin thickness and 
stiffness at multiple sites throughout the body distinguish 
dcSSc and lcSSc; (II) is the skin thickness and stiffness at 
every site equally affected by the clinical characteristics 
such as disease duration, or are their differences between 
sites; and (III) is SWE a choice to HFUS or is it just a 
supplement. Aiming to address these issues, we designed 
this cross-sectional study that included dcSSc and lcSSc 
patients whose skin at 17 sites was assessed by palpation, 
HFUS, and SWE; additionally, the mRSS, skin thickness, 
and Young’s modulus were recorded.

Methods

Study participants

This study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). This study 
was approved by the Ethics Committee of West China 
Hospital, Sichuan University [approval number: 2018(210)], 
and informed consent was obtained from all participants. A 
total of 100 SSc patients from the outpatient clinic who met 
the American College of Rheumatology (ACR)/European 
League Against Rheumatism (EULAR) 2013 criteria for 
SSc (22) or LeRoy’s criteria for the classification of early 
SSc (23) were included between September 2018 and May 
2022. Age, sex, BMI, disease duration, and subdivisions 
of skin involvement (dcSSc and lcSSc) were evaluated and 
recorded. Skin involvement was scored according to the 
mRSS over 17 anatomical sites (24) by an experienced 
dermatologist trained at the European League Against 
Rheumatism Scleroderma Trials and Research group course 
with more than 10 years of experience in mRSS (25). The 
evaluator was blinded to the ultrasound results.

Ultrasonography assessments

Ultrasonography assessments were performed before 
starting treatment. All patients were instructed not to 
perform any exercise two hours before the examination and 
to rest completely for 5 minutes before the examination. 
The room temperature was constant at 25 ℃. One trained 
sonographer with 8 years of experience in musculoskeletal 
ultrasonography and 3 years in SWE conducted all 
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examinations on an Aixplorer ultrasound system (SuperSonic 
Imagine, Aix-en-Provence, France) with an SL 15-4 
multifrequency linear probe. The instrument settings and 
scanning process were consistent with a previous study (18). 
Skin thickness (epidermis and dermis) was measured in 2D 
mode, and skin stiffness (dermis) was measured in SWE 
mode. The 17 selected target sites were consistent with 
those used in the study of Moore et al. (24); standard images 
are shown in Figure 1. For each site, three consecutive 
values were measured, and the average value was assessed; 
the results were expressed in millimeters (mm) for skin 
thickness or kilopascals (kPa) for skin stiffness. During 
the scanning process, the sonographer was unaware of the 
mRSS results.

Statistical analysis

Statistical analyses were performed using SPSS 24.0 software 
(IBM, Armonk, NY, USA) and MedCalc software 20.0.4 
(MedCalc Software Ltd., Ostend, Belgium). Continuous 
variables that conformed to a normal distribution were 
described as the means ± standard deviations, and a t-test 
was used to assess differences between the two groups. For 
other continuous variables, the median (25th percentile to 
75th percentile) was used, and a Mann-Whitney U test was 
applied to compare two groups in the case of nonnormally 
distributed continuous variables. The chi-square test 
was used to compare sex proportions in different groups. 
Logistic regression with the entering method was used to 
obtain the response probability to dcSSc and lcSSc of skin 
thickness, stiffness, and the combination of the two. Further 
receiver operating characteristic (ROC) analysis and area 

under the curve (AUC) were used to evaluate the thickness 
and stiffness classification effect on dcSSc and lcSSc. A 
Z test was used to compare ROC curves. Multiple linear 
regression with a stepwise method was used to screen for 
independent influencing factors affecting skin thickness and 
stiffness (excluding parameters with P values over 0.10). In 
regression analysis, the gender variable was given a value 
of 0 for men and 1 for women. In the abovementioned 
analysis, the thickness or stiffness at bilaterally symmetrical 
sites was expressed as the average of the respective results 
on both sides. For the comparison of skin thickness and 
stiffness between different mRSS scores at different sites, 
the Kruskal-Wallis test and further multiple comparisons 
were performed in the stepwise step-down method. The 
thickness or stiffness at 17 target sites was treated as the 
independent variable in the analysis. A P value of <0.05 
indicated statistical significance for two-sided tests.

Results

A total of 49 lcSSc and 51 dcSSc patients were included in 
this study. Their demographic characteristics and clinical 
features are compared in Table 1. There was no significant 
difference in age, BMI, disease duration, or Raynaud’s 
phenomenon between lcSSc and dcSSc, and female patients 
were the majority. Additionally, the proportion of women 
in the lcSSc group was significantly higher than that in the 
dcSSc group (85.7% vs. 64.7%, P=0.015). The total mRSSs 
were higher in dcSSc than in lcSSc (23 vs. 8, P<0.001).

For skin stiffness, dcSSc had a higher Young’s modulus 
than lcSSc at most sites except the finger, foot, and 
forehead. With reference to thickness, dcSSc had a thicker 
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Figure 1 Standard images of target sites: (A) finger; (B) hand; (C) forearm; (D) arm; (E) forehead; (F) chest wall; (G) abdominal wall; (H) 
thigh; (I) leg; (J) foot.
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skin layer than lcSSc at most sites, except for the finger. 
The detailed comparison is shown in Table 2.

To study the classification effect of skin thickness and 
stiffness on lcSSc and dcSSc, we plotted the ROC curves 
of the response probability in logistic regression, as shown 
in Figure 2. The AUC of skin thickness alone was 0.866 
(0.783–0.926), and the AUC of skin stiffness alone was 0.921 
(0.850–0.966), while in the current sample, there was no 
significant difference between the two curves (P=0.205). 
Correspondingly, the combination of thickness and stiffness 
had the highest classification effect, with an AUC of 0.973 
(0.919–0.995); the observed difference was statistically 
significant (combination vs. stiffness, P=0.002, combination 
vs. thickness, P=0.021).

Next, to show the effect of disease duration, sex, BMI, 
and age on the skin thickness and stiffness of each site in 
lcSSc and dcSSc, we made a heatmap of the results of the 
standardized coefficient beta in the multiple regression 
(Figure 3). Overall, the following two regularities could be 
observed: first, skin stiffness was less affected by clinical 
characteristics than skin thickness; second, skin thickness 
and stiffness of dcSSc were more affected by clinical 
characteristics than lcSSc. For skin thickness, longer 
disease duration was associated with a thinner skin layer 
on the forearm, arm, chest wall, abdominal wall, and thigh 
in lcSSc, including the leg in dcSSc. The only exception 
was the finger, as the skin thickness of the finger tended to 
be thicker in patients with longer disease duration. BMI 
was an insignificant factor, and no significant influence 
on skin thickness was found at all target sites throughout 
the body. Female sex and younger age were related to a 
thinner skin layer at some sites. For skin stiffness, longer 
disease duration was associated with greater skin stiffness 
at the finger in lcSSc and at the finger, hand, and forehead 

in dcSSc. Female sex, greater BMI, and younger age were 
associated with lower skin Young’s modulus at some sites, 
but there did not seem to be any apparent regularity in the 
sites affected by these factors.

Finally, we compared the skin thickness and stiffness 
between different mRSSs at each site, as shown in  
Figure 4. Differences between multiple groups were 
significant (all P<0.01), and in the following multiple 
comparisons, there were no significant differences between 
the subgroups in each dashed box. Skin stiffness could 
achieve greater discrimination between different mRSSs 
at multiple sites, such as the finger and arm, than skin 
thickness.

Discussion

Although there were no significant differences in age, 
BMI, or disease duration among recruited SSc patients, 
the sex ratio in lcSSc and dcSSc was different. The 
female sex accounted for 85.7% of lcSSc and 64.7% of 
dcSSc. In previous studies, no strong evidence supported 
sex differences in lcSSc and dcSSc. This result may be 
due to bias because this was a cross-sectional study. 
Interestingly, this sex ratio was similar to that reported in a 
retrospective observational study, which included 375 SSc  
patients (26), i.e., 81% female patients in lcSSc and 60% 
female patients in dcSSc. Whether sex is associated with 
different subdivisions of skin involvement needs to be 
further confirmed by future epidemiological research.

With reference to skin thickness, Sulli et al. (11) found 
that in patients classified as lcSSc, the thickened skin layer 
could be detected by ultrasound in skin areas with a normal 
mRSS, such as the arm, chest, or abdominal wall. Our 
results further showed that dcSSc had thicker skin than 

Table 1 The clinical characteristics of lcSSc and dcSSc

Characteristics lcSSc (n=49) dcSSc (n=51) P

Gender (male:female) 7:42 18:33 0.015

Age (years), median [IQR] 47.0 [39.0–51.5] 48.0 [35.0–59.0] 0.530

BMI (kg/m2), median [IQR] 22.6 [20.1–24.6] 22.3 [19.3–23.5] 0.172

Duration (years), median [IQR] 3.0 [1.0–10.0] 2.0 [1.0–7.0] 0.140

Raynaud’s phenomenon (+:−) 45:4 42:9 0.266

Total mRSS, median [IQR] 8 [3–13] 23 [12–33] <0.001

SSc, systemic sclerosis; lcSSc, limited SSc; dcSSc, diffused SSc; BMI, body mass index; mRSS, modified Rodnan skin score; IQR, 
interquartile range.
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Table 2 The skin stiffness and thickness of target sites in lcSSc and dcSSc

Stiffness and thickness of 
target sites

lcSSc (n=49), median (IQR) dcSSc (n=51), median (IQR) P

Stiffness (kPa)

Finger 222.3 (153.2–295.3) 211.1 (130.3–408.2) 0.959

Hand 38.7 (25.5–52) 63.6 (32.7–105.2) 0.006

Forearm 25.5 (17.2–39.7) 58.4 (33.8–110.9) <0.001

Arm 20.3 (13.5–27.5) 51 (23.2–103.4) <0.001

Thigh 13.5 (9.9–17.4) 19.5 (13.4–32.4) 0.001

Leg 36.9 (22.2–49.9) 50.3 (30.7–76.6) 0.004

Foot 33.7 (20.4–45.5) 41.4 (21–75.9) 0.168

Forehead 29.9 (21.2–39.1) 33.5 (23.8–52.5) 0.130

Chest wall 15.2 (12.1–31.2) 48.2 (31.8–95.9) <0.001

Abdominal wall 12.9 (10.4–16.2) 25.8 (13.7–72.9) <0.001

Thickness (mm)

Finger 1.4 (1.3–2.1) 1.7 (1.4–2.1) 0.221

Hand 1.1 (1.0–1.3) 1.4 (1.2–1.7) <0.001

Forearm 1.3 (1.2–1.5) 1.6 (1.5–2.0) <0.001

Arm 1.2 (1.1–1.3) 1.5 (1.4–1.8) <0.001

Thigh 1.4 (1.3–1.7) 1.7 (1.6–2.0) <0.001

Leg 1.2 (1.1–1.4) 1.4 (1.2–1.6) 0.001

Foot 1.0 (0.9–1.1) 1.1 (1.0–1.3) 0.028

Forehead 1.3 (1.2–1.5) 1.5 (1.3–1.9) 0.004

Chest wall 1.6 (1.4–1.9) 2.0 (1.8–2.3) <0.001

Abdominal wall 1.7 (1.4–2.0) 2.1 (1.7–2.4) 0.001

SSc, systemic sclerosis; lcSSc, limited SSc; dcSSc, diffused SSc.

lcSSc throughout the body, except for fingers, similar to 
a previous study by Hesselstrand et al. (8) compared the 
skin thickness at the finger, hand, forearm, chest wall, and 
leg in dcSSc and lcSSc, finding that dcSSc had greater 
skin thickness, except for the finger. With reference to 
skin stiffness, dcSSc had a higher Young’s modulus than 
lcSSc at most sites except for the finger, foot, and forehead. 
After combining all sites using logistic regression, we 
found that skin thickness, skin stiffness, or a combination 
of the two had good diagnostic accuracy in distinguishing 
lcSSc from dcSSc. Although a significant difference was 
not observed in the statistical comparison between the 
stiffness and thickness curves at a small sample size, it is 
expected from the curve that as the sample size increases, 
the stiffness may achieve a higher classification effect than 

skin thickness. However, at the same time, we observed 
that the classification effect could be further improved after 
combining stiffness with thickness.

Some commonalities and exceptions were observed in 
the following exploration of influencing factors. We found 
that thinner skin thickness was associated with longer 
disease duration. Since disease progression goes from the 
edematous phase to the atrophic phase, a longer disease 
duration suggests that patients are more likely to be in the 
fibrotic or atrophic phase, reflected in the thinner skin 
layer. We also observed that the finger was a special site 
where longer disease duration was associated with thicker 
skin thickness in dcSSc. After following up dcSSc and lcSSc 
patients for 4 years, Akesson et al. (27) found a difference 
in the duration of the edematous phase at different sites. 
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Additionally, the changes in skin thickness during follow-
up between dcSSc and lcSSc patients also had differences, 
which may explain the differences in the effect of disease 
duration at different sites in our study. As reported in 
many studies, the effect of age and sex on skin thickness 
is controversial (27,28). Physiologically, women may have 
thinner skin, and with age, the skin first thickens and then 
remains stable, after which it becomes thinner in old age, 
while the correlations vary across the skin at different sites. 
While our results are consistent with gender differences in 
previous studies, older age may be associated with thicker 
skin in SSc patients. Due to the lack of older adults in the 
population included in this study, the effects of aging on the 
skin may be underestimated, and there is a lack of evidence 
supporting the relationship between skin thickness and age 
in pathological conditions. Considering skin stiffness, we 
found it was less affected by clinical features. Longer disease 
duration was associated with greater skin stiffness at the 
finger in lcSSc and that at the finger, hand, and forehead 
in dcSSc, while female sex, greater BMI, and younger 
age were associated with lowering skin Young’s modulus 
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Figure 3 Heatmap of a standardized coefficient beta of disease duration, sex, BMI, and age in multiple regression. Red indicates that the 
coefficient is positive, and blue indicates that the coefficient is negative; gray indicates a lack of inclusion in the equation in the multiple 
linear regression analysis with the stepwise method, and the corresponding parameter has no independent effect on thickness or stiffness. 
SSc, systemic sclerosis; lcSSc, limited SSc; dcSSc, diffused SSc; BMI, body mass index.
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Figure 4 The skin thickness and stiffness between different mRSSs at each site showed no significant differences between the subgroups in 
each dashed box (P>0.05). mRSS, modified Rodnan skin score.
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at some sites. Previous studies have found that “bone-
proximity” hardening artifacts may lead to higher elasticity 
measurements (29). As a result, lower BMI may result in a 
thinner subcutaneous fat layer, affecting Young’s modulus 
values of the skin at some sites. In some studies on healthy 
populations, women were found to have lower Young’s 
modulus values of the skin (19), which is consistent with the 
present study’s findings. Although the effect of age on skin 
stiffness is also controversial (7,19), our results showed that 
age had a very limited effect on skin stiffness at most sites.

Finally, the comparison with mRSS also suggested 
that Young’s modulus had a stronger effect size than skin 
thickness. With the same sample size and distribution, skin 
stiffness showed better discrimination than the thickness in 
distinguishing different mRSSs at target sites, suggesting 
that it could detect lesions of the target site with higher 
sensitivity.

It is worth noting that skin is a layered material, and 
the shear wavelength (1–a few mm) applied in our study 
was larger than or equal to the skin thickness (1–2.4 mm). 
In this case, the Lamb wave propagation effect will occur 
theoretically. Based on this, Mo et al. found that the stiffness 
of thin-layer gelatin-agar phantoms measured by SWE was 
lower in thinner samples (30). Nevertheless, Gennisson 
et al. reported that skin stiffness was not influenced by 
skin thickness, consistent with our previous study (19,31). 
Therefore, in healthy and diseased skin in vivo, whether the 
skin of different thicknesses will show a different mechanical 
modulus in SWE due to the Lamb wave propagation effect 
needs to be further studied. On the other hand, skin is a 
mechanically anisotropic organ. However, Piérard and 
Lapière found that collagen bundles and elastic fibers 
exhibited an evident indifference to the nature and number 
of fibers oriented in any direction in the normal human 
skin (32). Some studies have suggested that skin stiffness 
in different directions at the same site is not significantly 
different (17,33). Whether the skin anisotropy properties 
will be reflected in SWE remains controversial.

The limitations of this study include the following. First, 
the work is a cross-sectional study; accordingly, there may 
be some bias in the inclusion of subjects, and some patients 
with mild symptoms because of not seeking medical 
attention and borderline patients may not be included. 
The bias will lead to lower sensitivity/specificity in clinical 
practice for new/borderline diagnoses. Second, combined 
ultrasonographic assessment of skin thickness and stiffness 
at 17 sites is time-consuming (approximately 20 minutes for 
each assessment). The screening of sites and indicators with 

the best evaluation value will be our next research focus. 
Third, although the sonographer was unaware of the mRSS 
results, it was not blinded because most SSc patients have 
obvious diseases. Fourth, measurements of skin stiffness 
may be biased because of the inevitable use of ultrasound 
gel and slight compression. Whether the weight of the gel, 
which may cause skin deformation due to skin as the most 
superficial structure, or the different cutaneous absorption 
of gel by the diseased skin may affect the skin mechanical 
modulus. Probe compression can produce a nonlinear tissue 
response such that the skin stiffness is overestimated, so 
we applied an operator with 3 years of SWE experience to 
perform skin examination in our study and minimize this 
human error as much as possible. Finally, our study used a 
4–15 MHz probe because our machine was not equipped 
with higher frequency probes. Higher frequency was able to 
show the finer structure of the skin. Our frequency applied 
was sufficient for skin thickness assessment because SSc was 
mainly hyperplasia of collagen fibers in the dermis, which 
caused changes in skin thickness.

Conclusions

For the skin assessment in SSc, the SWE-based assessment 
system showed several advantages over skin thickness 
assessment, including less influence of clinical features and 
greater sensitivity to discriminate different mRSSs. When 
combined with the results of HFUS, the diagnostic value 
of SWE can be further improved. In the field of SSc skin 
assessment, SWE has the potential to become a primary 
imaging assessment tool as well as conventional ultrasound.
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