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Abstract

The shear elastic modulus is one of the most important parameters to characterize
the mechanical behavior of soft tissues. In biomechanics, ultrasound elastography
is the gold standard for measuring and mapping it locally in skeletal muscle in vivo.
However, their applications are limited to the laboratory or clinic. Thus, low-frequency
elastography methods have recently emerged as a novel alternative to ultrasound
elastography. Avoiding the use of high frequencies, these methods allow obtaining
a mean value of bulk shear elasticity. However, they are frequently susceptible to
diffraction, guided waves, and near field effects, which introduces biases in the esti-
mates. The goal of this work is to test the performance of the non-ultrasound surface
wave elastography (NU-SWE), which is portable and is based on new algorithms
designed to correct the incidence of such effects. Thus, we show its first application
to muscle biomechanics. We performed two experiments to assess the relationships of
muscle shear elasticity versus joint torque (experiment 1) and the electromyographic
activity level (experiment 2). Our results were comparable regarding previous works
using the reference ultrasonic methods. Thus, the NU-SWE showed its potentiality to
get wide the biomechanical applications of elastography in many areas of health and

sports sciences.
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1 | INTRODUCTION

Assessing the shear elasticity of skeletal muscle in vivo and
in a reliable way is of great interest within different areas
of life and health sciences. This parameter provides valu-
able information about the different processes and biologi-
cal phenomena associated with the intrinsic mechanical state
of the tissue (Sarvazyan, 1993). Thus, in recent years, the
elastography field has improved the technical capability of
biomechanical studies, providing useful methods to evaluate
the mechanical properties of skeletal muscle in vivo.

Particularly, ultrasonic methods such as transient elas-
tography (TE; Catheline et al., 1999) and supersonic shear
imaging (SSI; Bercoff et al., 2004), have been positioned
as the reference methods in biomechanics to characterize
muscle shear elasticity. Indeed, there are several recent
works where these methods were applied to address com-
plex problems in muscle biomechanics, such as the load
sharing between muscles, muscular fatigue, and the relation
of muscle shear elasticity with joint torque and electromy-
ography (EMG) activity level (Ates et al., 2015; Bouillard,
Hug, et al., 2012; Bouillard, Nordez, et al., 2012; Bouillard,
Nordez, & Hug, 2011; Gennisson et al., 2005, 2010; Lapole
et al., 2015; Nordez et al., 2009; Nordez & Hug, 2010;
Yoshitake et al., 2014). These studies were performed ap-
plying ultrasound elastography and other traditional meth-
ods used in the muscle biomechanics field (e.g., isokinetic
dynamometry, surface EMG). The main advantages of TE
and SSI methods are that they combine high-frequency ul-
trasonic waves (10° Hz), which exhibit a good spatial reso-
lution (<1 mm), with low-frequency waves (100~1000 Hz)
that exhibit a good contrast in the shear elastic modulus.
Nevertheless, they need some infrastructure (e.g., a clinic
or laboratory) to be used properly. So, elastography into
biomechanical research is currently limited to specific ap-
plications performed in clinics or laboratories. Besides, the
relatively high cost of this technology restricts its avail-
ability, especially in laboratories and clinics with lower
resources. Therefore, a current need in biomechanics is to
develop new elastography methods that can provide solu-
tions to these issues.

One alternative is the exclusive use of low-frequency
waves (~100 Hz). When the ultrasound frequencies are re-
moved, the spatial information is lost. However, the infor-
mation about elasticity remains. This allows reporting a
numerical value about the bulk elasticity of the tissue. In
this way, recent works refer to new elastography methods
that use surface waves (or Rayleigh waves) to assess the me-
chanical properties of skeletal muscles (Benech et al., 2012;
Courage, 2003; Grinspan et al., 2016; Sabra et al., 2007;
Salman & Sabra, 2013). The general idea of these methods
is to use a linear array of vibration sensors aligned with an
external wave source, to record the surface displacement of

New and Noteworthy

This work describes the non-ultrasound surface wave
elastography as a novel tool for muscle biomechan-
ics research. It is a low-frequency method whose
main innovation lies in its inversion algorithm. This
corrects the incidence of the near field effects and
guided wave propagation, thus obtaining a muscle
shear elastic modulus comparable to ultrasound
elastography. Besides, it is a low-cost, real-time, and
portable method, making it ideal to extend the cur-
rent biomechanical applications of elastography.

the Rayleigh wave. Its velocity has a simple relation with
the shear elasticity of the tissue. However, this relationship
only holds in a semi-infinite medium and the far-field of the
source (Benech et al., 2019). Since real muscles are finite,
and the low-frequency waves attenuate rapidly in soft tissues
(Zhang, 2016), the wave propagation is often measured in the
near-field of the source. Thus, near-field effects must be con-
sidered when computing the velocity. These effects include
complex solutions to the Rayleigh secular equation. The
complex solutions give rise to a propagating surface wave
whose amplitude decays exponentially, termed as the leaky
surface wave (Benech et al., 2017). Here, the Rayleigh wave
interferes with the leaky wave, having consequences on the
phase velocity of the surface field (Benech et al., 2017, 2019).
Thus, the exclusive use of low frequencies introduces biases
into the estimation of muscle shear elastic modulus. This is
due to the incidence of the near field effects and guided wave
propagation.

In this context, this work shows a new low-frequency elas-
tography method and its application to muscle biomechanics.
This comprises substantial innovations compared with pre-
vious versions (Benech et al., 2012; Grinspan et al., 2016),
to obtain reliable estimations of muscle shear elasticity. To
emphasize that no ultrasound frequencies are involved, we
refer to it as non-ultrasound surface wave elastography (NU-
SWE). The method is low-cost and allows measuring the
skeletal muscle shear elasticity in vivo, in real-time and in
a noninvasive way. Besides, it is portable and can be used
outside of a laboratory or clinic. The main innovation of such
a method lies in the inversion algorithm to calculate the shear
wave velocity from the surface displacement field. This al-
gorithm considers the interference between the leaky and
Rayleigh waves in the near field of the source and their inci-
dence on the phase velocity (Benech et al., 2017, 2019). This
issue is being the object of new developments in the field
of elastography (Pitre et al., 2019). Thus, the NU-SWE can
relate the velocity of surface waves to the shear elastic mod-
ulus in a transversely isotropic medium like skeletal muscle.
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Then, the estimation of the shear elasticity is not biased by
the guided wave and near field effects.

This work is the first to assess the reliability of the NU-
SWE for biomechanical research. In this sense, the main goal
is to test the performance of the method, to provide reliable
values of muscle shear elasticity under similar conditions to
those of previous biomechanical studies using ultrasound
elastography. For such purpose, we carried out two experi-
ments to evaluate the relationship between the shear elastic-
ity of skeletal muscle versus joint torque (experiment I) and
the EMG activity level (experiment 2). Thus, we expect that
the viability of the innovative NU-SWE method could extend
elastography research applications in muscle biomechanics
and related fields, mainly where the applicability of existing
methods is not feasible or possible.

2 | MATERIALS AND METHODS

2.1 | Subjects

Eighteen healthy volunteers participated in experiment I
(nine men, nine women, age 26.78 + 4.56 years, height
170.9 + 9.69 cm, weight 66.75 + 12.34 kg). Six healthy
volunteers participated in experiment 2 (four men, two
women, age 27.3 + 3.2 years, height 168.2 + 9.9 cm, weight
69.4 + 14.5 kg). The experimental design of the study was
performed according to the last version of the Helsinki
statement (2004) and approved by the Ethics Committees
of the Faculty of Medicine (UdelaR, Uruguay) and the
Clementino Fraga Filho University Hospital (HUCFF/
UFRIJ, Brazil).

N¢Boss 8 Physiological Reports
2.2 | Instrumentation
2.2.1 | Ergometry

A research isokinetic dynamometer (Biodex System 4;
Biodex) was used to measure the angle and torque of the
elbow joint in experiments 1 and 2. During all data collec-
tion, the subjects were comfortably seated on the dynamom-
eter with their elbow coaxially aligned with the dynamometer
axis of rotation and flexed at 90°, and their wrist in a supine
position (Figures 1b and 2b).

2.2.2 | Non-ultrasound surface wave
elastography

The NU-SWE method consists of exciting the propagation of
low-amplitude and low-frequency surface waves (~100 Hz)
at the free surface of the muscle, recording their displace-
ment and estimating their phase velocity. Then, the method
retrieves the shear wave velocity, which is related to the mus-
cle shear elastic modulus.

In this work, a homemade NU-SWE prototype was used
to perform Experiment 1 on biceps brachii (BB) and triceps
brachii lateral head (TB) muscles, as well as Experiment 2
on BB muscle. The NU-SWE device is composed of a linear
array of contact vibration sensors, an external wave source,
an audio amplifier, an analog-to-digital (A/D) converter
board (NI-USB 6009; National Instruments), and a computer.
In this case, the external wave source, a shaker with a cou-
pled piston, was driven by ten cycles of a sinusoid with a
central frequency varying between 50 and 250 Hz. It vibrates

FIGURE 1
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normally to the free surface of the muscle to excite mainly
the vertical component of surface waves (Figure 1b). This
component of the vibrations is recorded by the linear array
of sensors, each constituted by a piezoelectric PVDF flexible
film. Besides, they possess a mass on the end with a small
extension attached to it (Figure 1a). In this way, the NU-SWE
uses point-like sensors (contact area ~1 mmz), thus avoid-
ing diffraction effects at the reception (Benech et al., 2012;
Grinspan et al., 2016). Furthermore, as is shown in Figure 1a,
the source is aligned with the array of sensors, which must
be equally spaced a distance d from each other. According to
this, the sensors are arranged on a plate that holds them in the
correct configuration and positioned on the arm by a holding
brace (Figures 1a and 1b). Thus, the vibration is captured se-
quentially by the sensors, producing a signal that is digitized
by the A/D converter board and transferred to a computer for
processing.

Unlike other low-frequency elastography methods, the
data processing of the NU-SWE involves the use of inver-
sion algorithms designed to automatically correct the inci-
dence of the guided wave propagation and near field effects.
In this way, the method estimates the shear elasticity of the
muscle by computing a reliable value of the shear wave
velocity (V) in a linear regime. The inversion algorithms,
as well as the signal processing algorithm, are detailed in
Appendix A.

If we consider the muscle like a transversely isotropic
solid (Gennisson et al., 2005; Nordez & Hug, 2010), the lon-
gitudinal shear elastic modulus (css) is related to a shear wave
propagating in the muscle fibers direction with perpendicular
polarization VT|| =4/cs5/p (Where p is the muscle mass den-
sity = 1000 kg/m’; Benech et al., 2019). Due to the arrange-
ment of the wave source and the linear array of vibration
sensors (Figure 1a), the NU-SWE retrieves Vﬂ. Thus, in an
analogous way to previous works using ultrasound elastogra-
phy (Ates et al., 2015; Bouillard, Hug, et al., 2012; Bouillard,
Nordez, et al., 2012; Bouillard et al., ,2011; Gennisson et al.,
2005, 2010; Lapole et al., 2015; Nordez et al., 2009; Nordez

FIGURE 2 (a) Scheme of the
electromyography (EMG) electrodes
positioning over the biceps brachii muscle
in experiment 2. (b): volunteer sitting on

the isokinetic dynamometer to perform
experiments 1 and 2. The relative placement
of the wave source, the EMG bipolar
electrodes, and the linear array of vibration
sensors employed in experiment 2 are shown

& Hug, 2010; Yoshitake et al., 2014), we can estimate the
muscle shear elasticity as follows:

This equation assumes that the viscous effects of the tis-
sue are negligible. So, the NU-SWE, as classic elastography
studies using echographic and magnetic resonance imaging,
assumes that the mechanical behavior of muscle is like that
of a linear elastic material (Ates et al., 2015; Bercoff et al.,
2004; Catheline et al., 2004; Deffieux et al., 2009; Gennisson
et al., 2003, 2005; Heers et al., 2003; Jenkyn et al., 2003;
Nordez et al., 2008; Nordez & Hug, 2010; Tanter et al., 2008;
Uffmann et al., 2004).

2.2.3 | Surface EMG

In Experiment 2, bipolar EMGs were collected from the short
head of BB muscle with a pair of electrodes (20 mm intere-
lectrode distance; 2223BRQ; 3M Company). First, the acro-
mion process and the articular interline of the elbow joint were
identified and the distance between them was considered to
define the arm length. The electrodes pair was then positioned
60% distally from the acromion and parallel to the BB fibers
(Figure 2a). Since the bipolar EMGs amplitude is markedly
small when detected nearby to the muscle innervation zone (IZ;
Nishihara et al., 2013; Rainoldi et al., 2004), the IZ location of
BB muscle was identified before the placement of electrodes.
During this procedure, the EMGs were visually inspected
with a dry array of sixteen silver bar electrodes (10 mm in-
terelectrode distance; LISiN-Politecnico di Torino) while the
participants were asked to gently isometrically contract their
elbow flexors. Specifically, the array was placed over the line
connecting the acromion and the elbow articular interline, and
its position was slightly changed until propagation of action
potentials of individual motor units could be clearly observed
across electrodes. The IZ region was then identified as the
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single-differential channel with a small amplitude and from
which it was possible to observe the action potentials propaga-
tion (cf. figure 2 in Rainoldi et al., 2004). If the IZ location cor-
responded with the predefined placement of electrodes (at 60%
of the arm's length; Figure 2a), the bipolar electrodes were
positioned proximally. The reference electrode was placed at
the olecranon and, before positioning detection electrodes, the
skin was shaved and cleaned with abrasive paste.

Surface EMGs were amplified with a variable gain (10—
500 Hz bandwidth amplifier, common-mode rejection ratio
>100 dB; EMG-USB2; OT Bioelettronica) and digitized at
2048 samples/s using a 12-bit A/D converter with 5 V dy-
namic range.

2.3 | Experimental protocol
2.3.1 | Muscle thickness and maximal
voluntary contraction measurements

At the beginning of both experiments, the thickness of tested
muscles was measured at 60% of the arm's length distally
from the acromion. This was done using ultrasonic images
acquired with a portable ultrasound scanner (Hitachi EUB-
405). Such measure was performed to obtain an accurate
value of Vﬂ through the inversion algorithms described in
Appendix A. Additionally, also in both experiments, the vol-
unteers performed two maximal isometric voluntary elbow
flexions with the elbow flexed at 90° (each lasting 5 s and rest-
ing 90 s between them), to determine the maximal voluntary
contraction (MVC). The highest MVC value was assumed as
the maximal elbow flexion torque and was used to normalize
submaximal contractions, as detailed subsequently.

Experiment 1

The subjects were seated on the dynamometer and the NU-
SWE was placed at the midline of the muscle belly, on the
same arm location where the muscle thickness was collected
(Figure 2b). Thus, at the beginning of the test, the cs5 of the
resting BB and TB muscles were measured individually using
NU-SWE. Next, the volunteers were asked to perform three
isometric flexions at 10%, 20%, and 30% of MVC (each last-
ing 20 s and resting 90 s between them) in random order, using
real-time visual feedback of the torque signal. Parallel to the
isometric flexions, the css5 of the BB and TB muscles was
measured in random order by using the NU-SWE. Since the
current prototype does not allow measuring two or more mus-
cles at the same time, such measurements were not performed
simultaneously. Each 20 s task described above consisted of
ten individual measurements (i.e., sample rate of 0.5 Hz) of
¢55 for each discrete torque level (O [rest], 10%, 20%, and 30%
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of MVC). Likewise, to assess the repeatability of the method,
the subjects were asked to perform two series of each task.

Experiment 2

In this experiment, isometric elbow flexion contractions with a
real-time continuous torque-varying profile were performed by
the volunteers. Specifically, they were asked to increase elbow
flexion torque from rest to 40% MVC in 20 s, then to hold it at
the reached level for 5 s, and return to rest in 20 s. A total of four
trapezoidal profiles were considered with a 120-s rest interval
between them. Two series were performed for the acquisition of
EMG activity versus torque profile in an alternated way with an-
other two series for the comparison of ¢s5 versus torque. Visual
feedback of elbow flexion torque was presented on a computer's
screen positioned 1 m ahead of the participants. Data collection
started after participants had familiarized with visual feedback
and could successfully follow the trapezoidal profiles.

2.4 | Data analysis
For experiment 1, we assess the relationship between cs5 and
torque, both for BB and TB muscle of each subject. The ten
signals obtained from the respective tasks were used to calcu-
late an average value of cs5 and their corresponding standard
deviation. This was done for all volunteers in the two series.
Thus, from these individual mean values, we obtained an
overall elasticity of the population for both series of each task.
In experiment 2, bipolar EMGs were band-pass filtered
with a fourth-order Butterworth filter (15-350 Hz cut-off fre-
quencies; zero lag, bidirectional filter). Then, the root mean
square (RMS) was calculated over ~70 ms epochs, providing
a total of 65 RMS values per trapezoidal profile. These RMS
values were normalized with respect to the maximal RMS
along the ramp. In order to obtain the same number of points
over time for the NU-SWE's estimates, the shear elasticity
of the BB was also sampled at 1.4 Hz (65 values per ramp).

2.5 | Statistical analysis

Linear regressions were performed between the data col-
lected during tasks for all subjects (c55 vs. torque, for the first
and second series of experiment I; cs5 vs. normalized EMG
RMS, for both series of the respective profiles of experiment
2). Also, we performed a linear regression from the complete
set of data of experiment 2 (group analysis). The coefficients
of determination (Rz) were calculated in each case to assess
the goodness of the fit. Besides, for experiment 2, the regres-
sions coefficients were used to estimate css at 0.3 and 0.7 of
maximal EMG RMS activity.
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Likewise, we assess the repeatability of c¢s55 within each task
of both experiments. In experiment 1, this was done from the
values collected for each of the four torque levels. In experiment
2, we used the values estimated for the two EMG activity lev-
els previously described. In this way, for both experiments, we
calculated the intraclass correlation coefficient (ICC), the stan-
dard error measurement (SEM), and the coefficient of variation
(CV) between the two series of each task (Hopkins, 2000).

To compare cs5 between the two series of isometric con-
tractions in experiments I and 2, we performed a repeated-
measures ANOVA (independent variable: N° of series
[first, second]; dependent variable: css5) by using PAST 3.21
(Hammer et al., 2001). The same approach was used to com-
pare the values of ¢s5 according to the corresponding contrac-
tion intensity level (independent variable: torque, dependent
variable: cs5 (experiment 1); independent variable: EMG
RMS activity level, dependent variable: cs5 (experiment 2)).
The critical level of significance was set at p < 0.05.

3 | RESULTS

3.1 | Experiment 1
The BB and TB muscles showed an opposite behavior con-
cerning its css—elbow flexion torque relationship. While
the BB showed a linear increase in c55 with respect to elbow
flexion torque (the average coefficient of determination was
R =097 + 0.02, both for the first and second series), the
TB did not show significant changes. From 0% to 30% of
MVC, the cs5 of BB ranged from 4.57 to 109.24 kPa (first
series) and 4.61 to 101.66 kPa (second series). In TB the
variation was from 3.92 to 13.84 kPa (first series) and 4.15
to 15.97 kPa (second series). Table 1 summarizes the global
results in the two series of each task for both muscles.

The high ICC and low SEM values obtained denote
the high reproducibility of the NU-SWE to estimate css at

TABLE 1

different contraction intensity levels. Likewise, the CV be-
tween the two series was lower than 10%, both for the BB and
TB. Regarding the comparison of c¢55 with respect to elbow
flexion torque level, a significant main effect of contraction
intensity was found for BB in the series 1 and 2 (p = 0.000,
both cases). This indicates that c55 was substantially higher
as the elbow flexion torque level increased. On the contrary,
this main effect was not found for TB, where the differences
in series 1 and 2 were not significant (p = 0.12 and 0.25,
respectively). Additionally, the results of cs5 measured at
BB and TB were not significantly different between the two
series of each task (p = 0.92 and 0.72, respectively). Tables
S1 and S2 (https://figshare.com/s/998e925bcab5ed670d00)
contain the complete set of data obtained in this experiment.

3.2 | Experiment 2

Although it is possible to observe some occasional, spe-
cific mismatches, a very good agreement was found be-
tween the trapezoidal profiles described by the NU-SWE
method and the EMGs (Figure 3). As is shown in Table 2,
a significant linear relationship (p < 0.001) was verified be-
tween the EMG activity and cs5 for all subjects in each se-
ries (R2 = 0.82 + 0.08, ranged from 0.71 and 0.93). When
considering the complete set of data, this linear relationship
was also found in the group analysis of Figure 4. The com-
plete dataset of this experiment is available in Tables S3—S10
(https://figshare.com/s/998e925bcab5ed670d00).

If assuming the beginning of the profiles (time ~0 s) as a
reference of resting muscle, ¢55 was 12.83 + 7.14 kPa (ranged
from 3.89 and 22.81 kPa) and 11.77 + 6.44 kPa (ranged from
2.98 and 18.66 kPa), in the first and second series, respectively.
On the other hand, the corresponding values of the plateau (time
between 20 and 25 s) were 113.35 + 44.06 kPa (ranged from
65.72 and 187.04 kPa) in the first series and 98.87 + 32.20 kPa
(ranged from 65.99 and 192.21 kPa) in the second.

Global results of experiment 1. Average values and SD (between brackets) of c¢s5 of the biceps brachii (BB) and triceps brachii (TB)

muscles obtained from both series of each task. The results of the repeatability analysis are also displayed

BB TB
% MV C 0 10 20 30 0 10 20 30
cs5(kPa) 9.63 (3.61) 32.42(7.43) 49.25(9.18) 70.13(15.89) 8.23 (2.26) 8.53(2.82) 8.75(3.19) 9.33 (3.44)
First series
¢s5 (kPa) 9.17 (3.35) 32.19(7.23) 4991 (8.70) 69.99 (13.60) 8.38 (2.62) 8.66 (3.04) 8.72 (3.05) 9.26 (3.66)
Second
series
ICC 0.96 0.96 0.92 0.97 0.97 0.95 0.95 0.98
SEM 0.69 1.44 2.49 2.53 0.42 0.66 0.70 0.50
CV (%) 7.23 4.58 5.01 3.62 5.16 7.73 8.2 5.32

Abbreviation: CV, coefficient of variation.
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FIGURE 3 Two representative results of ¢s5 and normalized electromyography root mean square of the biceps brachii recorded during both

series of the isometric trapezoidal profiles. F, female; M, male.

TABLE 2 Determination and regression
coefficients for each subject in both series

of trapezoidal profiles. These coefficients No. of subjects
were obtained from the linear fit performed |
between cs5 (v) and EMG RMS normalized
(x) values (y = ax + b) Z
3
4
5
6

Sex

= T e

M

First series Second series

a b R* a b R*
81.9 6.35 0.87 77.87 11.04 0.74
77.65 21.89 0.83 82.32 7.9 0.93

217 5.74 0.9 248.8 —-19.29  0.88

101.1  -1.34 0.91 99.28 -831 0.71

145.4 34.59 0.8 136.6 38.62 071
76.28 8.41 0.83 55.26 18.03  0.71

Abbreviations: EMG RMS, electromyography root mean square; F, female; M, male.

*p < 0.001 for all subjects.

Regarding the repeatability of the measurements, Table 3
shows the statistical analysis results according to the two inten-
sity levels of isometric contraction (0.3 and 0.7 of the maximal
EMG RMS activity). In this way, the high ICC, low SEM, and
the CV obtained in each condition indicate a very good repro-
ducibility of the estimations. Concerning the comparison of
¢55 estimated at both isometric contraction levels, a significant

main effect of the contraction intensity (p = 0.000) was found.
This implies that cs5 estimated at 0.7 of the maximal EMG
RMS activity was significantly higher than at 0.3. On the other
hand, this main effect was not found when comparing the es-
timates obtained from the two series of trapezoidal profiles,
indicating that css was not significantly different (p > 0.05)
between them.
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FIGURE 4 Group analysis performed
101 y=0.85x +0.12 . B " Py ".“ o 00 over the complete set of normalized
R?=0.74, P < 0.001 ° R R o data collected from the biceps brachii
081 s . . muscle during the isometric trapezoidal
i . profiles (n = 751). The cs5 and the
2 o] . electromyography root mean square (EMG
IS . RMS) measured in all subjects show a
g ol significant linear relationship. Based on
'26 the level of confidence established, the
regression coefficients of the linear fit are
= A reliable
I ,‘.’ .\. o o — Linear fit
oo ° ° aplie b __ Confidence
interval at 95%
00 02 04 06 08 10
Normalized EMG RMS
4 | DISCUSSION 95115 kPa, for the same conditions of contraction intensity.

The main purpose of the present work was to test the perfor-
mance of a new method able to correlate the surface wave
propagation with the cs5 of the skeletal muscle. The study
showed that the NU-SWE could reliably estimate the tissue
elasticity and assess its relationship regarding other biome-
chanical properties of muscle. In this sense, the results of ex-
periments 1 and 2 agreed qualitatively and quantitatively to
those of previous works using ultrasound elastography.
Regarding the results of experiment 1, the c55 measured in
the BB and TB muscles at rest were ~10 kPa (Figure 5; Table
1). The lowest values were 5.57 + 1.05 and 4.42 + 0.27 kPa,
respectively, which are in very good agreement with previous
works using the ultrasonic methods since the reported val-
ues ranging from 3.11 + 0.42 kPa (BB) and 3.05 + 0.52 kPa
(TB) (Lacourpaille et al., 2012). Likewise, both the average
rest values and their range of variation were also compara-
ble to those obtained in previous studies carried out in vivo
with magnetic resonance elastography and SSI (~10-20 kPa;
Bouillard, Nordez, et al., 2012; Jenkyn et al., 2003; Lapole
et al., 2015; Nordez & Hug, 2010; Uffmann et al., 2004;
Yoshitake et al., 2014), as well as in vitro performing a stress-
strain curve (~10 kPa; Lieber, 2002). As the most accurate
comparison is made in resting conditions, since the contrac-
tion intensity can vary between different studies (Nordez &
Hug, 2010), these results show the good agreement between
NU-SWE and reference elastography methods. On the other
hand, the behavior between 10% to 30% of MVC was opposite
for both muscles. While in the TB the muscle shear elasticity
did not differ significantly compared to the muscle at rest, in
the BB the elasticity was greater as the torque level increased
(Figure 5; Table 1). These results are also in good agreement
with previous studies using SSI. In this regard, Nordez &
Hug (2010) and Bouillard, Nordez, et al., 2012) reported val-
ues from 15-30, 30-60, and 45-70 kPa, for 10%, 20%, and
30% of MVC, respectively. Likewise, Yoshitake et al. (2014)
and Lapole et al. (2015) reported values of 45-60, 70-90, and

Although, as indicated above, the comparisons in such condi-
tions are more difficult to establish than in resting muscle, our
estimates are also comparable since they are in the range of
the variation found in such works. This variation in the shear
modulus of BB during different intensities of isometric con-
traction could be partially explained by individual differences
in load sharing between muscles (Bouillard, Nordez, et al.,
2012; Rengifo et al., 2010). Beyond the above, our results
in TB and BB muscles are consistent regarding their func-
tion during isometric contraction, since they act as extensor
and flexor muscles of the forearm, respectively. These results
reinforce the evidence in favor that a systematic increase in
EMGs amplitude of antagonist muscles (i.e., increased co-
activation) at high force levels can be partially explained by
crosstalk than increased drive to the antagonist muscles (Hug
et al., 2015; Solomonow et al., 1994). However, some coacti-
vation can be seen in some people for mechanical purposes to
stabilize the elbow joint (Le et al., 2017; Riemann & Lephart,
2002). Overall, these observations suggest that elastography
might provide a unique opportunity to reconsider our cur-
rent understanding of muscle co-contraction (Avrillon et al.,
2018; Hug et al., 2015).

In experiment 2, the results showed that the NU-SWE
combined with the EMG allowed to effectively assess the
changes of the elasticity and EMGs activity of the muscle
because of the increased elbow flexion torque. As is shown
in Table 2, a considerable variation was found in the slopes
between cs5 and the EMG activity level of experiment 2 (the
ratio between the highest and lowest slope was 2.84). This ob-
servation agreed with a previous study using SSI and EMGs
(Nordez & Hug, 2010), where a ratio of 2.72 was also found
in the BB. Thus, it seems to be a variable feature among sub-
jects, derived from the intrinsic properties of the muscular
system. In this sense, as in experiment 1 and based on pre-
vious works (Avrillon et al., 2018; Bouillard, Nordez, et al.,
2012; Hug et al., 2015; Rengifo et al., 2010), we suggest that
differences in load sharing and muscle co-contraction could
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TABLE 3 Average values of cs5 estimated at two levels of
contraction intensity and results of repeatability analysis. The cs;
was calculated for each subject in both series from the regressions
coefficients of Table 2 and then averaged (the standard deviation is
shown between brackets)

EMG RMS (relative to max.)

0.3 0.7
cs5 (kPa) 47.57 (21.78) 94.20 (41.76)
First series
Cs5 (kPa) 43.00 (21.01) 89.67 (43.11)
Second series
ICC 0.91 0.99
SEM 6.17 4.05
CV (%) 13.60 4.41

Abbreviations: CV, coefficient of variation; EMG RMS, electromyography root
mean square.
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provide a possible explanation for this phenomenon. In addi-
tion to the above, it is also important to note that a hystere-
sis behavior was observed in some subjects for both cs5 and
EMG activity (e.g., subject #3, Figure 3). Besides, in some
subjects, the trapezoidal profiles of such variables showed
occasional mismatches within the same series (e.g., subject
#2, Figure 3). The above can be partially due to differences in
the execution of the protocol, since the recordings were not
performed simultaneously to avoid the contamination of the
EMG signals by the surface vibration artifacts. This may ex-
plain the lower values of R>~0.7 (still significant, p < 0.001)
observed in specific cases.

Comparing the estimates obtained between 0% and 40%
of MVC, the results of experiment 2 were analogous to those
of previous works. Regarding the resting values, our estimates
at the beginning (¢~ 0 s) of the profiles agree with the corre-
sponding values of experiment 1. Also, these are in complete

Subject #3 (F) Subject #9 (F)
90 (|10 E 4 80| © i
80 0
Forofog i%ii |
70 b
x 60 -
5 3
60 - ] 0 10 20 30
0 10 20 30 R2=0.99 50 | |
50 b
401 1
40 b
BB 15! series 30t 1
30 BB 2" series | |
. TB 15t series | | 20} 1
TB 2nd series
10 1 1071 1
= %* * * . * * *
ol — ' . . ol . . .
i 0 10 20 30 0 10 20 30
Tn Subject #13 (F) Subject #17 (M)
QO 6o 1 50} _
10 % 11 R2=0.92 i
50 (8 i i
* 40t i ;
6
40 1
30 1
30 - &
20 1
20 - b
10 %* * * 4 * i 1
* ' *
¥ E
0 (‘) , 2I 3l 0 (‘J 1I0 2‘0 3I0
10 0 0
Torque (% MVC)
FIGURE 5 c¢55 versus torque in the biceps brachii (BB) and triceps brachii (TB) of four representative subjects during experiment 1. The error

bar represents the standard deviation over ten measurements. Solid lines show the linear fit performed from the averaged values. The inset in each

figure is a magnification of the results in TB, added for better visualization. F, female; M, male
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agreement with those of the literature, where values between
~ 4 — 20 kPa were reported by using the reference elastogra-
phy and rheological methods (Bouillard, Nordez, et al., 2012;
Creze et al., 2018; Jenkyn et al., 2003; Lacourpaille et al.,
2012; Lapole et al., 2015; Lieber, 2002; Nordez & Hug, 2010;
Uffmann et al., 2004; Yoshitake et al., 2014). For the 40% of
MVC, the literature reports values for BB ranging from ~65 to
80 kPa (Bouillard, Nordez, et al., 2012; Nordez & Hug, 2010),
as well as ~100 to 160 kPa (Lapole et al., 2015; Yoshitake
et al., 2014). Since these measurements were performed at a
moderate intensity contraction level, the comparisons are quite
difficult to establish, as we discussed above. Nevertheless, our
results also showed a good agreement, since during the plateau
phase (40% of MVC) they were within the same range of vari-
ation depicted in such studies. Additionally, the intermediate
values measured during the ascending phase between 10 and 30
of MVC (~ 20— 100 kPa, see data between 5 and 15 s in Tables
S4 and S6), were also very similar to those of experiment 1 and
references (Bouillard, Nordez, et al., 2012; Lapole et al., 2015;
Nordez & Hug, 2010; Yoshitake et al., 2014). Concerning the
estimate's reliability, the results are in complete agreement to
those of previous works using the ultrasound elastography,
where ICC, CV, and SEM values around 0.9, 10%, 4 kPa were
estimated, respectively (Lapole et al., 2015; Nordez & Hug,
2010). In this sense, the NU-SWE has demonstrated high re-
liability to infer the EMG activity level. Thus, the results ob-
tained in this experiment, reinforce the results of experiment 1
regarding the certainty of the NU-SWE estimates. They also
highlight that it can be used together with other methods to
study different aspects of muscle biomechanics.

Another relevant fact that emerges from experiments I
and 2 is that the linear model can be a good approximation
to explain the relation of cs5 with the elbow flexion torque
and EMG activity during BB's isometric flexion. This was
previously studied in different muscles (e.g., BB, first dorsal
interosseous, abductor digiti minimi, gastrocnemius media-
lis, tibialis anterior) by using ultrasound elastography during
passive stretching and isometric contractions, even in condi-
tions of neuromuscular fatigue (Ates et al., 2015; Bouillard,
Hug, et al., 2012; Bouillard et al., ,2011; Koo et al., 2013,
2014; Lapole et al., 2015; Sasaki et al., 2014; Yoshitake et al.,
2014). Nevertheless, the non-linear relationship between
the EMG activity and joint torque has been frequently re-
ported for large muscles such as BB (Lawrence & De Luca,
1983; Nordez & Hug, 2010). In addition, Bouillard, Nordez,
et al. (2012) and Nordez & Hug (2010) show that the char-
acteristic shape of the relation between the BB elasticity
and joint torque is more quadratic than linear. It consists of
a little change initially (~ 0% — 10% of MVC), but a rapid
increment in the elasticity as the torque increases. In this
sense, Bouillard, Nordez, et al. (2012) gives second-order
polynomial equations that fit the experimental data with an
R = 0.99. Nevertheless, a linear fit of these data provides

coefficients of determination ~0.9, very similar to those
of the present study and the references (Yoshitake et al.,
2014) and (Lapole et al., 2015). Therefore, we believe that
the results of experiment 1 do not contradict the non-linear
behavior described by previous studies (Bouillard, Nordez,
et al., 2012; Nordez & Hug, 2010), but on the contrary, they
are very similar. Task specificity and differences in motor
control may partially explain the differences (Lapole et al.,
2015), but these can be explained mainly based on method-
ological aspects. While in experiment 1, the elasticity was
estimated at four discrete torque levels within the range 0%
— 30% of MVC, several intermediate values were collected
in Bouillard, Nordez, et al. (2012) and Nordez et al. (2010).
In this way, since in experiment 2 c55 was collected with a
higher sample frequency, the results had a better resolution.
Thus, it was possible to characterize the curvilinear relation
of ¢s5 and EMG activity level regarding the elbow flexion
torque, for both ascending and descending phases of the trap-
ezoidal profiles (especially between 0% and 10% of MVC).
Beyond these considerations, our results agree with those
of recent works, when suggesting the validity of the linear
model to simplify future research concerning the changes of
these variables according to the isometric contraction inten-
sity (Lapole et al., 2015; Yoshitake et al., 2014).

The aim of the present study was not to validate the NU-
SWE but to show its performance, reliability, and feasibility
to estimate in vivo and real-time the muscle shear elasticity.
Therefore, the experiments we carried out in this work did
not include a direct comparison between the NU-SWE and
another known elastography method. Nevertheless, in previ-
ous works, we have performed such comparisons in phan-
toms and beef samples regarding the ultrasound shear wave
elastography (Benech et al., ,2019, 2021; Grinspan et al.,
2016). These studies showed that both approaches provide
comparable results, especially within the range of frequen-
cies employed in this work. Beyond the above, further valida-
tion in skeletal muscle is still needed. Unlike previous works
in skeletal muscle using SSI (Bouillard, Hug, et al., 2012;
Bouillard, Nordez, et al., ,2011, 2012; Nordez & Hug, 2010;
Yoshitake et al., 2014), this method does not impose a satu-
ration limit on the measurement of css. In this sense, as the
modern versions of SSI, the NU-SWE could be potentially
able to characterize a broad range of muscle shear elastic-
ity values. Further studies are needed to assess the capability
of the NU-SWE to measure this parameter at MVC, which
would be very advantageous compared to most ultrasound
elastography techniques.

Due to its low spatial resolution, the NU-SWE cannot
locally map the tissue elasticity as the reference ultrasonic
methods do. It also cannot measure the elasticity of deep
muscles, so its use is limited to superficial muscles. This is
because at low frequencies (~100 Hz), the penetration depth
of surface wave is limited to one wavelength, which is about
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a few centimeters since typical values of the shear velocity
in soft tissues are Vy~1-10 m s™". In this way, the NU-SWE
can retrieve, in vivo and non-invasively, a reliable value of
the mean bulk tissue elasticity in the near-surface below the
sensors. However, in this regard, the presence of subcutane-
ous adipose tissue should be considered. Depending on the
amount of this tissue, the estimates could be affected since
the medium becomes more attenuating, making the signal/
noise ratio poorer. Besides, as the presence of this tissue in-
creases, the medium becomes softer on average. Thus, the
css as well as the torque versus elasticity relation may not be
representative of the assessed muscle. Since the subjects who
participated in the present study had normal average values of
body mass index (BMI; 22.71 + 2.79) and body fat percent-
age (BF; 21.06 + 4.98), it is highly unlikely that this factor
may have influenced the results. Nevertheless, further studies
are needed to establish with greater precision the limits im-
posed by the adipose tissue in the measurements, as well as to
develop strategies to correct this issue when necessary.

Beyond the above, our results suggest that when their
limitations can be ignored, the NU-SWE could be suitable
to extend elastography applications in muscle biomechanics.
Its advantageous features are similar to the low-frequency
method recently proposed by Martin et al. (2018) to measure
elasticity in tendons. However, the Timoshenko beam model
employed in such work does not apply to the skeletal muscle
(Timoshenko, 1921, 1922). Likewise, other low-frequency
methods proposed to measure muscle shear elasticity do
not consider the incidence of the diffraction, guided wave,
and near-field effects (Benech et al., 2012; Courage, 2003;
Sabra et al., 2007; Salman & Sabra, 2013; Zhang, 2016). In
this sense, the new inversion algorithm of the NU-SWE can
automatically correct the biases introduced for those effects,
allowing reliable and robust estimates.

It is important to point out that the present study was
carried out using an initial prototype of NU-SWE, designed
just to test the method and address the objectives of exper-
iments 1 and 2. We do not expect that such a prototype can
be suitable to be applied outside the laboratory. Regarding
the above, we are currently working on a portable version
of NU-SWE, able to be used in field measurements. In ad-
dition, we think that with further development, this method
could be suitable to measure the elasticity in more than
one muscle simultaneously. This is also unfeasible with the
current elastography methods. In this sense, the NU-SWE
could be a useful method to deepen the research about mus-
cle co-contraction and the interpersonal differences in load
sharing. Likewise, it could be used to estimate the individ-
ual forces exerted by superficial muscles. In this regard,
recent works using SSI have begun to consider the muscle
shear elasticity as an informative parameter for such a pur-
pose (Bouillard, Hug, et al., 2012; Bouillard, Nordez, et al.,
2011). Concerning its practical applications, the NU-SWE
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could be a low-cost and reliable tool to monitor the rehabil-
itation process after a muscle injury, as well as to assess the
muscle mechanical properties in athletes as a consequence
of a training plan (Creze et al., 2018; Sarto et al., 2021).

Based on all the above considerations, we think that this
work constitutes the first step to extend the practical and re-
search applications of muscle elastography. In this way, our
future work will focus on improving the current prototype to
make the NU-SWE a versatile method, with potential appli-
cations in muscle biomechanics and related fields.

5 | CONCLUSIONS

In this work, we have shown that the NU-SWE can estimate
the muscle shear elasticity in a comparable way to the refer-
ence elastography methods. In this regard, the results concern-
ing experiment 1 (muscle shear elasticity vs. elbow flexion
torque) and 2 (muscle shear elasticity vs. EMG activity level)
were quantitatively and qualitatively in good agreement with
previous works using ultrasound elastography. The latter
was largely due to the new inversion algorithm on which the
method is based. This is its main innovation regarding other
low-frequency elastography methods described in the litera-
ture. Unlike these, the NU-SWE can correct the shear wave
velocity value of the biases introduced by the diffraction,
guided wave, and near field effects. The main disadvantages
of the method are that it cannot construct an elasticity map of
the tissue, and their use is limited to the superficial muscles.
However, it provides many advantageous features, such as
being wearable, transportable, easy handle, and potentially
able to be used in more than one muscle simultaneously.
Besides, the estimates are performed in vivo, non-invasively,
and in real-time. Thus, the NU-SWE method offers the pos-
sibility to extend the practical and research applications of
elastography in muscle biomechanics and related fields. This
could be useful to deepen the knowledge about the mechani-
cal behavior of the muscle, especially in those areas where the
use of existing methods is not feasible or possible.
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APPENDIX A

Signal processing algorithm

This algorithm estimates the phase shift (A¢) between the signals
recorded by the linear array of vibration sensors. A band-pass
filter centered on the source's frequency with a 50 % bandwidth
is applied to raw signals to eliminate unwanted frequencies
(Figures 1c,d). Then, the phase shift between the recorded sig-
nals is computed at a selected frequency within the bandwidth by
Fourier transform. The phase shift is converted to time delay by
dividing it between the corresponding angular frequency (@y).
Finally, the phase velocity (V) is computed as follows:

wod'
=— Al
v v (A1)

where d’ is the distance between sensors.

Inversion algorithm to correct
the incidence of the guided wave
propagation and near field effects

Expression (A1) is used to compute the phase velocity for each
frequency within the bandwidth of the signal. After that, a disper-
sion curve V(w) is obtained. As explained in (Benech et al., 2017),
most of the wave energy in the bulk of soft tissues propagates as
shear waves in the low-frequency limit. Due to the large difference
between the speed of compressional and shear waves, there is no
mode conversion in boundary reflection. Thus, the shear wave re-
flects back as a shear wave. Besides, the directivity pattern of the
shear wave makes an angle 6 with the normal (Figure Al).

Therefore, there exists a distance x, where only surface
waves propagate given by:

FIGURE A1 Directivity pattern of the shear wave in a medium
with depth A. The distance x, represents the near-field zone where only
surface waves propagate. Within this zone, the dispersion curve is due
to interference between Rayleigh and leaky surface wave.

x, = 2htan(0). (A2)

As shown in (Benech et al., 2017), if the wavefield is meas-
ured at a distance x >> x, from the source, the dispersion curve
V(w) fits the model of Rayleigh-Lamb. However, if x < x, the
dispersion curve is due to interference between the Rayleigh
surface wave and the leaky surface wave. For transversally iso-
tropic solids, like skeletal muscle, 8 22 60°. The mean depth in
BB is 4 = 3.5 cm and for TB is & = 2.5 cm. Therefore, the
distance x, = 12 and 9 cm, respectively. Thus, the NU-SWE
acquires data in the near-field zone. The vertical component u,
(x, 7) of the displacement field in the surface of the tissue is
given by:

u(x, ) =Ag [e”™ + A e e ] e, (A3)

where Ay is the amplitude and k the wave number of the
Rayleigh wave, A; is the relative amplitude between the
leaky wave and the Rayleigh wave, { and g are the imagi-
nary and real parts of the leaky wave wavenumber, respec-
tively. The phase ¢(x) of the quantity between brackets is
¢(x) = atan (N(x)/D(x)) where:

N(x) = — [sin(kx) + A e “sin(gx)| , (A4)

D(x) = cos(kx) + A; e ~**cos(gx). (AS)

The phase speed is, therefore:

-1
V(o) =w <%> —w [M] , (A6)
0x N'D — ND’

where the prime indicates derivative with respect to x. Finally,
to retrieve the shear wave speed, the experimental data is fitted
in the least square sense to the equation above.
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