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ABSTRACT
Yamada T, Ohta M, Tamari M. Effect of spasticity of 
the ankle plantar flexors on the walking speed of 
hemiplegic stroke patients after maximum walking 
speed exercises. Jpn J Compr Rehabil Sci 2021; 12: 
64‒69.
Objective: This study examined the effect of ankle 
plantar flexor spasticity on the walking speed of 
hemiplegic stroke patients immediately following 
maximum walking speed exercises.
Methods: A total of 23 hemiplegic stroke patients were 
divided into two groups based on the presence (n = 13) 
or absence (n = 10) of ankle plantar flexor spasticity on 
the paralyzed side. Gait speed, propulsive force during 
pre-swing, paretic side ankle plantar flexion movement 
during pre-swing, paretic side ankle dorsiflexion angle 
during the stance phase, angular velocity of paretic side 
dorsiflexion during the stance phase, paretic side trailing 
limb angle in the terminal stance, paretic side plantar 
flexion angle in the terminal stance, and the timing of 
maximum dorsiflexion of the ankle joint on the paretic 
side were measured before and after the maximum 
walking speed exercises, using a three-dimensional 
motion analyzer.
Results: In the spasticity group, no significant 
improvement was observed in any of the categories. In 
contrast, in the non-spasticity group, significant 
improvement was observed in all categories, except 
for the paretic side ankle dorsiflexion angle.
Conclusion: This study showed that maximum walking 
speed exercises immediately improved walking speed in 
hemiplegic stroke patients without ankle plantar flexor 
spasticity.

Key words: maximum walking speed exercises, 
spasticity

Introduction

　Stroke sequelae commonly include motor deficits, 
abnormal muscle tone, and disruptions in balance, 
leading to a reduced walking speed [1‒3]. Walking 
speed can affect the activities of daily living (ADL) 
and has been associated with quality of life (QOL) 
[4‒6] Therefore, improving walking speed is a vital 
rehabilitation goal for hemiplegic stroke patients.
　Various parameters related to gait have been 
reported to change with an increase in walking speed 
in normal individuals [7‒11]. The ankle joint plantar 
flexion moment movement during pre-swing also 
affects the walking speed of hemiplegic stroke patients 
[12], and the elastic energy of the triceps surae and 
Achilles tendons generated by sufficient ankle joint 
dorsiflexion motion during the monopodal support 
phase is necessary to exert the ankle joint plantar 
flexion moment [13]. Therefore, the dorsiflexion and 
ankle plantarflexion moment movement on the 
paralyzed side during the stance phase should be 
increased to improve the walking speed of hemiplegic 
stroke patients.
　Walking speed exercises are essential for improving 
the walking speed of hemiplegic stroke patients 
[14‒17]. Furthermore, increased walking speed 
improves step length and cadence compared to 
walking at a comfortable speed in such patients. 
However, previous studies on maximum walking 
speed exercises have been conducted only in patients 
with lower limb muscle tone below 1 on the Modified 
Ashworth Scale (MAS), with or without spasticity. It 
is considered that maximum walking speed exercises 
for hemiplegic stroke patients require more effort than 
walking at a comfortable speed, and the tone of the 
triceps surae muscle increases as the walking speed 
increases. Thus, improved ankle plantar flexor tone 
with increasing walking speed may prevent ankle 
movement during maximum walking speed exercises. 
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Hence, the purpose of this study was to classify 
patients with MAS of triceps surae on the paralyzed 
side of 1+ or more and those with MAS of 1 or less, 
and to examine the effect of maximum walking speed 
exercises on improvement of walking speed for each 
group.

Methods

1. Participants
　The participants were first-stroke hemiplegia 
patients who were admitted to a convalescent 
rehabilitation hospital and were able to walk while 
being watched over without walking aids. This 
included 13 patients with MAS 1+ or higher on the 
paralyzed triceps surae (with spasticity) and 10 
patients with MAS 1 or less (without spasticity). 
Patients with a resting heart rate of <40 or >100 bpm, 
resting blood pressure of <90/60 or >170/90 mmHg, 
higher brain dysfunction, impaired cognition that 
affected walking, ataxia, or orthopedic or 
cardiovascular disease were excluded (Table 1).

2.  Measurement of maximum walking speed and 
comfortable walking speed

　The maximum walking speed exercises were 
performed 10 times over a distance of 15 m, with a 10 
s interval between trials. Patients were instructed to 
“walk as fast as you safely can.” They walked three 
times at the optimal walking speed for 10 m, and 
measurements were obtained before and after the 
exercise. Then, the participants were provided the 
following instruction verbally: “Please walk at a 
comfortable walking speed.” No walking cane or 
brace was used.

3. Measurement equipment and environment
　Patients walked barefoot at a self-determined speed 
over a distance of 8 m. Instrumented gait analysis was 
performed using a 14-camera motion-capture system 

(100 Hz) with three synchronized force plates (1,000 
Hz) and a measurement section of 8 m. Additionally, 
infrared reflective markers with a diameter of 14 mm 
were attached according to the Helen Hayes marker 
set (Figure 1).

4. Data analysis
　For the optimal walking speed before (PRE) and 
after exercise (POST), the average of three exercise 
trials that involved accurate foot placement on a 
ground reaction force (GRF) meter was used. For the 
maximum walking speed exercises, the average of 10 
exercise trials that involved accurate foot placement 
on the GRF meter was used. Filter processing with  
a cutoff frequency of 8 Hz was performed on the 
coordinate data of the infrared reflection marker. The 
vertical component of the GRF was used to define the 
walking cycle. Frames with GRF vertical component 
values ≥20 N were defined as foot contact, and frames 
with vertical component values <20 N were defined as 
foot off.
　We extracted data on gait speed, propulsive force, 
paretic side ankle plantar flexion moment, paretic side 
trailing limb angle (TLA), paretic side ankle dorsiflexion 
angle, angular velocity of paretic side dorsiflexion, 
paretic side plantar flexion angle, and the timing of 
maximum dorsiflexion of the ankle joint on the paretic 
side. For the walking speed, the center of gravity was 
calculated from a rigid body model by differentiating 
the displacement on the sagittal plane with respect to 
time. For the paretic side propulsive force and 
plantarflexion moment movement, the maximum 
paralyzed pre-swing phase (non-paralyzed side foot 
contact - paralyzed side foot off) values were used. For 
the TLA [18], the angle between the vertical axis and 
the line that connected the GRF on the sagittal plane 
and the greater trochanter in the terminal stance (0.01 s 
before the non-paralyzed side foot contact) on the 
paralyzed side was used. The ankle plantar flexion angle 
of the paralyzed side was used as the ankle joint angle 

Table 1. Patient characteristics.

Spasticity group (n=13) Non-spasticity group (n=10) p-Value

Ankle plantar flexors 
　MAS 1+: 5　2: 6　3: 3 0: 4　1: 6

Type of stroke
　(Hemorrhage/Infarction) 7/6 6/4

Paralyzed side (R/L) 5/8 8/2
Age (years) 61.0 ± 10.9 55.4±14.3 0.40* n.s
Sex (M/F) 7/6 4/6 0.81* n.s
Time from onset to 
　hospitalization (days) 148.0±32.8 126.0±48.5 0.39‡ n.s

FMA-LE
　(Maximum 34) 24.4±2.8 28.4±5.4 0.06‡ n.s

Mean ± SD. n.s, Not significant; *, Fisher’s exact test; ‡, Mann-Whitney U test; MAS, Modified Ashworth Scale; 
FMA, Fugl Mayer Assessment.
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in the terminal stance (0.01 s before the non-paralyzed 
side foot contact). The maximum angle of the ankle 
joint and angular velocity values of the paretic side 
dorsiflexion were used during the stance phase. The 
time taken to reach maximum dorsiflexion of the ankle 
joint on the paralyzed side was normalized to one gait 
cycle before calculation.

5. Statistical analyses
　Statistical analyses were performed using SPSS 
Statistics version 24 (SPSS Inc., Chicago, IL, USA, 
2016). As a comparison of the preconditions, the 
Wilcoxon signed-rank test was performed to compare 
the walking speed before and during the maximum 
walking speed exercises in both the spasticity and non-
spasticity groups. The Mann-Whitney U test was used 
to compare the walking speed and speed difference 
between the two groups with and without spasticity 
before and during the maximum walking speed 
exercises. We performed the Wilcoxon signed-rank 
test to compare the PRE and POST data in each group. 
The Mann-Whitney U test was performed to compare 
the amount of change in the extracted data before and 

during the maximum walking speed exercises between 
the two groups, the group with spasticity and the group 
without spasticity. The significance level was set at 
5%.

Results

1.  Comparison of walking speed before and during 
practice between the two groups and within each 
group

　The pre-practice walking speeds were 0.60 ± 0.23 
m/s and 0.92 ± 0.23 m/s for the spasticity and non-
spasticity groups, respectively. During practice, the 
walking speeds were 0.77 ± 0.25 m/s and 1.17 ± 0.30 
m/s for the spasticity and non-spasticity groups, 
respectively. Walking speed before and during practice 
was significantly faster in the non-spasticity group. In 
the within-group comparison, both groups showed a 
significant increase in walking speed during practice. 
However, there was no significant difference in 
walking speed before and during exercise (Tables 2 
and 3).

2.  Comparison between PRE and POST exercises 
in the spasticity and non-spasticity groups

　There was no significant improvement in any 
category in the spasticity group. However, there was a 
statistically significant improvement in walking speed, 
step length (on both the affected and unaffected sides), 
paretic side forward propulsion, paretic side TLA, and 
paretic side ankle plantar flexion angle in the non-
spasticity group. The maximum dorsiflexion angular 
velocity and the timing of maximum dorsiflexion of 
the ankle joint on the paralyzed side significantly 
increased (p<0.05), but there was no significant change 
in other data (Table 4).

3.  Comparison of the amount of change in extracted 
data before and during exercises between the 
two groups

　The amount of change in propulsive force, TLA, 
ankle joint plantar flexion angle, angular velocity of 
ankle joint maximum dorsiflexion, and timing of ankle 
joint maximum dorsiflexion in the spasticity group 
were significantly lower than those in the non-
spasticity group (p<0.05). No significant changes were 
observed in other data (Table 5).

Discussion

　First, the walking speed of both the groups 
significantly increased during the maximum walking 
speed practice compared to that before the practice. 
However, a comparison of the speed difference 
between the two groups showed no significant 
difference. This suggests that both groups could 
withstand the load of maximum walking speed, and 
there was no difference in the amount of load in either 

Figure 1. Using a modified Helen Hayes marker set 
for the lower limbs, 29 reflective markers were placed 
on the patient’s parietal, frontal, and occipital lobes; 
both shoulders, lateral epicondyle, midpoint of the 
ulnar radius of both sides, both anterior superior iliac 
spines, sacral center; and the acromion, thighs, external 
knee joints, internal knee joints, lower limbs, lateral 
and medial malleoli, second metatarsal heads, and 
heels of both sides.
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group during the maximum walking speed exercises.
　This study showed that when the pre- and post-
practice data were compared, the non-spasticity group 
showed significant improvement in gait speed, whereas 
the spasticity group showed no significant improvement. 
The propulsive force on the paralyzed side is closely 
related to the walking speed of hemiplegic stroke 
patients, and the TLA in the late stance phase contributes 
more to the propulsive force on the paralyzed side than 
the plantar flexion moment of the ankle joint [19]. In 
addition, significant improvements in propulsive force 
and TLA were observed in the non-spasticity group, 
whereas no significant improvements in ankle plantar 
flexion movement, propulsive force, and TLA were 
observed in the spasticity group. These results indicated 
that the non-spasticity group, which showed an increase 
in the TLA, demonstrated an improved walking speed 
after practice. In contrast, the spasticity group, which 
did not show an increase in the TLA, did not show any 
improvements in walking speed.
　Next, in terms of the difference between the 
extracted data before and during the maximum 
walking speed exercises, the changes in propulsive 

force, TLA, ankle joint plantar flexion angle, angular 
velocity of ankle joint maximum dorsiflexion, and 
timing of ankle joint maximum dorsiflexion were 
significantly lower in the spasticity group compared to 
the non-spasticity group. It is known that the forward 
propulsive force during the stance phase is obtained by 
sufficient dorsiflexion of the ankle joint to move the 
axis of rotation of the lower leg from the heel to the 
forefoot [20]. Additionally, the angular velocity of 
ankle joint dorsiflexion during the monopodal support 
phase increases with an increase in walking speed in 
healthy subjects, and the timing of maximum ankle 
joint dorsiflexion moves forward and the ankle joint 
plantar flexion angle in the late stance phase increases 
[7, 8]. Furthermore, the ankle plantar flexion angle in 
the late stance period is thought to affect the TLA [18], 
according to a model encompassing the three joints of 
the lower extremities. These results suggest that an 
increase in the angular velocity of ankle dorsiflexion 
during the monopodal support phase may affect the 
TLA in the late stance phase. However, as spasticity 
increases muscle tension in a speed-dependent manner, 
the increase in the angular velocity of ankle dorsiflexion 
during the maximum walking speed exercises may 
have been lower in the spasticity group than in the 
non-spasticity group. Therefore, the spasticity group, 
which showed a small increase in the ankle plantar 
flexion angle in the late stance phase during maximum 
walking speed practice, did not demonstrate a sufficient 
increase in the propulsive force of the paralyzed leg as 
they could not perform the walking practice with a 
higher TLA. Therefore, the TLA and propulsive force 
did not improve even after practice.
　Finally, our study has some limitations. First, the 
walking speed during the maximum walking speed 
practice was set to the subjective maximum effort speed 
of the participant, and the amount of practice (walking 
distance) was set to the amount that the participant could 
perform based on the researchers’ clinical experience. 
Therefore, different results may be obtained based on the 
setting of these conditions. Second, cardiopulmonary 
function and muscular endurance may affect maximum 

Table 2. Comparison of gait speed PRE and during exercises and speed between the two groups.

Spasticity group (n=13) Non-spasticity group (n=10) p-Value

PRE gait speed
(m/s) 0.60±0.23 0.92±0.23 0.01 *

EX gait speed
(m/s) 0.77±0.25 1.17±0.30 0.00 *

speed difference
(m/s) 0.17±0.07 0.26±0.12 0.07 n.s

Mean±SD. p < 0.05.
*, Items with significant differences between groups; n.s, Not significant; PRE gait speed, Gait speed during comfort 
speed walking before maximum speed walking exercises; EX gait speed, Gait speed during maximum speed 
walking exercises; Speed difference, Gait speed during maximum speed walking practice ‒ gait speed during 
comfortable speed walking before maximum speed walking exercises.

Table 3. Comparison of gait speed before and during 
exercises within two groups.

PRE gait 
speed

EX gait 
speed p-Value

Spasticity 
group 0.60±0.23 0.77±0.25 0.00 *

Non-
spasticity 
group

0.92±0.23 1.17±0.30 0.00 *

Mean ± SD. p < 0.05.
n.s, Not significant; *, Items with significant differences 
within each group; PRE gait speed, Gait speed during 
comfort speed walking before maximum speed 
walking exercises; EX gait speed, Gait speed during 
maximum speed walking exercises.
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Table 4. Comparison between PRE and POST in each group with and without spasticity.

Spasticity group (n=13) Non-spasticity group (n=10)

PRE POST p-Value PRE POST p-Value 

Speed
(m/s)  0.60±0.23  0.63±0.24 0.50 n.s  0.92±0.23  1.13±0.16 0.01 *

A/P GRF
(N/kg)  0.06±0.04  0.06±0.03 0.45 n.s  0.11±0.06  0.12±0.06 0.05 *

Ankle Moment
(N・m/m・kg)  0.91±0.23  0.88±0.21 0.38 n.s  1.08±0.2  0.88±0.21 0.49 n.s

TLA
(Deg)  6.61±2.87  6.68±3.26 1.00 n.s 10.76±3.47 11.77±3.53 0.02 *

Mst Ankle DF angle
(Deg)  4.80±3.15  4.76±4.13 0.11 n.s  8.93±4.30  8.16±4.74 0.13 n.s

Tst Ankle PF angle
(Deg) ‒3.96±3.23 ‒3.18±3.81 0.07 n.s ‒6.73±3.85 ‒5.63±7.41 0.05 *

DF angular velocity
(Deg/s) 62.78±23.71 62.04±23.60 0.75 n.s 79.23±33.49 86.23±36.60 0.03 *

Timing
(%) 46.15±6.53 48.85±11.65 0.06 n.s 44.50±4.40 42.70±5.12 0.03 *

Mean ± SD. p < 0.05.
*, Items that showed significant differences within each group; n.s, Not significant; PRE, Comfortable speed 
walking before maximum speed walking exercise; POST, Comfortable speed walking after maximum speed 
walking exercise; A/P GRF, Anterior/posterior ground reaction force; TLA, Trailing Limb Angle; Mst Ankle DF 
angle, Maximum ankle dorsiflexion angle during single leg stance on paretic side; Tst Ankle PF angle, Terminal 
stance Ankle plantar flexion; DF angular velocity, Dorsiflexion angular velocity; Timing, The timing of the 
maximal dorsiflexion of the ankle joint.

Table 5. Amount changed during maximum walking exercise from pre between the two groups.

Spasticity group (n=13) Non-spasticity group (n=10) p-Value

A/P GRF
(N/kg)  0.01±0.02  0.03±0.02 0.04 *

Ankle Moment
(N・m/m・kg)  0.03±0.12 ‒0.12±0.23 0.47 n.s

TLA
(Deg)  0.91±1.07  2.10±1.59 0.04 *

Mst Ankle DF angle
(Deg) ‒0.03±0.14 ‒1.27±1.87 0.19 n.s

Tst Ankle PF angle
(Deg) ‒0.46±2.03 ‒4.30±4.04 0.01 *

DF angular velocity
(Deg/s)  8.75±7.74 18.97±8.75 0.00 *

Timing
(%)  1.00±3.24  4.30±4.30 0.04 *

Mean ± SD. p < 0.05.
*, Items with significant differences between groups; n.s, Not significant; A/P GRF, Anterior/posterior ground 
reaction force; TLA, Trailing Limb Angle; Mst Ankle DF angle, Maximum ankle dorsiflexion angle during single 
leg stance on paretic side; Tst Ankle PF angle, Terminal stance Ankle plantar flexion; DF angular velocity, 
Dorsiflexion angular velocity; Timing, The timing of the maximal dorsiflexion of the ankle joint.
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walking speed. In this study, participants with diseases 
directly related to cardiopulmonary function were 
excluded, and their vitals were constantly checked during 
the maximum walking speed practice. Hence, the effects 
of cardiopulmonary function and muscular endurance on 
maximum walking speed require further research.
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