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Background: Some patients with knee osteoarthritis (KOA) show pain, stiffness and
limited flexion and extension at the back of the knee, leading to dysfunction and affecting
life. This may be related to changes in the biomechanical properties of skeletal muscles.
Shear wave elastography (SWE) can detect these changes by measuring muscle shear
modulus.

Aims: To investigate hamstring muscle shear modulus of healthy people and patients
was studied using SWE method, and the correlation analysis between the Western
Ontario and McMaster Universities Osteoarthritis Index (WOMAC) score of patients’
subjective feeling and shear modulus of objective quantification was conducted.

Methods: The hamstring shear modulus was measured by SWE in 50 patients and 50
healthy individuals. Pearson correlation coefficient was used to evaluate the correlation
between hamstring stiffness and shear modulus in patients.

Results: The hamstring shear modulus were significantly higher in the KOA group [the
semimembranosus (SM) 15.23 + 7.23, the semitendinosus (ST) 15.94 + 5.40, the
biceps femoris long tendinitis (BFL) 14.21 4+ 6.55] than in the control group (the SM
10.95 + 2.41, the ST 11.25 + 2.23, the BFL 9.98 + 2.81) (o = 0.000, p = 0.000,
p = 0.001). The hamstring shear modulus in the KOA group was moderately positively
correlated with pain, shear modulus, and physical function score.

Conclusion: Preliminary results show that the shear modulus of the hamstring of
KOA patients is higher than that of healthy people, the WOMAC score and the shear
modulus of patients are moderately correlated. These preliminary results show that
ultrasonic shear wave elastography measurement of shear modulus may be enough
to sensitive, can detect these effects, more targeted in order to assist the doctor’s
diagnosis and treatment.
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INTRODUCTION

Knee osteoarthritis (KOA) is the most common form of arthritis,
and the leading cause of disability and pain affecting middle-
aged and elderly people worldwide (Reginster, 2002; Kurtais
et al., 2011), caused by structural changes in joints resulting
in pain, deterioration of function, and disability (Ding et al.,
2007; Hunter, 2007). In clinical practice, we found that some
patients with KOA presented with stiffness in the back of the
knee, pain in traction, limited flexion and extension, and even
abnormal gait. It has been hypothesized that patients with
KOA present with excessive muscular co-contraction during
gait which may help stiffen and stabilize the knee during gait
through increased compressive forces and joint loading (Lewek
et al., 2004; Mills et al., 2013; Brandon et al., 2014). Skeletal
muscle undergoes structural changes with abnormal prolonged
contraction of muscles which may alter its biomechanical
properties. Histologically, changes in biomechanical properties
is associated with changes in muscle composition including
myosteatosis, myofibrosis (Faulkner et al., 2007) and dysfunction
in extracellular elastic fibers (Kragstrup et al, 2011). Such
changes may alter the biomechanical properties resulting in
changes to muscle stiffness, limited movement, muscle pulling
pain. Therefore, it is meaningful to evaluate the biomechanical
properties of the muscle around the knee to further explore
its biomechanical mechanism and provide standard guidance in
rehabilitation plans.

Large number of studies have shown that the increase in
muscle tension in patients is accompanied by changes in muscle
stiffness. Guo et al. (2016) found that patients with neck and
shoulder myofascial pain have increased trapezius muscle tone,
and SWE can detect that the shear modulus of the trapezius
muscle is higher than that of normal people. Mitsuhiro Masaki,
Tomoki Aoyama and other studies found that medical staff with
low back pain were accompanied by low back muscle stiffness
(Masaki et al., 2017). SWE found that the multifidus muscle
elastic modulus of the low back pain group was higher than that
of the asymptomatic group. They believed that the back pain was
related to the stiffness of the multifidus muscle. In the clinic, we
found that some KOA patients have symptoms of stiffness on the
back of the knee, traction pain, and limited mobility (Michael
et al, 2010; Sharma, 2021). We believe that these symptoms
are related to the stiffness of the hamstrings. At present, the
muscle stiffness on the back of the knee has not been clearly
clarified because it is often difficult to quantitatively assess the
stiffness of individual muscles. However, it has become possible
to use ultrasonic shear elasticity imaging to measure the shear
elastic modulus. As early as 1991, the technology of ultrasound
elastography was first proposed by Ophir et al. (1991). The
basic principle is to display the different hardness of the tissue
according to the degree of deformation of the tissue after being
stressed, thereby reflecting the occurrence and development
of the disease, and providing help for clinical diagnosis and
treatment. Subsequently, in 1998, the shear wave elastic imaging
technology proposed by Sarvazyan et al. (1998) and Catheline
et al. (1999). The principle is that the sound source vibrates to
generate sound waves. The tissue particles are caused to vibrate

laterally, thereby generating shear waves, and by tracking the
propagation speed of the shear waves, the absolute value of the
tissue elasticity-Young’s modulus (E = 3pct?, E: Young’s modulus;
c: shear wave propagation velocity; p: tissue density) is obtained,
so as to quantitatively analyze and compare the elastic differences
between the organizations, aid in clinical diagnosis.

Shear modulus of elasticity is used as an indicator of muscle
stiffness. Previous studies have shown that SWE is an appropriate
and reliable method for evaluating the shear modulus of muscle
(Leong et al., 2013; MacDonald et al., 2016). The purpose of this
study was to explore the difference in hamstring shear modulus
between KOA patients and normal people, and the relationship
between WOMAC subjective function score and hamstring shear
modulus in KOA patients.

The Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) score is widely used and
has been validated mainly in the context of KOA since the
1990s (Bellamy et al., 1988; Davies et al., 1999; Escobar et al.,
2002). It evaluates pain, function, and stiffness during everyday
activities. Each score ranges from 0 to 10, with 10 being the
worst outcome. But WOMAC functional scoring is based on the
subjective feelings of the patient, objective quantitative analysis
of muscle in patients with KOA is still lacking. Ultrasound shear
wave elastography (SWE) is a new quantitative method used
for assessing tissue shear modulus. It has been widely utilized
in breast, liver and thyroid, it is also gradually applied to the
research of skeletal muscle system (Sigrist et al., 2017). SWE can
be used as a non-invasive diagnostic tool to evaluate the elastic
modulus of soft tissues such as muscle ligaments in real time. It
is simple to operate and has no radiation hazards. At the same
time, it not only used to observe the overall shape of the soft
tissue, but also to set interesting areas of the soft tissue to be
inspected. Through the color depth, we can directly show the
small elasticity of the target tissue. Moreover, through SWE, the
elastic modulus of the soft tissue in the loosening state, active
motion, passive motion state, and physical state and pathological
state can be accurately evaluated.

In clinical practice, we found that some patients with KOA
have symptoms of posterior knee stiffness, traction pain, and
limited flexion and extension. We believe these symptoms are
related to the shear modulus of the hamstring. Therefore our
primary aim was to investigate to what extent hamstrings muscle
shear modulus measured by SWE differed amongst KOA patients
and healthy people of the same age. The secondary aim was
to investigate the correlation between hamstring muscle shear
modulus measured by SWE and WOMAC scores of subjective
feelings in KOA patients.

MATERIALS AND METHODS

Ethical Approval

The study was approved by the Ethics Committee of Luoyang
Orthopedic Hospital in Henan Province. Prior to the study, the
steps of the experiment were fully explained to each subject.
All subjects provided written informed consent before the
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experiment, and all research procedures followed the principles
of the Helsinki Declaration.

Subject

We recruited KOA patients aged 50-60 years, all of whom had
symptoms of posterior knee stiffness, posterior knee traction
pain, and limited flexion and extension. Among them, there
were 22 males and 28 females (age 54.68 &+ 3.25 years old), an
average height of 163.46 cm and an average weight of 69.35 kg.
Meanwhile, we recruited healthy subjects aged between 50 and
60, including 18 males and 32 females (age 53.85 % 2.16 years
old), their average height was 163.50 cm, and their average
weight was 70.61 kg. At the same time, subjects were selected
based on the following factors (Alfuraih et al., 2019): (1) no
previous history of musculoskeletal or neurological disorders;
(2) not currently taking or previously taken a corticosteroid
treatment for the past 3 years with doses >5 mg/day; (3) not
currently taking or previously taken a HMG-CoA reductase
inhibitors (statins) for the past 3 years. The Luoyang Orthopedic
Traumatological Hospital of Henan Province (Henan Provincial
Orthopedic Hospital) approved this study, and each subject
provided written informed consent to participate.

Ultrasound Imaging With Shear-Wave
Elastography

Shear wave elastography was performed using the two-
dimensional Aixplorer (Supersonic Imagine, Aix-en-Provence,
France) system using the SuperLinear SL10-2 MHz probe. The
scan was limited to the dominant side since limb dominance
had no significant impact on muscle shear modulus (Alfuraih
et al., 2018). Before scanning, all participants were placed in a
prone position on the scanning bed and were asked to relax and
be comfortable for 5 min. All participants were asked to refrain
from any strenuous or sporting activities at least 1 day prior
to the study to minimize possible confounding exercise effect.
The transducer was oriented in the transverse plane over the
region of interest on the measured muscle, and then the mode
of SWE was activated to examine the shear wave modulus of the
muscle or tendon. During the acquisition of the mode of SWE,
the transducer was kept motionless for above 3 s (Zhou et al,
2019). Then the gray scale image was shown the appearance of the
muscle under the longitudinal section. Image quality was closely
monitored throughout measures. When the color in the ROI was
uniform and several muscle fibers were continuously visible, the
images were frozen, and then put the Q-box to obtain the shear
wave modulus from the system and stored for off-line analysis
(kPa) (Zhou et al., 2020). Three images were captured at each
measurement site of tendon and muscle. The mean of the shear
modulus from all three images were used for further analyses.

The hamstrings measurement position: (Alfuraih et al., 2017,
2019).

(1) Semimembranosus (SM): the junction of lower 1/3
and middle 1/3 of the mid-point of the popliteal transverse
stripes from the mid-point of the gluteal transverse stripes.
(2) Semitendinosus (ST): posterior medial side of the thigh,
across the gluteal line to the middle of the popliteal line. (3)

Biceps femoris long tendinitis (BFL): posterolateral thigh parallel
to semitendinosus.

From each elastography image, the spatial average of the
shear modulus (kPa) in an 8-mm circular area was determined.
The musculoskeletal mode was used to estimate the shear
modulus of the upper trapezius muscle with temporal averaging
(persistence), penetration mode, and 85% opacity. The range
of the color scale was adjusted from 0 to 200 kPa. The values
were averaged across three measurements in each condition. The
probe was placed on top of the skin with a minimal load ensuring
no external pressure could affect the measurements.

Western Ontario and McMaster
Universities Osteoarthritis Index Knee

Osteoarthritis Evaluation Scale

The WOMAC has demonstrated reliability, validity and
responsiveness in patients with KOA (Bellamy et al., 1988). It
is comprised of sub-scales (24 items), including pain (5 items),
stiffness (2 items), and physical function (17 items). This scale,
which evaluated osteoarthritis-related disability in the hip and/or
knee osteoarthritis, is also very sensitive to the changes in health
states. As scores increase in all dimensions, the intensity and
severity of the complaint also increase (Bellamy, 2002).

Data Analysis

Data analysis was performed using the SPSS 22.0 program. The
cases distribution was evaluated by Kolmogorov-Smirnov test,
and according to the results of this test, there was normal
distribution. For that reason, we have used parametric tests for
statistical evaluations to compare means. Pearson correlation
analysis was used to evaluate the correlation between the
hamstring shear modulus and WOMAC score. p values of less
than 0.05 were defined as statistically significant.

RESULTS

Demographic Data

Demographic information including age, gender, and BMI, for all
subjects are shown in Table 1. Forty-six patients were included
in the KOA group. Forty-six healthy subjects served as control

group. These two groups were similar regarding demographic
findings (Table 1).

TABLE 1 | Patients’ demographic findings.

Observation (N =50) Control (N =50) p value
Age (years) 56.87 + 8.41 56.15 4+ 8.94 0.693
Gender Male 22 (44%) 18 (36%) 0.414
Female 28 (56%) 32 (64%)
BMI (kg/m?) 24.60 + 3.67 23.6 +3.43 0.872

BMI, body mass index. Data are expressed as frequency (percentage) or
mean + standard deviation.
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TABLE 2 | Intra- and interoperator reliabilities for assessing the three hamstrings stiffness.

SM SL BFL
Mean + SD SEM MDC Mean + SD SEM MDC Mean + SD SEM MDC
Operator A in test 1 12.91 £2.78 0.62 1.72 12.83 £ 2.76 0.62 1.72 11.27 £ 3.21 0.62 2.0
Operator A in test 2 12.37 £2.82 0.63 1.75 1245 +£2.23 0.50 1.39 11.56 + 3.84 0.86 2.38
Operator B 12.32 £ 2.42 0.54 1.50 12.85 + 2.64 0.59 1.64 11.51 +£3.38 0.76 2.1
ICC?2 (95% Cl) 0.84 (0.43-0.94) 0.85 (0.45-0.94) 0.94 (0.73-0.98)
ICCP (95% Cl) 0.97 (0.86-0.99) 0.98 (0.88-0.99) 0.98 (0.89-0.99)

ICC, intraclass correlation coefficient; Cl, confidence interval; SEM (kPa), standard error of measurement of kPa;, MDC (kPa), minimal detectable change;, SD (kPa),

standard deviation of kPa; kPa, kilo Pascal.
@|ntraoperator reliability.
binteroperator reliability.

Intra- and Interoperator Reliabilities

The related statistical parameters for intra- and interoperator
reliabilities for assessing the hamstrings shear modulus are
summarized in Table 2. The mean shear modulus values of the
SM, SL, and BFL were 12.91 kPa, 12.83 kPa, and 11.27 kPa for
operator A in test 1; 12.37 kPa, 12.45 kPa, and 11.56 kPa for
operator A in test 2; 12.32 kPa, 12.85 kPa, and 11.51 kPa for
operator B. The intraclass correlation coefficient (ICC) values
of intraoperator reliability were good in SM [ICC = 0.85;
95% Confidence Interval (CI) = 0.45-0.94; standard error
measurement (SEM) <0.63 kPa; and MDC < 1.75 kPa], in
SL (ICC = 0.84; 95% CI = 0.43-0.94; SEM < 0.62 kPa; and
MDC < 1.72 kPa) and excellent in BFL (ICC = 0.94; 95%
CI = 0.73-0.98 SEM < 0.86 kPa; and MDC < 2.38 kPa).
The ICC values of interoperator reliability were excellent in
SM (ICC = 0.97; 95% CI = 0.86-0.99; SEM < 0.63 kPa; and
MDC < 1.75 kPa), in SL (ICC = 0.98; 95% CI = 0.88-0.99;
SEM < 0.62 kPa; and MDC < 1.72 kPa) and in BFL (ICC = 0.98;
95% CI = 0.89-0.99; SEM < 0.86 kPa and MDC < 2.38 kPa).

Differences of the Hamstring Shear
Modulus Between the Knee

Osteoarthritis and Control
The comparison of the hamstring shear modulus between the two
groups is demonstrated in Table 3. The hamstring shear modulus
were significantly higher in the KOA group than in the control
group (p = 0.000, p = 0.000, p = 0.001).

Correlation Between the Hamstring
Shear Modulus and Western Ontario and
McMaster Universities Osteoarthritis
Index Score in the Knee Osteoarthritis
Group

The correlation between the hamstring shear modulus and
WOMAC score in the KOA group is demonstrated in
Table 4. The hamstring shear modulus in the KOA group
was moderately positively correlated with pain, stiffness, and
physical function score.

TABLE 3 | Shear modulus (kPa) of the three hamstring in two groups.

SM ST BFL
Observation (N = 50) 1523 £7.23 15.94 £ 5.40 14.21 +£6.55
Control (N = 50) 10.95 £+ 2.41 11.25 £2.23 9.98 + 2.81
p value 0.000 0.000 0.001

TABLE 4 | Correlation between the three hamstring shear modulus and WOMAC
score in the observation group.

SM ST BFL

Pain r 0.477 0.519 0.631
P 0.001 0.000 0.000

Stiffness r 0.437 0.461 0.539
P 0.002 0.001 0.000

Physical function r 0.605 0.543 0.605
P 0.000 0.000 0.000

DISCUSSION

In the present study, we found that SWE is a feasible tool for
evaluating hamstring muscle shear modulus in patients with knee
osteoarthritis, with good intra- and interoperator reliabilities.
This study is the first to compare the hamstring muscle shear
modulus of patients with knee osteoarthritis with that of healthy
volunteers. The results show that the hamstring muscle shear
modulus is significantly different between healthy volunteers
and patients with knee osteoarthritis. The hamstring muscle
shear modulus of patients has a negative correlation with the
functional score.

Cortez et al. (2015) reported that the medial gastrosoleus and
tibialis muscles had fair to good levels of intraobserver (ICC,
0.42-0.70) and interobserver (ICC, 0.69-0.73) reliability. Tas
et al. (2017) reported that intraobserver reliability (ICC, 0.91-
0.92) and interday reliability (ICC, 0.81-0.83) were excellent,
and interobserver reliability (ICC, 0.71) was good of SWE in
the patellar tendon, and the intraobserver reliability (ICC, 0.93-
0.94), interday reliability (ICC, 0.81-0.91), and interobserver
reliability (ICC, 0.95) were perfect in the rectus femoris.
Koppenhaver et al. (2018) reported that overall reliability
estimates were fair to excellent with ICCs ranging from 0.44
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to 0.92 in low back musculature, and reliability was higher
in the lumbar multifidus muscles than the erector spinae
muscles, slightly higher during contraction than during rest, and
substantially improved by using the mean of three measurements.
In the present study, intraoperator reliability were good for
assessing the SM (ICC = 0.85) and the SL (ICC = 0.84),
intraoperator reliability was excellent for assessing the BFL
(ICC = 0.94), but the interoperator reliability were excellent for
assessing the SM (ICC = 0.97), the SL (ICC = 0.98), and the BFL
(ICC =0.98) corresponding to the results of SEM and MDC. The
findings from this study have indicated that the SWE is a credible
instrument for evaluating the hamstrings shear modulus.
According to the new findings of the preliminary study, the
shear modulus of SM, ST, and BFL in patients with KOA with
pain of posterior knee traction and limited flexion and extension
significantly increased compared with normal people, and the
higher the shear modulus of the muscles in the hamstring,
the higher the WOMAC (pain, stiffness, physical function)
score of patients’ subjective feelings. The increase in the shear
modulus of the patient’s hamstring muscle reflects the change in
muscle biomechanical properties, that is, the deterioration of the

elasticity of the muscle tissue, which in turn affects the functional
activities of the knee joint of the patient, which explains the
correlation between the two. These results suggest that shear wave
elastography can quantitatively detect changes in hamstring shear
modulus in KOA patients, in the form of shear modulus, which is
closely related to patients’ functional activities. These preliminary
findings provide a proof-of-concept that would be beneficial to
support this technique as it would assess the shear modulus of
the diseased muscles of the patient and validate the WOMAC
score. Many researchers have found that the technique can assess
the effectiveness of interventions such as dry needles and manual
interventions in muscles.

In the past (Hoang et al., 2009), two-dimensional ultrasound
has been used to obtain rich morphological parameters, such
as muscle thickness, cross-sectional area, muscle fiber length,
feather horn, etc. To some extent (Cartwright et al., 2013),
ultrasonic technology has been used to evaluate neuromuscular,
tendon, ligament and joint lesions and guide rehabilitation
treatment, but two-dimensional ultrasound cannot provide bone
images. Mechanical properties of muscle system and anisotropy
of muscle tissue also increase the limitations of two-dimensional

FIGURE 1 | The one on the left is listed as a healthy person, and the SM, ST, and BFL are listed from top to bottom. The one on the right is a patient, and the SM,

ST, and BFL are listed from top to bottom.
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ultrasound application (Botar et al., 2012). In recent years, French
Aixplorer ShearWave real-time SWE ultrasonic diagnostic
instrument was produced. Based on the automatic generation and
analysis of real-time Shear Wave, young’s modulus value, as an
important biomechanical parameter, was obtained through the
quantitative analysis system, so as to realize the full quantification
of ultrasonic elastography and promote the extensive clinical
research of SWE.

Rodrigues and Rodrigues Junior (2000) proposed that the
elastic fiber system in the muscle extracellular matrix gradually
loses its resistance with age, promoting the loss of normal
muscle shear modulus. According to Alfuraih et al. (2019)
research on the muscles of the lower limbs, the shear modulus
of resting muscles gradually decreases throughout the adult
life, especially in the elderly (>75 years old). Obviously, these
are studies of healthy people. Maher et al. (2013) study

showed that the shear modulus of the trapezius muscle under
the action of myofascial trigger points (MTrPs) was sensitive
enough to detect the change of the dry needle treatment and
the influence of posture on the shear modulus. The cause
(Hubbard and Berkoft, 1993; Simons, 1996) may be abnormal
activity in the endplate of neuronal movement at the end
of muscle fibers at the MTrPs. Continuous muscle segment
contracture leads to increased local metabolic demands, pressure
on capillary circulation, and increased metabolic by-products,
resulting in local muscle shear modulus. However, the etiology
and pathophysiology associated with KOA are currently being
studied but remain unclear. This study starts from the mechanical
properties of muscle and discusses the relationship between
muscle and function. To our knowledge, this is the first
study to combine subjective functional scores with objective
quantitative indicators.

Linear model diagram of correlation analysis between Young's modulus of hamstring muscle(SM, ST, BLF)
in observation group and WOMAC (Pain, Stiffness, Physical Function)
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FIGURE 2 | Correlation between the three hamstring shear modulus and WOMAC score in the observation group.
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Our findings show that tissue shear modulus can be visualized
in real time, while the difference between the sick and the
healthy are readily observed and displayed via a color-coded
map (Figure 1). These findings may shed more light on the
mechanisms by which patients experience pain, stiffness, and
limited functioning. This study demonstrated the feasibility of
SWE techniques for assessing muscle stiffness in KOA patients.
But the muscle assessed in this study was a superficial muscle that
is easy to palpate. The same cannot be said for deeper muscles
such as those in the lumbar region or deep abdominal area.
Consequently, an inability to palpate and reproduce the classic
referral patterns is difficult to accomplish for the clinician. Shear
wave elastography would provide such a means for an objective
evaluation of tissues of different types and depths, and a means to
determine the efficacy and longevity of therapeutic interventions.
Currently (Kwon et al,, 2012; Berko et al., 2014), there are still
no relevant reports on the normal young’s modulus of muscle
tissue and the reference range of abnormal values, which will
become the future research direction and play a greater role in
the diagnosis of muscle injury, monitoring the development of
diseases and evaluating the curative effect of diseases.

CONCLUSION

Preliminary results show that the hardness of KOA patients
hamstring were higher than in healthy people, show that
muscle hardness change is a major feature of KOA patients,
the patients’ subjective aspect WOMAC score has a moderate
correlation, the greater the hardness of muscle, feel stiff and
dysfunction in patients with more serious (Figrue 2), these
preliminary results show that ultrasonic shear wave elastography
measurement of shear modulus may be enough to sensitive, can
detect these effects, more targeted in order to assist the doctor’s
diagnosis and treatment.
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