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ORIGINAL RESEARCH

Viscoelastic Shear Properties of In Vivo
Thigh Muscles Measured by MR
Elastography

Mashhour K. Chakouch, PhD,’ Philippe Pouletaut, PhD," Fabrice Charleux, Dr,? and

Sabine F. Bensamoun, PhD'*

Purpose: To measure the viscoelastic properties of passive thigh muscles using multifrequency magnetic resonance elas-
tography (MMRE) and rheological models.

Materials and Methods: Four muscles in five volunteers underwent MMRE tests set up inside a 1.5T magnetic reso-
nance imaging (MRI) scanner. Compression excitation was generated with a driver attached around the thigh, and
waves were generated at 70, 90, and 110 Hz. In vivo experimental viscoelastic parameters (G(w) = G’ + i G") were
extracted from the wavelength and attenuation measurements along a local profile in the direction of the wave's dis-
placement. The data-processing method was validated on a phantom using MMRE and RheoSpectris tests. The complex
modulus (G(w)) related to elasticity (1) and viscosity (17) was then determined using four rheological models.

Results: Zener was the best-fit model (y ~0.35 kPa) for the rheological parameters of all muscles. Similar behaviors for
the elastic components for each muscle were found for the Zener and springpot models. The gracilis muscle showed
higher elastic values (about 2 kPa) in both models compared to other muscles. The a-values for each muscle was equiva-
lent to the ratio G”/G’ at 90 Hz.

Conclusion: MMRE tests associated with data processing demonstrated that the complex shear modulus G(w) of pas-
sive muscles could be analyzed using two rheological models. The viscoelastic data can be used as a reference for

future assessment of muscular dysfunction.

Noninvasive evaluation of the functional properties of
soft tissues is important to clinicians when evaluating
the behaviors of various tissues, such as muscle, brain, kid-
ney, prostate, breast, and liver. MRE (magnetic resonance
elastography) is a noninvasive medical imaging technique,
developed from magnetic resonance imaging (MRI),"?
which can assess the shear elasticity of tissues by applying
mechanical excitation. Motion-sensitive MR sequences are
used to analyze the propagation of shear waves created by
excitation through soft tissues.” MRE was applied to differ-

ent healthy® and pathological soft tissues"®”

to provide
quantitative data.

The main mechanical property provided by the MRE
technique used to be the shear modulus. MRE has been
extensively improved and now provides reliable quantitative

information on viscoelastic properties (eg, elasticity and vis-
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cosity),® which provide information on fluid and the solid
components of soft tissues, which may be related to func-
tional behavior. Thus, the viscoelastic properties of the
brain,” muscle,'® and liver'' have been determined using
multdifrequency MRE (MMRE) tests to develop imaging

12,13 . T
that can visualize

sequences and reconstruction methods
a clear propagation wave within tissues.

In addition, MMRE tests have been associated with
rheological models, such as Voigt, Zener, and springpot. In
the literature, the Voigt model is the main rheological
model used to characterize viscoelastic behavior in soft tis-
sues because of its simple composition.wi16 The resulting
wave images are analyzed by solving the inverse problem of

1719 ¢4 obtain the complex shear modulus (G).

elastography
The storage modulus (G'), which represents the real part of

the complex modulus, is determined by restoration of
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mechanical energy because of the elastic properties of the
material. The loss modulus (G”) represents the imaginary
part of the complex modulus associated with its viscous
properties according to the tissue’s inherent mechanical fric-
tion which appears between the muscle fibers.”” Both mod-
uli (G, G”) compose the viscoelastic properties.

In parallel to the in vivo MRE field of research, phan-
toms have been developed to realistically simulate the
mechanical properties (elasticity, viscosity) of biological soft
tissues: data obtained can contribute and improve the MRE
protocol (frequency of excitation, inversion algorithms'>?).
In the literature, multiple phantoms have been created with
different compositions: agarose,”* bovine,”> Wirosil,”® Plas-
tisol,”” zerdine hydrogel,”® and copolymer-in-oil.”> Multifre-
quency MRE tests can provide the viscoelastic properties of
phantoms,”® which are usually then validated using other
mechanical techniques, such as rheometers.”!

The main objective of this study was to measure the
elasticity (G') and viscosity (G”) parameters of individual
passive thigh muscles (gracilis: Gr, semimembranosus: SM,
semitendinosus: ST and biceps: BC) using multifrequency
MRE and rheological models (Voigt, Maxwell, Zener,
springpot). The secondary objective was to validate the in
vivo data-processing using plastic phantoms that mimicked
the muscles’ viscoelastic properties under passive (rest)

conditions.

Materials and Methods

Ethics statement

This study was approved by the Institutional Review Board of
Amiens Hospital. All subjects had the experimental protocol
explained and then gave their informed written consent prior to
admission into the study.

Participants

The thigh muscles were studied in five healthy volunteers (three
males, two females; age range: 21-38 years, mean age = 25 *
5.32 years, BMI (body mass index) range: 19.4-28.4 kg.m'z; mean
BMI = 22.6 = 3.1 kg.m™) with no muscle abnormality or histor-
ies of muscle disease.

Phantom Preparation
Large and a small cylindrical homogeneous phantoms were created
for the MRE and spectroscopic techniques (mechanical test). Both
phantoms were made with a mixture of a softener and liquid plas-
tic (LureCraft, LaGrange, IN), or of Plastisol, which is a suspen-
sion of PVC particles in a plasticizer. The advantage of using
Plastisol is being able to test objects with different elasticities, cor-
responding to different plastic concentrations, which are stable over
time. In addition, Plastisol has a density close to that of soft tissue
(1000 kg/ma). Based on our previous studies,”® the mixture was
composed 50% plastic in order to create a medium with an elastic-
ity close to that of muscle under a passive condition.

Then the mixtures were heated to 177°C?” and the solutions

were poured into large aluminum (diameter: 14 cm, height: 15

U ——
Hose connected to

FIGURE 1: MRE setup placed inside a 1.5T MRI machine to
measure the passive properties of the ischio (ST, SM, BC) and
gracilis (Gr) muscles. Harmonic compression excitation was gen-
erated with a pneumatic driver (silicon tube) attached around
the thigh muscles and waves were generated at 70, 90, and
110 Hz. ST: semitendinosus, SM: semimembranosus, BC biceps,
Gr: gracilis.

cm) and small aluminum molds (diameter: 9.9 mm, height: 76
mm). Because of the size of the small cylinder, the mold was
placed on a glass slide in order to obtain a suitable surface on
which the spectroscopy test could be performed. Both mixtures

were left to cool and were stored at 23°C.

Hyper-Frequency Viscoelastic Spectroscopy Tests
Hyper-frequency viscoelastic spectroscopy was performed using a
RheoSpectris C500 instrument (Rheolution, Montreal, QC, Can-
ada). This instrument is a new-generation viscoelastic spectroscope
capable of measuring storage (G') and loss (G”) moduli of materi-
als across a wide range of frequencies between 10 and 1500 Hz.
The basic principle of this instrument is to generate transient
mechanical shear waves inside the probed sample, which is con-
fined in a rigid cylindrical holder, and to measure the behavior
(vibration) of the entire sample monitored at the surface, using an
ultrasensitive optical sensor to process the viscoelastic spectroscopy.

For each measurement the small phantom within the cylin-
drical holder was placed in the mechanical unit that was specially
designed to house the cylinders.® From viscoelastic measurements
over the possible full-frequency range (10-500 Hz), only 60, 80,
and 100 Hz were selected to compare with the MRE tests. Bland—
Altman analysis was realized to compare the viscoelastic parameters
between both tests.”?

MRE Tests

MRE tests were conducted on the large phantom and on thigh
muscles using a 1.5T Signa HDx MRI machine (General Electric,
Milwaukee, WI).

MUSCLE CONFIGURATION. The subjects were placed in a
prone position to characterize the ischio (ST, SM, BC, and Gr)
muscles (Fig. 1). A custom-made Helmholez surface coil was placed
around the thigh and a pneumatic passive driver (silicon tube),
consisting of a remote active pressure driver connected to a hose
(tube), was wrapped and clamped around the subject’s thigh. The
tube was placed in the middle part of the thigh to investigate the
ischio and gracilis muscles. Periodic variations in air pressure were
induced into the tube at different frequencies: 70, 90, and 110 Hz.
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a: Axial image

b: Coronal obliqgue image

e: Coronal oblique image
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¢. Phase image

f: Phase image

-
Unclear wavelength .-
in ST, SM

FIGURE 2: lllustration of the different steps to obtain the MRE phase images. a,d: Axial images of the thigh with placement of the
imaging planes (dashed line) through the investigated muscle. b,e: Coronal oblique images of the muscles corresponding to the
imaging planes. ¢,f: MMRE tests were performed on the coronal oblique image leading to acquisition of the phase images, repre-
senting displacement of the shear waves within the muscles. ST: semitendinosus, SM: semimembranosus, BC biceps, Gr: gracilis.

This caused acoustic waves to be propagated within the muscles.
These frequencies were chosen as being optimal based on our pre-
vious MRE experiments on thigh muscles using this same tube
driver.'®” The MRE pulse sequence included a sinusoidal
motion-encoding gradient, which oscillated in the Z-direction at
the same frequencies as the driver (70, 90, 110 Hz) and was used
to image the coronal oblique plane of the displaced waves. In this
study, the mechanical mode of excitation was a compression mode
rather than a shear mode, as the energy of waves was more effi-
ciently propagated throughout the muscles. Attenuation was less
pronounced in the compression mode and more deep muscle shear
waves were present.”*

Anatomical axial images of the thigh muscle were acquired
with a gradient-echo sequence. This used two oblique scouts on the
medial side of the thigh: one that selected the ST, SM, and BC (Fig.
2a), and the other selected the Gr (Fig. 2d) muscle. This enabled cor-
onal oblique images to reveal the entire muscle (ST, SM, BC, Gr)
along the path of wave displacement along the thigh (Fig. 2¢f). Clear
propagation, represented by a measurable shear wave, was then
tracked. The wave displacement phase images were recorded with a
256 X 256 acquisition matrix, two opposite polarities of the motion-
encoding gradient with a 2.2 G/cm maximum amplitude limit, a flip
angle of 45°, a 24 cm field of view, and a 5 mm slice thickness. Four
offsets were recorded for the thigh muscles in a relaxed condition.
The scan times at 70, 90, and 110 Hz were 38 seconds with TR/TE:
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57.2/26.4 msec, 40 seconds with TR/TE: 55.6/23.2 msec, and 33
seconds with TR/TE: 54.6/21.2 msec, respectively.

PHANTOM CONFIGURATIONS. A phantom was placed inside
the head coil of the MRI machine in a perpendicular direction to
the static scanner field (By). A round pneumatic driver, based on
the same principle as the silicone tube used for the muscle, was
placed under the phantom to generate shear waves (Fig. 3a). The
main vibration direction was perpendicular to the static By-field,
and was propagated parallel to the axis of the phantom. Image sli-
ces were acquired in the coronal oblique plane to obtain vertical
views through the phantom (Fig. 3b-d). Harmonic frequencies
generated by the driver were performed at 60, 80, and 100 Hz.
These frequencies are in the range of the optimal frequencies (from
60 to 100 Hz) previously defined for the use of this round
driver.'" A difference of 20 Hz was chosen between each frequency
to visualize a variation of the wavelength. It should be noted that
there is a discrepancy frequency between in vivo (70, 90, and 110
Hz) and in vitro (60, 80, and 100 Hz) studies. In both cases, low
frequencies were applied and the purpose was not to compare in
vivo and in vitro analysis at the same frequency, but to validate in
vitro the postprocessing method before being applied in vivo.
MRE acquisitions were performed with the following parameters:
256 X 256 matrix size, 200 X 200 mm field of view, 1.5 mm
slice thickness, and four offsets for each frequency. TR/TE values
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FIGURE 3: a: MMRE experimental set-up for the phantom. The wave’s displacement inside the phantoms were generated at 60
Hz (b), 80 Hz (c), and 100 Hz (d) with a cylindrical driver by harmonic compression excitation.

at 60, 80, and 100 Hz were 66.7/27.7 msec, 62.5/33.4 msec, and
60.1/38.8 msec, respectively.

Data Processing

THEORY. Experimental (G(w)) and numerical (Gpodel(®)) visco-
elastic parameters were determined using basic equations that are
summarized below.

A red profile (Figs. 2c, 5a) was prescribed in the direction
(x) of the wave propagation, and the wave behavior along this pro-
file was extracted (Fig. 5b). The amplitude of the wave along the
profile was referred to as a scalar wave field u(x, #) whose temporal
Fourier-transformation was denoted Ulx, w). Assuming that the
medium of propagation was linear, locally homogeneous, isotropic,
incompressible, and under pure shear stress, the motion equation
(Helmbholtz) in the frequency domain was 19,

82
p0*U+G(w) = U=0 (1)
- — 0ox*—
where @ = 2 7, f'is the angular driving frequency, G(w) = G’ +

i G” is the complex shear modulus, and p is the muscle density.

4

It was assumed that the displacement of the wave followed a

harmonic plane wave represented by the equation:
U=ugexp[—ikx] ©)

where #, is the initial amplitude, and £ = £ — i y is the complex
wave number (£ and y are real parameters).

The parameter (£) was linked to the wavelength (1) by the
relationship # = Z-. The parameter () corresponded to the attenu-
ation coefficient. These two parameters were measured from the
analysis of wave displacement u(x, #) along the red profile (Fig.
5a). The wavelength (1) was measured with the different extrema,
and the corresponding location (x;) was extracted from the wave
(Fig. 5b). Two consecutive extrema were separated in (x) by a half
period (’51) For better accuracy, the first and last extrema were used
to deduce the value of 4 (Fig. 5¢). This process was applied to
cach offset and an average of the wavelength was determined.

Subsequently, a logarithmic In(|Uj|) representation of the
extrema was fitted with a linear least square line, which allowed
measurement of the attenuation (y) parameter (Fig. 5¢). It can be
noted that the slope of the line corresponded to —y.
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Solving Eq. (1) for G(w) with U from Eq. (2), and the

parameters (k, 7), gave the following experimental viscoelastic

parameters:
kz_yz
Gl(w)=pw’ 3
T Gy ey o
G (w)=pan* 2k (4)

(B2=2)*+(2ky)?

The complex modulus was related to elasticity (1) and viscosity (17)
using various rheological models. In this study, the four following

models for Gy (@) were used:

ution Voigt
lf# Maxwell
p+ion
Gyl@)= , )
ppption(mty)
- ener
My Tiwn
W (i w)” Springpot

Whereas the Voigt and Maxwell models require two parameters (i
shear modulus and #: shear viscosity), the Zener (1, o, 1) and
springpot (i, 1, ) models take three parameters into account.
Zener is similar to Hill’s model representing the parallel elastic
component (1) and the series elastic component (2) of the mus-
cle structure. The parameter o represented a weighting factor
between a purely elastic behavior (x = 0) and a purely viscous
behavior (« = 1). For the springpot model, (1) and (1) were line-
arly dependent, meaning that either the value of (1) or (i) were
fixed. Using the same assumption as in Klatt et al's study,'” we
fixed the 1 value to the data obtained in the Zener model.

The viscoelastic parameters (i, 7, o) from these four models

were calculated by minimizing the following cost function ():

1= 35 2oy (RelG(0,) G (0,)]) + (1[G (@)~ G (@)

(©)

where IV is the number of experimental driving frequencies (V = 3).

IMAGE PROCESSING. The MMRE technique provides phase
images, and presents the propagation of the shear wave within dif-
ferent muscles (SM, ST, BC, and Gr) at three different frequencies
(Fig. 2c). Phase images were first unwrapped and filtered by a
directional bandpass Butterworth filter to suppress the compression
waves and to reduce noise.>> Then the same operator manually
drew a reference profile, within an accuracy of 5° in the direction
of the wave propagation within the four thigh muscles: Gr, SM,
ST, and BC, to calculate the wavelength (4) that represented the
distance between consecutive peaks (Fig. 4). Subsequently, the
complex shear modulus G(w) was calculated according to equa-
tions Eqs. (3) and (4), assuming a density of 1000 kg.m’3. The
rtheological models were then estimated by minimizing Eq. (6).
Three relative errors were also computed to compare the quality of

fit across the driving frequencies:
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FIGURE 4: Representation of the wavelengths (1) measured
within the gracilis (Gr) muscle, along the red profile, for the
three frequencies (70, 90, 110 Hz).

VRe(G,, (@) +(m[G, (,)])?
V (Re[G (@,)))*+(Im[G (,)])?

X =100 Y%

wheren =1,2,3; w, =2nf; f; =70 Hz; f, = 90 Hz; f5 =
110 Hz.

Statistical Analyses

Analyses of variance (ANOVA) and Students paired #test were
performed using Statgraphics 5.0 (Sigma Plus, Gaithersburg, MD)
software to compare the viscoelastic parameter between muscles.
The level of significance was set at P < 0.1 due to the low number

of subjects.

Results

Phantom Measurements
Table 1 shows the results of the dynamic viscoelastic (G/,
G”) parameters measured experimentally with the Rheo-
Spectris and MRE. Comparisons between the data revealed
that the MRE technique underestimated the storage modu-
lus (G') (min: 15.1%, max: 26%), whereas the loss modulus
(G") overestimated (min: 12%, max: 32%) the three fre-
the of Bland-Altman

revealed that the differences of the viscoelastic parameters

quencies. Moreover, results test

are in the range *2 SD.

In Vivo Measurements

CHARACTERIZATION OF THE SHEAR WAVE WITHIN
THE MUSCLES. Figure 2 shows clear and consistent dis-
placement of the waves within the ischio (Fig. 2a) and graci-
lis (Fig. 2d) muscles. The same quality of propagation was
obtained at all three frequencies (70, 90, 110 Hz). The
placements of the imaging planes (dashed lines) were taken
from a previous protocol that had been validated to charac-
terize all the thigh muscles.® The present experimental MRE
muscle protocol allowed propagation of the waves along a

large piece of muscle (ie, along 20 cm of the Gr: Fig. 2f).
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FIGURE 5: lllustration of the process to evaluate wave attenuation inside the semitendinous (ST). a: Phase image with a white pro-
file, represented by an arrow, showing the direction of wave propagation inside the semitendinosus (ST). b: Amplitude of the
wave along the profile as a function of distance, x. c: Plot of the extrema of the wave amplitude with the least-square fitted line

to calculate the attenuation coefficient.

Figure 4 shows the behavior of the wavelength for the
Gr muscle at the three frequencies. The wave was attenuated
along its propagation and had a decreased wavelength (1)
(from 33.1 to 25.2 mm), in accordance with the increase in
frequency. Similar results were obtained for the other muscles.
When drawing each profile, care was taken to verify the

validity of the waveform and ensure its attenuation value.

VISCOELASTIC PROPERTIES. Figure 6 presents the results
of the experimental viscoelastic (G’ and G”) values for the
three frequencies. The Gr muscle revealed higher elastic
shear modulus (G') values for the three frequencies com-
pared to the other three muscles. In addition, the BC, SM,
and ST had close shear moduli (G’) at 90 Hz. This result is
likely related to the frequency, which has been previously
demonstrated to be optimal at 90 Hz." Both parameters
(G') and (G”") increased with frequency. The viscous shear
modulus showed less variation compared to (G') at each fre-
quency, and between all the muscles. Consequently, the ratio
of G”"/G’ was similar (~0.3) at 70 and 90 Hz.

Table 2 shows the rheological fit for these parameters cal-
culated with the Voigt, Maxwell, Zener, and springpot models,
with data taken from the MRE viscoelastic parameters. The
quality of fit was the best for the Zener model for each muscle.
This result is represented by the lowest cost function error (y)

value found for this model. This finding supports the fact that
the three-parameter Zener model was favored over a two-
parameter model. Among the two-parameter models, the
springpot also gave a low error value (y).

Comparisons between the relative errors revealed that
%90 H, was the smallest value compared to y70 1, and y110
te- This result was observed for all the models and all the
muscles. It can be concluded that the experimental data
obtained at 90 Hz gave the best agreement with the rheo-
logical models.

According to the parameters from the rheological
model (Table 2), the Zener and springpot models were fur-
ther compared to muscle viscoelasticity. Figure 7 shows the
results obtained with the Zener model. We recall that (ul)
is related to the elasticity of a spring element that is parallel
to the Maxwell elements, which is composed of an elastic
(u2) and a viscous (1) component. For the elastic compo-
nent (ul) (Fig. 7b), it appeared that the Gr muscle (¢ g,
= 5.20 * 1.26 kPa) was significantly different from the BC
(1 pe = 3.42 = 0.45 kPa), SM (1 sp = 2.92 * 0.41
kPa), and ST (u; st = 3.92 = 0.44 kPa). The Gr muscle
also showed similar greater elastic behavior than the experi-
mental (G') at 90 Hz (Fig. 6a). The values of Zener’s sec-
ond elastic component (u,) were higher than those for (1)
for BC, SM, and ST. However, the values of (u,) between

TABLE 1. Dynamic Experimental Viscoelastic Parameters (G, G”) Measured With a Rheospectris and MRE Techni-
ques at Three Drive Frequencies (Mean + SEM).
Method Parameter 60 Hz 80 Hz 100 Hz
RheoSpectris G’ (kPa) 1.835 * 0.001 1.843 + 0.001 1.853 *= 0.001
G” (kPa) 0.1902 * 0.0004 0.2530 = 0.0005 0.3154 = 0.0006
MR elastography G’ (kPa) 1.358 = 0.013 1.579 = 0.004 1.574 = 0.015
G” (kPa) 0.2129 *= 0.0092 0.3319 = 0.0016 0.4162 = 0.0247

Volume 00, No. 00
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FIGURE 6: Mean = SEM of the dynamic experimental viscoelastic parameters (a: G/, b: G’ and ¢: G"/G’) measured with MRE at
the three drive frequencies for the semimembranosus (SM), semitendinosus (ST), biceps (BC), and gracilis (Gr) muscles.

muscles were not statistically different. Concerning the vis-
cous component (1), a similar range of values was obtained
for BC, SM, and ST, with the Gr showing higher values
that were not significantly different from those of the other
muscles.

Concerning the springpot model (Fig. 8), significant
higher values of (1) were observed for the Gr muscle (u =
8.1 = 1.8 kPa) compared to the other muscles. This result
was similar to the experimental elastic shear modulus
obtained at 90 Hz (Fig. 6a). Concerning the o values, the
SM muscle had a higher (x = 0.266 * 0.023) value com-
pared to the other muscles (Fig. 8a). Moreover, the trend of

o values for each muscle was equivalent to that obtained for

the ratio G”/G’ at 90 Hz (Fig. 6¢).

Discussion

The novelty of the present study is its direct method to
extract the in vivo viscoelastic parameters from experimental
wavelength and attenuation measurements. This data proc-
essing was validated first on phantoms before being applied
to muscles. Indeed, it was demonstrated that the experimen-
tal G’ and G” values provided by the hyperfrequency visco-
elastic spectroscopy technique are in agreement with those
measured by our method using multifrequency MRE tests.
Moreover, our approach was based on a profile placed
within the region of interest on the muscle and within the
direction of wave propagation. This made the present
method more sensitive to changes in the muscle’s mechani-
cal properties. Another advantage of our method was that it
did not need to calculate the Laplacian operator (ad—;zg) in
Eq. (1). Only the locations of the extrema in the waveform
were needed.

In this study, our approach was based on the local
homogeneity of the biological tissue by local measurement
along the profile: thus we assumed that the spatial deriva-
tives of shear modulus (%Q) were negligible.3 4 A more real-
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istic model for muscle tissue may have used the assumption
of a transversely isotropic and incompressible medium.**¢
In the case of compressibility, the Helmholtz equation (Eq.
(1)) must be corrected by an additional term for pressure,37
which requires the acquisition of a 3D MR phase image to
calculate the curl operator. In addition, a transversely iso-
tropic medium assumes reconstructing two shear moduli
(parallel and perpendicular to the muscle fibers) with a dif-
fusion tensor imaging sequence.’* Muscle is a complex bio-
logical tissue composed of multiple parameters, which need
to all be taken into account but which is not compatible
with general clinical investigations due to the increase times
of MR acquisition.

This study focused on four relaxed healthy muscles
(BC, Gr, SM, ST) and is a follow-on study on work in
which we quantified the passive elastic properties of nine
thigh muscles.® The present results have extended this previ-
ous database using passive viscoelastic data from MMRE
tests. Comparison of viscoelastic measurements with other
studies on muscles is difficult because of the different exper-
imental setups and methods of data processing. Moreover,
some studies have characterized isolated muscles, such as the
vastus medialis and sartorius,”® whereas others have meas-
ured the viscoelastic properties of a group of femoral
muscles.'” For instance, Klatt et al’s study used the same cri-
terion of fit (Eq. (6)) as in our present study, but the
MMRE tests were performed at a lower frequency range
(25-62.5 Hz), with a shear motion driver, and a group of
femoral muscles were analyzed. As a consequence, compari-
sons of the elastic values obtained with the springpot model
for the BC (1 = 5.65 = 0.33 kPa), Gr (u = 8.10 = 0.80
kPa), SM (u = 5.30 = 0.29 kPa), and ST (u = 6.10 =
0.38 kPa) muscles are not within same range as in Klatt
et al’s study for the femoral muscle (1= 2.68 = 0.23 kPa).

Another example is Debernard et al’s study,®® where
they used the same driver frequencies for the MMRE tests

7
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TABLE 2. Rheological Model Parameters (Mean + SEM) and Error of the Fit Measured From MMRE Tests Real-

Gr SM ST

2.85 £ 0.27 293 = 0.24 2.20 = 0.17
6.88 = 0.78 3.86 = 0.22 5.00 = 0.40
0.46 = 0.13 0.42 = 0.10 0.41 = 0.10
11.8 £ 5.9 17.3 £ 9.3 9.9 * 4.4
73 * 1.3 12.5 = 4.3 85 * 3.5
9.6 = 1.6 225 £58 13.7 £ 3.3
55.10 = 8.71 18.60 = 1.04 40.27 = 9.79
7.32 £ 0.79 4.62 = 0.31 5.42 = 0.34
0.49 + 0.09 0.46 = 0.09 0.42 = 0.09
11.6 £ 6.0 16.1 £ 9.1 10.0 = 4.5
6.9 * 1.1 12.3 £ 4.6 8.7 £ 39
92 £ 12 22.7 £ 6.8 132 = 3.3
6.65 * 1.47 4.19 = 0.39 4.29 * 0.81
5.20 = 0.56 292 * 0.18 3.92 * 0.44
6.36 = 2.63 7.38 £ 3.22 3.34 = 0.21
0.37 £ 0.08 0.38 = 0.09 0.35 = 0.08
9.97 = 4.81 141 = 74 82 *+ 34
7.15 = 1.33 12.6 = 44 9.3 3.9
7.77 £ 1.35 22.0 £ 6.3 114 = 2.6
6.65 = 1.47 4.19 = 0.39 4.29 = 0.81
8.10 %= 0.80 5.30 = 0.29 6.10 = 0.38
0.158 * 0.012 0.266 = 0.010 0.172 %= 0.022
0.44 * 0.09 0.42 = 0.09 0.38 = 0.08
11.1 £ 49 16.5 £ 8.4 9.3 33
73 * 1.3 12.5 £ 4.2 8.7 £ 3.7
8.8 £ 1.8 23.3 = 6.2 13.0 = 3.0

BC: biceps; Gr: Gracilis; SM: semimembranosus; ST: semitendinosus; #: viscosity; u. elasticity; o: viscoelastic constant.

ized From Four Thigh Muscles

Model Parameter BC

Voigt n (Pas) 2,51 = 0.18
u (kPa) 4.38 * 0.26
% (kPa) 0.35 = 0.11
%70 112 (%) 129 = 7.6
%90 1z (%) 7.5 = 1.1
X110 He (%) 14.0 + 2.5

Maxwell n (Pas) 25.35 = 1.41
u (kPa) 4.90 = 0.30
x (kPa) 0.41 * 0.09
%70 1 (%) 127 £ 7.7
%90 1z (%) 73 = 1.5
Z110 12 (%) 13.3 * 2.6

Zener n (Pas) 3.96 £ 0.54
tr (kPa) 3.42 +0.20
11> (kPa) 6.90 + 3.28
7 (kPa)* 0.31 = 0.08
%70 12 (%) 10.9 * 6.0
Y90 1. (%) 7.8 * 1.6
110 1, (%) 119 + 1.5

springpot n (Pas) 3.96 = 0.54
p (kPa) 5.65 = 0.33
o 0.210 = 0.009
% (kPa) 0.35 = 0.08
%70 1o (%) 13.5 = 6.5
%900 1z (%) 7.7 £ 1.6
X110 Hz (%) 134 £ 1.6

*The minimum cost function error y values are represented in bold.

as in our present study, but their fit of the rheological
model differed to ours. Theirs was based on a cost function
composed of the speed of the experimental shear wave,
whereas we used the experimental wavelength and attenua-
tion to measure (G') and (G”) (Eq. (6)). Even though com-
parisons could be biased, the viscosities (1, Zener) of the
vastus medialis (3.57 = 0.92 Pa.s) and sartorius (6.37 =
1.13 Pa.s), as reported by Debernard et al, were within the
same range as for BC (3.96 = 0.54 Pa.s), SM (4.19 = 0.39
Pa.s), ST (4.29 = 0.81 Pa.s), and Gr (6.61 * 1.47 Pa.s).
Comparison between the Zener and springpot models
showed a similar behavior regarding the elastic components

8

for each muscle. The Gr muscle showed higher elastic values
in both models compared to the other muscles. This has
been reported previously' and additional spectroscopic
investigations are needed to further characterize the struc-
tural properties that explain this higher elasticity. The 1
parameter from the Zener model could be a marker of the
passive function (conjunctive tissue, sarcolemma, etc.) and
the variation of ul data could represent different muscle
passive behaviors. The u2 parameter shows the active part
(actin myosin bands) and the no significant difference of u2
data, between the four muscles, could be due to the passive
condition tested in this study.

Volume 00, No. 00
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FIGURE 7: Mean = SEM of the viscoelastic parameters. a: viscosity (1). b: elasticity (uq). c: elasticity (uy) of the four thigh muscles
(semimembranosus (SM), semitendinosus (ST), biceps (BC), and gracilis (Gr) muscles) obtained from the Zener model. (**P < 0.05,

*P<0.1).

The springpot model also provided an insight into
muscle physiology.'”*’ Indeed, it is known that the parame-
ter o is determined by the degree of freedom in the underly-
ing network of tissue.*® Thus, the low a-value (0.155) for
the phantom revealed a homogeneous media, which is in
agreement with the uniform preparation of the phantom. It
can be noted that this o value was close to those obtained
for the Gr and ST muscles. Higher o values were calculated
for BC (0.210 = 0.020) and SM (0.266 * 0.023) muscles,
whereas Gr (0.158 = 0.012) and ST (0.172 = 0.022)
muscles had significantly lower values. These results indicate
a more hierarchical structure for BC and SM muscles, repre-
sented by the presence of more cross-bridges between mus-
cle filaments at the microstructural level. Moreover, the Gr
and ST do not have well-formed tendons in the mid-thigh
compared to the BC and SM muscles. Thus, this difference

a

0.3

0.2

0.1

0.0

BC Gr

SM ST

between the muscles could be linked to more complex mus-
cle architecture relative to the tendon. This range of values
was also found by Klatt et als study'® for the femoral
muscles (0.253 = 0.009). In addition, the trend of & values
for each muscle was similar to the experimental ratio G”/G’
at 90 Hz. This last result demonstrates that the optimal fre-
quency to characterize muscle using MMRE with the tube
driver is 90 Hz. This statement is in agreement with previ-
ous experimental muscle studies.'®*’

In conclusion, the present MMRE tests associated
with the data-processing method showed that the complex
shear modulus of passive muscle can be analyzed using two
rheological models (Zener, springpot). The elastic and vis-
cous data could be used as a reference for future assessment
of muscular dysfunction in addition to the parameters
related to the aging process and anthropometry. Further

b
(kPa)

BC Gr

SM ST

FIGURE 8: Comparison of the viscoelastic parameters (mean = SEM) a: viscoelastic constant «; b: elasticity (1) of the four thigh
muscles (semimembranosus (SM), semitendinosus (ST), biceps (BC), and gracilis (Gr) muscles) obtained from the springpot model.

(**P < 0.05, *P < 0.1).
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experiments will be performed on a much larger number of
participants and on the other thigh muscles under active
conditions in order to obtain a complete muscle database of
their functional properties.
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