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Abstract

Post-stroke spasticity seriously affects patients’ quality of life. Spasticity is considered to involve
both neural and non-neural factors. Current clinical scales, such as the Modified Ashworth Scale
and the Modified Tardieu Scale, lack reliability and reproducibility. These scales are also unable to
identify the neural and non-neural contributions to spasticity. Surface electromyography and
biomechanical and myotonometry measurement methods for post-stroke spasticity are discussed
in this report. Surface electromyography can provide neural information, while myotonometry
can estimate muscular properties. Both the neural and non-neural contributions can be estimated
by biomechanical measurement. These laboratory methods can quantitatively assess spasticity.
They can provide more valuable information for further study on treatment and rehabilitation
than clinical scales.
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resolves along with the motor recovery pro-
cess, which begins immediately after stroke
onset. Other scholars®® have described
spasticity as a component of upper motor
neuron syndrome, which is composed of
positive and negative symptoms. The posi-
tive symptoms include excessive muscle
tone, stretch reflex, clonus, and spasms.
The negative symptoms include incoordina-
tion, fatigue, weakness, and impaired motor
control, which are functionally disabling
and probably resistant to treatment.

Spasticity is easily described and recog-
nized clinically, but understanding and
accurately defining spasticity are much
more complicated. Establishment of a
formal definition of spasticity has been
ongoing for several decades. Lance* pro-
posed the most accepted and commonly
cited definition of spasticity in 1980. He
concluded that spasticity is a motor disor-
der characterized by a velocity-dependent
increase in muscle tone with exaggerated
tendon jerk resulting from hyperexcitability
of the stretch reflex as one component of
upper motor neuron syndrome. In 1994,
based on Lance’s* work, Young® added
the micro-concept of “abnormal intraspinal
processing of primary afferent input” to the
definition of spasticity. A more recent defi-
nition proposed by Pandyan et al.? in 2005
was an update of the definition established
by Lance* and redefined spasticity as
“disordered sensorimotor control resulting
from an upper motor neuron lesion, present-
ing as intermittent or sustained involuntary
activation of muscles.” However, post-
stroke spasticity shows tremendous variabil-
ity and usually does not fully conform to any
of these definitions.°

The pathophysiology of post-stroke
spasticity explains its variability. Spasticity
originates from plastic rearrangement in the
central nervous system. Abnormal intraspi-
nal processing caused by the imbalance of
inhibitory and excitatory tracts in the spinal
network is emphasized in other published

studies.” ' Reticulospinal hyperexcitability
is considered to be the mechanism underlying
the development of post-stroke spasticity.’
A recent study highlighted the importance
of ipsilateral premotor and supplementary
motor area cortico-reticulospinal tract hyper-
excitability related to disinhibition after
stroke.'> The location of an upper motor
neuron syndrome lesion can determine the
characteristics of the spasticity. Injuries in a
particular area may result in different symp-
toms in different patients, indicating the
sophistication of spasticity.

Typical features of post-stroke spasticity,
such as hypertonia, paresis, and muscle
spasms, are attributed to the underlying
neural mechanisms. However, spasticity
cannot be regarded as the sole consequence
of the neural mechanism or central neural
system injury."® Non-neural mechanisms
can also have secondary effects that
contribute to the clinical symptoms of
increased muscle stiffness and muscle
fatigue. Paresis can cause a decrease in the
daily turnover of the extracellular matrix.
This leads to increased viscosity of hyalur-
onan, which causes decreased gliding of col-
lagen fiber layers and presents as increased
muscle stiffness.'* Although muscle fibers
are the primary focus in post-stroke spastic-
ity, there is no agreement on the role of
muscle fiber pathology and hyperexcitability
or abnormal muscle activity in the spasticity
process.'*!?

Thus, the difficulty in defining spasticity
is that impairment may change with the
process of motor recovery, and multiple
impairments may be present simultaneous-
ly. A precise or universal definition of post-
stroke spasticity has not been proposed,
reflecting the intrinsic nature of spasticity
as a multi-factor entity.® Nevertheless, spas-
ticity is commonly understood to be com-
posed of both neural and non-neural
(peripheral) contributions. Newly developed
measurements of spasticity should be based
on this understanding.
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Quantitative measurement of spasticity

Spasticity is simple to observe clinically but
difficult to quantify because of the involve-
ment of multiple elements that contribute to
spasticity. Tools with which to objectively
estimate and measure spasticity are essen-
tial. Various methods to measure spasticity
are currently available. Commonly used
tools are subjective clinical scales, including
the Ashworth Scale (AS),'® the Modified
AS (MAS),"” the Tardieu Scale (TS),'® the
Modified TS (MTS),"? the Tone Assessment
Scale (TAS),”° and the Ankle Plantar
Flexors Tone Scale (APTS).?! The AS was
developed to measure spasticity by detect-
ing hypertonicity in patients with multiple
sclerosis, and the MAS was designed to
measure muscle tone by rotating a joint
and estimating the resistance. When exam-
iners perform the AS test, the patient’s
joints are passively moved through the full
range of motion. The examiner then judges
the level of resistive tone on the AS, with
the score ranging from 0 to 4. A score of
0 indicates no increase in tone, and a score
of 4 signifies that the affected part is rigid in
flexion or extension. For the MAS test, an
additional score (1+) and its description
are added to enhance the sensitivity of the
scale. However, Ansari et al.?? raised fur-
ther questions regarding the inter-rater reli-
ability of both the AS and the MAS. They
proposed the Modified Modified Ashworth
ScaleMAS (MMAS) instead, which
removes the grade of “I1+” and redefines
the grade as “2.” The MMAS reportedly
has better inter-rater reliability in different
spastic muscle groups.”® The TS is sug-
gested to be an alternative to the AS for
use in muscle spasticity measurement.’* %6
The TS has an advantage over the AS and
MAS because velocity is incorporated into
the assessment.”” The MTS is an updated
version of the TS and addresses the intensi-
ty of the resistance, first-noticed catch
angle, clonus, and differences among

joints and muscles that move at different
velocities.”” Both the TAS and the APTS
are multi-item scales. The TAS is composed
of three sections: the resting posture, the
response to passive movement as assessed
by the MAS, and the movement in response
to active efforts.”>*® The APTS also con-
sists of three sub-tests: the passive resistance
of the plantar flexors from the point of
maximum dorsiflexion to maximum plantar
flexion, the resistance at the middle range of
plantar flexion, and the resistance at the
final range of plantar flexion. The sub-test
score ranges from 0 to 4. The stretch reflex
sub-test has been shown to be significantly
correlated with the TS and MAS 2%

Clinical scales have no instrumental
requirement; they can only classify subjec-
tive information. Most of these scales have
the main limitation of reliability and inter-
examiner reproducibility. Many uncontrol-
lable or unstable factors may affect the
measurement results. The duration of
passive joint movement during the test pro-
cedure is not specified, although one study
suggested that this duration should be
1 second.” Repetitive passive range of
motion will decrease the resistance, which
might affect the AS and MAS scores.*
Some studies have revealed the inter-rater
reliability of these scales. Haas et al.’!
found that raters preferred to use scores
on the lower end of the scale and that the
inter-rater reliability varied among the
tested muscle groups. Lechner et al.’?
found that the correlation between the
patient self-reported spasticity rating and
clinical measurement with the AS was
weak in three of eight subjects, and no cor-
relation was found in the remaining five
subjects. The potential problems of the
MTS are that interpreting reliance on
clonus is difficult at the higher ends of
tones and that clonus can worsen after an
intervention.*

Besides the limited reliability and repro-
ducibility, discrimination between neural
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and non-neural causes of spasticity is
impossible. These problems are concerning
to researchers and physiotherapists because
they make it difficult to understand the
individual patient’s present condition and
evaluate different intervention strategies.
Researchers and engineers have applied
technical advances to obtain objective data
for the quantitative measurement and study
of spasticity. They have used devices to mea-
sure stiffness, muscle tone, angular velocity,
and muscle electrical activities. One pub-
lished review described these methods,
which may provide reliable quantitative
objective information regarding muscle spas-
ticity for purely clinical purposes.** Different
from the previous literature review, the pre-
sent article discusses several advanced quan-
titative post-stroke spasticity measurement
methods (summarized in Table 1) that are
practicable for both research purposes and
patient evaluation in the clinical setting. We
herein discuss the potential requirements for
the development of more appropriate mea-
surement methods to monitor spasticity.

Quantification of neural
contribution

Post-stroke spasticity is considered a posi-
tive sign of upper motor neuron syndrome,
reflecting the muscle tone and stretch reflex.
Monitoring muscle neural activities is a
meaningful way to assess or quantify
spasticity.

Electrophysiological measurement

Electrophysiological assessment, such as
measurement of the reflex activities of the
H-reflex and F-waves, can be used for
objective evaluation of post-stroke spastici-
ty.*> The H-reflex (i.e., Hoffman reflex) is a
late response triggered by stimulation of the
sciatic nerve at an incremental frequency
that stimulates the primary afferent fibers
and motor neurons.”’ The generation of

F-waves is another late response conducted
along the peripheral nerves. F-waves are
triggered by supramaximal electrical stimu-
lation of mixed nerves while recording the
distal muscles innervated by the nerves. The
M-response is the maximal electrical stimu-
lation of the peripheral nerves that leads to
the development of a compound motor
action potential, which can be recorded on
the muscles innervated by the stimulated
nerve. The H/M or F/M ratio measures
the underlying physiology associated with
post-stroke spasticity.’® The ratio should
be within a specific range for healthy indi-
viduals and is higher when spasticity is
present.

Single-channel surface electromyography
(sEMG) is a noninvasive, convenient, and
low-cost method to record the muscle activ-
ity intensity and activity pattern in patients
with post-stroke spasticity. This technique
has the potential for extensive use in the
clinical setting.

Researchers have developed several
applicable methods with which to quantita-
tively estimate post-stroke spasticity based
on single-channel sEMG measurement.
Because of the loss of normal muscular
motor control, co-contraction of antagonist
muscles is recognized as a clinical phenom-
enon in post-stroke survivors. This symp-
tom can be confirmed and quantified by a
group of SEMG sensors attached to the par-
ticular muscle and its antagonistic muscle.
Classically, the calculation of the co-
contraction index (CI) required subtraction
of the average resting EMG activity and nor-
malization to the maximum value of EMG
activation in each muscle during the maxi-
mum voluntary contraction (MVC) tests.

The CI ranges from 0 (no overlap of the
two EMG envelopes) to 1 (the two muscles
are fully activated to 100% MVC during
the trial). Another similar sEMG-based
index (the A-ApA) with which to measure
spasticity was proposed by Wang et al.>’ in
2017. This index is similar to the sSEMG
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Table I. Summary of literature on methods for post-stroke spasticity assessment.

Subjective Selected

Methods Concern /objective references
Clinical scales

Ashworth Scale Mixed Subjective Ashworth'®

Modified Ashworth Scale Mixed Subjective Bohannon

and Smith'”

Modified Modified Ashworth Scale Mixed Subjective  Naghdi et al.?

Tardieu Scale Mixed Subjective Tardieu et al.'®

Modified Tardieu Scale Mixed Subjective Boyd and Graham'®

Tone Assessment Scale Mixed Subjective Gregson et al.?°

Ankle Plantar Flexors Tone Scale Mixed Subjective Takeuchi et al.*'
Neural contribution measurements

H-reflex and F-wave Neural contribution Objective Gakir et al.*®

Single-channel sEMG Neural contribution Objective Sun et al.*®

High-density sSEMG Neural contribution Objective Yao et al.*

Pendulum test Neural contribution Objective Bohannon**

Resistance to passive movement Neural contribution Objective Platz et al.*
Peripheral contribution measurements

NeuroFlexor Neural and peripheral Objective Lindberg et al*®

contributions
Myotonometer Peripheral contribution Objective Lo et al.®°
Sonoelastography Peripheral contribution Objective Brandenburg et al.*?

“Mixed” denotes that the spasticity measurement method cannot distinguish neural versus non-neural contributions.

signal recorded from the biceps and triceps
during passive extension and flexion move-
ment of the elbow. Using this newly pro-
posed index, Wang et al.’’ assessed
spasticity in the upper limbs of patients
with hemiplegia. The results showed a
clear negative correlation between the rec-
ommended index and the patients’ MAS
score. This method provides a potential
quantitative scale to estimate spasticity
with a reduction in individual differences.
Besides the CI, other information can
also be obtained via sEMG devices.
Research on sEMG signal entropy has
been gaining popularity in recent years.
The value of sSEMG entropy provides quan-
titative information about the complexity
of the signal data. It relates to the number
and firing rate of active motor units during
the test. The entropy calculation is con-
trolled by several parameters. Generally,
the entropy result is presented as a loop of

a parameter; the other parameters are fixed.
The reason for this is to reduce the chance
of creating an abnormal, singular point
result in a particular input. Sun et al’*®
applied fuzzy approximate entropy
(fApEn) to investigate the sSEMG segment
collected from the affected triceps of post-
stroke subjects during MVC with robot-
aided rehabilitation training. The result
showed that the correlation between
fApEn values and MVC was significant,
suggesting that the entropy method was
valid. Although a significant difference in
fApEn was found between the paretic and
non-paretic side, the value was not compa-
rable among individuals and should only be
used to compare the change in muscle spas-
ticity within an individual.

Single-channel sEMG can applied to
evaluate the tonic stretch reflex threshold
(TSRT), which is used to assess the neuro-
logical aspects of the pathophysiology of
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spasticity. In TSRT measurement, the
angular velocity and joint angle are mea-
sured with an electrogoniometer, and the
onset of the muscle contraction is moni-
tored by sEMG. This information is
obtained in each stretch to calculate the
TSRT. Measurement of the TSRT is used
to assess the excitability of motor neurons
caused by supraspinal and segmental
effects, as indicated by the joint angles of
motor neurons and their joint muscles
during muscle contraction and stretching.*”
High-density sSEMG, or linear electrode
array sSEMG, can be used to collect a multi-
channel signal in a single muscle and thus
obtain more valuable information. The
muscle fiber conduction velocity (MFCV)
can be calculated in the multichannel
SEMG device. EMG power spectral analy-
sis has been widely used in neuromuscular
studies. Yao et al.** used high-density
SsEMG to observe spectrum differences
between paretic and contralateral muscles.
Their main finding was that the median fre-
quency and the mean power frequency
(MPF) of the sEMG signal were smaller
on the paretic side than the unaffected
side and that the MFCV was significantly
slower on the paretic side than the contra-
lateral side. They also found a significant
positive correlation between the median fre-
quency and the MFCV. The reduction of
the MPF and MFCV on the paretic side
may be explained by selective degeneration
of the larger motor units.***' The decreased
motor unit firing rate is considered to be
another factor that affects the reduction in
the MPF and MFCV on the paretic side.
The structure of high-density SEMG devices
provides a unique measuring dimension, the
MFCYV, in the assessment of post-stroke
spasticity. This analysis technique is not
complicated, but the price of the device
may limit its extensive clinical promotion.
Various standardized procedures of
SsEMG measurement are used to quantify
the neural contribution to post-stroke

spasticity. Most of these methods are casy
to perform because the operator only needs
to attach the SEMG sensor and perform the
MVC test. However, the result of sSEMG
measurement may not be available immedi-
ately after completing the test. The raw data
must be segmented and processed to calcu-
late the result. A solution to this is to use
intelligent semi-automatic or fully automat-
ic SEMG signal processing software for
clinical use. Notably, although sEMG is
still widely applied in laboratory experi-
ments to estimate the patient’s muscle
neural activities, the use of SEMG measure-
ment to determine the neural contribution
to spasticity remains controversial. Some
studies have revealed that fatty tissue infil-
tration may reduce the spectrum frequency
of muscle on the paretic side.** Therefore, it
is difficult to differentiate whether neural
activities or tissue alterations affect SEMG
signals.

Biomechanical measurement

A classic biomechanical method can be
used to objectively quantify spasticity by
measuring and calculating the resistance
from passive joint movement; an example
is the pendulum test. Generally, isokinetic
dynamometers are applied to evaluate the
swing of the limb.***> The movement angle
of the spastic limb is smaller than that of
the non-spastic limb. These biomechanical
methods do not readily indicate whether
neural factors or non-neural factors, such
as alterations in muscular viscoelastic prop-
erties, dampen the swing movement.
Measures of resistance to passive movement
(RTPM) may provide a solution to these
problems. The RTPM is measured when
the patient remains passive throughout
the test.*® Passive movement and muscle
tone scales (the AS and TS) are included in
the test. Torque, stiffness ,and viscosity are
often assessed as quantifiable correlates.*®
Another robotic device, an exoskeleton
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known as the NEUROExos Elbow Module
(BioRobotics Institute, Scuola Superiore
Sant’Anna, Pontedera, Italy), can track
the RTPM and active motion tasking. The
effectiveness of interventions during rehabil-
itation treatment can be objectively mea-
sured by this device.*’

An advanced custom-built apparatus
known as the NeuroFlexor® (Aggro
MedTech AB, Solna, Sweden) was devel-
oped to estimate the neural and non-
neural components separately. During the
measurement, slow and fast controlled pas-
sive isokinetic wrist extensions are pro-
duced to move the subject’s wrist. A force
sensor is placed under the palm platform to
record the resistance produced during the
passive stretch movement. The signal and
resistance data are calculated and analyzed
by a computational biomechanical model.
The neural model output of this model is
the neural component (NC) value, which
is the difference in force between fast and
slow steady movement resistance. The
underlying assumption of the NeuroFlexor
method is that the decrease in neural resis-
tance is negligible during slow passive
movement. The force data collected from
the platform sensor are the neural resis-
tance, elasticity, viscosity, inertia force,
and gravity, which are then summed. The
NC value is estimated by the differences in
the maximum extension during passive
movement and the sum of the elasticity
component (EC) and viscosity component
(VO). In a healthy person, the mean esti-
mated NC value is 0.8 0.9 N.* The NC
value reflects the intensity of neural stretch
resistance produced from the forearm.

Quantification of peripheral
contribution
The peripheral contribution or mechanical

properties of a muscle can be directly esti-
mated using parameters such as stiffness or

elasticity, which directly reflect the current
muscle situation. The peripheral contribu-
tion can also be measured using indirect
muscular parameters such as force and
torque.

Indirect measurement

The NeuroFlexor device can provide non-
neural (i.e., peripheral) outputs. The EC
and VC, which are the non-neural compo-
nents of muscle spasticity, can be estimated
during slow movement (recommended at
5°/s) and fast movement (236°/s), respec-
tively.* The EC and VC are also force
data collected from the same press sensor
under the platform of the NeuroFlexor
device. Elasticity is a length-dependent
resistance that increases as muscles and ten-
dons are stretched. Therefore, a high EC
value reflects a decrease in the elasticity of
the stretched tissue. Viscosity is the force
generated by friction from peripheral tis-
sues. The VC value depends on the velocity
of muscle stretching; it peaks during the ini-
tial acceleration and remains at a lower
level during the subsequent muscle stretch-
ing. This method uses the intensity of force
to describe the mechanical properties of
muscle. In a healthy person, the mean EC
and VC values are 2.7+ 1.1 and 0.3+ 0.3 N,
respectively.*’ Thus, these values are indi-
rect measurements compared with other
methods that are used to directly measure
and describe muscle properties.

The biomechanical method using the
NeuroFlexor device provides a comprehen-
sive solution for spasticity measurement
among the above-described devices and
methods. Some studies were performed by
the developers of the NeuroFlexor, who
claimed that the NeuroFlexor model allows
valid measurement of upper limb spasticity
and can separate the NC from the EC and
VC.#4 Giverth et al®® found that the
sensitivity of the NeuroFlexor device was
adequate for detection of alterations of
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spasticity after treatment with botulinum
toxin type A. Besides direct testing, the bio-
mechanical model can also be used to verify
the NeuroFlexor method. Wang et al.’! suc-
cessfully applied a forward neuromusculos-
keletal model to combine all estimated
torques. The torque provided by the neuro-
musculoskeletal model matches the torque
measured by the platform force sensor in
the NeuroFlexor device. These findings indi-
cate that the NC, EC, and VC values are not
meaningless numbers; instead, partial corre-
spondence can be found in the physical
world outside of the biomechanical model.
Nevertheless, the clinical understanding and
significance of these components and the
measured resistance torque related to
neural or non-neural factors remain unclear.

Direct measurement

Shear-wave elastography (SWE) uses ultra-
fast ultrasound imaging to track the prop-
agation of shear waves in muscle tissue, and
shear waves propagate faster through
enhanced tissue. This is a new approach
with which to provide real-time quantitative
indicators of tissue material properties.
SWE has shown significant correlations
with passive muscle stiffness in animal
models and healthy subjects.>>>* In anoth-
er study, SWE and EMG were used to
estimate individual muscle strength in
healthy subjects, and a significant linear
correlation was found between shear mod-
ulus and muscle strength.>> These findings
suggest that SWE may be a viable method
for quantifying the intrinsic strain—stress
behavior of muscles after neuromuscular
disease.

The myotonometer is a tool used to
objectively assess muscle stiffness. A hand-
held myotonometry device is designed for
use in the clinical environment. The princi-
ple of myotonometry is the application of
multiple short impulses to the muscle bulk
through the testing probe of the device.

The impulses cause tissue displacement
and oscillation in the muscle, and relative
information is recorded by an acceleration
transducer within the myotonometry
device. Several parameters are derived:
tone, decrement, stiffness, and creep. One
study confirmed significant differences in
the muscle properties obtained by myoton-
ometry measurement between a group of
patients with chronic stroke and a group
of healthy individuals.’® The validity of
myotonometric measurements have been
tested in some studies. Myotonometric
measurements conducted on large muscle
groups (hamstring, thigh, and shank) were
challenged for their poor discriminant abil-
ity.>”>® However, for small muscle groups
(relaxed extensor digitorum, flexor carpi
radialis, and flexor carpi ulnaris), myoton-
ometry is still a reliable, valid, and respon-
sive measurement method for assessment of
the mechanical properties of muscle after
stroke rehabilitation.>*° A previous study
demonstrated acceptable relative and abso-
lute inter-rater reliability of myotonometry,
which was used to measure muscle param-
eters in patients with acute stroke in a ward
setting.®® All of these findings show that
myotonometry devices may be more useful
and accurate for measurement of muscle
properties than subjective scales.
Myotonometry measurement provides a
more convenient and less expensive way to
assess muscular mechanical properties
when compared with other methods, such
as ultrasonography and sonoelastography.
Although myotonometry has theoretical
technical advantages with respect to mea-
surement of muscle properties, its high envi-
ronmental sensitivity may influence its
performance. Current findings show that
the reliability of myotonometry may vary
from the laboratory setting to the ward set-
ting.®*®" Moreover, studies have shown
that the reliability of myotonometry devices
may be affected by the operator’s experi-
ence and technique.®*® A standardized



Luo et al.

operating procedure is required to enhance
the reliability of myotonometry measurement.

Perspective of spasticity
evaluation

Post-stroke spasticity has different manifes-
tations at different stages over time, and the
proportion of neural and non-neural contri-
butions may vary in each phase. Further
analysis of the relative contributions of
neural and non-neural components using
the aforementioned methods at different
stages of stroke can contribute to more per-
sonalized rehabilitation programs.

Clinically, botulinum toxin injection
therapy is recommended to reduce upper
limb spasticity. Its mechanism is to prevent
the release of acetylcholine from presynap-
tic nerve terminals and block cholinergic
transmission, thereby reducing neural
contributions to spasticity. However, the
generalized clinical effects of botulinum
toxin therapy are still unclear. This is
because most studies that have investigated
the effects of botulinum toxin to date have
utilized subjective clinical scales, which
have been criticized regarding different con-
tributions to spasticity.** We recommend
further studies to assess the impact of bot-
ulinum toxin on the neural contributions to
spasticity. In the clinical setting, patients
could be evaluated to determine whether
their symptoms of spasticity have a higher
contribution from the neural component
before deciding to initiate botulinum toxin
injection therapy.

Innovations and advancements of assess-
ment techniques have led to a deeper under-
standing of the pathophysiological processes
of the central nervous system. This knowl-
edge can be combined with information
obtained through other realms of research
to develop new treatment modalities that
have the potential to reinforce recovery
from trauma in a way that was previously

impossible or difficult to understand.
However, despite the discoveries made
during the past few decades, uncertainties
remain because of the increased understand-
ing of muscle spasticity facilitated by
advanced measuring techniques. Knowledge
of the pathology of spasticity must be
renewed and new monitory methods
must be developed to enhance clinicians’
ability to effectively evaluate post-stroke
spasticity.

Published data from a
clinical trial

Fifteen hemiplegic stroke survivors with a
MAS score of >1 were selected and invited
to participate in a study performed by our
research group.®®> Young’s modulus of the
carpi radialis muscle was assessed by SWE.
The NC, EC, and VC of the wrist joint were
obtained from the NeuroFlexor device.
Scores of clinical scales (MAS and Fugl-
Meyer Assessment scale) were measured to
evaluate the motor function of the paretic
upper limb as well as spasticity. Young’s
modulus, NC, EC, and VC were higher on
the paretic than non-paretic side. A moder-
ately  significant  positive  correlation
between Young’s Modulus and EC/VC
was found in the paretic forearm flexor
muscle. A moderately significant negative
correlation was found between the Fugl-
Meyer Assessment score of the paretic fore-
arm and the value of NC.

This trial was approved by the Human
Subjects Ethics Committee of the First
Affiliated Hospital, Sun Yat-sen University.
The trial was registered in the Chinese
Clinical Trial Registry (No. ChiCTR-IOR-
17012299). All patients provided written
informed consent prior to taking part in
the study. All procedures were performed
in accordance with the Declaration of
Helsinki.
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Conclusions

This review article has introduced SEMG,
biomechanical, and myotonometry mea-
surement methods for post-stroke spasticity
and discussed the feasibility of the clinical
application of these laboratory methods.
These methods can complement manual
palpation or subjective scales for future
clinical use. An ideal estimation method
for spasticity should be quantifiable, allow
for separate neural and non-neural meas-
urements, and be suitable for the clinical
ward setting. Further research of the
pathology of post-stroke spasticity is rec-
ommended to develop more comprehensive
measurement methods.
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