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Background: The purpose of this study was threefold: (I) to study the correlation of speed-of-sound (SoS) 
and shear-wave-speed (SWS) ultrasound (US) in the gastrocnemius muscle, (II) to use reproducible tissue 
compression to characterize tissue nonlinearity effects, and (III) to compare the potential of SoS and SWS 
for tissue composition assessment.
Methods: Twenty gastrocnemius muscles of 10 healthy young subjects (age range, 23–34 years, two females 
and eight males) were prospectively examined with both clinical SWS (GE Logiq E9, in m/s) and a prototype 
system that measures SoS (in m/s). A reflector was positioned opposite the US probe as a timing reference 
for SoS, with the muscle in between. Reproducible tissue compression was applied by reducing probe-
reflector distance in 5 mm steps. The Ogden hyperelastic model and the acoustoelastic theory were used 
to characterize SoS and SWS variations with tissue compression and extract novel metrics related to tissue 
nonlinearity. The body fat percentage (BF%) of the subjects was estimated using bioelectrical impedance 
analysis.
Results: A weak negative correlation was observed between SWS and SoS (r=−0.28, P=0.002). SWS 
showed an increasing trend with increasing tissue compression (P=0.10) while SoS values decayed nonlinearly 
(P<0.001). The acoustoelastic modeling showed a weak correlation for SWS (r=−0.36, P<0.001) but a very 
strong correlation for SoS (r=0.86, P<0.001), which was used to extract the SoS acoustoelastic parameter. 
SWS showed higher variability between both calves [intraclass correlation coefficient (ICC) =0.62, P=0.08] 
than SoS (ICC =0.91, P<0.001). Correlations with BF% were strong and positive for SWS (r=0.60, P<0.001), 
moderate and negative for SoS (r=−0.43, P=0.05), and moderate positive for SoS acoustoelastic parameter 
(r=0.48, P=0.03).
Conclusions: SWS and SoS provide independent information about tissue elastic properties. SWS 
correlated stronger with BF% than SoS, but measurements were less reliable. SoS enabled the extraction of 
novel metrics related to tissue nonlinearity with potential complementary information.
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Introduction

In the last decades, the analysis of muscle composition has 
gained increased importance due to the unprecedented size 
of the older adult population worldwide. The aging process 
is associated with sarcopenia, a disease characterized by the 
progressive loss of skeletal muscle mass and function. This 
condition dramatically worsens the quality of life of older 
adults by increasing the risk for functional disabilities, falls 
and fractures, hospitalizations, and mortality (1-3). Current 
reference standards for quantifying tissue composition 
include computed tomography and magnetic resonance 
imaging (MRI) (4,5), which are capable of providing high-
resolution cross-sectional body images. However, both are 
costly systems, involve either exposure to ionizing radiation 
or potential patient complications, and are therefore difficult 
to perform in everyday clinical practice. Ultrasound (US) may 
offer a fast, non-invasive, and affordable bedside alternative. 

Shear-wave e las tography i s  a  wel l -establ i shed 
quantitative US modality that has recently been introduced 
into clinical units. It quantifies tissue stiffness by measuring 
the velocities of shear waves generated by an acoustic 
radiation force. US elastography has been recognized as 
an excellent diagnostic method for chronic liver disease 
assessment (6). Applications to musculoskeletal soft tissues 
are becoming increasingly popular (7-9). In a recent paper, 
Alfuraih et al. (10) showed that muscle stiffness decreases 
with age and correlates significantly with muscle mass and 
strength. However, SWS measurements are highly sensitive 
to confounders (11-13), which may limit their reliability 
and reproducibility. For example, SWS measurements in 
muscle show large variability when the operator applies 
different tissue compression with the US probe (13). These 
variations are attributed to nonlinear tissue elasticity effects 
arising under finite tissue deformations (13). Several studies 
suggested quantifying tissue nonlinearity to reduce its 
confounding effect and, by doing so, extract a potential 
novel biomarker (14,15). This can be achieved by analyzing 
acoustoelastic tissue effects, namely changes in the speed 
when tissue is subjected to stress (16). Tissue nonlinearity 
is then determined from the relationship between SWS and 
stress. Its clinical utility is still under investigation (17,18).

Speed-of-sound (SoS) quantification in tissue is an 
emerging US modality. SoS measures the speed of 
longitudinal waves, which are conventionally used for 
B-mode image formation. Nominal SoS values for muscle 
and fatty tissue are 1,585 and 1,440 m/s, respectively (19).  
SoS ultrasound (SoS-US) has recently been suggested as 
a promising candidate for tissue composition analysis. In 
particular, strong correlations have been reported between 
SoS and MRI proton density fat fraction measurements in 
calf muscles and liver (20,21). As a consequence, SoS-US in 
calf muscles has proven useful in differentiating sarcopenic 
and healthy populations (22).

Studies comparing SWS and SoS in soft tissue are still 
very scarce, though they could provide useful information 
about their complementary roles in tissue composition 
assessment. In a study with ex-vivo tissues, Glozman 
et al. (23) showed that SWS is strongly affected by the 
tissue mechanical state and that SoS might outperform 
SWS in tissue differentiation. Their results suggest that 
SoS measurements might be less confounded by tissue 
nonlinearity. This has two main benefits compared to SWS. 
SoS could provide both more reliable information about 
tissue composition and robust characterizations of tissue 
nonlinearity. Thus, analyzing acoustoelastic effects on in-
vivo SoS and SWS can provide relevant information about 
their differences and potential clinical use.

This study had three main objectives. First, we 
investigated the correlations of SWS and SoS in the 
gastrocnemius muscle of a healthy population. Second, 
we used reproducible tissue compression to characterize 
tissue nonlinear elasticity effects on SWS and SoS. 
Finally, we compared the potential of SoS and SWS for 
tissue composition assessment in terms of measurements 
variability between both calves and correlations with body 
fat percentage (BF%).

Methods

Study design

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). This 
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prospective single-institution study was approved by the 
institutional review board and the local ethics committee 
(Kantonale Ethikkomission Zürich; KEK-ZH-Nr. 2015-
0323) and written informed consent was obtained from all 
subjects. Ten healthy volunteers (two females and eight 
males) were prospectively assessed with both SoS and 
SWS US. The data has not been published in previous 
studies. Examinations were performed between August and 
September 2019. In the first step, gastrocnemius muscles 
were examined using SoS-US. The volunteers were placed 
in a sitting position with the calf muscles in a relaxed state 
and slight ankle plantarflexion (Figure 1). The muscle 
compression was applied using a Plexiglas® plate positioned 
opposite to the US probe at the largest calf circumference 
level, with the superficial posterior compartment of the calf 
longitudinally in between (Figure 1). The probe-reflector 
distance, which was adjusted with a measurement frame, 
was used to apply reproducible compression. Starting from 
the lightest compression, the probe-reflector distance was 
reduced in 5 mm steps, acquiring SoS measurements in 
each step. Next, the SoS probe was replaced by the SWS 
probe in the measurement frame. Then, the gastrocnemius 
muscles were examined using SWS at the same muscle 

position and with the same muscle compression sequence 
as before. Muscles from both legs were examined in each 
subject.

Volunteers

All subjects were selected after personal recruitment, and 
signed informed consent was provided prior to participation. 
Inclusion criteria were: 20–35 years of age, ability to withstand 
compression on the calf musculature, no mobility problems 
(Tegner score >1), absence of acute fracture, myopathies, 
or extensive leg edema in either or both calves, and no 
recent surgery or fracture in the legs within the last 5 years.  
The leg circumference and the Tegner activity level (24)  
were assessed for all volunteers. Tegner activity level is 
scored from 0 for no activity to 10 for competitive activity 
level. The dominant leg was determined as the leg used 
to kick a ball. Body fat percentage and mass were assessed 
with a bioelectrical impedance analysis device (BF 300, 
Omron Healthcare Europe, Hoofddorp, The Netherlands). 
The measurements were acquired twice, and their average 
value was taken for further analysis. The examinations were 
performed by two radiology residents with 2 years of US 

Figure 1 Experimental setup and measurement device. (A) Experimental setup used for shear-wave speed (SWS) and speed of sound (SoS) 
measurements. During the examination, volunteers are in a sitting position, with the calf muscle relaxed. Reproducible tissue compression 
is applied with the ultrasound (US) probe and the reflector. (B) Measurement frame with the reflector and the 3D printed transducer holder 
attached to it. It incorporates a distance sensor. 
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experience. 

Shear-wave elastography

Shear-wave elastography examinations were performed 
using a 9 L-D linear probe (GE Healthcare, Chicago, IL, 
USA), which has 192 elements, a bandwidth of 2 to 9 MHz, 
and an aperture of 44 mm. SWS reconstructions were 
performed with a LOGIQ E9 system (Software Version 
R6 XDclear 2.0, GE Healthcare). Figure 2A illustrates the 
experimental setup and the generation of shear waves in 
tissue. The system combines the time aligned sequential 
tracking method for shear wave tracking and the comb-
push US elastography technique to improve signal-to-noise  
ratio (25). Following the recommendations of the 
manufacturer, the preset mode was chosen to “penetration” 
to access deeper regions. The device computes local tissue 
SWS (in meters/second) values within a rectangular region 
of interest (Figure 2B). The elastogram with local SWS 
values was processed to extract the average SWS value 
within the region of interest. The top edge of this region 
of interest was located at the top edge of the gastrocnemius 
muscle, immediately below the skin and subcutaneous 
adipose tissue layers. The maximum region-of-interest size 
provided by the LOGIQ E9 was used for every subject, with 
size 44 mm (width) × 30 mm (height). Each measurement 
was repeated three times, and the mean value was used for 
further statistical analysis. 

SoS-US

We collected US radiofrequency data for SoS using a UF-
760AG system (Fukuda Denshi Co., Tokyo, Japan) with 
a linear US probe operating at frequencies of 5–12 MHz 
(FUT-LA385-12P, Fukuda Denshi). The probe consisted 
of 128 elements with an elevation of 7 mm and an inter-
element pitch of 0.3 mm. The total aperture was 38 mm. 
The Plexiglas® plate acted as a reflector and was used as a 
timing reference for US signals. Figure 2C illustrates the 
acquisition setup and the fundamentals of longitudinal-
wave propagation in tissue. To accurately control the 
probe-reflector distance d (in millimeters), both elements 
were attached to an adjustable frame that incorporates a 
distance sensor (Figure 1). The transducers emitted US 
pulses sequentially. For each emitter, the same transducer 
element was used to receive the echoes. The reflector 
generates strong echoes that are registered by the US 
probe and visible in radiofrequency signals (Figure 2D). By 

identifying these echoes, we measured the reflector echo 
time t (in seconds) for each transducer. This is the time that 
US signals need to propagate through the gastrocnemius 
muscle a distance equal to 2d. From here, we calculated SoS 
(in m/s) as SoS =2*d/t. An automatic algorithm was used to 
compute average SoS values across the transducer array (26). 
Each measurement was repeated three times, and the mean 
value was used for further statistical analysis.

Muscle compression

The Plexiglas® reflector was also used to compress the 
muscle in a controlled manner. This is illustrated in Figures 
2A,C. We measured the muscle compression in terms of the 
distance between the US probe and the reflector. Thus, no 
direct measurements of the compression force were made. 
Instead, we measured the strain of tissue through the probe-
reflector distance. This was adjusted to a resolution of 5 mm  
with the measurement frame (Figure 1B). Customized 
3D printed transducer holders were used to alternately 
attach the SWS and SoS probes to the measurement 
frame. They ensured the same compression position and 
footprint in both measurements. We acquired the first 
SoS measurements by applying the minimum compression 
that ensures adequate acoustic coupling between the 
probe, skin, and reflector. We performed the subsequent 
measurements by decreasing the probe-reflector distance, 
i.e., increasing the compression, in steps of 5 mm. The 
maximum compression was given by the smallest probe-
reflector distance that was comfortably tolerated by the 
subjects. To ensure that both SoS and SWS were measured 
in the same region of the gastrocnemius muscle, we marked 
the positions of both reflector and probe on the leg with a 
skin pen. 

Acoustoelastic model for tissue nonlinearity quantification

Soft tissues exhibit hyperelastic properties. This means 
that the stress-strain relationship in soft tissue is nonlinear 
and, thus, acoustoelastic effects arise under large tissue 
compression (16,27). Values of SWS and SoS become stress 
dependent and vary with applied tissue compression. The 
acoustoelastic model predicts a linear relationship between 
squared wave velocities and the applied stress (16,28,29). 
The slope of this relationship, which we refer to as the 
acoustoelastic parameter, is related to the third-order elastic 
constants that quantify tissue nonlinearity (27). Thus, the 
experimental quantification of this slope provides access 
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Figure 2 Principles of shear- and longitudinal-wave propagation and measurement examples. (A) Schematic illustration of the acquisition 
setup and the fundamentals of shear-wave propagation in tissue. We also illustrate how tissue compression is applied. (B) Example of shear-
wave speed (SWS) measurement. The colored square region is the selected region of interest. (C) Acquisition setup for speed-of-sound 
(SoS) measurements. (D) Example of SoS measurement from acquired radio-frequency signals for each receiving transducer. We indicate in 
red the arrival times from reflector echoes that are automatically selected and transformed to SoS values. Examples (B) and (D) correspond 
to the same gastrocnemius muscle, without tissue compression. SWS and SoS quantify the propagation of shear and longitudinal waves in 
tissue, respectively, with directions perpendicular to each other but parallel polarization. ARF, acoustic radiation force.
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to novel tissue characterization properties (see Appendix 
A). In this study, we did not have direct measurements 
of stress. Instead, we measured probe-reflector distances 
from which strain values can be computed. To represent 
the acoustoelastic model, we transformed strain values 
to stress using the Ogden hyperelastic model (30), which 
describes the nonlinear stress-strain relationship in rubber-
like solids, including biological tissue (31,32). For uniaxial 
compression, the model states that

 ( )1 /2 1
1

2
i i

N i
i

i

α αµσ λ λ
α

− − −

=
= −∑  [1]

where N, μ, and α are tissue-dependent parameters, σ is the 
applied uniaxial stress, and λ is the stretch ratio (30). The 
latter is related to the compressive strain, which is directly 
measured in our experiments as the ratio between the 
probe-reflector distance reduction and the probe-reflector 
distance without compression. The Ogden model is 
essentially empirical and requires experimental observations 
to find suitable values of N, μ, and α for the tissue under 
consideration. We define these parameters following the 
experimental observations of Zhai et al. (31) in porcine 
muscle tissue, with N =1 and α =8. The compressive stress is 
therefore proportional to the Ogden stretch parameter λ7 − 
λ−5. This parameter provides a proxy for estimating applied 
compressive stress in our examinations. We performed 
a linear regression for squared velocities as a function of 

the Ogden stretch parameter and defined its slope as the 
new empirical tissue characterization parameter. As shown 
in Appendix A, this acoustoelastic parameter is related to 
parameters describing tissue nonlinearity.

Statistical analysis

Statistical analysis and visualization were performed using 
Python (version 3.7.6) with SciPy (1.5.0), Pandas (1.0.5), 
Seaborn (0.10.1), and Pingouin (0.3.8) libraries. The 
coefficient of variation (CoV) was computed to measure the 
variability of the measurements. D’Agostino’s K-squared 
test was used to verify a Gaussian distribution of the 
data. Pearson correlation coefficient was used to analyze 
correlations, and we considered values from 0 to 0.19 as 
very weak, 0.20 to 0.39 as weak, 0.40 to 0.59 as moderate, 
0.60 to 0.79 as strong, and 0.80 to 1.00 as very strong (33). 
Differences between dependent correlation coefficients 
were assessed using the Steiger method (34). P values less 
than 0.05 were considered statistically significant. Average 
correlation coefficients were computed by applying Fisher’s 
z-transformation. Statistical differences between both calves 
and different compression levels were analyzed with paired 
sample t-test (mean) and F-test (variance). In case the 
variances were significantly different, we used Welch’s t-test 
to analyze differences in mean. Variability of different tissue 
characterization metrics was assessed using the intraclass 
correlation coefficient (ICC). We compared both legs and 
applied the two-way mixed-effects model based on averaged 
three measurements. ICC values were assessed following 
Koo et al. (35). 

Results 

Overall, 381 out of 381 (100%) SWS measurements and 
366 out of 381 (96%) SoS measurements were successful. 
Unsuccessful SoS measurements identified the wrong echo 
arrival time. There were no serious comfort issues and no 
drop-offs in volunteers. Volunteer characteristics are listed 
in Table 1.

Comparison between SWS and SoS measurements

The values of SWS for all compression steps ranged from 
2.09 to 6.18 m/s with a median of 3.68 m/s and a CoV of 
22.04%. For SoS, the values for all compression values 
ranged from 1,430 to 1,579 m/s with a median of 1,537 m/s  
and a CoV of 2.18%. Both SWS and SoS measurements 

Table 1 Volunteer characteristics

Parameter Value

Age (years) 28 [23–34]

Weight (kg) 80±18

Height (cm) 179±7

Body mass index (kg/m2) 24.9±4.4

Body fat mass (kg) 16.1±7.7

Body fat percentage (%) 19.2±6.0†

Circumference left leg (cm) 38.4±3.9‡

Circumference right leg (cm) 38.7±4.1‡

Tegner score (0–10) 4.6±1.35  

Mean and standard deviations are provided for each parameter. 
Age is indicated with median and range. †, only two volunteers 
were not statistically different (P=0.09) in terms of body fat 
percentage (BF%). These volunteers had BF% of 15.9 and 16.2. 
‡, the differences between right and left calf circumferences 
were non-significant (P=0.11).

https://cdn.amegroups.cn/static/public/QIMS-20-1321-supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-20-1321-supplementary.pdf
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were normally distributed (P<0.01). 
A non-significant correlation was observed between SWS 

and SoS when measurements with no tissue compression 
were considered (r=−0.08, P=0.73).  For al l  t issue 
compression values, SWS and SoS showed a weak negative 

correlation [r=−0.28, 95% confidence interval (CI): −0.43 to 
−0.11, P=0.002] (Figure 3). 

Tissue-compression effects on SWS and SoS measurements

Figure 4 shows the mean variations in SWS and SoS of 
both gastrocnemius muscles of different volunteers with 
respect to tissue compression, which is indicated in terms 
of the probe-reflector distance. SWS values, though highly 
variable, tend to increase with increasing compression, 
while SoS values decay nonlinearly.

When considering measurements without tissue 
compression, the mean and standard deviation of SWS and 
SoS were 3.53±0.85 m/s (CoV: 24.1%) and 1,558±18 m/s 
(CoV: 1.18%), respectively. For measurements with tissue 
compression, the mean SWS and SoS became 3.85±0.83 m/s  
(CoV: 21.56%) and 1,527±34 m/s (CoV: 2.19%), 
respectively. Differences in the mean and variance between 
measurements with and without compression were non-
significant for SWS (t-test: P=0.10, F-test: P=0.65) and 
significant for SoS (t-test: P<0 .001; F-test: P=0.002). 

We observed a non-significant correlation between 
SWS and probe-reflector distance (r=−0.024, P=0.64). By 
comparing relative values, which means that we compare 
the differences in SWS with respect to the baseline without 

Figure 3 Correlation between shear-wave speed (SWS) and 
speed-of-sound (SoS) for data acquired at all compression steps. 
The regression line and its 95% confidence interval (translucent 
area) are indicated in red. The correlation is weak and negative. It 
indicates that SoS and SWS interrogate different tissue properties.

Figure 4 Shear-wave-speed (SWS) (A) and speed-of-sound (SoS) (B) variation with respect to probe-reflector distance. Smaller distances 
indicate larger compression. Mean values between both calves are shown for each subject, together with the 95% confidence interval 
(translucent areas). For clarity, especially due to the high variability in (A), the figures only contain half of the subjects spread over the 
range of BF%. Increasing tissue compression increases SWS values and decreases SoS values, which show a smooth nonlinear decay. The 
confidence intervals suggest that variability of SWS is higher than SoS and that SoS provides a better discrimination of subjects based on 
body fat percentages (BF%).
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compression (hereinafter referred to as changes in SWS) 
and the compressive strain, we found a moderate negative 
correlation (r=−0.42, 95% CI: −0.50 to −0.33, P<0.001).

The SoS correlated moderately with probe-reflector 
distance (r=0.46, 95% CI: 0.31–0.58, P<0.001). Strong 
correlations were found between changes in SoS and strain 

(r=0.79, 95% CI: 0.72–0.85, P<0.001).

Fitting the acoustoelastic model for tissue nonlinearity 
quantification

Figure 5A represents changes in squared SoS with respect 
to the Ogden stretch parameter, which is proportional to 
the estimated compressive stress. When considering all 
subjects together, we found a strong correlation (r=0.78, 
95% CI: 0.70–0.84, P<0.001) between these two quantities. 
By considering each of the subjects separately, the mean 
of the individual correlations became very strong (r=0.86, 
95% CI: 0.81–0.90, P<0.001). We defined the slope of their 
linear regression model (i.e., the acoustoelastic model) as 
the SoS acoustoelastic parameter. It correlated negatively 
and strongly with SoS of tissue without compression  
(r=−0.73, 95% CI: −0.88 to −0.44, P<0.001). Figure 5B 
shows that the acoustoelastic model describes well the 
nonlinear decay of SoS values with respect to the probe-
reflector distance. 

For SWS, we found a weak negative correlation 
between the changes in squared SWS and the Ogden 
stretch parameter (r=−0.36, 95% CI: −0.44 to −0.27, 
P<0.001). When considering all subjects separately, the 
mean of individual correlations remained weak (r=−0.36, 
95% CI: −0.49 to −0.33, P<0.001), which, contrary to 

Figure 5 Acoustoelastic model fitting. (A) Squared speed of sound (SoS) with respect to the applied compressive stress (approximated by the 
Ogden stretch parameter). They show a strong linear relationship (dashed lines). (B) Transformation of (A) to the original axes representing 
SoS with respect to the probe-reflector distance. Here, the dashed lines are the transformed linear regression models found in (A). It shows 
that our acoustoelastic model describes well the smooth decay in SoS values observed in Figure 4B. For clarity, we only display measurements 
corresponding to the dominant leg. BF%, body fat percentage.

Figure 6 Comparison of intraclass correlation coefficient (ICC) 
values for different compression values between shear-wave speed 
(SWS) and speed of sound (SoS). ICC is computed comparing both 
calves. Values without error bars are statistically non-significant. 
The reliability of SoS is considerably superior to SWS for all 
compression values. It is maximum for data without compression 
and decays for compressions larger than 10 mm.
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SoS, did not allow us to extract metrics related to tissue 
nonlinearity.

Variability of SWS and SoS measurements

Mean differences between dominant and non-dominant legs 
were not significant for SWS (t-test: P=0.15; F-test: P=0.29) 
and SoS (t-test: P=0.92; F-test: P=0.76). By comparing 
measurements in both legs, we found a weak correlation  
(r=0.37, 95% CI: 0.13–0.057, P=0.003) for SWS and a very 
strong correlation (r=0.90, 95% CI: 0.84–0.94, P<0.001) for 
SoS. The mean difference and standard deviation between both 
legs was −0.16±0.89 m/s for SWS and 0.17±14.21 m/s for SoS.

By analyzing variability between both legs, SoS showed 
an excellent reliability (ICC =0.91, 95% CI: 0.65–0.98, 
P<0.001) whereas the reliability of SWS was not significant 
(ICC =0.62, P=0.08) (Figure 6). These results considered 
measurements with all compression levels. For fixed 
compressions, the reliability of SWS remained non-
significant. The reliability of SoS was maximum (ICC =0.97, 
95% CI: 0.89–0.99, P<0.001) when no compression was 
applied (Figure 6). The reliability of the SoS acoustoelastic 
parameter was good (ICC =0.88, 95% CI: 0.52–0.97, 
P=0.002).

Comparison of SWS and SoS measurements with body fat 
percentages

SWS correlated strongly with BF% (r=0.60, 95% CI: 
0.42–0.74, P<0.001) when no compression was applied and 
moderately (r=0.44, 95% CI: 0.35–0.51, P<0.001) when 
all compression values were considered together. For SoS, 
the correlation was moderate and negative with BF% 
(r=−0.43, 95% CI: −0.73 to −0.01, P=0.05) for data without 
compression. For data with all compression values, we found 
a weak negative correlation between SoS and BF% (r=−0.30, 
95% CI: −0.45 to −0.14, P<0.001). These correlations were 
significantly different from the ones obtained for SWS 
(P<0.01). The SoS acoustoelastic parameter correlated 
moderately with BF% (r=0.48, 95% CI: 0.05–0.76, P=0.03). 

Discussion

The results of this study indicate that SoS and SWS in 
the gastrocnemius muscle correlate weakly with each 
other, meaning that they provide fundamentally different 
information about tissue composition and mechanical 
properties. With increasing tissue compression, SoS values 

decayed nonlinearly, whereas the values of SWS showed 
an increasing trend. The decay in SoS was monotonic 
and consistent between both calves. SWS showed more 
oscillatory trends, with high variability between both calves. 
SoS measurements were therefore more reliable than SWS 
and better suited to extract novel parameters quantifying 
tissue nonlinear elasticity.  SWS showed stronger 
correlations than SoS with global adipose content (BF%).

Various clinical studies have shown the potential of 
SoS and SWS for tissue characterization and diagnostics. 
Yet, little attention has been devoted to comparing 
both parameters. Glozman et al. (23) measured SoS and 
SWS values in different ex-vivo phantoms, and although 
correlations were not directly analyzed, their results show 
no apparent relationship between the two velocities [see 
Figure 7 in Glozman et al. (23)]. This is consistent with our 
results, which showed a weak correlation between SoS and 
SWS (r=−0.28). 

Strong empirical correlations between longitudinal 
and shear wave velocities, however, have been observed in 
other materials in nature. For instance, in earth sciences, 
it is well known that a broad range of crustal lithologies 
exhibit quasi-linear relations between both velocities (36). 
In industrial US testing, it is generally assumed that SWS is 
approximately half the value of SoS, an approximation that 
holds well for most metals, plastics, and ceramics (37).

In soft tissue, these velocities are approximately 
uncorrelated, which we attribute to the differences in the 
order of magnitude of typical SWS and SoS values. In 
muscle, we observed a median of 3.68 m/s for SWS and 
1,537 m/s for SoS, which means that SWS is about three 
orders of magnitude smaller than SoS. This is a consequence 
of the quasi-incompressibility of soft tissues (38).  
In such cases, shear and longitudinal velocities are 
decoupled and provide independent information about 
different elastic moduli describing elastic tissue properties. 
If we consider, for simplicity, tissue as isotropic, given the 
tissue density ρ, SoS fully determines tissue compressibility 
(bulk modulus K ≈ ρ*SoS2), whereas SWS provides stiffness 
information (shear modulus G ≈ ρ*SWS2) (23). In this case, 
tissue elastic properties are entirely described by both SoS 
and SWS. Muscle tissue, however, is often approximated as 
transversely isotropic with the symmetry axis parallel to the 
fiber direction (39). While the relationship between wave 
speeds and elastic moduli is more complex, SoS and SWS 
still appear decoupled and provide information about 2 out 
of 5 independent elastic constants (39). In this case, a full 
description of tissue elastic properties would require SoS 
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and SWS measurements in different directions relative to 
muscle fibers.

Variations in ultrasonic wave velocities in stressed 
materials have been well described by several authors since 
the 1940s (40). Hughes and Kelly (27) first introduced 
the use of controlled stress to determine third-order 
elastic parameters characterizing nonlinear elasticity 
of solids, known as the acoustoelasticity experiment. 
Acoustoelastic theory predicts a linear relationship 
between squared velocities and the applied stress. The 
slope of this relationship depends on third-order elastic 
parameters describing nonlinear elasticity. Its clinical use 
for determining tissue nonlinearity has focused on studying 
changes in SWS (15-17). For instance, this information 
has been shown to be promising for the classification of 
breast tumors (41). In a study with ex-vivo liver samples, 
Otesteanu et al. (15) measured an increase of SWS values 
with increasing compressive strain, reporting changes of 
approximately 25% for a maximum strain of 14%. For the 
same order of magnitude in strain, we observed relatively 
lower increase in SWS of the gastrocnemius muscle that 
ranged from 7% to 20%. Similar increasing trends in SWS 
have also been reported in ex-vivo porcine kidneys (18) and 
in-vivo human breast (17).

Acoustoelastic analysis using longitudinal waves has been 
extensively applied for material characterization in non-
destructive testing (42) and material sciences (43,44). To 
the best of our knowledge, our work constitutes the first 
clinical study for in-vivo tissue of this class. Following the 
acoustoelastic theory, we transformed strain measurements 
to stress values and represented squared SoS with respect to 
the stress. We found a very strong correlation between these 
two quantities (r=0.86), suggesting that our observations 
agree with theoretically predicted linear relationships 
(see Appendix A). This allowed us to define a new tissue 
characterization parameter (SoS acoustoelastic parameter) 
related to tissue nonlinearity that could potentially be used 
as a novel biomarker. A similar acoustoelastic analysis for 
SWS found a weak correlation (r=−0.36), indicating that the 
trends are strongly affected by other confounding variables 
and cannot be reliably used for quantifying nonlinearity 
with the current clinical setup.

The acoustoelastic parameter is related to a set of linear 
and nonlinear elastic constants (see Appendix A). However, 
a complete description of tissue nonlinear elasticity is 
obtained by estimating individual nonlinear elastic moduli. 
For isotropic tissue, there are three independent nonlinear 
moduli. Assuming incompressible tissue, changes in SWS 

are directly related to one particular modulus (16). This is 
why clinical applications of acoustoelasticity have been only 
focused on SWS so far. Our work empirically demonstrates 
that acoustoelastic effects on SoS are meaningful. By 
relaxing the incompressibility assumption, these effects can 
help to estimate different nonlinear moduli and ultimately 
fully characterize tissue nonlinearity. The latter requires 
future studies that measure waves propagating in three 
different directions relative to the applied stress (27). The 
extension of acoustoelasticity to transversely isotropic 
tissues, such as muscles, was recently suggested (45). Such 
tissues have nine independent nonlinear moduli and would 
require additional wave speed measurements. 

Our study did not directly measure the applied 
compressive stress. To estimate the stress from strain 
measurements, we needed the stress-strain constitutive 
relationship in the gastrocnemius muscle. We approximated 
this using the Ogden hyperelastic model suggested by Zhai  
et al. (31) from empirical observations in porcine muscle 
tissue. While being beyond the scope of this study, direct 
stress measurements would allow us to characterize better 
the elastic tissue model describing the observed effects. 
Stress measurements would also be beneficial to (I) 
understand whether we have exceeded the range of validity 
of the acoustoelasticity theory, and (II) investigate other 
plausible explanations for observed speed changes, for 
instance, related to the stress-induced microstructural 
changes.

SWS measurements are known to be very sensitive to 
confounders, especially in muscles (12,46). Overall, we 
found larger variability in measurements of SWS than 
SoS when comparing both calves of the same subject. 
SoS provided higher reliability (ICC =0.91) than SWS 
(ICC =0.62, P=0.08). The reliability of SoS decayed 
for compressions larger than 10 mm and affected the 
variability of the SoS acoustoelastic parameter (ICC 
=0.88). Finer compression steps and a smaller maximum 
compression could therefore improve the estimations of the 
acoustoelastic parameter. Excellent reliability for SoS was 
also reported by other studies in calf muscle (ICC =0.98) 
(20) and breast tissue (ICC =0.990) (26). These values are 
slightly higher than ours. The reliability measured in our 
study is limited for two reasons. First, our approach is based 
on the comparison of both legs. This is not strictly rigorous, 
although it is justified due to the non-significant differences 
in speed (P=0.92) and calf circumferences (P=0.11) between 
the legs. Second, we compute ICC based on averaged three 
measurements in each leg. Larger datasets that include 

https://cdn.amegroups.cn/static/public/QIMS-20-1321-supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-20-1321-supplementary.pdf
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more repeated measurements are necessary to provide 
accurate reliability estimations. 

We studied the clinical use of the three metrics considered 
in this work for muscle composition. Possible applications 
include sarcopenia assessment in older adults or sports 
medicine in active young populations. SWS correlated 
stronger with BF% (r=0.60, P<0.001) than SoS (r=−0.43, 
P=0.05) and SoS acoustoelastic parameter (r=0.48, P=0.03). 
These results are unexpected since the evidence in the 
literature points to SoS as a better metric for body fat 
quantification. For instance, Ruby et al. (20) found a strong 
correlation between SoS in the calf muscle and BF%, 
whereas Alfuraih et al. (10) observed moderate, negative 
correlations between SWS in hamstring muscles and fat 
mass. The disagreement with our results may be caused by 
the low heterogeneity of our examined population, which 
was composed by healthy young individuals with a moderate 
range of BF% values. Furthermore, to better understand the 
utility of these metrics for muscle composition assessment, 
comparisons to regional analysis of fat quantification with 
MRI are desirable. This is supported by the very strong 
correlations between SoS and MRI fat fraction measurements 
found in calf tissue (r=−0.83) (20) and liver (r=0.85) (21). On 
the contrary, very weak correlations with MRI fat fraction 
have been reported for SWS in liver (r=0.06) (47). In a similar 
regional analysis, therefore, we expect superior correlations 
with tissue fat content for both SoS and SoS acoustoelastic 
parameter. 

This study was limited to a low number of healthy 
young participants. This allowed us to analyze correlations 
and nonlinear effects on SoS and SWE minimizing the 
impact of other disease-related factors on our results. To 
better understand the utility of these metrics for tissue 
composition assessment, future studies with larger and 
more heterogeneous populations are required. The limited 
number of female/male participants was not suitable to 
analyze sex-related differences in our measurements.

In conclusion, SWS and SoS provided uncorrelated and 
independent information about tissue elastic properties. 
SWS showed stronger correlations with BF%, but SoS 
measurements were more reliable than SWS. SoS enabled 
the extraction of new metrics related to tissue nonlinearity, 
potentially offering complementary tissue information. 
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Supplementary

Appendix A

When tissue is under finite deformations, ultrasound wave velocities c depends on the applied stress α. This relationship 
is described by the acoustoelastic theory and involves second-order elastic constants (Lamé parameters λ and μ) and third-
order elastic constants (Murnaghan constants l, m, and n). The latter describe the nonlinear elastic properties of tissue. This 
appendix introduces the equations of wave velocities in tissue under uniaxial compressive stress. 
For simplicity, we consider an isotropic and lossless medium. The speed of sound of longitudinal waves traveling parallel to 
the applied stress is given by

 
( )2 2 2 4 4 10

3 2SoSc l mσ λ µρ λ µ λ λ µ
λ µ µ

 +
= + − + + + + +  

 [1]

where ρ is the density of unstressed tissue (27). Similarly, the velocity of shear waves traveling perpendicular to the stress, with 
polarization parallel to it, is 

 
2 2
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= − + + + +  
  [2]

Due to the anisotropic nature of the applied stress, an unstressed isotropic medium will exhibit direction-dependent wave 
speeds under finite deformations. We refer the reader to (27) for a complete description of acoustoelastic equations. These 
equations show that squared velocities are linearly related to the applied stress. In general, we can express this relationship as

 ( )2 2
0 , , , ,c c A m n lσ λ µ= +  [3]

where c denotes the stress-dependent velocity of either longitudinal or shear waves, c0 is the corresponding velocity for 
undeformed tissue, and A is the acoustoelastic parameter, namely the slope of the linear relationship containing the third-
order elastic constants. The estimation of the acoustoelastic parameter provides access to tissue elastic nonlinear properties.
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