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ABSTRACT

Itoh S, Tanikawa H, Kondo H, Ozeki S, Ito T, Fujimura
K, Teranishi T. Minimal Detectable Change in Muscle
Strength Measurements Obtained Using a Hand-Held
Dynamometer in Patients with Stroke. Jpn J Compr
Rehabil Sci 2025; 16: 9-18.

Objective: The current study aimed to evaluate the
reliability of muscle strength measurements using a
hand-held dynamometer (HHD) in patients with
chronic stroke. Further, it examined the minimal
detectable change (MDC,).

Methods: Patients who presented with chronic stroke
hemiplegia for > 180 days post-stroke onset were
analyzed. Muscle strength in the paretic lower limb
was assessed using an HHD, and gait speed was
evaluated.

Results: For hip flexion, hip adduction, hip abduction,
knee extension, ankle dorsiflexion, and ankle
plantarflexion, the intra-rater reliability of the muscle
strength measurements, as assessed using the intraclass
correlation coefficient (ICC), ranged from 0.989 to
0.998. The inter-rater reliability, as assessed using
ICC, ranged from 0.886 to 0.939. Bland-Altman
analysis did not indicate systematic errors, and the
MDC,, of each joint movement was calculated.
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Muscle strength in hip flexion, hip adduction, knee
extension, ankle dorsiflexion, and ankle plantarflexion
were significantly associated with gait speed, but not
with hip abduction strength. The MDC,, of each
muscle strength measurement was established, thereby
providing a criterion for detecting actual changes that
exceed the measurement error.

Conclusions: The HHD had a high reliability in
measuring lower limb muscle strength in patients with
chronic stroke hemiplegia. Moreover, an association
was found between individual muscle strength and
gait ability. Based on this study, specific target muscles
for interventions that aim to improve gait speed can be
identified. Further, the use of MDC,, allows for a more
accurate assessment of the intervention effects.

Key words: Stroke, Hand-held dynamometer (HHD),
Muscle strength, Reliability, Minimal detectable
change

Introduction

Patients with stroke commonly exhibit gait
impairments, including decreased gait independence
[1], abnormal gait patterns such as ankle inversion [2],
and reduced toe clearance [3]. In patients with stroke,
one of the goals of rehabilitation is the restoration of
gait ability [4]. In stroke gait rehabilitation, an accurate
understanding of the pathology and severity of gait
impairments is essential. Various assessments are
conducted to evaluate the severity of gait impairments,
and gait speed is often used as a representative
indicator of gait ability [S]. Decreased gait speed is
associated with fall risk, gait independence, and
quality of life [6-8]. Hence, gait speed is an important
indicator; in fact, it is used as the main outcome
measure in several studies.

Gait speed is associated with the severity of motor
paralysis [9]. Further, it is more strongly correlated
with muscle strength than motor paralysis [10]. Based
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on a meta-analysis on the effects of strength training in
patients with stroke, improvements in paretic lower
limb muscle strength were accompanied by increased
gait speed [11]. Therefore, to improve gait speed, a
detailed assessment of which muscles in the paretic
lower limb exhibit weakness should be conducted.
Moreover, the appropriate target muscles for
intervention must be identified.

Muscle strength assessment is commonly performed
using manual muscle testing (MMT). MMT is utilized to
assess muscle strength by applying manual resistance,
and it is evaluated using a six-grade ordinal scale. It does
not require measurement devices, and it allows for a
simple and convenient assessment. However, it may not
detect actual increases in muscle strength [12], and a
grading of 4 and 5 is subjectively examined, thereby
leading to a lack of objectivity [13]. The Fugl-Meyer
Assessment (FMA), Stroke Impairment Assessment Set
(SIAS), and MMT have limitations in providing detailed
evaluations of individual muscles. In addition, because
these assessments use an ordinal scale, detecting subtle
changes remains challenging.

A portable hand-held dynamometer (HHD) is
frequently used to quantitatively assess muscle strength.
Previous studies have investigated the reliability of HHD
measurements in various diseases [14-29]. As an HHD is
easy to use, it is widely utilized in clinical settings.
According to the Consensus-Based Standards for the
Selection of Health Measurement Instruments checklist,
studies with a sample size of <20 are of low quality [30].
According to a systematic review of the reliability of
HHD measurements, most studies have a sample size of
<20[31].

When evaluating treatment effects, a patient’s
change is considered an actual change only if it
exceeds the measurement error. Therefore, identifying
the measurement error for each assessment technique
and participants is crucial for accurately determining
treatment effects. In addition to validating the
reliability of muscle strength measurements in patients
with stroke, previous reports have not analyzed
minimal detectable change (MDC,,). Further, in
patients with knee osteoarthritis, when evaluating
knee extensor strength using an HHD, the measurement
error increases as the muscle strength improves [22].
However, there are no studies analyzing the association
between the severity of motor paralysis and
measurement error (variability in muscle strength
measurements) in patients with stroke.

This study aimed to assess paretic lower limb muscle
strength using an HHD in > 20 patients with stroke
hemiplegia. Further, it investigated the reliability of
muscle strength measurements and evaluated the MDC.
Finally, it analyzed the effects of motor paralysis severity
on measurement error in muscle strength assessment and
identified the muscles associated with gait speed.
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Methods

1. Participants

The inclusion criteria were patients who presented
with stroke hemiplegia for > 180 days post-stroke
onset and who were treated as outpatients at Fujita
Health University Hospital. The patients who provided
informed consent were evaluated from March 2011 to
September 2024. The exclusion criteria included
patients who had difficulties in performing activities
of daily living prior to stroke onset, those with a
history of lower limb pain or orthopedic conditions,
and those with a higher brain dysfunction or cognitive
impairment that prevented them from following
instructions. The Research Ethics Committee of Fujita
Health University approved this study (HM22-161).
Prior to conducting the research, the purpose and
details of the experiment were comprehensively
explained to the participants both verbally and in
writing, and written informed consent was obtained.

2. Equipment and the Research Protocol

Age, sex, disease, affected side, time after onset,
and the motor section of the Stroke Impairment
Assessment Set (SIAS-m) scores [32] were assessed.
In addition, muscle strength in the paretic side was
examined for hip flexion, hip adduction, hip abduction,
knee extension, ankle plantarflexion, and ankle
dorsiflexion. Muscle strength was evaluated using an
HHD (uTasF-1, manufactured by Anima Co., Ltd.).
Maximum isometric contraction was measured for 3 s,
twice consecutively, with an adequate rest interval
between each measurement. To verify the intra-rater
reliability, one of the two physical therapists with 7
and 6 years of experience conducted the evaluations.
To validate the inter-rater reliability, two physical
therapists with 9 and 5 years of experience assessed
each participant in a randomized order.

The sensor placement was based on the methodology
of previous studies [25-29], and measurements were
conducted to minimize compensatory movements.
Hip flexion, knee extension, and ankle dorsiflexion
were examined in the sitting position. Meanwhile, hip
adduction, hip abduction, and ankle plantarflexion
were evaluated in the supine position (Figure 1).
Between the first and second measurements, the sensor
was removed from the participants and then
repositioned before conducting the next measurement.
Before the examinations, the procedure was explained
to the participants, and their understanding was
confirmed. Sufficient practice trials were conducted
before proceeding with the actual measurements. If
compensatory movements occurred, the measurement
was repeated. Further, to analyze the association
between gait ability and muscle strength, the
comfortable gait speed was measured while the
participants walked barefoot on a 10-m walkway
without using assistive devices. In cases where
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a. Hip flexion

Figure 1. Measurement Posture.

b. Hip abduction

c. Hip adduction

Hip flexion-sensor placement: Distal anterior thigh [25, 26]

Hip abduction-sensor placement: distal lateral thigh [27]

Hip adduction-sensor placement: distal medial thigh [28]

Knee extension-sensor placement: distal anterior lower leg [25, 27]
Ankle dorsiflexion-sensor placement: dorsum of the foot [29]

Ankle plantarflexion-sensor placement: plantar surface of the foot

[25,27]

walking without a cane was difficult, the assessment
was conducted with the use of a cane.

3. Analysis

Muscle strength values (N) were calculated by
dividing them by each participant’s body weight (kg)
(N/kg).
3.1 Verification of Intra-rater Reliability

To validate the intra-rater reliability of each joint
movement, the ICC (1,2) was calculated using the two
measurement values.
3.2 Validation of Inter-rater Reliability

In cases evaluated by two assessors, the average of
the two measurements for each assessor was used as
the measurement value. To verify the inter-rater
reliability of each joint movement, the ICC (2,2) was
calculated based on the measurements from both
aSSEsSOrs.
3.3 Calculation of MDC

The MDC was calculated using the data obtained
from the intra-rater reliability analysis. Spearman’s
rank correlation coefficient was used to examine the
association between SIAS-m scores, which indicate
the severity of motor paralysis, and HHD
measurements, which represent muscle strength. Hip
flexion, hip abduction, and hip adduction were

categorized based on SIAS-hip, knee extension based
on SIAS-knee, and ankle dorsiflexion and ankle
plantarflexion based on SIAS-ankle. Multiple
comparisons were performed for each group stratified
by SIAS-m scores. The Shapiro-Wilk test was used to
assess the normality of the measurement values (N/
kg). If normality was not confirmed, the Kruskal-
Wallis test was performed. If there was a statistically
significant difference, multiple comparisons were
conducted using the Steel-Dwass test.

To assess the presence of systematic bias in the
obtained measurement values, a Bland-Altman analysis
was performed to examine both constant bias and
proportional bias. Constant bias was evaluated using
Wilcoxon’s signed-rank test for the two measurement
values. Meanwhile, proportional bias was examined by
calculating and analyzing the slope of the regression line.
If no systematic bias was detected, the MDC  was
calculated. After confirming the presence or absence of
systematic bias, the range of error contamination was
estimated. If the measurement values obtained from the
assessment fell within the estimated error tolerance
range, the change was attributed to the measurement
error. Conversely, if the values exceeded the estimated
error tolerance range, the change was considered a true
change.
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The MDC is typically evaluated using its 95%
confidence interval (MDC,,). Thus, it was calculated
using the z-value for the 95% confidence interval
(1.96) and the standard deviation of the difference
(SDd), as shown in the following equation:

MDC,, = 1.96 x SD, (Equation 1)

When calculating the ICC, conducting a Bland-
Altman analysis, and calculating the MDC,,, patients
without joint movement due to severe motor paralysis
were excluded from the analysis. When a correlation
was observed between the SIAS-m scores and the
HHD measurements, the MDC; was also calculated
for each SIAS-m score category. To analyze the
association between the severity of motor paralysis
and measurement error during muscle strength
assessment, Spearman’s rank correlation coefficient
was calculated to examine the association between
measurement error and SIAS-hip (hip flexion, hip
abduction, and hip adduction), SIAS-knee (knee
extension), and SIAS-ankle (ankle dorsiflexion and
ankle plantarflexion).

3.4 Association between Muscle Strength and
Gait Speed

To analyze the association between muscle strength
measurements and gait speed, Spearman’s rank
correlation coefficient was calculated for the association
between gait speed and the average of two measurements
for hip flexion, hip adduction, hip abduction, knee
extension, ankle dorsiflexion, and ankle plantarflexion.

Statistical analyses were performed using the

Statistical Package for the Social Sciences software,
version 24 (IBM Inc., Armonk, NY, USA) and JMP 13
(SAS Institute Inc., Cary, NC, USA). A p value of <
0.05 indicated statistically significant differences.

Results

1. Verification of Intra-rater Reliability

The analysis of the intra-rater reliability included 42
cases (Table 1). The intra-rater reliability, which was
assessed using the ICC (1,2), was as follows: hip
flexion, 0.992; hip abduction, 0.998; hip adduction,
0.990; knee extension, 0.995; ankle dorsiflexion,
0.989; and ankle plantarflexion, 0.991 (Table 3).

2. Validation of Inter-rater Reliability

The analysis of the inter-rater reliability included 12
cases (Table 2). The inter-rater reliability between
evaluator 1 and evaluator 2, which was assessed using
the ICC (2,2), was as follows: hip flexion, 0.908; hip
abduction, 0.874; hip adduction, 0.939; knee extension,
0.932; ankle dorsiflexion, 0.901; and ankle
plantarflexion, 0.886 (Table 3).

3. Calculation of MDC

The MDC was calculated using the 42 cases
included in the intra-rater reliability analysis. Figure 2
shows the results of the Bland-Altman analysis. No
proportional bias or constant bias was observed for
any of the items (Table 4). In all participants, the

Table 1. Characteristics of the participants (intrarater reliability).

Total number of participants (n = 42)

Sex (n)

Age (years)

Height (cm)

Weight (kg)

Time after onset (days)
SIAS-hip (point)

SIAS-knee (point)

SIAS-ankle (point)

Comfortable gait velocity (km/h)
Use of a cane (n)

Male: 28, female: 14
56.8+14.5
163.1£6.9
61.0+10.9

1.771 £1.972
3(2-3)
3(2-3)

2 (1-3)
1.29 £1.01

With a cane: 3, Without a cane: 35, Unable to walk: 4

SIAS: Stroke Impairment Assessment Set

Table 2. Characteristics of the participants (inter-rater reliability).

Number of participants (7 = 12)

Sex (n)

Age (year)

Height (cm)

Weight (kg)

Time after onset (days)
SIAS-hip (point)
SIAS-knee (point)
SIAS-ankle (point)

Male: 10, female: 2
54.8+12.9
167.7+9.4
65.6 £8.5

2.146 +2.206
3(2-4)
3 (3-3)
2 (2-2)

SIAS: Stroke Impairment Assessment Set
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Table 3. Inter-rater reliability.

Inter-rater reliability

Intra-rater reliability

Rater 1 Rater 2
ICC(1,2) ICC(1,2) ICC (2,2)
Hip flexion 0.997 0.998 0.908
Hip abduction 0.999 0.993 0.874
Hip adduction 0.999 0.999 0.939
Knee extension 0.999 0.995 0.932
Ankle dorsiflexion 0.998 0.998 0.901
Ankle plantarflexion 0.996 0.998 0.886

ICC: Intraclass correlation coefficient
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Figure 2. Bland-Altman analysis.
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The Bland-Altman plot illustrates the agreement between the first and second measurement values.

The black solid line represents the mean difference
lines indicate the limits of agreement (LOA).

between the two measurements, and the dotted

Table 4. Mean and reliability of the measurements for each joint movement.

Mean of the measurements

(Mean + standard deviation) Systematic bias Reliability Error
) Constant Proportional
First Second Second-first . bias
(N/kg) (N/kg) N/kg) bias ICC(1,2) MDC,,
p value R pvalue

Hip flexion 1.39+0.76 1.37+0.75 -0.01+0.12 0.83 0.09 0.59 0.992 0.24
Hip abduction 1.55+1.19 1.56+1.21 0.01£0.11 0.80 -0.13 041 0.998 0.21
Hip adduction 0.81+0.38 0.79+0.39 -0.02+0.08 0.35 -0.12 0.46 0.990 0.15
Knee extension 1.73+£0.87 1.75+£0.90 0.02+0.12 0.90 -0.22  0.18 0.995 0.24
Ankle dorsiflexion 096+047 097+047 0.01+0.10 0.56 —0.05 0.80 0.989 0.15
Ankle plantarflexion 1.16 £0.67 1.17+0.67  0.01 +0.10 0.10 0.01 093 0.991 0.20

ICC: Intraclass correlation coefficient

MDC,; values were 0.24 for hip flexion, 0.21 for hip
abduction, 0.15 for hip adduction, 0.24 for knee
extension, 0.15 for ankle dorsiflexion, and 0.20 for
ankle plantarflexion (Table 4).

4. Association of the Mean Measurement Values
and Motor Paralysis and Gait Speed
The mean measurement values were as follows: hip

flexion, 1.38 + 0.75; hip abduction, 1.55 = 1.10; hip
adduction, 0.80 + 0.38; knee extension, 1.74 + 0.89;
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ankle dorsiflexion, 0.96 + 0.47; and ankle plantarflexion,
1.17 £ 0.66. For hip flexion, knee extension, ankle
dorsiflexion, and ankle plantarflexion, patients with
milder motor paralysis had significantly higher muscle
strength values, as assessed using SIAS (p <0.05) (Figure
3, Table 5). The correlation coefficients between muscle
strength values and walking speed were as follows: hip
flexion, 0.68; hip abduction, 0.22; hip adduction, 0.46;
knee extension, 0.60; ankle dorsiflexion, 0.62; and ankle
plantarflexion, 0.45 (Table 5).

5. Measurement Values and MDC95 based on the
Severity of Motor Paralysis
For hip flexion, knee extension, ankle dorsiflexion,
and ankle plantarflexion, which were significantly
associated with SIAS-m scores, the MDC,, was
calculated individually for each SIAS-m severity level

Itoh S et al.: Reproducibility of Muscle Strength Measurements in Stroke

(Table 6).

6. Association between the Severity of Motor
Paralysis and Measurement Error in Each Joint
Movement
The correlation efficient between the SIAS-m scores

and measurement error during joint movement

assessments were as follows: hip flexion, 0.25; hip
abduction, —0.24; hip adduction, 0.20; knee extension,

0.18; ankle dorsiflexion, 0.09; and ankle plantarfiexion,

—0.27 (Table 7).

Discussion
In this study, muscle strength in the paretic lower

limb of patients with chronic stroke was examined
using an HHD. Moreover, the reliability of muscle
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Figure 3. The Steel-Dwass test.
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The results of the Steel-Dwass test, which was used to compare muscle strength values across different

SIAS-m groups, are presented.

Table 5. Association between the mean measurement values for each joint movement and the severity of motor

paralysis and gait velocity.

Association with Association with

Mean Gait velocity SIAS-m scores gait velocity
(N/kg) (km/h) Spearman’s value Spearman’s value
correlation coefficient ? correlation coefficient ?

Hip flexion 1.38 £0.75 0.65 <0.01 0.68 <0.01
Hip abduction 1.55+1.10 0.01 0.98 0.22 0.16
Hip adduction 0.80 +0.38 0.24 0.12 0.46 <0.01
Knee extension 1.74+0.89 1.29%1.01 0.59 <0.01 0.60 <0.01
Ankle dorsiflexion 0.96 = 0.47 0.90 <0.01 0.62 <0.01
Ankle plantarflexion 1.17 £ 0.66 0.46 <0.01 0.45 <0.01

The mean was calculated as the average of two consecutive measurements.
The association between the mean of each joint movement and SIAS-m scores as well as the gait speed was

analyzed.
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Table 6. Mean and MDC, according to the severity of motor paralysis.

SIAS-m0  SIAS-m1  SIAS-m2  SIAS-m3  SIAS-m4
SIAS-hip n 0 1 13 19 9
Hip flexion Mean — 0 0.67 1.62 1.90
MDC, 0 0.30 0.20 0.12
Hip abduction Mean — 1.05 1.60 1.63 1.36
MDC, 0.21
Hip adduction Mean — 1.13 0.70 0.80 0.87
MDC, 0.15
SIAS-knee n 0 2 11 25 4
Knee extension Mean — 0 0.94 2.06 1.98
MDC, 0 0.14 0.28 0.17
SIAS-ankle n 5 12 14 10 1
. Mean 0 0 0.73 1.22 1.63
Ankle dorsiflexion MDC,, 0 0 019 022 o
, Mean 0.24 0.93 1.21 1.41 2.08
Ankle plantarflexion  MpC_, 0.06 0.23 0.16 0.16 —

—: indicates that the mean and MDC,, could not be calculated due to the absence of relevant cases.
Hip flexion, hip abduction, and hip adduction were analyzed based on the SIAS-hip scores. Knee extension was
analyzed based on the STAS-knee scores, and ankle dorsiflexion and ankle plantarflexion were examined based on

the SIAS-ankle scores.
MDC,,: minimal detectable change

Table 7. Association between the severity of motor
paralysis (SIAS-m) and the variability in the measurement
values for each joint movement.

Spearman’s I
correlation coefficient pvalue
Hip flexion 0.25 0.11
Hip abduction -0.24 0.88
Hip adduction 0.20 0.20
Knee extension 0.18 0.28
Ankle dorsiflexion 0.09 0.68
Ankle plantarflexion -0.27 0.09

The correlation coefficient was calculated to assess the
association between the severity of motor paralysis (SIAS-m)
and the variability in the measurement values during each
joint movement assessment.

strength measurements was evaluated, and the MDC
was calculated. The results showed that the HHD had
good reliability for all joint movements, and the MDC
for each joint movement was successfully determined.

The criteria for the ICC vary. In some cases, a value of
1 indicates perfect agreement; > 0.9, excellent; > 0.8,
good; > 0.7, moderate; > 0.6, acceptable; and < 0.6,
reconsideration [33]. In other classifications, an ICC of >
0.8 suggested “almost perfect” [34]. Interpretations may
differ. However, an ICC of > 0.75 is required to identify
an excellent reliability [35]. In this study, the intra-rater
reliability ICC for muscle strength measurements
obtained using the HHD in patients with stroke was >
0.99. The inter-rater reliability [CC was > 0.87. Based on
these results, the intra-rater reliability and inter-rater
reliability were good.

Three factors influence reliability when conducting
assessments: subject characteristics, sample size, and
the test protocol [36]. The possible causes of variability

in muscle strength measurements include instability in
the severity of paralysis, poor control of paretic
muscles, fatigue, and inadequate understanding of
instructions. However, this study targeted patients
who presented with chronic stroke for > 180 days. The
motor paralysis symptoms of these patients were
likely to be stable, thereby reducing variability in
muscle output during strength measurements. In
addition, muscle fatigue is an important factor of
muscle strength measurements. During consecutive
strength assessments, incorporating rest periods
between evaluations can help decrease the effects of
muscle fatigue. In this study, sufficient rest periods
were incorporated between measurements and account
for muscle fatigue, which likely contributed to
improving the reliability of muscle strength
assessments. Further, only participants with a good
understanding of the instructions were included based
on the selection criteria. Thus, measurement errors
caused by misunderstanding instructions were
considered minimal. Therefore, the measurement error
observed in this study was likely less influenced by
participant characteristics, and it primarily reflected
the measurement error on the evaluator’s side.

Studies examining the reliability of assessments
suggest that a sample size of at least 30 and, preferably,
> 50 is desirable [37,38]. In this study, the sample size
for intra-rater reliability verification was 42, which
meets the recommended sample size for assessing the
reliability. By contrast, the sample size for inter-rater
reliability verification was only 12, which was
insufficient for a robust reliability assessment. Future
studies should include a larger sample size to further
validate the findings. To enhance reliability, it is
essential to consider and decrease errors that may arise

Jpn J Compr Rehabil Sci Vol 16, 2025
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from the test protocol. In this study, to reduce potential
errors, all evaluations were conducted by the same
evaluator. The participants had a good understanding
of the instructions. Thus, errors in task execution were
likely minimal during the assessment. Therefore, the
measurement error caused by the test protocol was
considered minimal. Based on these findings, the
likelihood of measurement error was considered low
across all factors, including characteristics of the
participants, sample size, and test protocol. Therefore,
the variability observed between the two trials in this
study is likely to reflect fluctuations in the measured
parameters rather than systematic error.

To examine whether the measurement error varies
with the severity of motor paralysis, the association
between the motor paralysis severity and the
measurement error was assessed. As a result, no such
association was found for any of the assessed muscles.
These findings indicate that MDC,,, as calculated in
this study, may be a useful indicator for detecting
changes in muscle strength, regardless of the severity
of motor paralysis.

The evaluation of functional impairment in stroke
can be categorized into two types: assessments based
on movement patterns and assessments focusing on
muscle weakness [39]. The evaluation of movement
patterns was conducted using ordinal scales such as
FMA and STAS-m. However, clinically, patients with
similar FMA or SIAS-m scores commonly exhibit
different levels of muscle strength. By contrast, muscle
weakness can be assessed using MMT or HHD.

In this study, muscle strength was quantitatively
assessed using an HHD. Moreover, it was confirmed
that patients with milder motor paralysis for most joint
movements had greater muscle strength. Based on
these findings, HHD measurements reflect the severity
of motor paralysis. However, for hip abduction and
hip adduction movements, no association was found
between SIAS-m scores, which can reflect hip motor
paralysis, and muscle strength. Therefore, individual
muscle strength should be examined individually
using an HHD, in addition to SIAS, to obtain a more
detailed evaluation.

The muscle strength measurements varied within
the same SIAS-m score. In addition, the MDC,, values
calculated in this study were lower than the differences
in the mean values across SIAS-m. These findings
indicate that even when no changes are detected using
ordinal scales such as SIAS-m, detailed muscle
strength assessments using an HHD may enable the
detection of subtle changes in muscle strength. Further,
because the MDC,, varied based on the severity of
motor paralysis, the degree of paralysis when
referencing MDC should be considered. The MDC,,
values calculated in this study may be a useful
reference for evaluating the effects of therapeutic
interventions on the paretic lower limb in patients with
chronic stroke.
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Further, to analyze which muscle strength is
associated with gait ability, the correlation between
barefoot comfortable gait speed and muscle strength
was examined. The results showed that hip flexion, hip
adduction, knee extension, ankle dorsiflexion, and
ankle plantarflexion were significantly associated with
gait speed. However, there was no association between
hip abduction strength and gait speed. According to a
review on the association between lower limb muscle
strength and gait speed in patients with stroke [40],
gait speed is associated with the strength of all lower
limb muscles. Further, the study showed that improving
overall lower limb muscle strength is essential for
enhancing gait speed. However, the degree of
association between muscle strength and gait speed
varies according to severity. In this study, a significant
association between gait speed and muscle strength
was observed for all muscle groups except hip
abduction, thereby supporting the findings of previous
research. The results indicate that muscle strength in
hemiplegic patients with motor paralysis is associated
with the severity of paralysis. Moreover, a greater
muscle strength corresponds to a higher gait ability
(speed). By conducting a detailed assessment of which
muscles exhibit weakness, it is possible to identify
target muscles for interventions that aim to improve
gait ability. In addition, the MDC,, was determined for
each muscle. Thus, it may be a useful reference for
evaluating the efficacy of treatments for the muscles
affected by weakness.

This study had several limitations. First, all muscle
strength assessments were conducted on the same day.
Thus, although sufficient rest periods were provided,
the potential influence of muscle fatigue could not be
ruled out. However, the assessments were conducted
on the same day to ensure that measurements were
taken during a period when no substantial changes in
muscle strength were expected. Second, because this
study targeted patients with chronic stroke, the findings
may not be directly applicable to muscle strength
assessments in patients with acute or subacute stroke.
Third, the measurement conditions of gait speed were
not completely standardized. There was variability in
the use of an assistive device (e.g., a cane) and the
inclusion of participants with gait difficulties, leading
to a lack of uniformity in gait ability among
participants. This mighthave resulted in inconsistencies
in the data on gait speed. To obtain more reliable data,
the gait ability conditions during the assessments
should be standardized. Future studies should be
conducted to evaluate the gait speed under more
uniform conditions across participants. Fourth, this
study did not include measurements of the hip extensor
and knee flexor muscles. Due to time constraints and
feasibility considerations, only muscles that could be
assessed in the seated and supine positions were
measured. Incorporating hip extensor and knee flexor
strength assessments in future research could enable a
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more comprehensive and significant evaluation of
lower limb muscle function. Fifth, the sample size for
inter-rater reliability analysis was limited. It is
generally recommended that at least 30 samples be
used to ensure a robustly reliable assessment. However,
in this study, the inter-rater reliability was examined
with only 12 cases, which may not be sufficient for a
conclusive evaluation. Future studies should aim to
increase the sample size to further validate inter-rater
reliability. In addition, we plan to expand the study to
include patients with acute and subacute stroke for
further investigation.

Conclusions

In this study, muscle strength in the paretic lower
limb of patients with chronic stroke was measured
using an HHD. Further, the reliability of muscle
strength measurements was examined, and the MDC
was calculated. Finally, the associations between
motor paralysis severity and measurement error in
muscle strength assessment and between gait speed
and muscle strength were analyzed. The results
showed no association between motor paralysis
severity and measurement error based on the muscle
strength  assessments.  Moreover, the HHD
measurements had a good reliability for all measured
muscles, thereby allowing the calculation of MDC,.
By assessing individual muscle strength and
identifying factors contributing to reduced gait ability,
this study can help in selecting appropriate treatment
strategies. Further, the MDC can be a useful reference
for evaluating the efficacy of interventions targeting
specific muscles.
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