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Purpose: The present study aimed to investigate the differences in muscle size and shear wave speed (SWS) values of biceps brachii
muscle (BBM) between stroke survivors and healthy controls.

Methods: This study comprised 61 stroke survivors and 24 healthy subjects, examined at Guangzhou First People’s Hospital within
one year. Each participant underwent ultrasonic examinations for recording some specific measurement indicators, including muscle
thickness, cross-sectional area (CSA), and shear wave speed (SWS) of BBM. The muscular tension of the paretic arm was scored
using the modified Ashworth scale (MAS). These above-mentioned indexes were compared between stroke survivors and healthy
controls. Also, the correlations among SWS and MAS scores were assessed.

Results: When the lifting arm angle was set for 45°, the CSA and muscle thickness of BBM were obviously decreased in the paretic
arms of stroke subjects compared to the non-paretic arms as well as the arms of healthy controls. Moreover, the paretic arms had
obviously higher SWS than the non-paretic arms and the healthy arms at 45° or 90°. When the angles of paretic arms were lifted at 90°
and 45°, respectively, a positive correlation was established between MAS and SWS.

Conclusion: Ultrasonic examination assessing muscle thickness, CSA, and SWS of the BBM could be used as a means of assessment
of the paretic arms of stroke survivors.
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Introduction

Stroke is one of the common cerebrovascular diseases, which is a major cause of death and a leading cause of adult
disability." As the population moves toward an aging society, stroke rates are expected to increase. After the stroke, the
central nervous system and the motor conduction pathway are damaged, triggering the disorder correlated with the damage of
the muscle structure and properties, such as muscle atrophy.* Limb spasm is a common complication of stroke, which is
clinically characterized by increased muscle hardness, declined motor function, and abnormal posture and motion mode,
resulting in a heavy burden on the patient’s quality of life.*” Moreover, disuse muscular atrophy is another common sequela,
and stroke survivors exhibit changes in muscle quantity, such as loss in muscle mass, reduction in cross-sectional area (CSA),
and increased intramuscular fat deposition, which leads to joint contracture and loss of muscle strength and limb dysfunction,
affecting the patient’s abilities and daily living.®’ Some studies confirmed that the evaluation of muscle size and muscle
stiffness, which was quantified by measuring shear wave elastography (SWE), in paralysis patients after stroke was beneficial
for improving motor function and adjustment of rehabilitation treatment plans.*’

In clinical practice, the severity of spasticity after stroke was assessed by the modified Ashworth scale (MAS)'° or the
modified Tardieu scale (MTS).!" However, these methods are affected by subjective factors of the evaluator and do not
accurately measure the relevant data of muscle mechanical properties, such as stiffness and elasticity, after stroke, and
they lack objective quantitative indicators. Presently, the imaging methods for evaluating muscle volume were magnetic
resonance imaging (MRI), computed tomography (CT), and ultrasound (US).'? However, apart from its high cost, CT
causes radiation exposure to people, and neither CT nor MRI could observe muscle dynamics.
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In recent years, US has gained increasing attention in the assessment of skeletal muscle quality as it is easy to operate
in real-time, convenient, and nonradiative.'® It is able to distinguish muscle tissue from subcutaneous fat and measure the
thickness and CSA of muscle, and is widely used to diagnose and follow-up the muscle condition of stroke patients.'*
Monjo et al'> showed that the thickness of the quadriceps femoris on the paretic side was thinner than that on the non-
paretic side in the stroke survivors. Shear wave elastography (SWE) is a quantitative imaging technology that allows the
measurement of the hardness of human tissues, and it has already been applied clinically to evaluate muscle stiffness.'®'”
Several studies have confirmed the application of SWE for determining muscular states, including muscle injury, stroke
spasms, and Parkinson’s disease.'® Liu et al'” showed a significant difference in shear wave propagation speed and
Young’s modulus (YM) between the normal and spastic biceps brachii. Wu et al*® showed that the SWV was significantly
higher on the paretic side than the non-paretic side in stroke survivors.

During the process of stroke rehabilitation, the assessment of muscle size and stiffness is crucial for the selection and
adjustment of rehabilitation treatment plans and monitoring the therapeutic effects and disease prognosis in stroke
patients. Although CT and MRI were traditional methods for evaluating muscle CSA in stroke survivors, US had the
advantage of real-time measuring the thickness and CSA of the muscle, as well as the muscle stiffness which was
evaluated by quantifying SWS as reported previously." Therefore, this study aimed to determine the potential clinical
value of US examination for quantitative assessing of the muscle function in stroke survivors.

Materials and Methods

Patients

This prospective study was approved by the Institutional Review Committee of Guangzhou First People’s Hospital
(K-2021-033-01), Guangzhou, Guangdong. Written informed consent was obtained from all participants before collect-
ing data. This study was conducted from September 2020 to May 2021. The cohort comprised 61 stroke survivors with
one-sided limb spasms and 24 healthy volunteers as controls. The height and weight were measured, and the body mass
index (BMI) was calculated accordingly.

The inclusion criteria for the stroke group were as follows: (1) patients with unilateral hemiplegia due to stroke for <6
months; (2) cerebral hemorrhage or cerebral infarction confirmed by CT or MRI; (3) able to provide written informed
consent and follow basic verbal commands; (4) patients with elevated upper extremity muscle tone and the ability to
maintain a stretch position.

The exclusion criteria were as follows: (1) abnormality of muscle tone unrelated to stroke; (2) patients with stiff
muscles unable to stretch and flex; (3) patients who cannot cooperate with examination; (4) patients with MAS score of
4. Healthy controls were recruited through community advertising, and those age-matched with stroke patients and
normal upper limb movement were selected. The exclusion criteria for healthy volunteers were orthopedic and
neurological condition or chronic pain status and history of surgery.

Clinical Evaluation

Before US testing, MAS was evaluated by a licensed, experienced, physical therapist with respect to the upper limb
function and spasticity for all patients. MAS scores were as follows: level 0 (no increase in muscle tone): 0 points; level 1
(slight increase in muscle tone, minimal resistance, or sudden release at the end of the joint range of motion): 1 point;
level 1+ (slight increase in muscle tone, sudden stuck within 50% of joint motion and then minimal resistance at 50% of
joint motion): 2 points; level 2 (a marked increase in muscle tone through most of the region of movement, but easily
moved): 3 points; level 3 (considerable increase in muscle tone, passive movement difficult): 4 points; and level 4
(affected part rigid in flexion or extension): 5 points.?’

US Examination

All patients underwent conventional US and SWE by an ultrasound scanner (Mindray Bio-Medical Electronics
Company, Shenzhen, China) with a multifrequency linear transducer (L11-3U; frequency range = 3—11 MHz). We
selected the examination conditions for muscle, the mechanical index (MI) was 1.2, the thermal index (TIS) was 0.2,
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and the depth was 3 cm. The gain could be adjusted according to the subject’s BBM image to make the image display
in the best state. All examinations were performed by one US physician with >5 years of experience in order to
decrease the measuring error. All participants lay supine on a flatbed, the upper limbs were positioned at 45° relative
to the body with the elbow at 0° flexion. The US transducer was placed mid-substance of the long head of biceps
brachii muscle (BBM), and the cross-sectional area and thickness were measured three times to obtain an average
value for statistical analysis (Figure 1). After conventional US images were obtained, the transducer was held
manually, and oriented perpendicular to the skin and parallel to the BBM fiber bundle, and the US system was
switched to the SWE penetration mode. Copious amounts of gel were placed between US transducer and the skin to
avoid the pressure of the transducer on the skin to obtain SWE images of adequate quality. The probe was maintained
for a few seconds to allow stabilization of the elastography image, while the color was constant in the color elastic
map for 3-5 s (Figure 1). Then, the position was adjusted such that the spasticity side of the upper limb was 90°
relative to the body with the elbow at 0° flexion, the biceps were extended, and the image was captured. Subsequently,
the US images were assessed on both the paretic and non-paretic sides in the stroke group and only on the dominant
side in the healthy controls.

Measurement of the Shear Modulus and SWS

High-quality elastic images were selected, and a 5-mm circular region of interest was marked in the elastography box,
avoiding the tendons, aponeuroses, and fascial tissue.”> When the sample box was determined, the system automatically
displayed the SWS of the muscle, including the maximum, average, and minimum. The SWS was measured three times
for each subject, and the average values were calculated for statistical analysis. For each subject, three images of muscle
in the same arm were used to calculate the average values of the related indicators, including the cross-sectional area,
thickness, and SWS. Moreover, the reliabilities of the related measurement indicators were assessed by calculating the
intraclass correlation coefficient (ICC) using the above-mentioned three muscle images, according to the method
described previously.'*

Statistical Analysis

Statistical analyses were performed using SPSS 23.0 (SPSS, Inc., Chicago, USA). The muscle size and muscle SWS
were presented as meantstandard deviation (SD). A chi-square test was used to compare the proportion of genders
between the stroke group and healthy controls. Independent-samples t-test was used to compare age, height, weight, and
BMI between the stroke group and healthy controls. One-way analysis of variance (ANOVA) was used to compare the

G 66.7 kPa M-STB Index: % % % &
53.3
40.0
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Figure | Shear wave quality is estimated using a shear wave quality map. Homogeneous green of the left image in the region of interest indicates good quality of shear wave
speed estimation; the credibility index is 100%.
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Table | Clinical Characteristics of Stroke Patients and Healthy Controls

Stroke Patients (n=61) Healthy Controls (n=24) P-value

Age (years) 63.5+12.7 62.1£10.3 0.637
Height (cm) 163.948.1 160.8+6.2 0.099
Weight (kg) 63.4+12.1 64.9+10.4 0.604
BMI (kg/m?) 23.4+3.4 23.5%2.7 0.932
Sex (male/female) 38/23 13/11 0.412
Latency (months) 34£1.7
MAS 0 (n=10) 0 0

I (n=17)

I+ (n=9)

2 (n=21)

3 (n=4)

Note: P>0.05, no significant difference between stroke patients and healthy controls.
Abbreviations: BMI, body mass index; MAS, modified Ashworth scale.

cross-sectional area, thickness, and SWS values between the stroke group (paretic or non-paretic side) and healthy
controls with Bonferroni post-hoc tests for multiple comparisons. Spearman’s test was used for the correlation analysis of
SWS with MAS. P<0.05 indicated statistically significant difference.

Results

The current research is part of our on-going study to search for muscle function in stroke survivors by conventional
ultrasound and SWE. In the present study, we measured the CSA, the thickness and the SWS of biceps brachii muscle
and analyzed their correlation with clinical indexes.

Clinical Evaluation

The study enrolled 38 males and 23 females in the stroke group, and the mean age was 63.5+£12.7 years. Among these, 45
cases were cerebral infarction and 16 were brain bleeding. The age-matched healthy controls consisted of 13 males and
11 females, aged 62.1+£10.3 years. A total of 61 patients had different degrees of MAS: 10 patients with MAS level 0, 17
patients with level 1, 9 patients with level 1+, 21 patients with level 2, and 4 patients with level 3. The clinical
information of the patients with stroke and of healthy controls is listed in Table 1.

Measurement of the CSA and Thickness of BBM in Stroke Patients and Healthy

Controls

As shown in Figure 2, the CSA and the thickness of BBM were obviously smaller on the paretic side, when compared
with non-paretic side or healthy control. The paretic side exhibited significantly smaller CSA and thickness than the non-
paretic side (both P<0.05). Moreover, the CSA and thickness were found to be smaller in the paretic side versus healthy

paretic side
CSA 7.52cm?

non-paretic side

CSA 8.46¢cm?
—TFhickness-17.9mm— -

healthy control

CSA 9.76cm?
—Ehickness20-3mm ~

Figure 2 Ultrasound images showed CSA (cross-sectional area) and thickness on the paretic side and non-paretic side of a stroke survivor and a healthy person.
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Table 2 Cross-Sectional Area (CSA) and Thickness Values of BBM Between Stroke
Patients (Paretic or Non-Paretic Side) and Healthy Controls

Paretic Sides Non-Paretic Sides Healthy Controls
CSA 6.52+2.18%% 7.42+2.47% 7.71£2.26
Thickness 14.75+3.52%% 16.00+3.814 17.45+2.90

Note: XP<0.05 vs healthy controls; “P<0.05 vs non-paretic sides; “P>0.05 vs healthy controls.

control (both P<0.05). No significant differences regarding the CSA and thickness were indicated between the non-
paretic side and healthy control (both P>0.05) (Table 2).

Measurement of the SWS of BBM in Stroke Patients and Healthy Controls

The SWS of BBM was measured when the lifting arm angle was set for 90° or 45°. At these two positions, the SWS was
shown to be significantly higher on the paretic side, when compared with the non-paretic side or healthy control
(Figure 3). The quantification of the SWS is shown in Table 3. As demonstrated in Table 3, when the angle was set
as 45°, the paretic side showed obviously higher SWS than the non-paretic side (both P<0.05) and healthy control (both
P<0.05). No significant differences regarding these two indexes were found between the non-paretic side and healthy
control at the position of 45° (both P>0.05). At the angle of 90°, these two indexes were also increased on the paretic
side, when compared with the non-paretic side (both P<0.05) or healthy control (both P<0.05). In addition, SWS was
increased on the non-paretic side versus healthy control (both P<0.05).

Correlation Analysis Between SWS and MAS
Correlation analysis between SWS and clinical indexes (MAS) in paretic sides was also performed. As shown in Table 4,
SWS correlated positively with MAS at 90° and 45°, and the correlation coefficients were 0.399 and 0.382, respectively.

Discussion
The present study evaluated the BBM size change by measuring muscle CSA and thickness, and also evaluated the
stiffness by measuring SWS, respectively, in order to evaluate the modifications in muscle quantity and quality of stroke

A

paretic side non-paretic side healthy control

Figure 3 Shear wave elastography of the bilateral biceps brachii muscles (BBM) of stroke patients and healthy individuals, when the upper limbs were positioned at 90° (A)
or 45° (B).
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Table 3 Shear Wave Velocity (SWS) Values of BBM Between Stroke Patients
(Paretic or Non-Paretic Side) and Healthy Controls

Paretic Sides Non-Paretic Sides Healthy Controls
45° SWS (m/s) 447+129%# 3.78+0.83* 3.57+£0.47
90° SWS (m/s) 7.21£1.58%* 4.59+0.81% 3.85£0.65

Note: *P<0.05 vs healthy controls; “P<0.05 vs non-paretic sides; “P>0.05 vs healthy controls.

Table 4 SWS Correlation Analysis Using MAS on the Spastic

Side
MAS P value Correlation Coefficient
45° SWS P<0.05 0.382
90° SWS P<0.05 0.399

survivors. It is demonstrated in this current study that the CSA and thickness of BBM were obviously decreased in the
paretic sides of stroke patients. Moreover, SWS was increased in the paretic sides. To the best of our knowledge, this is
the first study using CSA, muscle thickness, and SWS to reflect the muscle changes in stroke survivors. In addition, the
measurement of size and SWS of muscle could be used to quantify the biomechanical properties of skeletal muscle in
stroke survivors.

Some studies reported that the muscle mass was decreased in stroke survivors, which led to the decline of muscle and
motor function.®** Therefore, it is important to quantify muscle SWS in the daily therapeutic management of stroke
survivors. US is capable of measuring the thickness and cross-sectional area of muscle, therefore expanding its
application in the evaluation of skeletal muscle mass. The commonly used indicators for assessing muscle mass include
muscle thickness, CSA, and muscle echo. Li et al** demonstrated that the CSA of biceps brachii measured by US is
a critical indicator associated with sarcopenia, and was significantly higher in the non-sarcopenia group than sarcopenia
group. Takai et al*> used ultrasound and dual-energy X-ray absorptiometry-measured muscle thickness and fat-free mass
at nine sites of the body in 77 healthy elderly to indicate that ultrasound muscle thickness measurement is useful to
predict fat-free mass in the elderly. Wang®® showed that the thickness of the gastrocnemius muscle effectively predicted
the decrease in muscle mass. The studies above indicated that ultrasound muscle thickness measurement could predict the
decrease in muscle mass, which was consistent with our research. In addition, some studies showed that muscle loss of
non-paretic limbs was likely to occur in stroke patients due to a sedentary lifestyle.?” Since this study chose the patients
within 6 months of having the first stroke, the results did not find any significant differences in CSA and thickness
between the healthy controls and the non-paretic sides. This phenomenon could be attributed to the duration of the
disease. For additional evidence, we should examine the muscle mass in the different stages of stroke.

In recent years, the SWE of skeletal muscle uses an acoustic radiation force impulse, which is less dependent on the
operator and is a repeatable tool for quantifying muscle stiffness.”®*? Since the muscle is an anisotropic, non-linearly
viscoelastic, compressive, deformable, and active tissue, the most appropriate stiffness unit for muscle should be
SWS.** In addition, the shear modulus (kPa) can also be used to represent the elastic characteristics of the tissue, and
the correlation between the shear modulus (SM) and the SWS (C) is measured by using the computational formula of
SM=pC?.*! The Mindray machine can display the SM and SWS directly. In this study, we chose SWS as the indicator
of muscle hardness. SWS was increased in the paretic side of stroke survivors. In line with the previous studies, our
results confirmed the capability of SWE in quantitative assessing of muscle stiffness by measuring SWS in stroke
patients with hemiplegia.'>**> Moreover, no significant differences were detected in SWS between the non-paretic side
in stroke survivors and healthy people at 45° position, but both values were higher in the non-paretic side in stroke
survivors than in healthy people at 90° Position. Some studies showed that adaptive structural changes in the muscle
tissue start as early as 4 h after cerebral infarction, and muscle weakness also develops in the unaffected contralateral
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limb within 1 week after paretic stroke.> At 3 weeks to 6 months after stroke, muscle mass loss occurred in both
paralyzed and non-paralyzed limbs.** Berenpas et al found that changes in muscle architecture were not solely
restricted to the muscles on the paretic side; both paretic and non-paretic side muscles showed deviations from the
reference values in healthy individuals.>® The current findings demonstrated that the difference regarding the muscle
SWS became significant between the non-paretic side and healthy individuals, when the muscle reached a certain
degree of stretching.

Muscle stiffness altered along with the state of the muscle, including muscle contraction, stretching, and resting
conditions.*>*® Several studies measured the passive stiffness of various healthy skeletal muscles using US elastography and

reported that skeletal muscle became stiffer when it was stretched.”” Liu et al

collected the shear moduli of gastrocnemius
medialis during passive stretching induced by ankle rotation from plantarflexion to dorsiflexion and found that the passive
muscle stiffness increased with the augmentation of ankle dorsiflexion. Some studies also reported passive stiffness of muscles
in stroke survivors. Eby et al**~ described the increased SWE of biceps brachii during the process of passive elbow extension
in stroke patients, which demonstrated that the passive stiffness increased with elbow extension. We measured two different
arm lifting positions (45° and 90°) in this study and observed that the BBM were in different states of stretch and the SWS was
increased at 90° versus 45°. These results reflected the effect of stretching on passive stiffness of BBM.

Some recent studies showed controversial ideas concerning the correlation between MAS and elasticity changes of
skeletal muscle. Liu et al'® suggested the stiffness of BBM of 60 stroke patients with hemiplegia and one-sided upper
limb spasms, with the upper limbs of the spastic side positioned at 90° relative to the body to ensure that biceps brachii
were in a stretched position. The results from the above literature concluded that YM and SWS of the biceps brachii were
correlated with MAS, and the correlation coefficient was 0.563 and 0.605 for SWS and YM, respectively. Wu et al®
measured the SWS of BBM at 90° and 0° elbow flexion angle in 31 stroke patients and concluded that the paretic-side
SWS was positively correlated with MAS at both 90° and 0°; however, the correlation coefficients were higher at 90°
than 0°. Lee et al measured the SWS of biceps brachii at the elbow position of 90° in 16 stroke patients, but did not find
any correlations between SWS and MAS.*® Gao et al measured the SW'S of biceps brachii at 90° elbow flexion and found
a correlation between mean SWS and MAS parameters.”” In the current study, we found that SWS was positively
correlated with MAS at both 90° and 45°. Harris et al*> proposed that MAS scores were not associated with any relevant
results of muscle property changes, including electromyogram, torque, or stiffness, indicating that the current standard
clinical evaluation tools need to be improved or supplemented.

The present study has some limitations. First, only one skeletal muscle unit was examined in this study, therefore, the
examinations of other muscles need to be carried out. Second, this study recruited stroke patients with a disease course
within 6 months, thus different stages of stroke patients also need to be recruited. Lastly it should be mentioned that only
a single observer performed all examinations. The difference between observers might affect the elastic measurement
result, and we will improve and perfect the research in the future.

Conclusion

The conventional US can only measure the muscle size, while SWE has the capability of assessing the BBM stiffness by
measuring SWS. The current study quantified the changes in muscle quantity and quality in stroke survivors of BBM.
Therefore, conventional US combined with SWE may be a new quantitative imaging technique to assess the paretic arms
of stroke survivors.

Abbreviations

BBM, biceps brachii muscle; CSA, cross-sectional area; SWS, shear wave speed; MAS, modified Ashworth scale; ICC,
intraclass correlation coefficient; MTS, modified Tardieu scale; MRI, magnetic resonance imaging; CT, computed
tomography; US, ultrasound; SWE, shear wave elastography; YM, Young’s modulus; BMI, body mass index.
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