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Background: Survivors with spinal cord injury (SCI) have neuromuscular deficits such as

muscle atrophy that lead to functional impairments. This study utilizedmyotonometry and

electrical impedance myography (EIM) to quantitatively evaluate the changes in muscle

mechanical properties and compositions after SCI.

Methods: This study adopted a cross-sectional design. Eighteen SCI patients and 18

healthy individuals were recruited. The outcome measures were: (1) The myotonometer

measured muscle mechanical parameters of oscillation frequency (freq), dynamic

stiffness, logarithmic decrement (decr), mechanical stress relaxation time, and indication

of creep. (2) The electrical impedance myography measured parameters of resistance

(R), reactance (X), and phase angle (θ). (3) muscle strength (maxForce); (4) clinical scales

of Manual Muscle Testing (MMT) and modified Ashworth scale (MAS). All outcome

measures were compared between the bicep brachii muscle of the weaker side of the

SCI group and the non-dominate side of the healthy group. Correlation analysis was

performed at quantitative data and clinical scales.

Results: Freq, stiffness, and maxForce of the SCI group were significantly lower (p <

0.01) than those of the healthy control. The relaxation time and creep were significantly

higher in the SCI group than in the control group. Significant differences of R and Xc were

observed between the two groups. Significant correlation was observed between freq,

stiffness, and months past injury, and between Xc, creep, and relaxation time.

Conclusions: Reduced muscle tone and stiffness might relate to muscle atrophy, and

higher relax time and creepmay be caused by poor contractile ability. The changes in EIM

parameters could indirectly reflect the muscle cell size, and fatty and connective tissue

alterations. These findings support the feasibility of myotonometer and EIM to quantify

muscle mechanical and intrinsic properties in patients with SCI. The results could facilitate

the understanding of neuromuscular changes that are related to functional impairments.
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INTRODUCTION

Spinal cord injury (SCI) refers to the damage of the structure
or function of the spinal cord that results in a different extent
of motor, sensory, and autonomic dysfunction below the injured
level (1). SCI-related functional impairment brings heavy burden
to patients, families, and society. Cervical spinal cord injury
(CSCI) is a common type of SCI, accounting for ∼55% to 75%
of the total SCI prevalence (2). Muscle atrophy, spasticity, and
learned disuse are common among patients with SCI, which
contribute to motor function impairment (3, 4).

Muscle atrophy is related to the damage of the motor
neuron, which contributes to the inactivity of the affected skeletal
muscles, leading to changes in the muscle mechanical load
conditions and muscle length shortening due to sarcomere loss
(5). Muscle atrophy also resulted in a change in the proportion
of the type of muscle fibers, with the amount of type I fiber
typically increased, whereas the amount of type II fiber reduced
(6). Muscle atrophy also contributes to a decrease in cross-
sectional area of the muscle below the injury level (7) and an
increase in intramuscular adipose tissue (3). The increase in
intramuscular adipose tissue and changes in muscle composition
are related to muscle weakness (8). The quantitate evaluation
of atrophy-related muscle dysfunction tends to rely on the
clinical presentation as assessed by the assessor. This include
manual palpation, manual muscle test, or the clinical scales
such as modified Ashworth scale. These assessment methods
are subjective and lack reliability or validity. Thus, quantitative
evaluation methods to assess the change in muscle properties in
patients with SCI are in great need tomonitor disease progression
and evaluate the impact of intervention.

Common complications of patients with SCI such as muscle
wastage, muscle contracture, and muscle atrophy contribute
to the alteration of muscle mechanical properties. The muscle
mechanical properties of tone and stiffness are considered to be
fundamental in energy-efficient muscle contraction (9). Upper
limb muscles of the bicep brachii and brachioradialis muscles
are particularly important due to their frequent involvement
in activities of daily living such as feeding, door opening, and
dressing (10). Interventions often aim to improve functional
outcomes by reducing muscle spasticity (11). Despite the
importance of the muscle tone and stiffness, these two aspects are
often clinically assessed by functional scale such as the modified
Ashworth scale or by manual palpation (12). In recent years,
there is an increasing number of publications that supported
the measurements of handheld myotonometer, which are valid
and reliable to quantify the muscle mechanical properties.
Handheld myotonometer measures the mechanical vibration
of soft tissues caused by the mechanical impulse induced by
the device (13). The probe of the device applies multiple
short mechanical impulses to the skin surface of the tested
muscle to generate damped oscillations (14). The device then
calculates the parameters of muscle mechanical properties, which
are oscillation frequency (freq), dynamic stiffness, logarithmic
decrement (decr), mechanical stress relaxation time (relax), and
indication of creep (creep). Oscillation frequency characterizes
the muscle tone or intrinsic tension of a muscle. Muscle stiffness

characterizes the resistance to a contraction or an external force
that deforms its initial shape. Decr refers to the logarithmic
decrement of the natural oscillation of a muscle. It indicates
the elasticity and dissipation of the mechanical energy of the
muscle when tissue recovers its shape from being deformed.
Relaxation time is the time for the muscle to restore its shape
from deformation after a voluntary contraction or an external
force is removed. Creep is the gradual elongation of a muscle
over time when placed under a constant tensile stress. It is the
ratio of the relaxation and deformation time of the muscle. The
myotonometer has been applied to assess muscle mechanical
properties in patients with neurological and musculoskeletal
diseases, including Parkinson’s disease (15), stroke (16–18), low
back pain (19, 20), and Achilles tendinopathy (21). In addition
to alteration of muscle mechanical properties, the intrinsic
properties of muscle composition are also affected in patients
with SCI.

Muscle composition could be monitored non-invasively
by electrical impedance myography (EIM). EIM applies low-
intensity, high-frequency current to the localized muscle area
and measures the voltage and current that pass through
the tissues. Muscle health could then be evaluated from the
electrophysiological conditions of muscle tissue by calculating
tissue compliance and resistance (22). The three most commonly
used EIM parameters are resistance (R), reactance (Xc), and
phase angle (θ), calculated as θ = arctan (X/R) (23). Electrical
impedance myography has the potential to be a biomarker of
SCI, given that pathological changes (such as muscle atrophy,
muscle fiber denervation/reinnervation, and fatty infiltration)
will collectively influence normal impedance characteristics (24).
Two published studies indicated quantifiable differences in the
muscle composition of the biceps and hand muscles between
the stronger and weaker side in patients with SCI, and between
patients with SCI and healthy individuals (25, 26).

To date, the majority of the literature assessed the feasibility of
the application of EIM to detect muscle composition in patients
with SCI. It remains unclear if muscle composition may be
related to muscle mechanical properties, and whether changes
in muscle composition and muscle mechanical properties are
related to clinical measurements in patients with CSCI. This
study aimed to apply EIM technology and myotonometer to
assess muscle function, and explored their potential relationships
with clinical measurements. Findings of this study would provide
further understanding of the alteration of muscle health and may
form the basis of targeted rehabilitation strategies to improve
functional outcome.

METHODS

Study Design and Sample Population
This study adopted a cross-sectional design to compare the
difference in muscle composition, muscle mechanical properties,
and muscle force between patients with SCI and healthy
individuals. The study also investigated the association between
muscle composition, muscle mechanical properties, and muscle
strength in patients with SCI. The inclusion criteria were
as follows: (1) meet the diagnostic criteria of the American
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Spinal Cord Injury Society in 2000; (2) traumatic CSCI
confirmed by magnetic resonance imaging; (3) medically stabled
CSCI patients who underwent cervical spine internal fixation
procedure; (4) intact motor function prior to SCI injury,
without bone tuberculosis and bone malignant lesions; and
(5) able to follow instructions and provide informed consent.
The exclusion criteria were as follows: (1) minors; (2) fractures
of other body parts other than SCI; (3) existing neurological,
musculoskeletal, respiratory, and psychological disorders; and (3)
patients who were unable to cooperate. Healthy participants who
had no history of neuromuscular disease or other neurological
disorders were recruited for the control group. The experimental
procedures were conducted in accordance with the Declaration
of Helsinki. The study protocol was approved by the Ethical
Committee of the Guangdong Industrial Injury Rehabilitation
Hospital, Guangzhou.

Outcome Measurements
Electrical Impedance Myography
The electrical resistance properties that reflect the muscle
composition of the bicep brachii were assessed by EIM (Imp
SFB7 Impedimed, Inc., Sydney, NSW, Australia). The center of
the electrodes was identified as the middle distance between the
acromion process and the medial border of the cubital fossa. B-
mode ultrasound scan was conducted to confirm the location of
themuscle belly and the direction of themuscle fibers of the bicep
brachii. Two pairs of electrodes were linearly arranged along the
muscle fiber direction, including one pair of voltage electrodes
on the inner regions and an outer pair of current electrodes (27).
Each pair of electrodes was distributed symmetrically along the
center point marked in advance. The dimension of the electrodes
was 13 × 10mm. The distances between the two outer current
electrodes and the two inner voltage electrodes were 60 and
20mm, respectively. Three measurements were recorded at each
assessment, and themean value of themeasurement was included
for statistical analysis. The data recorded by the device was
exported for offline analysis by the Bioimp software (28). The
parameters of resistance (R), reactance (Xc), and phase angle
(θ) were recorded across multiple frequencies of between 5 and
1,000 kHz, and the parameters recorded at 50 kHz were included
in the analysis (Figure 1A).

Myotonometer
A handheld myotonometer (MyotonPRO R©, Tallinn, Estonia)
was applied to quantify the mechanical muscle properties of the
bicep brachii. The patients laid in supine with upper extremities
relaxed by the side. The wrist joint was kept in the neutral
position, and the elbow joint was in full extension. Since muscle
tissue is affected by gravity, it is recommended to place the
probe perpendicularly to the skin surface (29). The probe of the
device was placed on the skin surface of the thickest part of the
bicep brachii (Figure 1B). The device was set in triple scan mode
where three mechanical impulses (1 s apart) were delivered. A
controlled pre-load for initial compression of the subcutaneous
tissue was applied before imposing impulses of mechanical force.
Once the required depth was reached (indicated by a change in
indicator light from red to green), the device then applied three

FIGURE 1 | The apparatus for measurement adopted in the study. (A) The

test location and electrical impedance myography, (B) Myotonometer to

measure muscle mechanical properties. (C) Handheld dynamometer to record

muscle force.

consecutive impulses to induce damped oscillations within the
muscle bulk. The average, standard deviation, and coefficient of
variation of the three measurements (one test set) were then
displayed on the screen. All measurement sets with a coefficient
of variation of more than 3% was re-measured. The oscillation
pattern recorded by the transducer was used to calculate the
muscle mechanical properties (18, 20), which are the parameters
of freq, stiffness, relaxation time, creep, and decr (30).

Handheld Dynamometer
Muscle force was recorded by the handheld dynamometer
(Microfet3, Hoggan Scientific LLc, Salt Lake City, UT, USA)
placed on the wrist joint. Subjects were then asked to perform
maximum isometric contraction of elbow flexion andmaintained
the position when maximum force was applied (see Figure 1C).
During the test procedure, subjects were asked not to lift
any body parts away from the bed. The maximum force
(maxForce) was included in the statistical analysis. maxForce
was calculated as the average value of three measurements
from handheld dynamometer where participants were asked to
perform maximum contraction of the elbow flexor muscle. Rest
periods were provided during the test procedure to avoid fatigue.

Clinical Evaluations
A professional physiotherapist conducted the clinical test of
ASIA impairment assessment, Manual Muscle Testing (MMT),
and modified Ashworth Scale (MAS). The therapist was blinded
to the results of the EIM, myotonometer, and dynamometer.
Anthropometric characteristics of the sample population were
collected prior to the start of the study. According to the MMT
results of the biceps muscles of the patient, the upper limbs were
classified as the stronger side (the side with higher MMT score)
and weaker side. If the MMT scores on both sides are equal, the
dominant side was considered as the stronger side, and the non-
dominant side was considered as the weaker side (determined by
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TABLE 1 | Baseline characteristics of the patients with spinal cord injury (SCI).

ID Age Gender Months past

injury

ASIA impairment

scale

Neurological

level

Motor level Sensory level Motor score MMT (BB) MAS (BB)

L R L R L R L R L R

1 31 Female 14.5 C C5 C5 C5 C5 C5 13 8 5 5 0 0

2 62 Male 24 C C4 C4 C4 C4 C4 26 12 4 4 1+ 1

3 23 Male 11.3 A C4 C4 C4 C4 C4 5 5 5 4 0 0

4 53 Male 5.2 C C4 C5 C5 C4 C4 27 24 4 5 1 1

5 53 Male 5.5 C C4 C4 C4 C4 C4 12 14 3 3 2 2

6 30 Male 3.6 A C6 C5 C5 C7 C6 4 4 4 4 1 1

7 43 Male 11.5 C C4 C6 C5 C4 C4 34 13 5 4 0 0

8 47 Male 14.1 D C4 C4 C4 C4 C4 38 38 4 4 0 0

9 22 Male 6.1 A C5 C5 C5 C5 C5 5 5 5 5 0 0

10 27 Female 15 C C5 C5 C5 C5 C5 8 8 4 4 0 0

11 43 Male 5.3 B C4 C4 C5 C4 C5 3 5 3 3 0 0

12 45 Male 11.5 C C4 C4 C4 C4 C4 13 14 3 4 0 0

13 57 Male 7.7 D C5 C5 C5 C5 C5 38 38 5 5 0 0

14 49 Male 4.9 A C6 C6 C6 C6 C6 8 8 4 4 1 1

15 22 Male 10.7 B C5 C5 C5 C5 C5 11 11 5 5 0 0

16 24 Male 13.7 B C6 C7 C6 C8 C8 10 9 5 5 0 0

17 30 Male 27.8 C C4 C5 C5 C4 C4 33 31 4 4 0 0

18 40 Male 2 A C4 C4 C4 C4 C4 1 1 2 1 0 0

BB, biceps brachii; MMT, manual muscle test; MAS, modified Ashworth scale.

the self-report of the subject and clinical evaluation). Participants
were asked to lie on the treatment bed in a relaxed supine
position, with both upper limbs parallel to the body. Then the
biceps were evaluated by myotonometer, EIM, and handheld
dynamometer. Only the biceps muscle of the weaker side of
SCI patients and the non-dominant side of healthy control
were recorded.

Data Analysis
Data analysis was conducted in SPSS 22 software (IBM,
New York, NY, USA). Descriptive statistics were calculated
for all dependent variables. All parameters were tested for
normality by the Chi-square goodness of fit test. Parameters that
were normally distributed are reported as mean and standard
deviation, whereasmedian and interquartile range (IQR, between
25 and 75% quartile) were reported for non-normally distributed
data sets. All parameters of the weaker side of the SCI patients
were paired with those of the non-dominant side of healthy
controls to assess the difference in muscle characteristics.
Paired t-test was conducted for the parameters that follow a
normal distribution, and Wilcoxon rank sum test was conducted
for parameters that deviate from the normal hypothesis. The
correlation between muscle parameters and clinical functions
were assessed by either Pearson or Kendall’s correlation analysis,
depending on normality. For all statistical tests, a two-sided test
was performed with statistical level set at P p < 0.05.

RESULTS

Eighteen patients with SCI (2 females and 16 males, mean
age 38.94 ± 13.1 years old, all right handed) were recruited

in this study. The neurological injury level of the patients
ranged between C4 and C6, and the American Spinal Injury
Association (ASIA) impairment levels ranged between A and D.
The clinical characteristics of the SCI group are presented in
Table 1. Eighteen healthy individuals (1 female and 17 males,
age 38.04 ± 9.62 years old, one left handed) were recruited
in the control group. All of the participants provided written
informed consent (or consent form signed by family members
for subjects who were unable to write) prior to study enrollment.
Subject 18 of SCI did not complete the dynamometer test at the
first measurement due to muscle weakness when he was in the
early stage of injury. Results present here are based on the data
collected from all the participants.

Differences Between Spinal Cord Injury
and Healthy Control
Figure 2 illustrates the comparison of myotonometer and
dynamometer between the SCI and control groups. The
results indicated significant differences in freq, stiffness,
relaxation time, creep, and maxForce between the two groups.
The myotonometer parameters of freq and stiffness, and
dynamometer parameter of maxForce were significantly lower
in the SCI group (freq = 12.86 ± 1.14Hz; stiffness = 202.89 ±

23.48 N/m, maxForce = 24.46 ± 13.70 lb) than in the control
group (freq = 14.02 ± 0.86Hz; stiffness = 228.44 ± 23.81 N/m,
maxForce = 41.19 ± 12.30 lb). The relaxation time and creep of
myotonometer parameters were significantly higher in the SCI
group (relax= 24.27± 2.38ms; creep= 1.42± 0.15) than in the
control group (relax= 0.21.76± 1.76ms; creep= 1.29± 0.11).

The EIM parameters of R and Xc were significantly lower in
the SCI group (R = 61.32 ± 9.63, Xc = 14.99 ± 2.92) than in the
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FIGURE 2 | The comparisons of muscle mechanical properties [oscillation frequency (A), dynamic stiffness (B), mechanical stress relaxation time (C), and indication

of creep (D)] between the SCI and control groups (mean ± SD, * indicates p < 0.05 between groups).

FIGURE 3 | The comparisons of electrical impedance myography (EIM) (A) and dynamometer (B) parameters between the SCI and control groups (*p < 0.05

between groups).
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control group (R= 73.06± 8.62, Xc= 17.55± 3.07) recorded at
50 kHz (Figure 3A). No significant difference in θ was observed
between the two groups.

The results of the dynamometer indicated that maxForce was
significantly lower in the SCI group than in the healthy group.

Correlation Between Parameters
The results of the correlation analysis are presented in Table 2.
The parameters of freq, stiffness, relaxation time, and creep of the
biceps brachii in the SCI group were significantly correlated with
months past injury. Relaxation time and creep are significantly
correlated with maxForce, and also with Xc. Θ and Xc are
significantly correlated with MMT. Xc is also significantly
correlated with maxForce.

DISCUSSION

This study assessed the mechanical properties, muscle
composition, and functional changes in CSCI-related muscle
weakness by applying myotonometer, EIM, dynamometer, and
clinical scales. The results indicated that mechanical properties
and muscle composition were significantly altered when
compared with healthy control, and some quantitative muscle
measurements correlated with clinical evaluation.

Quantitative Changes in Muscle
Mechanical and Electrophysiological
Parameters in Spinal Cord Injury
Muscle Mechanical Property Measurement
Methods to quantify mechanical muscle properties are essential
to assess the magnitude of muscle abnormality and enable
evaluation of effectiveness of intervention (31). This study
observed significant differences in freq and stiffness between
the weaker side of SCI and the non-dominant side of healthy
control as assessed by a myotonometer (Figures 2A,B). As this
is among the first study that applied myotonometer to assess
muscle mechanical properties in patients with SCI, minimal data
are available for direct comparison on the measured parameters.
Published literature indicated that SCI patients often suffered
from muscle atrophy due to damage of the central nervous
system. Several published literature indicated that substantial

muscle atrophy took place within 6–12 weeks postinjury (3) and
continues afterward if adequate intervention was not provided
(32). Findings from the myotonometer measurement indicated
that both muscle tone and muscle stiffness are significantly
reducedwhen comparedwith the healthy participants, suggesting
the presence of muscle atrophy. This provides some support on
the feasibility of myotonometer to quantify muscle mechanical
properties in patients with SCI.

The parameters of relaxation time and creep in the SCI
group are also significantly higher than in healthy individuals.
This finding suggests a contractile ability in the muscles of SCI.
Relaxation time refers to the time it takes for a muscle to return
to its shape prior to deformation or a contraction, whereas
creep refers to the gradual elongation of muscle tissue over time
when placed under stress (14). These properties are related to
the contractile ability of the muscle, since skeletal muscle blood
supply is dependent on its ability to return to its original shape
between contractions (14). This theory is given some support by
the result from the dynamometer that patients with SCI have less
maximum force than the healthy group (Figure 3B).

Electrical Impedance Myography
To date, two published studies were found during our literature
search that provided direct evidence to support the change in
muscle composition of the biceps brachii and hand muscles
in patients with spinal cord injury (25, 26). These findings
supported that Xc and R could be the biomarkers in the
assessment of muscle intrinsic properties. The parameters of
R and Xc are not just related to the muscle mass and muscle
fiber geometry but also related to tissue components such as
the extracellular and intracellular content of water, as well as
the cell membranes properties (33). The alteration in impedance
parameters are linked with the alteration in the muscle fiber
and damaged cell membrane. These alterations are a result
of a reduction in number of fibers and fiber cross-sectional
area of muscle tissues, as well as an increase in intramuscular
extracellular matrix (23, 24).

There were significant differences in the EIM parameters
of X between the SCI and healthy groups. This is consistent
with published data (25). No significant difference in R between
the SCI and healthy groups was previously reported, which

TABLE 2 | The results of correlation analysis between myotonometer, electrical impedance myography (EIM), and dynamometer.

Months post injury Force MMT MAS θ R Xc

Parameters r p r p r p r p r p r p r p

Freq 0.56 0.02* 0.42 0.81 0.18 0.36 −0.07 0.77 0.39 0.37 0.08 0.76 0.50 0.03*

Stiffness 0.52 0.03* 0.47 0.47 −0.14 0.48 0.05 0.85 0.27 0.27 −0.41 0.87 0.27 0.28

Decr 0.17 0.49 0.15 0.55 −0.32 0.11 −0.01 1.00 −0.37 0.13 0.06 0.84 −0.38 0.12

Relax −0.72 0.00* −0.59 0.01* −0.38 0.06 0.21 0.31 −0.40 0.10 −0.32 0.20 −647.00 0.00*

Creep −0.67 0.00* −0.51 0.03* −0.49 0.01* 0.27 0.19 −0.38 0.12 −0.39 0.11 −0.68 0.00*

θ 0.19 0.45 0.45 0.06 0.41 0.03* 0.16 0.44

R 0.38 0.12 0.17 0.49 0.13 0.54 −0.43 0.03*

Xc 0.46 0.06 0.62 0.01* 0.59 0.00* −0.14 0.50

*p < 0.05.
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contradicts the finding of the present study. A potential
explanation for the contradictory results of R observed between
the findings of the resent study and the findings of Li et al.
(25) may be due to the difference in the duration of injury
of the SCI population between studies. The SCI population in
the present study had a shorter duration of injury compared
with the other two studies. Therefore, the sample populations
may have different degrees of muscle atrophy, which may affect
the parameter of R. A published study reported an increased
level of intramuscular lipid content in the lower limbs of SCI
patients (34). The increase in intramuscular lipid reduces the
water content within the muscle tissue itself as water content
is higher in muscle tissues. However, during the process of
muscle atrophy, muscle tissues may be replaced by fatty tissue
and connective tissue, which then increases R. Thus, the R-value
may be affected by the extent of muscle atrophy or duration
of injury.

Clinical Correlation and Significance of
Quantitative Muscle Parameters
The correlation analysis supports the poor muscle contractile
ability in patients with SCI and provides further evidence on
the feasibility to apply myotonometer to assess muscle function.
Both the relaxation time and creep were negatively associated
with MMT, with creep reaching statistical significant level, and
relaxation time was marginally close to statistical significance.
This also corroborates with the significant correlation between
relaxation time and maxForce, and between creep and maxForce.
All of the myotonometer parameters, except for decr, were
significantly correlated with months poststroke. This provides
some insight that the mechanical properties may continue to
deteriorate for an extended period of time postinjury, possibly
due to muscle atrophy. Previous studies reported that the freq
measurement of myotonometer was related to the MAS score in
stroke survivors (35). This study did not observe a significant
correlation between the MAS score and myotonometer. This is
due to the small range of MAS score of the SCI group (between 0
and 1), which is likely to result in a low correlation coefficient.

One of the novelties of the present study is the comparison
between mechanical properties and muscle composition. The
EIM parameters of Xc were found to be correlated with
relaxation time and creep. X was previously reported to reflect
the damage to a cell member and is particularly prone to
be affected by myocyte atrophy (36). A study conducted in
mice models that utilized magnetic resonance imaging reported
that Xc could be distinguished between healthy and diseased
mice (37). As creep and relaxation time are the mechanical
properties that reflect muscle contractile ability, they are also
likely to be associated with Xc, which represents the state of
myocyte atrophy. These findings provide further evidence to
support that muscle mechanical properties are complimented by
muscle composition.

The correlation analysis indicated that Xc and θ are both
significantly related to MMT. Xc was significantly related
to maxForce, and θ was marginally significantly related to
maxForce. θ is the time shift of sinusoidal wave when traveling

through a muscle structure (33). Thus, a reduction in cell size
and the presence of increased amount of connective tissue or fatty
tissue contribute to a smaller phase angle (22). Thus, the amount
of force generated is positively associated with θ.

Limitations
The results of the present study should be interpreted with
caution due to its limitations. First, this preliminary study
was not power calculated and may contain type II error.
Type II error occurs when accepting the null hypothesis when
it is false (38). The sample population contains an uneven
number of male and female participants, which might be a
confounding factor as a previous study indicated a difference
in R, Xc, and θ between men and women (39). However, the
control subjects were age and gender matched, which might
minimize the effect of this confounding factor. The present
study did not adopt the standardizedmotor examination position
of SCI when assessing muscle strength. This was to ensure
consistency with the body position adopted for the recording
of muscle composition. Body position was reported to affect
the measurement of muscle mechanical properties (40). Thus,
keeping the body position consistent would minimize the
impact of confounding factor. As a preliminary study, our aim
was to apply EIM technology and myotonometer to assess
muscle function and relationship with clinical measurements
in patients with SCI. The effects of different injury levels or
ASIA level on muscle composition and muscle mechanical
properties were not considered at the current stage. Future
studies should recruit a sufficiently large sample population to
enable subgroup analysis based on different injury levels. This
would enable the investigation on how muscle composition
and muscle mechanical properties may vary in patients with
different levels of injury and assess if the relationship between
EIM myotonometer parameters may be influenced by different
levels of injury.

CONCLUSION

The findings of the present study demonstrated the feasibility
to combine myotonometer and EIM technique to assess
the muscle mechanical properties and muscle composition
alteration in patients with SCI. Reduced muscle tone and
stiffness might be related to muscle atrophy, and higher
relax time and creep may be caused by poor contractile
ability. EIM changes could indirectly reflect the muscle
cell size, and fatty and connective tissue alterations.
Some of the muscle mechanical properties are associated
with muscle composition, which are also correlated with
muscle strength. The findings of this study could facilitate
further understanding in neuromuscular changes to
functional impairments.
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