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Abstract
Background: Ankle dysfunction in stroke patients is a common but serious cause of balance and gait
impairment. However there seldom exists comprehensive paretic ankle training. Thus we investigated the
effects of biaxial ankle muscle training (AMT) using visual feedback as a means to improve ankle
strength and functional activities in stroke patients.
Methods: The study design was a randomized controlled pilot trial with concealed allocation and
assessor blinding, and intention-to-treat analysis. Twenty-five patients with stroke under inpatient
rehabilitation with difficulty walking (e.g. foot drop), or ankle muscle weakness participated. The
experimental group underwent AMT consisting of passive stretching, contraction to match movement,
and active-resistive strengthening using visual feedback for 40 minutes per day, 5 times per week for 4
weeks. The control group underwent ankle-related physical therapy including ankle range of
motion(ROM) exercises for matched time period. The outcomes were ankle isometric contraction force,
Fugl-Meyer lower extremity (FM-L), Berg balance scale (BBS), walking speed, and ankle co-contraction
index (CI) during gai.
Results: The results showed significant between-group differences for ankle isometric contraction in each
direction (P<0.05), FM-L (P<0.01) and stance-phase CI (P<0.05). Post training, the AMT group displayed
significant differences in the ankle isometric contraction in each direction (P<0.01), ankle proprioception
(P<0.05), and walking speed (P<0.05).
Conclusions: Our findings demonstrate the significant short-term effects of AMT on ankle strength,
walking speed, and ankle muscle efficiency in chronic stroke survivors.

Background
Ankle dysfunction in stroke patients is a common but serious cause of balance and gait impairment [1].
Ankle impairments in patients with chronic stroke, including weakness of dorsiflexor, spasticity of
plantarflexor, passive stiffness of plantarflexors, and ankle joint pathology, are more prominent than
impairments of other proximal lower extremities and inhibit daily activities long-term [2]. These
impairments in stroke patients require continuous ankle-foot orthosis after discharge, which result in
reduced walking speed, asymmetric gait pattern, and increased risk of falls [3, 4].
Ankle muscle weakness and sensory impairments cause difficulties in ankle motor control during a gait
sequence. First, weakness in all muscles surrounding the ankle joint is a common symptom. For instance,
weakness of the ankle plantarflexor reduces the mechanical push-off [5] and weakness in the ankle
dorsiflexor and evertor causes foot drop and abnormal muscle co-contraction during the swing phase of
the paretic side [6]. In addition, contraction of the ankle muscles requires coordination of the agonist,
antagonist and synergist muscles. Second, sensory functions such as touch, joint sensation, and
proprioception are important factors for the quality of movement. Approximately one-third of stroke
patients reported impairment in proprioception, which makes it difficult to retrain normal movements [7],
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even when repeatedly performing functional movements [8]. Therefore, an ankle intervention that
integrates motor (strength) and sensory (proprioception) functions for retraining the functional
movements of stroke patients may be helpful.
Recently, rehabilitative intervention using robotic technology has been performed to improve the
hemiparetic gait in stroke patients. Generally, robot-assisted gait training is not effective for gait quality
but for gait speed and aerobic function improvement through repetitive gait pattern re-education [9, 10].
However, chronic stroke patients with activities that require community walking and difficult task-solving
skills, including walking on rugged surfaces and ramps, require a fundamental solution for their deficient
ankle function. A recent study reported that intensive task-specific training of impaired joints is effective
in learning neuromuscular movements [11]. An example is Anklebot, which performs repetitive biaxial
ankle movements based on a game in sitting position. These ankle movement training methods showed
improvements in ankle motor control, gait speed, and gait quality, including paretic step length and gait
symmetry in stroke patients [12–14]. However, one Anklebot study showed effectiveness only for
individuals with moderate to high functional level, i.e., individuals who can at least move their ankles by
themselves [15]. Because the impaired central nervous system in stroke survivors can affect both
peripheral sensory and motor functions, comprehensive ankle rehabilitative intervention is required. Use
of various measurements (such as electromyography) to quantitatively assess which ankle actually
contributes during walking will help to understand the effects of ankle rehabilitation during walking.
For the targeted and comprehensive ankle training for general stroke hemiparesis, we developed an ankle
muscle training (AMT) method using a custom-made ankle device that applies 3 steps: passive
stretching, muscle contraction to match movement, and active-resistive strengthening. The design of
ankle device reflects the anatomical characteristics of the ankle and a range of movements, from
diagonal movement to simple biaxial movement, are included to reproduce actual ankle motion. A
previous study using this device reported that passive bi-axial ankle stretching training decreased
hemiparetic stiffness and improved walking performances on uneven terrain [16].
Therefore, the aim of this study was to study the effects of AMT on ankle strength, balance ability,
walking speed, and ankle muscle efficiency during a gait cycle in patients with chronic stroke. We
hypothesized that the proposed AMT will affect ankle strength in chronic stroke patients and that altered
ankle strength would improve functional activities including balance and gait.

Methods

Design
A single blinded, parallel-group, randomized controlled trial with blinding of assessors and concealed
allocation was conducted. A person not involved in the trial created a blocked random allocation
scheduled for 20 participants using Microsoft Excel. Blocking ensured equal numbers of participants in
the experimental and control groups. Participants in the experimental group underwent ankle movement
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training (AMT) consisting of passive stretching, contraction to match movement, and active-resistive
strengthening using visual feedback for four weeks. Participants in control group underwent usual ankle
relative physical therapy for four weeks. All participants were re-assessed at the end of the four-week
intervention period (Fig. 1). All applicable institutional and governmental regulations concerning the
ethical use of human volunteers were followed.

Participants
Participants were recruited from the National Rehabilitation Center’s hospital between July and October
2018. The following eligibility criteria were applied: (1) chronic post-stroke hemiparesis; (2) weakness of
ankle muscles, defined according to the medical research council (MRC) scale (strength range grade 1 to
4); (3) independent walking with ankle impairment such as foot drop (functional ambulatory category
score > 3 [17]). The following exclusion criteria were applied: (1) complications of orthopedic disorders;
(2) cognitive impairment (mini-mental state examination score ≤ 24); (3) insufficient visual acuity to see
a screen (e.g. diplopia). This study was approved by the Institutional Review Board of the National
Rehabilitation Center and participants provided informed consent before data collection began.

Intervention
In this study, AMT was performed using a published ankle training device and settings [16]. A monitor
providing visual feedback was placed at eye level of the participant (Fig. 2-B). The AMT protocol
consisted of three steps (Fig. 2-A). In the first step (passive stretching training) the maximum passive
ankle range of motion (ROM) was measured, and passive stretching training through repetitive ROM
exercise according to the movement direction was performed. In the second step (muscle contraction
training to match movement), the current and target positions of the ankle were provided through a
screen. When the ankle was passively moved from the original position to the target position by the
robotic device, participants actively contracted their ankle muscles to enable movement towards the
target position. A green light indicated the coincidence between robotic passive movement and
participant’s active movement. In the final step (active-resistive strengthening training), participants
actively moved their ankle from the original position to the target position without an assistance force. To
improve fine movements and muscle strengthening, different target sizes and progressive resistance
thresholds were applied. Participants had been allocated up to 30 seconds per target and were allowed to
fully rest for 5 seconds to alleviate muscle fatigue. All training was performed within 80% of the
individual maximum ankle ROM. AMT was performed for 40 minutes per day, 5 times per week for 4
weeks.
Participants in control group performed general physical therapy related to the ankle. Ankle ROM exercise
with assistance and functional electrical stimulation provided to the affected quadriceps and tibialis
anterior muscles on alternating occasions, including resting periods, and gait training with assistance
were performed for 40 minutes per day, 5 days per week for 4 weeks.

Outcome measurements
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All outcome measurements were collected by trained therapists, who were blinded to group allocation.
Baseline measurements were collected prior to randomization (Week 0). After four weeks, interventions
were ceased and outcome measurements for both groups were collected (Week 4). Further details about
the outcome measurements are provided below.
The isometric contraction force of the paretic ankle was measured using a portable manual muscle
strength tester (Lafayette, USA, 2018). The isometric strength of the ankle dorsiflexor, plantarflexor,
invertor, and evertor was measured for 5 seconds, and the maximum value was recorded. Using a
position matching test [18], ankle proprioception was evaluated as the difference between the actual
movement angle and the remembered angle. Ankle proprioception was measured using the device
moving at constant velocities (2.14°/s) with passive movement [18]. To avoid other environmental
stimuli, participants wore eye masks and earplugs.
To measure motor impairment, the motor domain of FM-L was used. The motor domain included
measurements of movement, coordination, and reflex action for the hip, knee, and ankle [19].
As balance-related measurements, BBS enforces individuals to maintain a static position, shift their
center of mass with respect to their support and diminish the base of support [20].
For walking speed evaluations, participants repeated 10-meter walking test (10MWT) trials at least four
times on a 1.5ⅹ15 m walkway covered with industrial carpeting at a comfortable speed.
The ankle muscle co-contraction index (CI) was measured for ankle muscle efficiency during a gait
sequence using a wireless electromyogram (Delsys Trigno Wireless EMG, Delsys, USA, 1993). The sensor
was attached to both sides of the tibialis anterior and medial gastrocnemius. The sampling frequency
was set to 2000 Hz, and a Butterworth bandpass filter of 10–350 Hz and full-wave rectification were
applied. We then calculated the root mean square of the signal with a 100 ms window for analysis. To
normalize the collected muscle activity data according to the walking cycle, %RVC for maximum EMG in
the walking cycle was calculated. Calculation of CI was based on a previous study that compared the
activity of the antagonist and agonist muscles divided into the stance phase and swing phase as follows
[21].

Data Analysis
Sample size was calculated according to a previous study that reported the effect of ankle training
following chronic stroke [22]. Calculation was based on the pretest-posttest gait velocity for the
experimental group, using an alpha of 0.05 at 95% power. The total sample size was determined to be 10
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for the separate groups (effect size: 1.062, actual power: 0.964). The program used was G * Power
3.1.9.2.
All statistical analyses were performed using SPSS ver. 21.0 (SPSS for Windows; SPSS Inc., Chicago, IL,
USA). The results are presented as the mean ± standard deviation. Prior to all analyses, the normality of
data was assessed with a one-sample Kolmogorov–Smirnov test. Comparisons of the changes between
the two groups were performed using independent t-tests and within groups using a paired t-test. For all
tests, statistical significance was set at 0.05.

Results
Participants
Thirty participants underwent pre-enrollment screening evaluation. A total of 25 participants, 13 in the
experimental group and 12 in the control group, who met the inclusion criteria were included in this study.
At baseline, no significant differences were found between groups for demographic data or
measurements (Table 1). Two individuals in the control group dropped out due to discharge during the
training. Therefore, post-testing and analysis were completed for 13 individuals in the AMT group and 10
in the control group.
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Table 1
Participant characteristics at baseline
AMT group (n = 13)

Control group
(n = 10)

P value

Age (y)

58.0 (6.5)

57.2 (9.7)

0.837

Sex (M/F)

10/3

8/2

0.912

Weight (kg)

68.9 (7.8)

68.1 (9.39)

0.836

Height (m)

171.4 (6.9)

168.6 (8.7)

0.443

Time post-stroke (months)

10.9 (6.5)

10.6 (3.3)

0.905

Stroke side (R/L)

5/8

4/6

0.821

Modified Ashworth Scale (0/1/1+)

1/3/6

1/3/9

0.723

Functional Ambulation Category (0–5)

4.6 (1.0)

4.5 (0.5)

0.885

K-MMES (score)

28.0 (4.7)

28.4 (1.2)

0.796

Fugl-Meyer lower extremity (0–34)

18.3 (3.2)

19.1 (2.6)

0.575

Berg balance scale (0–54)

48.0 (6.2)

47.6 (3.4)

0.862

ROM of ankle dorsiflexion

15.9 (9.5)

15.7 (6.8)

0.953

Dorsiflexion (N)

14.7 (6.2)

14.0 (4.0)

0.784

Plantarflexion (N)

14.3 (3.0)

14.8 (3.4)

0.752

Inversion (N)

8.0 (1.6)

9.4 (2.2)

0.146

Eversion (N)

7.5 (2.1)

7.8 (1.3)

0.748

Walking speed (m/s)

0.5 (0.3)

0.3 (0.2)

0.126

Ankle isometric contraction force

AMT, ankle muscle control training; BMI, body mass index; K-MMES, Korean version of the minimental state examination.
Values represent mean (SD).
Isometric contraction force of the paretic ankle
The AMT group demonstrated significant improvements in all measurements of ankle isometric strength
(P < 0.01). There were significant between-group differences in all measurements of ankle isometric
strength (P < 0.05).
Ankle proprioception
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Both groups displayed significant improvements in ankle proprioception 20° (AMT: P = 0.046; control: P =
0.031), with no between-group difference (P = 0.254; Table 2).
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Table 2
Change in outcomes between pre- and post-training
Measure

Group

Pre

Post

Between
groups
P value

Ankle isometric contraction
force (N)

Dorsiflexion

Plantarflexion

Inversion

Eversion

Ankle proprioception (°)

Fugl-Meyer lower extremity (score)

Berg balance scale (score)

Walking speed (m/s)

AMT

14.7
(6.2)

22.3
(11.1)*

control

14.0
(3.9)

14.0
(6.6)

AMT

14.3
(3.0)

26.5
(10.6)*

control

14.8
(3.3)

15.1
(6.0)

AMT

8.0 (1.6)

15.6
(4.7)*

control

9.3 (2.1)

9.8 (2.9)

AMT

7.5 (2.1)

17.2
(8.7)*

control

7.8 (1.2)

8.3 (1.9)

AMT

21.6
(9.2)

11.3
(7.7)*

control

14.2
(4.8)

10.0
(2.8)*

AMT

18.3
(3.2)

25.8
(4.5)*

control

19.1
(2.6)

21.5
(2.9)*

AMT

48.0
(6.2)

52.4
(3.9)*

control

47.6
(3.3)

50.2
(2.6)*

AMT

0.99
(0.31)

1.22
(0.33)*

AMT, ankle muscle training.
Values represent mean (SD).
*P < 0.05, within group comparison.
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0.034

0.003

< 0.001

0.004

0.254

0.001

0.214

0.090

control

0.77
(0.24)

0.84
(0.29)

AMT, ankle muscle training.
Values represent mean (SD).
*P < 0.05, within group comparison.
Balance and gait
Both groups exhibited significant improvements in FM-L scores (P < 0.05), with between-group differences
(P = 0.001). Additionally, both groups achieved significant improvements in BBS scores (P < 0.05), with no
between-group difference (P = 0.214). The AMT group displayed significant improvements in maximum
walking speed (P = 0.022), with no between-group difference (P = 0.090). There was a significant betweengroup difference in stance-phase CI during gait (Fig. 3; P = 0.041).

Discussion
This study successfully showed the effectiveness of comprehensive feedback-controlled biaxial ankle
movement training on ankle motor and sensory functions, and demonstrated the increased ankle muscle
strength, and the improved ankle muscle efficiency during gait, compared to control group with
conventional therapy.
In stroke patients, muscle weakness has been implicated in deficient physical activity on one side of the
body and this deficit is more pronounced distally than proximally [23]. A previous study showed that the
residual strength following stroke was 37 percent for ankle plantar flexion, 45 percent for ankle
dorsiflexion, 51 percent for knee extension, 53 percent for knee flexion, 64 percent for hip extension, and
68 percent for hip flexion [23]. The ankle muscle has been implicated as the greatest contributor to
functional gait or balance performance in chronic stroke patients. Although lower extremity strengthening
programs have revealed positive effects on strength and functional performance for stroke patients,
targeted strengthening training for the distal part of lower extremities is required.
There are few targeted training programs or devices that strengthen or educate effectively the distal part
of ankle muscles [13–15]. As a representative example, Anklebot used a target-based video game to
repeat paretic ankle dorsiflexion and plantarflexion a total of 560 times per hour in a sitting position. This
type of temporal symmetry [13], and step length symmetry [13], only for moderate to high functional level
ankle training showed positive effects on ankle performance, including velocity [14], smoothness [14],
and accuracy [14] as well as gait performance, include increased heel touch [14], individuals [15]. As there
is a need to focus on more effective ankle strengthening training rather than simple repetitive exercise for
stroke patients, understanding motor control will help to develop an ankle control method. To control
movement, the nervous system integrates multimodal sensory information (both from the external
environment and proprioception) and elicits the necessary signals to activate muscle movement. Motor
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control relies on sensory feedback to control movement using a continuous process of accessing sensory
information about performance and specific sensory input from the environment to achieve more
accurate motion performance [24]. Therefore, this study incorporated three training steps into the training
method, reflecting the integrated sensory and motor interventions in stroke patients with various
functional levels to improve ankle motor control.
According to the AMT protocol applied in this study, the passive stretching training step provided
repetitive bi-axial passive ROM movement. A previous study reported that repetitive bi-axial passive ROM
exercises can change the biomechanical properties of the ankle, including ankle stiffness and ankle
passive ROM, resulting in improved walking performance over an uneven surface for chronic stroke
patients [16]. Passive ankle stretching methods commonly influence the excitability of lower motor
neurons, reduce joint stiffness and increase muscle and soft tissue extensibility, thereby providing
sensory information associated with movement of the ankle muscles [25]. Muscle contraction to match
movement provides information about the ankle movement direction, range, and force through visual
feedback. This step allows stroke patients to repeat movement control and movement modification
through visual feedback, contracting the paralyzed ankle muscles to complete the targeted movement.
This multisensory feedback is important for motor learning by reestablishing the sensorimotor loop that
is disrupted by stroke, because synchronization between sensory and motor information facilitates neural
plasticity [26]. The final active-resistive strengthening step was important in reinforcing ankle
performance through motor learning and muscle strengthening and involved individual adjustment of the
difficulty level of tasks by modifying the amount of resistance and ROM. Another characteristic of ankle
training in this study was the addition of diagonal movements that are practically applicable in daily
activities, including walking and simple ankle biaxial movement tasks [27]. AMT tried to reproduce the
actual complex ankle movements according to the anatomical characteristics of the ankle joint.
Therefore, the AMT protocol presented in this study may have a positive effect on motor control and
muscle strength regaining of paretic ankles in stroke patients.
Enhanced ankle strength through the AMT affects ankle motor control during gait. The ankle complex is
not a simple hinged structure but functionally comprises of the ankle (talocrural) and subtalar
(talocalcaneal) joint axes [28]. In particular, because of the oblique nature of the subtalar joint axis [29],
plantarflexion is coupled to supination, and inversion and dorsiflexion are coupled to pronation and
eversion in an orthogonal coordinate system [16]. Therefore, the increase in overall ankle muscle strength,
including ankle invertor and evertor, as well as ankle dorsiflexor and ankle plantarflexor, is attributed to
the fact that the ankle training device, which reflects the anatomical structure of ankle joint, effectively
strengthened the muscles around the ankle by generating ankle movements in various directions.
Additionally, it improved the ability of ankle muscle control, which affects gait parameters. Although the
strength of the hip flexor and that of the knee extensor of the hemiplegic limb are still the most important
factors determining comfortable or fast walking speed, the strength of ankle muscle is also closely
related to walking speed. The power of ankle plantarflexor is a major kinematic factor that determines
walking speed by producing forward propulsion, decreasing step length, and affecting gait symmetry [5,
30]. Proper ankle dorsiflexor force prevents foot drop and is properly controlled during the gait cycle as an
Page 11/20

antagonist of the ankle plantarflexor [31, 32]. Ankle muscles also affect walking speed by interacting with
other muscles of lower extremities such as knee hyperextension related to shock absorption, decrease in
step length, and compensatory movement such as hip hiking to prevent foot drop [33, 34]. Stability of the
distal part due to proper control of ankle muscles contributes to improved gait performance by assisting
the movement of the proximal knee and hip.
Based on the relative agonist and antagonist muscle activity during walking, ankle muscle efficiency has
important implications for walking efficiency. Paretic ankle muscle co-activation, which represents the
activity ratio of agonist and antagonist muscles in stance phase, contributes to the compensation
strategy, postural control, and regulation of joint stiffness [35, 36]. Excessive muscle co-activation can
even cause severe joint stiffness, which reduces the degree of freedom [37]. Decrease in ankle cocontraction during the stance phase after AMT showed the possibility of improvements in gait
parameters, including walking speed [38], an increased energetic cost [39], and a low peak plantar flexor
moment on the paretic side in stroke patients [38]. Although comparative EMG analysis related to muscle
activity is difficult through normalization of individual maximum muscle activity, the reduction of CI in the
group comparison of individuals before and after change values shows that the agonist and antagonist
effect energy efficiently.
Therefore, the ankle training method provided in this study, which includes ankle passive stretching,
directional perceiving, and active-resistive strength training steps, is an effective ankle rehabilitation
technique that improves the quality of gait functions, with a focus on gait muscle efficiency and ankle
muscle control in chronic stroke patients. This study is limited by the number of training repetitions,
which varied according to the functional ability of each individual (strength and sensory functions). In
additional studies, it is necessary to establish the intensity, frequency and duration of the appropriate
training protocol according to the functional level of each individual.

Conclusions
Our stroke ankle rehabilitation protocol, called AMT, was able to induce initial results indicated that the
training improved ankle muscle strength and walking speed in stroke patients. In addition, a significant
change in muscle efficiency during gait of the patients was demonstrated compared to control group with
conventional therapy. This work, therefore, emphasized the significance of comprehensive ankle training
with stretching, strengthening and enhancing controllability on gait recovery in chronic stage of stroke
survivors.

Abbreviations
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Fugl-Meyer lower extremity
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co-contraction index
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range of motion
10MWT
10-meter walking test
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Figure 1
A single blinded, parallel-group, randomized controlled trial with blinding of assessors and concealed
allocation was conducted. A person not involved in the trial created a blocked random allocation
scheduled for 20 participants using Microsoft Excel. Blocking ensured equal numbers of participants in
the experimental and control groups. Participants in the experimental group underwent ankle movement
training (AMT) consisting of passive stretching, contraction to match movement, and active-resistive
strengthening using visual feedback for four weeks. Participants in control group underwent usual ankle
relative physical therapy for four weeks. All participants were re-assessed at the end of the four-week
intervention period.
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Figure 2
A monitor providing visual feedback was placed at eye level of the participant (2-B). The AMT protocol
consisted of three steps (2-A).
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Figure 3
Both groups exhibited significant improvements in FM-L scores (P<0.05), with between-group differences
(P=0.001). Additionally, both groups achieved significant improvements in BBS scores (P<0.05), with no
between-group difference (P=0.214). The AMT group displayed significant improvements in maximum
walking speed (P=0.022), with no between-group difference (P=0.090). There was a significant betweengroup difference in stance-phase CI during gait ( P=0.041).
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