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Abstract
Background

Despite recent developments in the methodology for measuring spasticity, the discriminative capacity of clinically diagnosed
spasticity has not been well established. This study aimed to develop a simple device for measuring velocity-dependent
spasticity with improved discriminative capacity based on an analysis of clinical maneuver and to examine its reliability and
validity.

Methods

This study consisted of three experiments. First, to determine the appropriate motion of a mechanical device for the
measurement of velocity-dependent spasticity, the movement pattern and the angular velocity that the clinicians use in
evaluating velocity-dependent spasticity were investigated. Analysis of the procedures performed by six physical therapists in
evaluating spasticity were conducted using an electrogoniometer. Second, a device for measuring the resistance force against
ankle dorsi�exion was developed based on the investigation in the �rst experiment. Additionally, preliminary testing of validity,
as compared to that of the Modi�ed Ashworth Scale (MAS), was conducted on 17 healthy participants and 10 patients who had
stroke with spasticity. Third, the reliability of measurement and the concurrent validity of mechanical measurement in the best
ankle velocity setting were further tested in a larger sample comprising 24 healthy participants and 32 patients with stroke.

Results

The average angular velocity used by physical therapists to assess spasticity was 268±77°/s. A device that enabled the
measurement of resistance force at velocities of 300°/s, 150°/s, 100°/s, and 5°/s was developed. Based on the analysis of
clinical procedures, a stretching motion prior to measurement was added. In the measurement, an angular velocity of 300°/s
was found to best distinguish patients with spasticity (MAS of 1+ and 2) from healthy individuals. A measurement of 300°/s in
the larger sample differentiated the control group from the MAS 1, 1+, and 2 subgroups (p<0.01), as well as the MAS 1 and 2
subgroups (p<0.05). No �xed or proportional bias was observed in repeated measurements.

Conclusions

A simple mechanical measurement device was developed based on the analysis of clinical maneuver for measuring spasticity
and was shown to be valid in differentiating the existence and extent of spasticity.

Trial registration

UMIN000026305, date of registration: 25 February 2017; jRCTs042180044, date of registration: 21 November 2018;
UMIN000040472, date of registration: 21 May 2020.

Background
Spasticity is characterized by a velocity-dependent increase in the tonic stretch re�ex, which is clinically assessed as
exaggerated tendon jerks [1]. The increase in muscle tone due to spasticity restricts joint movements, resulting in an increase in
the viscosity and stiffness of muscles and connective tissues [2–6]. In practice, clinical scales such as the Ashworth Scale [7],
Modi�ed Ashworth Scale (MAS) [8], and Modi�ed Tardieu Scale (MTS) [9] are commonly used to quantify spasticity. These
scales are easy to use, and previous studies support their reliability and validity [8, 10, 11]. Nonetheless, the �ndings of some
studies contradict the reliability of these scales. For instance, Fleuren et al. reported the limited reliability of the Ashworth Scale;
they showed that the inter-rater agreement was insu�cient and that the rating was largely affected by whom the scale was rated
on [12]. Mehrholz et al. reported a poor-to-moderate inter-rater agreement after using the MAS and MTS to evaluate patients [13].
These results may be related to the di�culty in manually evaluating the differences in the resistance force [14], which is de�ned
as the combination of hypertonic spasticity and increased viscoelastic properties of muscles and connective tissues [15, 16].
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On the other hand, there have been a number of attempts to objectively evaluate spasticity using electrophysiological or kinetic
methods, which may be more reliable in distinguishing velocity-dependent spasticity [15, 17, 18, 19, 20]. However, there may still
be some room for improvement in the accuracy of these methods. For example, although most of the reports on quanti�cation
of spasticity with electrophysiological or kinetic methodology shows the signi�cant difference in values between the healthy
subjects and the patients with spasticity, the detailed reports with raw values shows the overlap of the measurement values
between the patients with and without spasticity, the patients and the healthy individuals, or the patients in different levels of
spasticity [15, 19, 21, 22], which is due to the large variance in measurement values. This may result in large minimal detectable
changes, that may question the usability of these methodology in the real clinical practice.

To address this issue and to develop an objective methodology in order to more accurately detect the existence and extent of
ankle spasticity, this study was conducted in three steps. First, the clinical procedures for evaluating spasticity were analyzed
(Experiment 1). Second, a measurement device was assembled based on the �ndings of the Experiment 1 to mechanically
dorsi�ex the ankle and measure the resistance force, and a preliminary validity study at several different joint movement
velocities was subsequently conducted (Experiment 2). Third, the validity of angular velocity measurement for the spasticity that
was best differentiated in Experiment 2 was assessed using a larger sample size. The test–retest reliability was also examined
(Experiment 3).

Methods
Experiment 1: Analysis of the procedures in the assessment of ankle plantar �exor spasticity by clinicians

Study group
Six physical therapists with 2–15 years of clinical experience were recruited as raters, and 15 patients with ankle plantar �exor
spasticity were enrolled. Patients were recruited on an inpatient or outpatient basis at the Fujita Health University Hospital. The
exclusion criteria were as follows: severe ankle contracture, pain related to ankle dorsi�exion, a history of cardiovascular or
progressive neurological disease, and previous orthopedic surgery of the lower limb with spasticity. Out of the 15 enrolled
patients, seven had cerebral hemorrhage, �ve had cerebral infarction, one had subarachnoid hemorrhage, one had a spinal cord
injury, and one had a cerebral tumor. The mean age of the study patient group was 58 ± 17 years, and the median time after
disease onset was 40 months (range, 1–109 months). The distribution of the MAS score for the ankle plantar �exors on the
affected side was as follows: 0 (n = 1), 1 (n = 2), 1+ (n = 6), 2 (n = 4), and 3 (n = 2).

Assessment procedure
Patients were seated on a chair with the affected knee positioned at 60° of �exion while remaining relaxed. A twin-axis
electrogoniometer (SG110; Biometrics Ltd., Newport, UK) was �xed to the ankle joint. The raters were asked to evaluate the
existence and extent of velocity-dependent spasticity as they do in daily practice. The angular displacement of the ankle was
measured using an electrogoniometer (sampling rate: 500 Hz). Each patient was assessed by two out of the six raters. Each
rater performed the assessment twice for each patient, and the data obtained in the second trial were included in the analysis.
The procedures performed by the raters were video-recorded and analyzed by a panel consisting of three clinicians (one
physiatrist, two physical therapists), who were instructed to qualitatively analyze the procedures to develop a step-by-step
description about a common testing procedure.

Analysis
Angular data were obtained using a low-pass-�ltered electrogoniometer (10 Hz), and angular velocity was calculated as the
difference between the point of maximum plantar �exion and the point of maximum dorsi�exion. The low-pass �lter was set at
10 Hz because the ankle clonus is a set of involuntary and rhythmic muscle contractions at a frequency of 5–8 Hz [23]. The
normality of the distribution of angular velocity data was evaluated using the Shapiro–Wilk test.

Experiment 2: Comparison of the resistance force against passive ankle dorsi�exion using a newly developed measurement
device at several angular velocities
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Study group
Seventeen healthy participants (4 men and 13 women; age, 24 ± 1 years; height, 159.5 ± 7.8 cm; weight, 53.1 ± 6.1 kg; maximum
dorsi�exion range, 35 ± 7°) and 10 patients with stroke (relevant characteristics summarized in Table 1) were enrolled. Patients
were recruited on an inpatient or outpatient basis at the Fujita Health University Hospital. Patients included in this experiment
had sustained a stroke at least 3 months prior to enrollment in the study and were in a stable medical condition. The exclusion
criteria were the same as that of Experiment 1.

Table 1
Patient demographics for Experiment 2

Case Sex Age
(years)

Height

(cm)

Weight

(kg)

Time after
onset

(months)

Diagnosis Passive
ankle D/F

(º)

MAS of ankle
plantar �exors

Achilles
tendon re�ex

1 M 61 167.0 62.0 10 CH 10 3 3+

2 M 52 170.0 81.0 60 CI 10 2 2+

3 M 73 172.0 60.0 49 CI 25 2 3+

4 M 65 165.0 69.0 71 CH 20 2 2+

5 M 26 179.0 90.0 5 CH 15 1+ 2+

6 M 47 172.0 73.0 40 CH 25 1+ 2+

7 M 76 168.0 65.0 109 CH 20 1+ 1+

8 F 75 157.0 57.0 4 CI 20 1 2+

9 F 61 152.0 40.0 85 SAH 15 1 2+

10 F 49 158.0 59.0 79 CH 15 1 1+

F female, M male, CH cerebral hemorrhage, CI cerebral infarction, SAH subarachnoid hemorrhage, D/F dorsi�exion, MAS
Modi�ed Ashworth Scale

Assessment procedure
We developed a measurement device for the passive dorsi�exion of the ankle joint at multiple �xed angular velocities. The
device consisted of the following components: the main body, which included an actuator that was applied to the ankle to
passively move its joint into dorsi�exion at a constant angular velocity (Fig. 1); a computer with dedicated software that
operated the main body of the device and recorded the angular data; and a power supply device, which was shared between the
computer and the main body of the device. The servomotor passively rotated the foot plate of the device’s main body into ankle
joint dorsi�exion at a constant velocity. The servomotor, actuator, and spring could yield a high angular velocity and an
increased torque over a range of motion of 45° while being lightweight. The resistance force (N) to the passive ankle dorsi�exion
movement was measured using a pressure sensor placed on the forefoot of the foot plate. The angular position of the ankle
angle was sampled at a frequency of 1 kHz. The initial ankle angle was set at 25° of plantar �exion. The device was
programmed to move as follows: (1) slowly dorsi�ex to the maximum angle (5°, 10°, 15°, or 20°; the maximum angle within
patients’ range of motion); (2) slowly plantar-�ex to 25°; (3) dorsi�ex to the maximum angle in order to measure spasticity at the
pre-set velocity; (4) maintain for 3 seconds; and (5) slowly put back to the position at 25° of plantar �exion. The angular
velocities were set under three fast conditions (100°/s, 150°/s, and 300°/s), with a slow condition as the reference (5°/s). The
height of the measurement unit was made adjustable according to the length of the patients’ legs.

Measurement
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The participants were asked to sit on a reclining wheelchair and to remain relaxed, with their neck in a neutral position. This
posture was set to minimize the in�uence of postural re�exes, such as the tonic labyrinthine re�ex and tonic neck re�ex [24], on
the measured resistance to passive ankle dorsi�exion. The hip and knee were placed in 45° and 60° of �exion, respectively; this
posture was chosen to avoid the in�uence of the length of the gastrocnemius muscle, which is a biarticular muscle. The size of
the seat of the wheel chair was adjusted to cover each patient' thigh to reduce the in�uence of the weight of the thigh to the
measurement. Prior to measurement, the maximum dorsi�exion angle of the ankle was manually measured.

The device was applied to the right ankles of healthy participants and affected ankles of participants in the patient group. The
resistance force as the device passively moved the ankle from 25° of plantar �exion to the maximum dorsi�exion angle at
angular velocities of 5°/s, 100°/s, 150°/s, and 300°/s was recorded. The order of angular velocity was randomly selected, with
two trials being completed for each condition.

Analysis
The resistance force at rest was de�ned as the ”0” reference. The mean peak resistance force was calculated from two trials at
each angular velocity. These values were then compared between the patient and control groups using the Wilcoxon rank-sum
test, and the patients were classi�ed into subgroups according to the MAS score for plantar �exor spasticity. Spearman’s rank
correlation coe�cient was calculated between the peak resistance force and MAS score. Differences between the control group
and each patient subgroup were evaluated using the Steel statistic.

Experiment 3: Examination of the validity of the mechanical measurement of spasticity under the condition identi�ed in
Experiment 2

Study group
To differentiate the existence and extent of spasticity, the sample size in each MAS subgroup was calculated using the sample-
size calculating software G*Power (version 3.1.9.2) [25, 26], with a power of 0.9, a signi�cance level of 0.05, and the effect size
as calculated in Experiment 2. To ensure su�cient power for comparisons, we ensured that the number of patients in each MAS
subgroup exceeded the minimum sample size. Patients were recruited on an inpatient or outpatient basis at the Fujita Health
University Hospital and were in stable medical condition. The exclusion criteria were the same as that of Experiment 1.

Assessment procedure and measurement
The measurement device developed in Experiment 2 was used. The measurement was performed at the best angular velocity
identi�ed in Experiment 2 to differentiate spasticity. The movement of the device was programmed in the same manner as in
Experiment 2, except for a single high angular velocity. The sampling rate was 1 kHz. The measurement was conducted using
the same procedure as outlined in Experiment 2.

Analysis
The resistance force at rest was de�ned as the “0” reference. The mean peak resistance force was calculated from two trials
performed at each angular velocity. As in the MTS [9], the differences between the responses to the fast and slow passive ankle
movements could re�ect the velocity-dependent muscle response against passive ankle movements. The difference between the
peak resistance force at 5°/s and the highest angular velocity was subsequently calculated. Differences in values were
compared between the patient and control groups using the Wilcoxon rank-sum test. The patients were then classi�ed into
subgroups according to the MAS score for plantar �exor spasticity. Differences between the control group and each patient
subgroup were evaluated using Spearman’s rank correlation test and Steel–Dwass test. Similarities between the two trials were
examined using a Bland–Altman plot [27, 28] for each test. The limits of agreement (LOA) were calculated as the mean
difference ± 1.96 standard deviation (SD) of the difference and were presented in Bland–Altman plots. In addition, 95%
con�dence intervals (CIs) were calculated for the upper and lower LOA. Fixed bias was computed as the average difference

between the 1st and 2nd measurements, statistically checked by the 95% CI of the mean differences between two values (
−
d ).

Fixed bias was indicated if the 95% CI of 
−
d  did not include zero. Proportional bias was expressed as the correlation coe�cient

between the difference and the average of the 1st and 2nd measurements. A Bland–Altman analysis was performed, and 95%Loading [MathJax]/jax/output/CommonHTML/jax.js
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LOA were calculated using the BlandAltmanLeh R package [29]. The minimum detectable change at 95% CI (MDC95) was
calculated as follows:

MDC95 = 1.96 × √2 × SEM

where SEM is the standard error of measurement [30].

All other statistical analyses were performed using JMP version 13 (SAS Institute Inc., Cary, NC, USA), with P < 0.05 considered to
be statistically signi�cant.

Ethical considerations
This study was approved by the Ethics Committee of Fujita Health University (HM17-456, CRB418003), and all participants
provided written informed consent for their participation in this study.

Results
Experiment 1

From the qualitative video analysis of procedures performed by the clinicians, the clinician panel described the common testing
procedure of raters in the spasticity rating session. The process consisted of the following �ve steps: (1) holding the patients’
ankle; (2) slow maximum stretch to a dorsi�exion position; (3) slowly putting back the ankle to a neutral or mild plantar �exion
position; (4) rapid dorsi�exion of the ankle to the maximum dorsi�exion position; and (5) slowly putting back the ankle to a
neutral position. Furthermore, the panel pointed out that the clinicians commonly placed their hands below the calf and lifted the
lower legs during measurement; this was interpreted by the panel as the movement to cancel the weight of the thigh and lower
legs.

The angular velocities of each rater are presented in Table 2. The physical therapists applied an angular velocity of 268 ± 77°/s
(mean ± SD) to evaluate the degree of spasticity in the ankle plantar �exors. The angular velocities used were normally
distributed (p = 0.205).

Table 2
Angular velocity of the ankle joint (º/s) according to the raters’ manual assessment

  Case                              

  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Mean

Rater
A

189 − 269 182 169 − − − − − − − − − 306 223

B 215 − − − − 266 − − 274 − − − 255 313   265

C − 162 − − − 229 409 296 − − − − − − 408 301

D − − 365 − − − 332 − − 414 352 − − 361 − 365

E − − − − 304 − − 202 − 243 − 205 150 − − 221

F − 231 − 182 − − − − 208 − 244 301 − − − 233

Mean 202 196 317 182 236 248 370 249 241 328 298 253 202 337 357 268

Experiment 2

The measurement device was developed to replicate the common testing procedure described in Experiment 1. The motion
consisted of slow dorsi�exion to the maximum dorsi�exion and angle, as well as slow plantar �exion, followed by dorsi�exion to
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the maximum dorsi�exion angle at the pre-set velocity for measurement. Additionally, to reduce in�uence of the weight of the
legs we employed the following two approaches; �rst, the supporting rod of the measurement unit was made adjustable in order
to tailor the height of the measurement unit to the length of patients’ lower legs. Second, the size of the seat which the patients
sit on was adjusted to cover each patient' thigh to reduce the in�uence of the weight of the thigh. Further details on the setting
and motion of the device are provided in the Methods section.

The peak resistance force in the control group and in the patient group, including all subgroups, was found to be 8.9 ± 5.5 N
(mean ± SD) and 38.4 ± 13.5 N (effect size d = 2.9; p < 0.01) at an angular velocity of 300°/s, 6.9 ± 5.0 N and 31.7 ± 14.4 N (effect
size d = 2.3; p < 0.01) at 150°/s, 6.3 ± 4.5 N and 27.9 ± 13.6 N (effect size d = 2.1; p < 0.01) at 100°/s, and 6.2 ± 4.2 N and 21.4 ± 
11.1 N (effect size d = 1.8; p < 0.01) at 5°/s, respectively. The peak resistance force between the control group and each MAS
subgroup is shown in Fig. 2. The rank correlation coe�cient between the resistance force and the MAS score was as follows:
300°/s, rs=0.84 (p < 0.01); 150°/s, rs=0.80 (p < 0.01); 100°/s, rs=0.81 (p < 0.01); and rs=0.78 (p < 0.01).

Experiment 3

We calculated the minimum sample sizes of the subgroups from Experiment 2 to investigate the difference between them. We
calculated the difference between the control group and each subgroup as 7 for the control group and MAS 1, 3 for MAS 1+, and
3 for MAS 2. A total of 24 healthy participants (13 men and 11 women; age, 23 ± 1 years; height, 164.3 ± 9.4 cm; weight, 54.4 ± 
8.3 kg; maximum dorsi�exion range, 31 ± 6°) and 32 patients with stroke were enrolled. Of the 32 patients, 18 had cerebral
hemorrhage, 11 had cerebral infarction, and 3 had subarachnoid hemorrhage. The distribution of the MAS score for the ankle
plantar �exors on the affected side was as follows: 0 (n = 3), 1 (n = 10), 1+ (n = 10), 2 (n = 7), and 3 (n = 2).

In the control group, the peak resistance force was 17.2 ± 10.2 N at 5°/s and 22.6 ± 9.6 N at 300°/s (mean ± SD). In the patient
group, the peak resistance force was 29.3 ± 16.8 N at 5°/s and 53.5 ± 21.1 N at 300°/s. The difference in the resistance force
between the control group and each MAS subgroup is shown in Fig. 3. The rank correlation coe�cient between the resistance
force and the MAS score was as follows: 5°/s, rs=0.48 (p < 0.01); 300°/s, rs=0.81 (p < 0.01). The Bland–Altman plot for the
agreement between the two measurement trials is presented in Fig. 4. The mean difference between the 1st and 2nd
measurements was 0.67 (95% CI, -0.06 to 1.41). There was no signi�cant difference between the 1st and 2nd measurement
values. The LOA between the measurements were between − 4.68 (95% CI, -5.95 to -3.41) and 6.03 (95% CI, 4.76 to 7.30). No
proportional bias was observed between the 1st and 2nd measurements (r=-0.03, P = 0.80). The MDC95 value was 5.36.

Discussion
In this study, the clinical procedures for spasticity assessment were visually analyzed using an electrogoniometer (Experiment
1). Additionally, a preliminary validation of the measurement device developed according to the results of Experiment 1 and a
comparison of measurement conditions were conducted (Experiment 2), which indicated that an angular velocity of 300°/s was
the best in detecting spasticity. Subsequently, the validity and reliability of measurement with the determined condition were
tested using a larger sample size in Experiment 3, which showed high test–retest reliability and concurrent validity with MAS.
The measurement at an angular velocity of 300°/s signi�cantly correlated with MAS (r = 0.84, P < 0.01) and detected the
difference between the control group and MAS1 subgroup, as well as the MAS1 and 2 subgroups.

The results of Experiment 1 indicated that in the clinical evaluation of spasticity, the clinicians moved the patients’ ankle at an
angular velocity of 268 ± 77°/s. This was faster than the velocities employed in previous studies on the mechanical
measurement of spasticity, which ranged from 25°/s to 211°/s [4, 15, 19, 20, 31]. As reported by previous studies, spastic
responses to passive joint movement are velocity-dependent [20, 32]. Thus, the fast velocity employed by clinicians may
contribute to an increase in sensitivity in detecting spasticity. The necessity of this fast angular velocity was further tested in
Experiment 2 using a measurement device developed based on observations of the clinical maneuver. Among the velocities of
100°/s, 150°/s, and 300°/s, 300°/s was found to best discriminate the patient group from the control group and to also best
differentiate between different degrees of spasticity classi�ed using the MAS score. Altogether, these results strongly support the
importance of angular velocity in improving the sensitivity of the mechanical measurement of spasticity.
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In addition, the video analysis of the measurement procedure in Experiment 1 revealed the small tips that could possibly affect
the accuracy of the measurement. For example, the clinicians often added a preparatory slow stretching movement prior to the
rapid dorsi�exion of the angle for the measurement. This might have potentially affected the sensitivity of the measurement of
velocity-dependent spasticity, as the elastic component of ankle resistance, which can be reduced by passive stretching [33, 34],
in�uences the measurement of resistance force. Our preliminary evaluation support the utility of these clinical-maneuver based
modi�cations; the difference in measurement values between the patients and the healthy subjects was clearer with these
modi�cations than without them (supplementary Fig. 1). The necessity of each of these additional tips in the measurement of
spasticity should be further clari�ed; nonetheless, these results may support the potential bene�ts of this clinical practice-based
approach in the development of methodology for mechanical measurement.

In Experiment 3, the validity of the measurement at an angular velocity of 300°/s was further tested using a larger sample size.
The results indicated that the differences between the subgroups could be detected with this measurement condition; the
differences between the control group and MAS 1 subgroup, as well as the MAS 1 and 2 subgroups, were signi�cant. These
results support the sensitivity of this measurement methodology at a high angular velocity of 300°/s in detecting the differences
in spasticity. Previous studies showed the validity of the mechanical measurement of spasticity in joints such as the ankle and
wrist joints, with a signi�cant correlation with clinical scales such as MAS or MTS [22, 32]. However, the strength of correlations
with clinical scales and the discriminative capacity to differentiate the extent of spasticity were still limited. In this study, we
reported a high correlation between the measurement values and MAS score (rs = 0.84) and the detection of the existence of
mild spasticity (MAS 1) and difference in mild and moderate spasticity (MAS1 and 2). These results may improve the clinical
feasibility of the measurement methodology developed in this study.

In contrast, no signi�cant differences in the measurement at a velocity of 5°/s were identi�ed between the MAS subgroups. As
the low angular velocity of 5°/s was insu�cient to induce a stretch re�ex response [19, 35], measurements at 5°/s would re�ect
the resistance to movement due to non-neural factors such as the elastic properties of muscles and connective tissues [36].
Therefore, the comparison between fast and slow conditions is considered to mainly re�ect the neural component of spasticity
[37].

The results obtained in this study may further contribute to the detailed understanding about spasticity. There have already been
several attempts to separate the neural and non-neural components of spasticity in previous studies [15, 37–39] that were based
on biomechanical modeling, using mechanical measurement under several different velocity conditions. In this study, we
succeeded in discriminating different degrees of spasticity via a simple measurement with mechanically controlled passive
ankle movement at fast and slow velocities, without conducting a sophisticated component analysis with biomechanical
modeling. Further combination of this measurement methodology with biomechanical modeling may further improve the
accuracy of the estimation of neural and non-neural components of spasticity, promoting a more detailed understanding about
the mechanism of spasticity.

Study limitations

This study has some limitations that should be considered. First, the analysis of the clinical maneuver was performed in a single
hospital with a limited number of clinicians; thus, the �ndings cannot be generalized as a common maneuver used by clinicians.
However, considering the high discriminative capacity achieved in this study, clues to improve the accuracy of the mechanical
measurement of spasticity were at least provided. Second, an electromyographic analysis was lacking, which would have
con�rmed the presence or absence of a stretch re�ex response during maneuvers, thereby supporting the analysis of the
contribution of the velocity-dependent component of joint resistance. Our study focused on the relationship between the speed
of joint movement and the resistance force. Future studies combining torque measurement with this methodology and
electromyography would aid in further understanding the mechanism of the response against joint movement. Third, due to
technical limitations, we could not test at a higher velocity than 300°/s. Therefore, it is possible that a higher velocity better
distinguishes spasticity. Further technical development may facilitate the understanding of the velocity-response relationship in
the measurement of spasticity.
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Conclusions
In this study, an objective mechanical measurement methodology for the accurate detection of the existence and extent of ankle
spasticity was developed. Based on the analysis of clinical maneuver for measuring spasticity, a mechanical measurement
device was developed. The results of the series of the experiments indicated that the su�ciently fast movement in measurement
is important in the mechanical measurement of spasticity. Compared to the MAS, which is a widely used clinical scale for
spasticity measurement, the developed device showed su�cient test–retest reliability and clinical validity. Further re�nement of
the methodology will lead to an objective quantitative assessment of spasticity, which is expected to support clinical decision-
making in the treatment of spasticity.
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Figure 1

The main body of the developed device and the standard position for measurement.

Figure 2

Peak resistance force values at angular velocities of 300°/s, 150°/s, 100°/s, and 5°/s are shown for the control and the patient
group, with the patient group subclassi�ed by the Modi�ed Ashworth Scale (MAS) score in Experiment 2.
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Figure 3

Peak resistance force values at angular velocities of 300°/s and 5°/s and their differences are shown for the control and the
patient group, with the patient group subclassi�ed by the Modi�ed Ashworth Scale (MAS) score, in Experiment 3.
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Figure 4

Bland–Altman plots for the 1st and 2nd measurements. The solid black line represents the average difference between the two
measurements. The solid gray lines represent the limits of agreement (LOA). The dotted lines represent 95% con�dence intervals.
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