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INTRODUCTION

Ankle–foot orthoses (AFO) are often used in the rehabili-
tation of stroke patients. However, some treatment strategies 
do not include the use of AFOs because of concerns about 
disuse atrophy of the tibialis anterior (TA) muscle.1,2) There 
is currently no consensus on this issue because no studies 
have demonstrated the effect of AFOs on TA activity. In nor-
mal gait, the TA is active during swing and loading response. 
During swing, TA muscle activity lifts the toe to secure foot 
clearance. During loading response, a force vector is applied 
to the heel at initial contact, resulting in plantarflexion of the 
ankle joint. At the same time, eccentric contraction of the 
TA muscle ensures gradual progression of plantarflexion and 

shank forward tilt.3) The eccentric contraction of the TA is 
important for this heel rocker function.

In general, AFOs can immediately improve foot drop 
during the stance and swing phases.4) Conventionally, AFOs 
that stop plantarflexion are used to improve gait in patients 
with stroke by preventing foot drop. However, stopping 
plantarflexion may inhibit the eccentric contraction of the 
TA muscle during loading response. In fact, the use of AFOs 
that stop flexion has been reported to decrease TA muscle 
activity. Hesse et al. reported that at an average of 34 days 
after stroke onset, TA muscle activity decreased more from 
swing to loading response when using an AFO with a plan-
tarflexion stop (AFO-PS) than when not using an AFO. This 
suggests the possibility of long-term dependence on the AFO 
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Objective: Previous studies have suggested that the use of an ankle–foot orthosis may cause 
disuse atrophy of the tibialis anterior muscle. The objective of this study was to explore gait 
and muscle activity changes in patients in the recovery phase of stroke with 2-month use of an 
ankle–foot orthosis that provided plantarflexion resistance. Methods: The participants were 19 
patients in the recovery phase of stroke who were prescribed an ankle–foot orthosis that provided 
plantarflexion resistance. We measured ankle and shank tilt angles as well as electromyography 
activity of the tibialis anterior and the soleus during 10-m walk tests. Measurements were taken 
on three occasions. The first was 2 weeks after delivery of the orthosis, 1 and 2 months after the 
initial measurement, and the third 2 months later. Changes in gait parameters were analyzed 
between the first and second measurements and between the second and third measurements. 
Results: Between the second and third measurements, significant increases were observed in 
plantarflexion and shank forward tilt angles and the activity ratio of the tibialis anterior during 
loading response compared with other phases. Conclusions: Plantarflexion movement induced 
by an ankle–foot orthosis with plantarflexion resistance could increase the activity ratio of the 
tibialis anterior during loading response.

ORIGINAL ARTICLE
Gait and Muscle Activity Changes in Patients  

in the Recovery Phase of Stroke with Continuous Use of 
Ankle–Foot Orthosis with Plantarflexion Resistance

Minoru Murayama, PhD a,b and Sumiko Yamamoto, PhD b

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Copyright © 2020 The Japanese Association of Rehabilitation Medicine

induced by disuse atrophy.1) A similar study by Lairamore et 
al. showed that at an average of 83 days after stroke onset, 
TA muscle activity during the swing phase decreased more 
when using a posterior leaf spring AFO (PAFO) than when 
not using an AFO.2) This supports the findings of Hesse et al. 
above. In contrast, Nikamp et al. reported that at an average 
of 30 days after stroke onset, TA muscle activity decreased 
more during swing when using a PAFO than when not using 
a PAFO, but there was no significant difference in muscle 
activity with or without a PAFO after 26 weeks.5)

The AFO-PS and PAFO used in these previous studies may 
have affected TA muscle activity by stopping plantarflexion 
during loading response. Recently, AFOs with plantarflexion 
resistance (AFO-PR) have been developed to aid the ec-
centric contraction of the TA muscle in the heel rocker.6,7) 
Because AFO-PRs allow for plantarflexion of the ankle joint 
in the heel rocker, they may alter TA muscle activity during 
gait in a different way to that of conventional AFOs.

Lee et al. reported that stroke recovery was relatively rapid 
during the first 4 weeks after onset, and then slowed between 
3 and 6 months.8) Also, Branco et al. demonstrated function-
al recovery up to at least 24 weeks after acute stroke.9) Six 
months is considered the recovery phase and improvement of 
muscle activity is thought to be possible during this phase. It 
is necessary to investigate whether the use of an AFO that al-
lows for plantarflexion during this period changes the muscle 
activity of the TA. Furthermore, the change in gait does not 
have an immediate effect but continuous walking practice is 
required over a period of time.6,7)

Against this background, in the current study we ex-
amined gait and muscle activity changes in patients in the 
recovery phase of stroke with 2-month use of an AFO-PR. 
The hypothesis was that AFO-PR use in the recovery phase 
of stroke would increase TA muscle activity as a result of 
plantarflexion movement of the ankle joint during loading 
response, with an accompanying increase in shank forward 
tilt.

MATERIALS AND METHODS

Participants
Patients with stroke have a diverse range of gaits, and dif-

ferences in gait pattern can be assumed to significantly influ-
ence measurements. In this study, participants were selected 
by considering items that are expected to affect gait pattern. 
Also considered were the number of days from stroke onset 
and length of hospital stay.

The inclusion criteria of this study were patients with the 

first occurrence of stroke, patients in the recovery phase 
(within 90 days of onset of stroke), prescription of an AFO-
PR between fiscal year 2017 and fiscal year 2019, lower limb 
Brunnstrom stage III or IV after completion of AFO use, 
the ability for the paralyzed foot and cane to contact the 
ground at the same time and for the nonparalyzed foot to 
make contact in front of the paralyzed foot (two-point gait 
with a cane on one side), and the extension thrust pattern was 
determined at the initial assessment for AFO use.10)

The extension thrust pattern was targeted based on a 
report by Yamamoto et al. demonstrating that AFO-PR use 
is delayed at the start of the plantarflexion moment during 
loading response. This function allows the gradual inclina-
tion of the shank in early midstance and results in reduced 
hyperextension of the knee joint in late midstance.11) There-
fore, AFO-PRs are prescribed for patients with the extension 
thrust pattern, both generally and at rehabilitation facilities. 
The exclusion criteria were a planned hospital stay of less 
than 3 months and excessive equinovarus

This study was conducted in accordance with the Helsinki 
Declaration with approval from both the Ethics Review Com-
mittee of the International University of Health and Welfare 
Graduate School (Approval number 17-Ig-52) and the Ethics 
Committee of the Funabashi Municipal Rehabilitation Hos-
pital (Approval number H29-17), where the participants were 
admitted. Participants received oral and written explanations 
of the aim and method of the study, and informed consent 
was obtained from all individual participants included in the 
study.

Ankle–Foot Orthosis Used in This Study
The AFO-PR used by the participants in this study (Ankle 

Joint Orthosis; Obara Kogyo, Funabashi, Japan: Fig. 1) is 
frequently prescribed at the participating facilities. Indi-
vidual AFO-PRs were made for each participant using a 
bespoke 4-mm polypropylene sheet. The orthosis allows 
free dorsiflexion, and the initial dorsiflexion angle and 
plantarflexion resistance force can set between 0° to 9° and 
0.5 to 2 Nm/degree, respectively. The settings for the initial 
dorsiflexion angle and plantarflexion resistance force of the 
AFO-PR were determined as deemed appropriate by physi-
cal therapists assigned to the participants and an orthotist 
who fitted the AFO, both immediately after completion of the 
AFO and also during the subsequent evaluation period. The 
initial dorsiflexion angle and the plantarflexion resistance 
force were adjusted based on observational gait analysis, 
considering the foot-to-floor contact angle and knee stability 
in early stance, which are visual indicators of ankle and knee 
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kinematics.12)

Study Protocol
We took measurements at three different times. The first 

set of measurements was taken 2 weeks after the AFO was 
prescribed, which allowed the participants adequate time to 
become accustomed to using the AFO and to exclude any 
changes in gait pattern during this initial AFO testing phase. 
Subsequent measurements were taken 1 and 2 months later. 
A measurement period of 2 months was chosen because pa-
tients with stroke who are transferred from an acute hospital 
to the rehabilitation facility will stay there for 3 months on 
average, and their AFO will be prescribed a little less than 
a month after admission to the rehabilitation hospital. The 
total period of hospitalization is generally about 90 days, 
so we determined that taking three measurements during a 

2-month stay in a recovery-phase ward would be appropriate.
The clinical parameters analyzed were the Functional In-

dependence Measure (FIM),13) Berg Balance Scale (BBS),14) 
and Stroke Impairment Assessment Set (SIAS)15) scores 
obtained during regular assessments taken closest to the time 
of gait measurements. The SIAS foot pad test was used to 
focus on the dorsiflexion capacity of the ankle joint.

For the gait measurements, participants completed a 10-m 
walk test (10MWT)16) at a comfortable pace using a cane 
while wearing their own shoes and their own AFO-PR under 
the supervision of physiotherapists. A single measurement 
was taken after two or three practice walks to reduce physi-
cal and time burdens on participants. Measurements were 
repeated if an error occurred during data transmission from 
the measurement sensors or if the participant tripped or 
otherwise failed to walk continuously during the 10MWT. 
Walking without an AFO was not analyzed in this study 
because most participants could not walk safely without an 
AFO.

Outcome Measures and Measurement System
The following gait analysis parameters were measured: 

walking speed and stride (calculated from the walking time 
and number of steps during the 10MWT), cadence, shank 
forward and backward tilt angles (shank tilt angles), ankle 
joint angle, and electromyographic (EMG) activity of the TA 
and soleus (SOL) muscles.

To determine the shank tilt angles, the ankle joint angle, 
and EMG activity, we used a gait analyzer (Gait Judge 
System, Pacific Supply, Osaka, Japan) with a sampling 
frequency of 1000 Hz. A USB accelerometer was used for 
measuring the shank tilt angles, and a potentiometer was 
used for measuring the ankle joint angle. These devices were 
affixed to the main body of the AFO using a mounting jig 
that we manufactured specially (Fig. 2). To ensure consistent 
positioning of the EMG sensors, we made an EMG sensor 
positioning jig based on a positive model of the shank cast. 
The sensors were made of soft plastic and their positions 
were fixed for all three measurements (Fig. 3). An EMG 
sensor positioning jig was made for each participant, and the 
sensor positions were determined according to the SENIAM 
guidelines.17) EMG signals were recorded at a sampling rate 
of 1000 Hz and then high-pass filtered at 20 Hz and low-pass 
filtered at 2500 Hz to remove artefacts. Root-mean-square 
values for 50-ms intervals were calculated. Skin exfoliation 
and impedance checks were not performed to minimize the 
time burden. Foot switches were attached to the heels of the 
left and right soles as well as the midpoint of the 1st and 5th 
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Fig. 1. Appearance of the AFO-PR and the parts used for 
adjusting the initial dorsiflexion angle and plantarflexion re-
sistance. The initial dorsiflexion angle of the orthosis can be 
set to 0°, 3°, 6°, or 9° by changing the duralumin spacers, 
which come in four different thicknesses. The plantarflexion 
resistance force can be set to 0.5, 1.0, 1.5, or 2.0 Nm/degree 
by changing the urethane rubber parts, which come in four 
different levels of hardness.
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toe MP joints (Pressure sensor Flexi Force; Tekscan, South 
Boston, MA, USA). Foot switches were used to determine 
the start of the gait cycles during measurement. The position 
of the foot switch meant that the measured timing of toe-off 
could be earlier than the actual timing. However, heel rise 
was not observed during stance, so the time difference was 
not considered to be large.

Data Processing
The data obtained during the 10MWT (between 8 and 17 

gait cycles) were split into gait cycles based on the initial con-
tact on the paretic side, as determined by the foot switches. 
The measured data were then averaged over the gait cycles. 
For the shank tilt angle, the angular velocity of the shank was 
automatically calculated using the gait analyzer software 
based on the accelerometer data from the USB accelerom-
eter affixed to the shank. We then calculated the amount of 
displacement by taking the initial contact as 0°. For the ankle 
joint angle, we measured the initial contact as 0° and then 
calculated the subsequent angular displacement from the 
potentiometer data.

For the TA and SOL EMG activity and the ankle joint angle 
and shank tilt angle, a single gait cycle was separated into 
phases as follows: loading response on the paretic side, single 
support, pre-swing, and swing. For the ankle joint angle and 
shank tilt angle, we calculated the amount of displacement 
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Fig. 2. USB accelerometer and potentiometer affixed to the 
main body of the AFO-PR using a mounting jig.

Fig. 3. EMG sensor positioning jig and procedure. (a) Positive model and a jig. (b) AFO-PR worn by a patient, (c) ankle–foot 
orthosis with jig and attached sensors, (d) AFO-PR without the jig worn by the patient.
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during each gait cycle phase. The EMG level is the average 
of the root-mean-square value obtained every 50 ms in each 
phase. Furthermore, the EMG activity was calculated by 
taking the average value during each phase based on %EMG 
activity normalized using the average values for a single 
gait cycle. Note that the average of each phase of a single 
gait cycle for EMG data is usually normalized to 100% of 
the EMG at maximum voluntary contraction. However, for 
patients with stroke, maximum voluntary contraction can-
not be obtained because of problems such as spasticity and 
involuntary contractions, so we normalized the EMG data by 
taking the average values for a single gait cycle as 100%, as 
was done in a previous study.18) Because actual EMG levels 
are easily affected by the positioning of the EMG sensors, we 
used %EMG in this study, which can detect relative increases 
and decreases in muscle activity regardless of the actual level 
of muscle activity. Because the mean value of a single gait 
cycle was set to 100% and the EMG data were normalized, 
absolute comparisons cannot be made, but comparisons were 
done as a percentage of each phase of the gait cycle.

Statistical Analysis
The Shapiro–Wilk test was used to test the normality of 

the data (significance level P<0.05). Note that three measure-
ment datasets were obtained for each of the 22 parameters 
examined (i.e., at each measurement time point). Friedman’s 
test was used for analysis if one or more of the datasets was 
not normally distributed. Otherwise, one-way analysis of 
variance was used. Bonferroni’s multiple comparison test 
was performed for parameters found to be significantly dif-
ferent by one-way analysis of variance or Friedman’s test at 
each time point (significance level P<0.05).19) All statistical 
analyses were performed using SPSS Statistics software ver-

sion 25 (IBM, Armonk, NY, USA).

RESULTS

Table 1 shows the basic characteristics of participants and 
the results of the evaluation items. The participants were 19 
patients with stroke and ranged in age from 36 to 84 years. 
The lesion sites were the putamen (7 participants), thalamus 
(5), putamen and thalamus (1), corona radiata (3), middle 
cerebral artery area (2), and medulla oblongata (1). For some 
patients, the plantarflexion resistance force setting was re-
duced during the study period. There were no participants 
whose resistance setting was increased or who could walk 
without an AFO. Therefore, we adjudged that all participants 
met the inclusion criteria throughout the study period.

Figure 4 shows the SIAS foot pad test results for all 19 par-
ticipants at first measurement, 1 month later, and 2 months 
later. These results show that the number of participants 
able to perform voluntary dorsiflexion, albeit inadequately, 
increased between the first and second months after the first 
measurement.

Figure 5 shows typical findings for angles and %EMGs 
throughout one gait cycle at first measurement, 1 month 
later, and 2 months later. During loading response, the shank 
forward tilt angle and %EMG of the TA show the greatest 
increase between the first and second months after the first 
measurement.

Table 2 shows the measurement results for all 19 partici-
pants and Table 3 shows the percentage change between the 
first measurement and the measurement taken 1 month later 
(first to 1 month) and between the measurements taken 1 
month later and 2 months later (1 month to 2 months).

FIM, BBS, SIAS, walking speed, stride, and cadence all 
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Table 1. Participant characteristics and results for evaluated parameters at the first measurement, n=19

Item Average (SD) or number of participants
Age 59.3 (±14.0) years 
Sex Men 12 ∙ Women 7
Paralyzed side Right 12 ∙ Left 7
Stroke type Hemorrhagic 13 ∙ Infarction 6
Brunnstrom stage III 12 ∙ IV 7
Raven’s Colored Progressive Matrices 30.6 (±3.6) (Perfect score 36)
FIM 93.9 (±18.3) (Perfect score 126)
BBS 42.5 (±7.8) (Perfect score 76)
SIAS 40.7 (±14.9) (Perfect score 56)
Stroke onset to delivery of AFO 55.8 (±17.4) days
FIM, Functional Independence Measure; BBS, Berg Balance Scale; SIAS, Stroke Impairment Assessment Set.
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Fig. 4. Results of the SIAS foot pad test.

Fig. 5. Typical examples of angles and EMG measurements. The angles were calculated relative to the value at initial 
contact. The %EMG is relative to the average of each trial. LR, loading response; SS, single support; PSw, pre-swing; Sw, 
swing; SOL, soleus muscle; TA, tibialis anterior. 
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Table 2. Participants' measurement results at first measurement, 1 month later, and 2 months later

Item Unit Time Average SD Median IR P-value

FIM total score Points
First† 105 24

1 month† 111 23 0.001
2 months† 114 14.5

SIAS total score Points
First 42.5 7.9

1 month 43.9 7.9 0.001
2 months 45.1 7.8

BBS total score Points
First 40.7 7.8

1 month 46.6 6.7 0.001
2 months 48.7 6.2

Walking speed m/s
First 0.5 0.2

1 month 0.6 0.2 0.001
2 months 0.8 0.2

Stride 
(normalized by height) %

First 0.5 0.1
1 month 0.6 0.1 0.001
2 months 0.6 0.1

Cadence Steps/min
First 72.9 17.8

1 month 81.5 15 0.001
2 months 90 15.8

Ankle joint angle  
(amount of  
displacement 
+dorsiflexion)

LR

Degree

First –1.9 1.7
1 month –2.3 1.7 0.001
2 months –2.8 1.6

SS
First 2 1.4

1 month 3.4 2 0.001
2 months 4.4 2.3

PSw
First 1.1 2.1

1 month 1.5 1.9 0.627
2 months 1.1 1.8

Sw
First† –1 1.5

1 month† –1.7 3.3 0.004
2 months† –2.9 2.8

Shank tilt angle  
(amount of  
displacement 
+forward tilt)

LR

Degree

First 10.7 3.5
1 month 11.3 4 0.001
2 months 13 3.8

SS
First 5.4 4.7

1 month 8.4 5.2 0.001
2 months 12.8 6.2

PSw
First 17.2 6.3

1 month 18 4.6 0.796
2 months 17.9 4.8

Sw
First† –37.8 16

1 month† –45.1 16.4 0.001
2 months† –54.2 22
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showed significant increases over time for all combinations 
of time points (i.e., first to 1 month, first to 2 months, and 1 
month to 2 months). Moreover, the results showed a nonlinear 
recovery trend, whereby the 1 month to 2 months increases 
were less than the first to 1 month increases.

For the displacement in the ankle joint angle and shank 
tilt angles in each phase of the gait cycle, the trends for the 
first measurement values and those at 1 month and 2 months 
later were as follows (Table 3). For the ankle joint angle, the 
plantarflexion angle during loading response, the dorsiflex-
ion angle during single support, and the plantarflexion angle 
during swing increased significantly from first to 1 month, 
whereas, from 1 month to 2 months, only the plantarflexion 
angle during loading response and the dorsiflexion angle 
during single support increased. For the shank tilt angle, the 
forward tilt angle during single support and the backward 
tilt angle during swing increased significantly from first to 
1 month, whereas, from 1 month to 2 months, the forward 

tilt angle during loading response, the forward tilt angle 
during single support, and the backward tilt angle during 
swing increased significantly. TA %EMG activity increased 
significantly during loading response compared with the 
other phases and decreased significantly during swing 
compared with the other phases from 1 month to 2 months. 
SOL %EMG activity showed no significant changes over the 
course of the study period. Further long-term effects could 
not be demonstrated because the AFO-PR was used for only 
2 months.

DISCUSSION

The most important result of this study is that, contrary 
to previous studies, the use of an AFO-PR for 2 months sig-
nificantly increased the TA %EMG activity during loading 
response compared with the other phases. The participants 
in this study showed less improvement in all time/distance 
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Table 2. Participants' measurement results at first measurement, 1 month later, and 2 months later (continued)

Item Unit Time Average SD Median IR P-value

TA %EMG 
(average of each 
phase)

LR

%

First 98.7 29.4
1 month 102.7 30.9 0.001
2 months 142.4 41.8

SS
First 75.3 32.6

1 month 68.2 34.4 0.489
2 months 75.1 31

PSw
First† 97.8 37.5

1 month† 99.7 28.1 0.810
2 months† 95.5 39

Sw
First† 140.5 48.2

1 month† 134.2 47.3 0.001
2 months† 124.1 48.5

SOL %EMG 
(average of each 
phase)

LR

%

First 164.4 28.2
1 month 163.8 29.2 0.586
2 months 159.1 22.9

SS
First 146.1 21

1 month 149.4 20 0.687
2 months 147.3 26.9

PSw
First† 95.5 30.5

1 month† 88.2 45 0.532
2 months† 86.9 33.6

Sw
First 57.8 13.9

1 month 55.7 15.2 0.575
2 months 58.8 15.3

†Nonparametric data; P-value, result of one way-analysis of variance or Friedman analysis. SD, standard deviation; IR, 
interquartile range.
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factors and clinical evaluation parameters from 1 month to 
2 months compared with that from first to 1 month. This is 
consistent with the nonlinear recovery process reported by 
Lee et al. and Branco et al., suggesting that this may be a 
general recovery trend.8,9)

Patients using an AFO-PR for 2 months during the recov-
ery phase of stroke showed significant increases in ankle 
joint plantarflexion angle, shank forward tilt angle, and TA 
%EMG activity during loading response. Increases were ob-
served in ankle joint dorsiflexion angle and in shank forward 
tilt angle during single support and in shank backward tilt 
angle during swing; however, a significant decrease in TA 
%EMG activity was noted during swing.

Hesse et al. reported that TA muscle activity decreased from 
the swing phase to the loading response, whereas Lairamore 
et al. reported a decrease during the swing phase only.1,2) 
The results of our study showed a significant decrease in TA 
%EMG activity during swing from 1 month to 2 months, 

consistent with the trend reported by Lairamore et al. During 
swing, even if TA muscle activity is inadequate because of 
the plantarflexion resistance of the AFO, TA muscle activity 
may decrease as a result of continued use of the AFO-PR 
because plantarflexion may be constrained. However, during 
loading response, TA %EMG activity increased, in contrast 
to the report by Hesse et al. However, neither of these two 
reports made before-and-after comparisons of muscle activ-
ity changes in the same participant.

Nikamp et al. reported made before-and-after comparisons 
of muscle activity changes in the same participant. Nikamp 
et al. reported that at an average of 30 days after stroke on-
set, TA muscle activity decreased more during swing when 
using a PAFO than when not using a PAFO, but there was 
no significant difference in muscle activity with or without 
a PAFO after 26 weeks.5) However, we found that in patients 
with stroke, 2-month use of an AFO-PR that allows plan-
tarflexion of the ankle joint during loading response resulted 

Prog. Rehabil. Med. 2020; Vol.5, 20200021 9

Table 3. Percentage change between the first measurement and the measurement taken 1 month later and between the mea-
surements taken 1 month later and 2 months later

Item First to 1 month 
change rate (%)

1 month to 2 months 
change rate (%)

FIM total score 5.7* 2.7*
SIAS total score 3.3* 2.7*
BBS total score 14.5* 4.5*
Walking speed 23.5* 20.6*
Stride normalized by height 9.8* 8.9*
Cadence 11.8* 10.4*
Ankle joint angle (amount of displacement +dorsiflexion) LR 21.1* 21.7*

SS 70.0* 29.4*
PSw 36.4 –26.7
Sw 70.0* 70.6

Shank tilt angle (amount of displacement +forward tilt) LR 5.6 15.0*
SS 55.6* 52.4*

PSw 4.7 –0.6
Sw 19.3* 20.2*

TA %EMG (average of each phase) LR 4.1 38.7*
SS –9.4 10.1

PSw 1.9 –4.2
Sw –4.5 –7.5*

SOL %EMG (average of each phase) LR –0.4 –2.9
SS 2.3 –1.4

PSw –7.6 –1.5
Sw –3.6 5.6

First to 1 month change rate (%)=(1 month − first)/ first × 100; 1 month to 2 months change rate (%)=(2 months − 1 month)/1 
month × 100. 

*Significant difference according to Bonferroni's multiple comparison test (P <0.05).
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in significant increases in TA %EMG activity during loading 
response compared with the other phases.

According to Swayne et al., intracortical excitability in-
creases 3 months after stroke onset, and the cortical network 
is reorganized to maximize the efficiency of the remaining 
corticospinal tract as part of the recovery process for motor 
paralysis.20) Kamibayashi et al. reported that the excitability 
of the corticospinal tract to the TA increases compared with 
that of the rectus femoris, biceps femoris, and SOL as a result 
of robot-assisted passive stepping because of load-related af-
ferent sensory inputs.21) With each gait cycle, the ankle joint 
plantarflexes during loading response, thereby passively 
extending the TA so that the excitability of the corticospinal 
tract and intracortical network increases as a result of the 
repeated afferent sensory inputs, and this increased excit-
ability can be expected to facilitate muscle activity in the 
TA. However, continued AFO-PR use did not alter the pat-
tern of SOL muscle activity, suggesting that the TA is more 
susceptible to continued use of an AFO-PR than the SOL is.

The ankle joint plantarflexion angle and the shank forward 
tilt angle increased during loading response from 1 month to 
2 months. The increase in shank forward tilt angle may be a 
consequence of the increased TA muscle activity ratio (due 
to ankle joint plantarflexion during loading response with 
each repeated step) drawing the shank forward. The patients 
in this study were in the recovery phase of stroke and used an 
AFO-PR for 2 months; as a result, increases were observed 
in ankle joint plantarflexion angle and shank forward tilt 
angle during loading response from 1 month to 2 months, 
as well as an increase in TA %EMG activity. These results 
support our hypothesis that the use of an AFO-PR in patients 
in the recovery phase of stroke increases TA muscle activity 
because of plantarflexion movement of the ankle joint during 
loading response, with an accompanying increase in shank 
forward tilt. Therefore, plantarflexion movement induced by 
the AFO-PR increases the TA muscle activity ratio during 
loading response compared with the other phases.

In contrast to the other phases, TA %EMG activity during 
swing decreased from 1 month to 2 months. However, be-
cause the foot pad test showed an increase in the number of 
participants capable of voluntary dorsiflexion, it is unlikely 
that the TA was suffering from disuse. We speculate that the 
observed decrease in the TA activity ratio during the swing 
phase occurred because, in the current study, the EMG ac-
tivity of each phase was normalized by the averaged EMG 
value of the whole gait cycle. Data on the absolute activity 
were not available, but the obtained data showed the rela-
tive activity in each phase. The results showed that the TA 

activity ratio during loading response significantly increased 
between 1 and 2 months after the first measurement. This 
increase induced the decrease in the TA activity ratio during 
swing phase.

There are some limitations to this study. The items ana-
lyzed consisted of TA and SOL muscle activity, as well as 
kinematic items limited to the ankle joint angle and the 
shank tilt angle; these items are less objective than three-
dimensional (3D) motion data. The gait analyzer used in this 
study could not measure angles in the gait cycle as time-series 
data, so the angular displacement over a certain time period 
was analyzed instead. In gait analysis, measurement using a 
3D motion analyzer is the gold standard, but it was thought 
that there was little need to consider the joint motion in the 
frontal and horizontal planes because the participants had 
either no equinovarus or only mild equinovarus. Therefore, 
we measured the shank tilt angle and the ankle joint angle 
in the sagittal plane, which can be measured using a highly 
versatile and portable measuring instrument that can be eas-
ily used even in facilities without a 3D motion analyzer. In 
addition, this study had only 19 participants, which is not 
sufficient to ensure the universality of the results. We did not 
perform a power calculation to determine the sample size. 
Because of the limited number of patients included in the 
study, we focused on the actual number of participants rather 
than the sample size. Finally, the study involved only patients 
using an AFO-PR, so measurement comparisons were not 
made against controls.

In conclusion, patients using an AFO-PR for 2 months 
during the recovery phase of stroke showed significant 
improvements in FIM, BBS, SIAS, walking speed, stride, 
and cadence as well as in ankle joint plantarflexion angle, 
shank forward tilt angle, and TA %EMG activity during 
loading response. The ankle joint dorsiflexion angle and the 
shank forward tilt angle during single support and the shank 
backward tilt angle during swing all increased; however, a 
significant decrease in TA %EMG activity was noted during 
swing. Therefore, we found that the plantarflexion movement 
allowed by an AFO with plantarflexion resistance could in-
crease the TA muscle activity ratio during loading response. 
Further study including long-term AFO-PR use is required 
to verify the effect of the AFO-PR on the gait of patients in 
the recovery phase of stroke.
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