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Background: The aims of this study were to (1) calculate the correlation between different tensile force levels and corre-
sponding muscle stiffness both in vitro and in vivo; (2) determine whether muscle stiffness assessed using a
MyotonPRO myotonometer can be used to accurately estimate muscle activity level; and (3) evaluate the in-
ter-operator reliability of MyotonPRO-based measurement in assessing biceps brachii muscle (BBM) stiffness.
Material/Methods: In Experiment |, muscle stiffness, as measured using the MyotonPRO, was obtained atON, 2 N,4 N, 6 N, 8 N,
and 10 N of applied force on 6 fresh medial gastrocnemius muscle specimens. In Experiment I, 11 healthy sub-
jects were recruited. BBM stiffness, assessed by the same device, was obtained at different tensile force lev-
els, from 0 to 50% of maximal voluntary contraction (MVC). For the reliability test, the score for each subject
was quantified by 2 operators (I and II), thrice, at 30-minute intervals on the same day.

Results: A strong correlation was found between the different tensile force levels, which corresponded to muscle stiff-
ness in vitro (r=0.71-0.95, all P<0.05). In vivo, muscle stiffness increased linearly with an increase of the ten-
sile force levels from 0 to 50% of MVC (r=0.99, P=0.00) and there was a significant difference in BBM stiffness
among the incremental isometric tasks (F [1.76, 17.60]=91.52, P=0.00). The inter-operator reliability for the
measurement of BBM stiffness was good (ICC=0.86).

Conclusions: Our findings indicate that muscle stiffness measured using the MyotonPRO is strongly related to muscle ac-
tivity level and that the MyotonPRO is a feasible tool for quantifying BBM stiffness as well as for quantifying
changes in MVC levels.
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Background

It is well established that skeletal muscle is made up of con-
tractile components and noncontractile components. Clinically,
it is difficult to accurately assess muscle stiffness due to the
capacity of the spatial structure of muscle fibers and muscle
stiffness to vary with muscle length and activation level. In
addition, abnormal muscle stiffness has been demonstrated
as an indicator of various disease states, such as in patients
with Parkinson’s disease [1], chronic stroke [2], and low back
pain [3]. In a study by Kalkhoven et al [4], higher levels of stiff-
ness appeared to be good for athletic performance for foot-
ball players. However, muscle functions are more than likely
to be compromised if muscle tissue is too hard and is there-
fore unable to absorb adequate energy during functional ac-
tivities [5]. Therefore, the objective measurement of muscle
stiffness is essential to identify individuals who are at risk of
disease and to prevent sports injuries.

Many technologies have been applied to evaluate musculo-
skeletal stiffness, such as magnetic resonance elastography
(MR elastography) and shear wave elastography (SWE) [6,7].
However, each instrument has its own inherent limitations. For
example, one published study proposed that the propagation
of shear waves in nonhomogeneous media is complex, and
that external interference may lead to the failure of accurate
tissue stiffness evaluation by MR elastography [8]. SWE also
has this limitation, similar to MR elastography. In addition,
there is evidence that the pressure of the ultrasound probe
on tissue may cause errors in the measurement of tissue stiff-
ness via SWE [9]. The MyotonPRO is a new technology for as-
sessing musculoskeletal stiffness; it is used widely in scien-
tific fields [10-12] and can remedy the portability limitations
of MRI and the control pressure limitations of SWE. However,
the MyotonPRO device also has some limitations. One such
limitation is that the device cannot be used for the measure-
ment of nonpalpable muscles. Another limitation is thin mus-
cles (< 3 mm) and muscles with small mass (<20 g). Our stud-
ies were conducted using the MyotonPRO to assess the upper
trapezius, gastrocnemius muscle, and Achilles tendon, all of
which showed high reliabilities [13-15].

Unfortunately, human muscle stiffness is commonly concen-
trated on the entire joint, including on the skeletal muscle and
tendon. This limits the improvement of our clinical and sci-
entific understanding of it. A reliable and valid method to as-
sess the stiffness of skeletal muscle is important not only to
gain insight into changes in skeletal muscle stiffness but also
to improve diagnosis and intervention after an injury.

The present studies were untaken (1) to investigate the asso-
ciations between tensile force levels and corresponding muscle
stiffness in vitro and in vivo, (2) to determine whether muscle
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stiffness measured using the MyotonPRO can be used to ac-
curately estimate muscle activity level, and (3) to evaluate in-
ter-operator reliability of the MyotonPRO in measuring biceps
brachii muscle (BBM) stiffness.

Material and Methods

Experiment I: Specimen Preparation

Four freshly slaughtered chickens (60 days old) were bought
from our local food market (body mass 1.9+0.1 kg). The me-
dial gastrocnemius muscles of the chickens were dissected
at the Animal Laboratory in the Luoyang Orthopedic Hospital
of Henan Province. A total of 8 fresh medial gastrocnemius
muscle specimens were carefully harvested from the calcane-
us and femur, and all soft tissue was cut off around the knee
joints, such that all that remained was the small calcaneal tu-
berosity and distal femur. Then, each specimen was labeled.
The length of the specimens was measured by a plastic meter
that was used to adapt to the distance between the 2 clamps
of a material testing machine (AGX-10KN, Shimadzu, Japan).
The indoor temperature was controlled at 25 °C.

Experiment I: Experimental Procedure

The location for stiffness assessment was at the junction of
the upper third and middle third of the lines joining both ten-
don insertion sites and was marked with a permanent marker.
For specimen insertion, a custom jig was used to firmly clamp
the calcaneal tuberosity and distal femur of the harvested me-
dial gastrocnemius muscles. A coupling device that fit around
the head of the specimens was used to pull out each muscle
at a loading rate of 2 mm/min until the force extended to 10
N. A maximum force of 10 N was chosen based on our own pi-
lot study (using 2 specimens). The specimens were easily bro-
ken when the exerted force exceeded 10N. The strength was re-
corded by the load cells, and the displacement of the custom jig
was metered by an extensometer. Both values were displayed
online by the computer attached to the material testing ma-
chine. Muscle stiffness (unit: N/m) was obtained at O N, 2 N, 4
N, 6 N, 8 N, and 10 N of the applied force using the MyotonPRO
(Figure 1). In order to minimize the effect of muscle creep, mus-
cle stiffness was measured only once for each tensile force level.

Experiment II: Ethics Statement

The study was conducted at the Rehabilitation Therapy Center,
Luoyang Orthopedic Hospital of Henan Province. This study
was approved by the Ethics Committee (KY2019-001-01) of
Henan Provincial Luoyang Orthopedic Hospital. The trial was
registered in the International Clinical Trials Registry Platform
(ChiCTR2000029282). The subjects were informed in detail of the
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Figure 1. Experimental setup. The stiffness measurements of the medial gastrocnemius muscle specimens were obtained using the

MyotonPRO.

Figure 2. (A) Subject was sitting with his elbow in 90° flexion and the point for stiffness measurement was marked on the BBM at
about one-third of the total muscle length. (B) The stiffness measurements for the BBM were acquired using the MyotonPRO.

purpose of the study and methods used and informed written
consent was obtained before testing. The experimental proce-
dures were conducted according to the Declaration of Helsinki.

Experiment II: Subjects

This study was conducted in March 2019. Eleven healthy
subjects (6 men, 5 women; aged 25.4+3.9 years, height
169.949.1 cm, weight 61.5+15.0 kg, BMI 21.0+3.3) were re-
cruited from a convenience sample at the rehabilitation therapy

center of Luoyang Orthopedic Hospital of Henan Province.
Exclusion criteria consisted of histories of neck pain, shoulder
pain, lower back pain, joint instability, or upper limb surgery.

Experiment II: Experimental Procedure

The dominant BBM of each subject was tested in this study.
The dominant side was defined as the side of the subject’s
writing hand [16]. Muscle activation was measured by the BTE
Primus work stimulation training system (Baltimore Therapeutic

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€934121-3




ANIMAL STUDY

Li Y.-P. et al:
Quantification of the elastic properties of skeletal muscle
© Med Sci Monit, 2022; 28: €934121

Table 1. The difference in tensile force levels and corresponding muscle stiffness in vitro and in vivo (N/m).

Descriptive statistics — stiffness for the different tensile force levels (meanSD)

186.21+17.09

282.97+42.64

324.03+43.27

381.42+70.35 435.48+84.56 472.55+80.23

SD - standard deviation; MVC — maximal voluntary contraction.

Table 2. Pearson correlation coefficient between the tensile
force and stiffness obtained from the material testing
machine and the MyotonPRO, respectively.

Chicken r 4
#1 0.95 0.00
""""""" 92 o7 o008
""""""" # o091 o001
""""""" g o1 o1
""""""" s o091 o001
""""""" 46 o088 002

Equipment, MD, USA) while the subject was seated in an upright
position: shoulder flexion 0°, elbow flexion 90°. The right arm
was placed on a platform that was adjustable in height. The point
for stiffness measurement was determined centrally on BBM
at about one-third of the total muscle length [17] (Figure 2A).
Subjects were asked to lean their back against the back of the
chair. First, each subject was asked to perform 3 maximal iso-
metric voluntary elbow flexions (3 s each, with 1-min intervals
between flexions) to determine maximal voluntary contraction
(MVC). Second, each subject performed incremental isometric
tasks (with 1-min rests between tasks) from 0 to 50% of MVC
using direct visual feedback of the torque signal [18]. BBM stiff-
ness was obtained at different tensile force levels using the
MyotonPRO (Figure 2B). Three measurements (with 1-min rests
between measurements) on each level of MVC were conducted,
and the mean was computed for further analysis.

Reliability

For the inter-operator reliability test, each subject was assessed
by 2 operators (ZJ)Z & YPL) with shoulder flexion 0° and elbow
flexion 90° at 0 of MVC, with 30-min intervals between measure-
ments. Both operators were blinded to the results during testing.

Data Analysis

SPSS (Version 23.0, SPSS Inc, Chicago, IL) was used for sta-
tistical analysis. All demographic data were calculated using

descriptive statistics and are shown as mean+standard error
of the mean (SEM). Pearson’s product-moment correlation co-
efficients were computed to explore the relationship between
different tensile force levels and corresponding muscle stiff-
ness. Significant effects were determined among incremen-
tal isometric tasks from 0 to 50% of MVC using a one-way re-
peated ANOVA, and the Bonferroni adjustment was used for
multiple comparisons. The inter-operator reliability was exam-
ined using the intraclass correlation coefficient (ICC) based on
a 2-way random-effects model. Reliability coefficients were
categorized as follows: below 0.49 as poor, 0.50 to 0.69 as
moderate, 0.70 to 0.89 as good, and 0.90 to 1.00 as excel-
lent [15]. Minimum detectable change (MDC) and SEM were
determined using the formula below: MDC=1.96xSEMxV2 and
SEM=standard deviationx\1-ICC. Differences were considered
significant at an alpha level of P<0.05.

Results

Experiment I: Relationship Between the Different Tensile
Force Levels Corresponding to Muscle Stiffness in Vitro

The mean in vitro stiffness values are shown in Table 1. Muscle
stiffness changed slowly as the tensile force increased from
0 N to 2 N (from 284.17 to 287.17 N/m) and muscle stiffness
increased sharply when the tensile force increased from 4 N
to 10 N (from 293.67 to 431.33 N/m). The relationship be-
tween tensile force and stiffness is shown in Table 2. A sig-
nificant, exponential correlation was revealed between the
tensile force and stiffness values acquired from the material
testing machine and the MyotonPRO in all tested specimens,
with the correlation coefficient ranging from 0.71 to 0.95 (all
P<0.05, Figure 3).

Experiment II: Relationship Between the Different Levels
of MVC Corresponding to Muscle Stiffness in Vivo

The mean in vivo BBM stiffness values are shown in Table 1.
Muscle stiffness increased linearly, with an increase in the
tensile force levels (from 186.21 to 472.55 N/m). Similar to
Experiment |, there was a strong correlation between the
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Figure 3. Correlations between the stiffness of the medial gastrocnemius muscle specimens as measured by the MyotonPRO, and

tensile force obtained using the material testing machine.

different tensile force levels that corresponded to muscle stiff-
ness (r=0.99, P=0.00). Muscle stiffness also increased with
increases in the incremental isometric tasks (Figure 4, dot-
ted line).

Stiffness Differences Among Incremental Isometric Tasks,
from 0 to 50% of MVC

A one-way repeated ANOVA for stiffness data indicated a sig-
nificant difference in BBM stiffness among incremental iso-
metric tasks from 0 to 50% of MVC (F [1.76, 17.60]=91.52,
P=0.00). The 10% versus 20% of MVC and 40% versus 50% of
MVC were P=0.03 and P=0.02, respectively (Figure 4).

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€934121-5

Reliability

The inter-operator reliabilities for the assessments of BBM
in the 11 healthy subjects were good (2-way random-effects
model; ICC=0.86). The value for MDC was 13.33 N/m, cor-
responding to an SEM of 4.81 N/m as well as to a 95% Cl;
0.49-0.96 (Table 3).

Discussion

The present study was designed to clarify the associations
between differences in tensile force levels and corresponding
muscle stiffness, in vitro and in vivo. Furthermore, this study
aimed to assess whether muscle stiffness measured using the
MyotonPRO can be used to accurately estimate muscle activity
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Figure 4. BBM stiffness obtained by the MyotonPRO at all
measurement conditions; significant difference for
conditions: * rest vs 10%, 20%, 30%, 40%, 50% of
MVG; # 10% vs 30%, 40%, 50% of MVC; ® 10% vs 20%
of MVC; 2 20% vs 30%, 40%, 50% of MVC; ¢ 30% vs
40%, 50% of MVC; & 40% vs 50% of MVC. Data are
presented as group meanszstandard deviation.

level, and likewise aimed to evaluate the inter-operator reli-
ability of the MyotonPRO in measuring BBM stiffness. Our re-
sults indicate a significant correlation between the different
tensile force levels and corresponding muscle stiffness in vitro
and vivo. There was a significant difference in BBM stiffness
between incremental isometric tasks from 0 to 50% of MVC.
The results also demonstrate good inter-operator reliability in
measuring BBM stiffness using the MyotonPRO.

Relationship Between Different Tensile Force Levels and
Corresponding Muscle Stiffness in Vitro

In Experiment |, we demonstrated a significant exponential
correlation between the different tensile force levels and cor-
responding levels of muscle stiffness. This correlation may be
due to the fact that muscles are elastic tissue. In the initial stag-
es of traction, muscle stiffness increased slowly in the elastic
zone of muscle tissue. Furthermore, an increase in the length
of muscle in the plastic zone was accompanied by a rapid in-
crease in muscle stiffness. To the best of our knowledge, the
present investigation is the first to show the relationship be-
tween different tensile force levels, and corresponding levels
of muscle stiffness, as determined by the MyotonPRO in vi-
tro. The findings were similar to those from earlier work by
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Eby et al [19], which evaluated deformation throughout ten-
sile loading of porcine brachialis whole-muscle tissue spec-
imens, while simultaneously making SWE measurements of
those same specimens. The results of their study demonstrat-
ed that parallel SWE and the materials testing system showed
increased stiffness measures with an increasing tensile load.
Coincidentally, similar results were reported by Hatta et al [20].
Their study applied similar technologies to human supraspina-
tus muscle and evaluated the correlations between the SWE
modulus and the extensibility of the muscle under 30 and 60
N loads. The results of their study showed that SWE measure-
ments for the supraspinatus muscle were highly correlated
with experimental extensibility. Haen et al [21] investigated
the correlation between the shear moduli of human cadaver-
ic Achilles tendon, obtained by SWE, and the elastic moduli of
those tendons, acquired by tensile tests. The results of both
measurements manifested that there was a statistical correla-
tion (P<0.01) between shear moduli and apparent elastic mod-
uli with a correlation coefficient R?=0.95+0.05. In our previous
study, Zhang et al [22] revealed that the shear elastic modu-
lus of the patellar tendon, as assessed by SWE, was related to
the tangent traction modulus, quantified by the material test-
ing machine (r=0.82-1.00, all P<0.05).

Relationship Between the Different Levels of MVC and
Corresponding Muscle Stiffness in Vivo

In Experiment I, muscle stiffness increased with increas-
es in incremental isometric tasks from 0 to 50% of MVC.
Leonard et al [23] studied the relationship between BBM stiff-
ness and SEMG during various levels of voluntary isometric con-
tractions. They observed the strongest correlations between
myotonometer and SEMG measurement (from -0.70 to -0.90).
Jarocka et al [24] achieved similar results, reporting a high corre-
lation between muscle stiffness using a Myoton-3 device and %
MVC (<80% of MVC). A pilot study conducted by Nordez et al [18]
was designed to explore whether the shear elastic modulus
assessed using SWE can be used to accurately estimate mus-
cle activity level (from 0 to 40% of MVC). The results showed
there was a strong linear regression between shear elastic mod-
ulus and EMG activity level (P<0.00). Moreover, Ates et al [25]
determined a correlation between muscle shear elastic mod-
ulus and muscle force across the full range of contraction in-
tensity (from 0 to 100% of MVC). Moreover, there was a linear

Table 3. The inter-operator reliability of the MyotonPRO in measurement of BBM stiffness.

Operator 1 (N/m)

Dominant arm 186.21+17.09 182.39+15.94

Operator 2 (N/m)

SEM (N/m) IcC 95% CI MDC (N/m)

4.81 0.86 0.49-0.96 13.33

SEM — standard error of the mean; ICC — intraclass correlation coefficient; MDC — minimum detectable change, 95% Cl — 95%

confidence interval.
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regression between shear elastic modulus and joint torque over
the entire range of contraction intensity (0 to 100% of MVC).

Stiffness Differences Among Incremental Isometric Tasks
from 0 to 50% of MVC

The mean stiffness values differed significantly among the 6
groups of records. A recent study published by Marusiak et al [26]
measured BBM stiffness at rest and at 10% of MVC in healthy
elderly subjects and in subjects with Parkinson’s disease using
a Myoton-3 device. They found that BBM stiffness was greater
at 10% of MVC than at rest in each subpopulation, with an in-
crease of 48.44% in elderly subjects and an increase of 44.83%
in Parkinson’s disease patients. In our study, muscle stiffness
was 51.61% higher at 10% of MVC than at rest. The reason
our results differ from Marusiak’s may be due to our study fo-
cusing on healthy young adults. Interestingly, significant dif-
ferences were reported by Ikezoe et al [27] in muscle stiffness
between rest and contraction conditions among young, but
not elderly, women using the myotonometer. Skeletal muscle
consists of contractile components and noncontractile com-
ponents. During contraction, increased muscle stiffness may
be due to the activation of the motor units that cause chang-
es in the spatial structure of the muscle. The subsequent re-
sults may be related to changes in the alignment of muscle
structural proteins and the increase in intramuscular pressure.

Reliability

The present findings demonstrated good inter-operator reliabil-
ity in measuring BBM stiffness, which was likewise in accor-
dance with the results of previous studies. Van Deun et al [17]
reported that inter-rater reliability was good to excellent in
healthy subpopulations (ICC=0.82-0.90). These findings are also
in accordance with the results of the present studies. In indi-
viduals with paratonia, inter-rater reliability ranged from low
to high (1ICC=0.65-0.73). In a study by Lo et al [28], which as-
sessed BBM stiffness in the acute stroke population, the with-
in-session inter-rater reliability of the MyotonPRO covered a
broad range, with ICCs between 0.63 and 0.97. In our study,
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tively. Of note, the MDC percentage values (using the formula
MDC%=(MDC/mean)x100%) were less than 10%, a value which
mirrors the SEM percentage values (SEM%=(SEM/mean)x100%),
which were also less than 10%. Chuang et al [29] suggested
that an MDC% smaller than 10% can be considered excellent,
while Flansbjer et al [30] showed that an SEM percentage be-
low 10% was arbitrarily considered to be small and should be
considered to be acceptable.

Limitations

This study has several limitations. In Experiment I, it should
be noted that the stiffness and the extensibility outcomes ob-
tained from the isolated muscle might differ from those ob-
served in vivo. This difference warrants further investigation.
Moreover, due to the creep of the mechanical properties of bi-
ological tissue, the results of muscle stiffness will be affected
during the pulling process. In Experiment II, one limitation is
that only healthy young adults were investigated. Therefore,
our results cannot be considered to be representative of the
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elderly or different age groups, are required to clarify the as-
sociation between age-related changes in muscle characteris-
tics, such as muscle stiffness and muscle function, and to con-
firm the findings reported in the present study.

Conclusions

In conclusion, muscle stiffness measured using the MyotonPRO
is highly related to muscle activity level. Our findings indicate
that the MyotonPRO device is a feasible tool to quantify BBM
stiffness as well as changes at the different levels of MVC.
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