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Abstract

Objective: To evaluate a novel multi-channel functional electrical stimulation (FES) rehabilitation
method based on the evaluation of patient-specific walking dysfunction.

Methods: This study investigated a novel multi-channel FES-based rehabilitation method that
analysed the patient’s muscle synergy and walking posture. A patient-specific FES profile was
produced in the pre-evaluation stage by comparing the muscle synergy and walking posture of the
patient with those of healthy control subjects. During the rehabilitation phase, this profile was
used to determine an appropriate FES pulse width and amplitude for stimulating the patient’s
muscles as they walked across a flat surface.

Results: Two stroke patients with hemiplegic symptoms participated in a clinical evaluation of
the proposed method involving a 4-week course of rehabilitation. An evaluation of the rehabil-
itation results based on a comparison of the pre- and post-rehabilitation muscle synergy and
walking posture revealed that the rehabilitation enhanced the muscle synergy similarity between
the patients and healthy control subjects and their quantitative walking performance, as measured
by a 10-m walk test and walking speed, by up to 23.38% and 30.00%, respectively.
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Conclusion: These results indicated that the proposed rehabilitation method improved walking
ability by improving muscle coordination and adequately supporting weakened muscles in stroke

patients.
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Introduction

Walking impairment is a major concern for
stroke patients because it significantly con-
tributes to functional disability and can lead
to disruption in their quality of life.'
Generally, strokes result in muscle weakness
and spasticity of the paretic limb that can
lead to disruptions in interlimb coordina-
tion control. Although the terms ‘muscle
weakness’ and ‘coordination’ technically
describe different phenomena, they are
used interchangeably in this context because
most stroke patients exhibit muscle weak-
ness and coordination problems simulta-
neously.* Foot drop is associated with not
only problems in terms of ankle muscle
coordination but also weakness of the tibia-
lis anterior muscle, which is noticeable rela-
tive to weaknesses in other muscles of the
paretic limb.’ Because the impaired walking
patterns of stroke patients such as circum-
duction and steppage gait are caused by a
combination of coordination problems and
muscle weakness, these should be consid-
ered together in constructing an effective
rehabilitation strategy.

Coordinated walking patterns are per-
formed either through motor modules or
muscle synergies.'"® A muscle synergy rep-
resents a system of commands from the cen-
tral nervous system (CNS) to several
muscles that coordinate a single action. In
healthy individuals, walking typically

involves four muscle synergies — weight
acceptance (WA), push off (PO), foot clear-
ance (FC) and leg deceleration (LD).""'°
Absent or weakened muscle synergies can
be used to identify a patient’s muscle coor-
dination problem. In previous studies, it has
been found that stroke patients exhibit a
reduced number of synergies on their paret-
ic side as a result of the merging of motor
modules; this implies that a non-functional
muscle co-contraction is reflected in walk-
ing dysfunction.”®!! Recent studies have
proposed the use of muscle synergy, along
with conventional indices such as cadence,
walking speed and walking posture, as an
effective measure for assessing a patient’s
overall walking performance.'> '

A combination of functional electrical
stimulation (FES) and walking rehabilita-
tion is an effective intervention for stroke
patients.'>'7 FES can effectively enhance
motor learning and CNS plasticity, and
single- or dual-channel FES can be applied
to the dorsiflexor muscles in the walking
rehabilitation process to prevent foot drop
during the swing phase.”>*'® Recently,
rehabilitation methods applying multi-
channel FES based on muscle synergy anal-
ysis have been proposed as a solution to
muscle coordination problems caused by
CNS damage.'*! Although these methods
improve muscle coordination in the lower
extremities through the simultaneous elec-
trical stimulation of multiple muscles on
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the paretic side, they cannot be used to indi-
vidually  strengthen single weakened
muscles (such as the tibialis anterior
muscle in the case of foot drop) because
they only modulate the FES pulse width.
Thus, the muscle weakening cannot be
directly elevated through these rehabilita-
tion methods.

This current report proposes a novel
multi-channel FES rehabilitation method
based on the evaluation of patient-specific
walking dysfunction. The proposed method
utilizes muscle synergy and walking posture
analysis to produce an FES profile that
addresses the muscle coordination and
weakness problems simultaneously by mod-
ulating both the FES pulse width and
amplitude. The pulse width modulation
adapts the approach used under existing
methods to address muscle synergy dys-
function,' while the amplitude modulation
addresses walking posture dysfunction by
strongly contracting individual weakened
muscles. Since the higher amplitude of elec-
trical stimulation causes the larger muscle
contraction,”®** the strength of muscle
contraction can be controlled effectively
by amplitude modulation. In the literature,
it has been shown that amplitude modula-
tion can be used effectively for improving
the muscle strength in the stroke rehabilita-
tion.”**> The proposed rehabilitation
method was validated through clinical

evaluations of two stroke patients. The
rehabilitation results were presented by
comparing pre- and post-evaluation of the
walking dysfunction of the two patients.

Patients and methods

Overview of the rehabilitation procedure

This study was undertaken at the Novos
Hospital, Dobong-gu, Seoul, Republic of
Korea between April 2019 and May 2019.
Figure 1 shows the overall procedure
applied under the proposed rehabilitation
model, which comprise of three steps: pre-
treatment assessment, rehabilitation and
post-evaluation. The proposed rehabilita-
tion model and procedure was designed
based on a previous study and can be
attributed to their research.'The details of
each step are provided as follows: (i) Step 1
(Pre-treatment assessment): To construct a
patient-specific rehabilitation strategy, the
patient’s walking state was evaluated prior
to rehabilitation. The walking state was
measured in terms of muscle synergy and
walking posture by having the patient
undertake 20 cycles of straight walking
across a flat surface at a self-selected
speed while wearing electromyography
(EMG) and inertial measurement unit
(IMU) sensors on the paretic lower limb.
As shown in Figure 1, eight EMG sensors

Algorithm 1: FES Pulse width profile

1% EMG;,,=0

2:  fork=I:4

3: if (isMWVectorImpaired(MW?) g, (MW!)))

4: EMG iy, += (MW?{) (AP])

5¢ else if (isAPVectorImpaired((AP) ., (AP}),))

6: EMGiy, += (MW?); (AP},
7 end

8: end -

9: FEspw=mEMGim

Figure |. Algorithm for generating functional electrical stimulation (FES) pulse width profile.
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were attached to eight muscles of the para-
lyzed lower limb. These muscles, the rectus
femoris (RF), adductor magnus (AM),
vastus medialis (VM), tibialis anterior
(TA), gluteus medius (GM), semitendinosus
(Sem), bicep femoris (BF) and gastrocnemi-
us medialis (MG), are dominantly used
while walking. The EMG data measured
during walking were used to extract the
muscle synergies of the paretic leg, which
can be used to evaluate muscle coordination
problems through comparison with the
muscle synergies of healthy subjects that
were recruited from the local population
in Seongbuk-gu, Seoul. Three IMU sensors
were attached to the thigh, shank and foot
of the paretic lower limb and used to mea-
sure the patient’s walking posture and per-
sonal walking characteristics. The angles of
extension and flexions of the knee and
ankle joints were extracted from IMU
measurements of the sagittal angles of the
thigh, shank and foot, and walking posture
was evaluated by comparing the knee and
ankle angles with those of healthy subjects.
The differences in walking synergies and
knee and ankle joint angles between the
patients and healthy subjects were then
used to generate FES pulse width and
amplitude profiles, respectively; (ii) Step 2
(Rehabilitation): Rehabilitation was con-
ducted three times a week for 4 weeks (12
sessions), with each session taking a total of
40 min and comprising warming up fol-
lowed by 10 min of walking across a flat
surface at a self-selected speed without
FES, 20 min of walking while multi-
channel FES was applied, and cooling
down followed by 10 min of walking with-
out FES. The eight-channel FES device was
attached to eight muscles of the patient’s
paretic lower limb (the RF, AM, VM, TA,
GM, Sem, BF and MG) in the manner
shown in Figure 1; the attachment positions
of the FES electrodes were identical to those
of the EMG sensors used in the muscle syn-
ergy extraction process. Two IMU sensors

were attached to the shank on both sides of
the lower limb to identify the patient’s gait
cycle in real time. During the warming-up
and cooling-down stages, the FES controller
was deactivated and the patient walked with-
out electrical stimulation. Following the
warming-up stage, the FES controller was
activated and continued operating for
20 min, following which the cooling-down
stage commenced. During rehabilitation,
the FES controller captured the current
gait cycle of the patient and set the pulse
width and amplitude of each FES channel
based on values corresponding to the gait
cycle derived from the FES profile pro-
duced in the pre-evaluation step; (iii) Step
3 (Post-evaluation): The effectiveness of the
proposed rehabilitation method was vali-
dated by comparing the pre- and post-
rehabilitation muscle synergies and walking
postures of the patient. Following rehabili-
tation, the patient’s muscle synergy and
walking posture were measured in a same
manner as in the pre-treatment assessment.
The similarity in muscle synergy between
the post-rehabilitation patient and healthy
subjects was used to measure improvements
in muscle coordination, while the knee and
ankle angle profiles were used to validate
the post-rehabilitation correction in walk-
ing posture. The improvement in overall
walking ability was also measured in terms
of the proportions of single and double sup-
port per gait cycle and several quantitative
performance indices, including the 10-m
walk test (I0MWT), walking speed, cadence
and the Berg balance scale (BBS).

Muscle synergy assessment

The muscle synergies of the patients and
healthy subjects were used to produce a
multi-channel FES pulse width profile.
The processes used to extract muscle syner-
gies from the EMG data measured during
the walking tests and for extracting the
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synergies of the patients and healthy sub-
jects are described.

Healthy muscle synergy was used as a
reference for evaluating the state of each
patient’s muscle synergy. The patients’
impaired muscle synergies and FES profiles
were derived through a comparison with
the muscle synergies of healthy subjects,
which, in this study, were extracted from
eight healthy seniors in their 70s. The par-
ticipants were instructed to walk for 20
cycles across a flat surface with eight
EMG sensors (Ultinum EMG; Noraxon
USA Scottsdale, AZ, USA) attached to
the lower limb muscles. Two IMU sensors
(MTw  Awinda; Xsens Technologies,
Enschede, The Netherlands) were attached
to both shanks to identify the gait phases.
The raw EMG data, which were recorded at
1500 Hz, were processed through a band-
pass filter (third-order Butterworth, fre-
quency band: 40400 Hz), rectified and
finally passed through low-pass filter
(third-order Butterworth, cut-off frequency:
5 Hz) to obtain an EMG envelope. The
overall EMG envelope data (20 gait
cycles) were segmented into single strides
based on the initial walking contacts as
determined from IMU measurements of
the sagittal angles of the shanks.'” The seg-
mented EMG envelope was normalized by
the maximum EMG envelope value per
stride and resampled to allot an equivalent
number of samples to each stride. Finally,
an EMG envelope was defined for each
subject as the mean of 20 sets of normalized
EMG envelopes, and the non-negative
matrix factorization (NMF) algorithm was
applied to the mean EMG envelope of each
subject to extract the muscle synergy.’®
Mathematically, the output of the NMF
can be represented in the following matrix
form:

EMG! = MW" - AP" + ¢; (1)

where EMG! € R®" is the mean EMG
envelope of the i-th healthy subject, MW" ¢
R¥™ represents the relative weight of
muscle activation, AP? € R™" is the time-
varying activation profile, and e is the resid-
ual error. The subscripts » and m represent
the number of samples and synergies. In
general, a healthy subject will have four
walking synergies (m), WA, PO, FC and
LD, but in stroke patients or individuals
who exercise strenuously, this number can
vary according to the variable accounted
for (VAF).” In this study, it was assumed
four healthy walking synergies in reference
to a prior study and determined these by
taking the mean extracted muscle synergy
(MW", AP") for each subject:

1 1
n_ h
MW" _75 L MW

A )
AP, = lZi:lAPi

where MW" and AP" are the representative
muscle weight (MW) and activation profile
(AP) of the healthy subjects, respectively,
and / is the number of participants.

The muscle synergies of the patients were
extracted from the raw EMG data mea-
sured using the same procedures applied
to the healthy subjects. The muscle synergy
comprises two matrices, MW and
AP (Equation 1), and synergy comparison
should be performed for each. In compar-
ing a patient’s MW and MW", AP should
be set equal to AP" and vice versa. For
the synergy comparison, each patient’s
muscle synergy is extracted using the non-
negative matrix reconstruction (NNR)
algorithm.! Two NNRs were performed
for each EMG envelope, one to carry out
the MW comparison and the other one to
carry out the AP comparison:

(MW" . EMG;
MW;, - AP" . (AP!)"
3)

MW; k+1 — wa,k :
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EMG: - (AP")"
(MW" . MW" . AP"
4)

AP ;k+1

= AP;,k .

where MW, AP], are the i-th patient’s
MW and AP matrices, respectively, in the
k-th iteration, and EMG; is the EMG enve-
lope of the i-th patient. MW}, and AP}, are
updated at every iteration until the differ-
ence between the values of consecutive iter-
ations converges to below a pre-defined
threshold. The NNR-extracted MW and
AP of the i-th patient are denoted by MW;

and AP}, respectively.

Identification of impaired muscle synergy

The pulse width profile of the FES was pro-
duced by comparing the muscle synergies of
the patient (MW;, AP]) with the healthy
muscle synergies (MW", AP!). The first
step was to determine the damaged muscle
synergies, as these alone are used to pro-
duce the pulse width profile. For the MW
matrix of the patient, MW € R®*, each
column vector of  the matrix
[MW?], € R®! was examined to determine
a damaged MW vector. Cosine similarity
between the patient’'s MW  vector
[MWi], and the corresponding healthy
MW vector [MW?!], was used to determine
the damaged MW vector as follows:

W3], - [Mwy],
[MW;], x [Mwﬂk

<085 (k=1--4)
)

If the value of the cosine similarity in
Equation 5 is less than 0.85, the corre-
sponding MW vector is considered to be a
damaged vector. For the AP matrix of the
patient, AP{ € R*", each raw vector of the
matrix [AP{|, € R"" was examined to find
damaged AP by applying normalized cross
correlation to measure the similarity

between ecach patient’s activation profile
vector  [APj], and the corresponding
healthy activation profile vector [AP"],:

kayk (q)

kaxh (O)Cykyk (0)
>5% (k=1---4) (6)

< 0.85 or ¢q

where Cy,y, (¢) is the maximum value of
cross correlation between vectors x; and
¥, representing the AP vectors of the patient
([AP;],) and healthy subjects ([AP}],).
respectively at a time lag of ¢. Under the
formulation used in Equation 6, if the max-
imum value of the normalized cross corre-
lation is less than 0.85 or the time lag at the
maximum cross correlation exceeds 5% of
one gait cycle, the AP vector is considered
to be a damaged AP vector. These two
threshold values were determined referring
to the literature.’ Using Equations 5 and 6,
the damaged MW vector [MW;], and AP
vector [AP]], of muscle synergy for each
patient were determined and used to pro-
duce the FES pulse width profile.

Walking posture assessment

The rehabilitation strategy proposed in this
paper uses the patient’s walking posture
characteristics to determine the muscle
stimulation intensities that directly relate
to prominent stroke patient walking fea-
tures (e.g. foot drop). These are used to
improve the effectiveness of the rehabilita-
tion process. To characterize the patient’s
walking posture, IMU sensors were
attached to the shank, thigh and foot of
the paretic lower limb. The sensors mea-
sured angular velocity at a 100-Hz sampling
rate and then processed the measured angu-
lar velocities by applying an embedded
Kalman filter to output shank, thigh, and
foot angles. The knee and ankle angles cal-
culated from the shank, thigh and foot sag-
ittal angles were then used to capture the
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walking posture characteristics of the
patient. In the pre-treatment assessment,
the knee and ankle angles of the patients
and healthy subjects were measured over
20 cycles of walking across a flat surface
and the measured angle profiles were proc-
essed as follows. First, each overall knee
and ankle angle profile was segmented
into a single stride and resampled to pro-
duce an equivalent number of samples per
stride. Next, representative angle profiles
were calculated by taking the 20-cycle
mean of each angle profile and dividing
the mean profiles according to respective
gait events, initial contact (IC), mid swing
(MS) and end contact (EC), using an algo-
rithm from the literature.”” Then the angle
profiles of the patients and healthy subjects
were synchronized with respect to these gait
events. Generally, the gait cycle of a stroke
patient is distorted as a result of impaired
walking characteristics. To identify an
impaired walking posture (knee and ankle
angles) with respect to a healthy walking
posture, the two should be synchronized
by adjusting the healthy profile so that the
gait events (IC, MS, EC) are synchronized
with those of the patient. To carry out this
matching, the angle profiles of the healthy
subjects were reproduced using a cubic
spline interpolation.

Determination of multi-channel FES
profile

In the rehabilitation step, the FES control-
ler modulated the pulse width and
amplitude of the electrical stimulation in
real-time based on the pre-defined gait
cycle pulse width and amplitude profile pro-
duced during the pre-treatment stage using
the patient’s walking synergy and posture.
As the patient walked across a flat surface
with eight FES electrodes attached to their
paretic lower limb, the FES controller
selected an appropriate pulse width and
amplitude from the pre-defined profile

corresponding to the patient’s gait status
to provide patient-specific rehabilitation
therapy. Three parameters, frequency,
pulse width and amplitude, should be mod-
ulated during the FES rehabilitation pro-
cess. The electrical signal frequency was
set to a constant 20 Hz across all electrodes
to minimize muscle fatigue during the reha-
bilitation.”®*° The pulse width affects the
degree of muscle contraction and was deter-
mined from an analysis of the patient’s
muscle synergy. The amplitude affects
muscle strength and was determined by
analysing the patient’s walking posture.®®

Pulse width profile based on the patient’s
impaired muscle synergy

The pulse width profile was determined by
comparing the damaged muscle synergy
vector of the patient using Equations 5
and 6 with the corresponding healthy
muscle synergy vector within a range of 0
to 400 us. The algorithm for determining
the pulse width profile is given in
Figure 2. The pulse width profile
FES,, € R*", where n is the number sam-
ples per gait cycle, is calculated using
impaired EMG envelop EMGj, € R®",
which was reconstructed by multiplying
the damaged MW vector [MWj], € R®*!
by the activation profile  vector
[AP{], € R™". For the four synergies
(k=1---4), the algorithm first looks for
impaired synergy vectors (lines 3 and 95)
and, if it find them, adds [MW;],-
[AP]], € R¥" to EMG;, (lines 4 and 6).
After computing EMG;,,, FES,,, is calculat-
ed by normalizing EMG;,, so that the max-
imum value of EMG;,, is the upper limit of
the pulse width (line 9).

Amplitude profile based on the patient’s
walking posture

The amplitude profile was derived from the
patient’s walking posture, as shown by the
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Algorithm 2: FES amplitude profile

1 FESqm=DEFAULT_AMPLITUDE
2 Sfor i=i;n
3 ifceinee (") = anee (") < 0)
4: [FESam]RF(I) = [FESam]VM(i) ] Bfklnee(i) = Binee(!)
5 else
6: [FESam]Sem(i) = [FESam]EF(E) = Binee(i) = egnee(i)
7 end
8 F(05mic1e (D) — Ony1e (i) < 0)
9 [FESamlme(D) = Ofpnkie (D) — O3k (D)
10: else
1 [FESamlra(® = 85niae () = Ofnie (D
12 end
13: end
14:  fori=1:8
3ma
15: (FESamli = irgso iy [FESamli
16  end

Figure 2. Algorithm for generating functional electrical stimulation (FES) amplitude profile.

algorithm in Figure 3, which determines the
amplitude of current flowing to the eight
FES clectrodes attached to the patient’s
parctic lower limb over one gait cycle
based on the differences between the
patient’s and healthy subjects’ knee and
ankle angles measured prior to the rehabil-
itation. The amplitude profile was defined
as the matrix FES,, € R®", where n is the
number of samples per gait cycle; each row
of the matrix represents the amplitude pro-
file of an individual electrode. Figure 4
shows knee and ankle motions and the
muscles that contract to induce the corre-
sponding motions. If a patient’s motion is
deficient relative to the corresponding
healthy motion, the algorithm increases
the amplitude of the electric current to

assist the contraction of the corresponding
muscles and recover the motion. Initially,
the matrix FES,, was set to a default
value (line 1), which was determined as
the minimum amplitude of stimulation trig-
gering the visible contraction of each
muscle,’ and was updated by comparing
the knee and ankle angles of the patient
with those of the healthy subjects (lines 2—
13). If the knee angle of the patient was less
than those of the healthy subjects so-called
knee flexion (line 3), the algorithm updates
the corresponding rows of FES,,, which
are denoted by [FES.u|gp and [FESum)yy.
respectively, by an amount proportional to
the difference in knee angle (0%,,, — 05,..)
(line 4). Similarly, if the knee angle of the
patient was greater than those of the
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Pre-treatment Assessment

Musde synergy assess. Walking posture assess.
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EMG data IMU data
pre-processing pre—processmg
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|
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Determine current walking state
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Muscle synergy (knee, ankle angle)
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Comparison with Comparison with
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rehabllltatlon rehab-\:tat:on

Figure 3. Overview of the rehabilitation procedure consisting of a pre-treatment assessment, rehabilitation
and post-evaluation. EMG, electromyography; IMU, inertial measurement unit; FES, functional electrical
stimulation. The colour version of this figure is available at: http://imr.sagepub.com.

healthy subjects so-called knee extension  (line 6). The other two rows of the ampli-
(line 5), the algorithm updates [FESunlg,,  tude profile ((FESun)yg and [FES.u)p,) are
and [FES,m)gr by an amount proportional updated according to the ankle angle in a
to the difference in knee angle (05, — 0%.,,)  similar manner (lines 8-12). The two
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Knee flexion (Bee — Ofinee < 0)

Knee extension (65,0 — Off e > 0)

(o)

Dorsiflexion (62 e = Buire < 0)

Plantarflexion (65 — 82e = 0)

Figure 4. Comparison of knee and ankle angles between a patient and a healthy individual: knee angle
comparison (a) globally in all figure captions and ankle angle comparison (b) globally in all figure captions. The
muscles indicated by a yellow dot in each figure represent the weakened muscle causing the corresponding
walking disorder. RF, rectus femoris; VM, vastus medialis; BF, bicep femoris; Sem, semitendinosus; MG,
gastrocnemius medialis; TA, tibialis anterior. The colour version of this figure is available at: http://imr.

sagepub.com.

remaining rows ([FESam| 4y and [FESam)gy)
retain their default values because they do
not directly affect the walking motion.
Following these adjustments, the values of
the matrix FES,, were normalized by row
so that the maximum value of each row
coincides with the upper limit of the ampli-
tude (line 15).

Clinical evaluation

To validate the effectiveness of the pro-
posed rehabilitation method, a clinical eval-
uation of two stroke patients was carried
out. The experimental protocol was
approved by the Korea University
Institutional Review Board (no. KUIRB-
2019-0020-02) and the patients were
required to provide written informed con-
sent for the clinical study. Both stroke
patients had hemiplegic symptoms on the
lower limb but could walk without assistive
devices. The rehabilitation session was con-
ducted over a total of 6 weeks, with the pre-
evaluation assessment conducted over the
first week and the rehabilitation training
carried out from the second to fifth weeks
(for 4 weeks). Following rehabilitation,
post-evaluation was carried out for 1

week. During the 4 weeks of rehabilitation
training, the patients underwent three reha-
bilitation sessions per week, with each ses-
sion comprising a 10-min warm up, walking
with the multi-channel FES device attached
for 20 min (along a square path with sides
of 8 m) and a 10-min cool down. The warm-
up and cool-down sessions proceeded with-
out the use of FES. During these sessions,
each patient wore a backpack (total weight:
2.5 kg) containing a laptop and portable
multi-channel FES device (Rehasim 3;
HASOMED GmbH, Magdeburg,
Germany), which was attached to the
IMU sensors, as shown in Figure 5. As
shown in the figure, eight FES electrodes
were attached to the paretic side while the
IMU sensors were attached to both shanks.
The FES electrodes were attached at the
same location of the EMG electrodes to
avoid contraction of the wrong muscle.”'

Results

This current study evaluated two stroke
patients with hemiplegic symptoms on the
lower limb that could walk without assistive
devices. Their demographic and clinical
characteristics are presented in Table 1.
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(b)
. o EMG s . o FES
In evaluation (pre & post) In rehabilitation
0 0 GM AM O 0 GM
RF Oo O Thigh SemQ O BF RF‘:? Sem O O BF
TADE [k hank 0/ MG AR O MG
O O shank

Figure 5. The rehabilitation set up for the clinical evaluation including the sensor attachment: the patient
undergoing rehabilitation wearing a backpack containing a laptop and portable functional electrical stimu-
lation (FES) device with attached FES electrodes and inertial measurement unit (IMU) sensors (A); position
of the sensor and FES electrode attachments in evaluations (pre and post) and rehabilitation (B). AM,
adductor magnus; RF, rectus femoris; VM, vastus medialis; TA, tibialis anterior; GM, gluteus medius; Sem,
semitendinosus; BF, bicep femoris; MG, gastrocnemius medialis. The colour version of this figure is available
at: http://imr.sagepub.com.

Table I. Demographic and clinical characteristics of the two stroke patients that participated in this clinical
study.

Fugle—Mayer
Duration Height, Weight, score of
Age, years  of stroke Type of stroke cm kg lower limb
Subject | 62 10 months  Left hemiplegia 180 78 81/86
(right MCA-ACA infarction)
Subject 2 60 2 months Right hemiplegia 175 74 61/86

(left Pontine infarction)

MCA-ACA, anterior cerebral artery-middle cerebral artery.

To determine healthy muscle synergies,
eight additional healthy subjects (four men
and four women; mean + SD age, weight
and height of 66.87 +4.59 years, 62.13 +
5.08 kg and 161.6+8.4 cm, respectively)
with similar demographic and anthropo-
metric characteristics and no diagnosed
central or peripheral neural injuries were
recruited for a separate clinical evaluation.
Figure 6 shows a representative muscle syn-
ergy of the healthy subjects determined as
the mean synergy of the participants. The
four synergy values (WA, PO, FC, LD)
were all normalized to maximum values of

one. All of the healthy subjects exhibited
similar walking synergies.

Each stroke patient participating in the
clinical trial underwent procedures to mea-
sure their muscle synergy prior to the reha-
bilitation. The muscle synergies of the two
stroke patients were obtained by applying
NNR algorithms to the EMG envelope
with corresponding healthy muscle syner-
gies. Figure 7 shows the muscle synergies
of the two clinical trial subjects (subject 1
and subject 2), representing mean taken
over 20 gait cycles. Table 2 presents the
quantitative  results comparing each
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Figure 6. Healthy muscle synergy extracted from eight healthy subjects. WA, weight acceptance; PO, push

off; FC, foot clearance; LD, leg deceleration.

patient’s muscle synergy with the corre-
sponding healthy muscle synergy, in which
MW similarity was measured as the cosine
similarity ~between MW" and MW:
(Equation 5) and AP similarity was mea-
sured as the cross correlation between AP!
and AP; (Equation 6). The time-lag repre-
sents the value of the time shift at which the
cross correlation had a maximum value.
The impaired muscle synergies, as deter-
mined by Equations 5 and 6, are indicated
using an asterisk (*). For subject 1, WA and
LD were determined to be impaired in
terms of MW similarity, while PO was
determined to be impaired in terms of AP
similarity and time-lag. For subject 2, all
synergies were assessed as impaired.

Figure 8 shows the knee and ankle angles
of the healthy subjects and the two stroke
patients prior to the rehabilitation. Two
common features appear in the stroke
patients’ walking postures. First, near the
paralyzed side end contact (pEC) point,
the knee angle does not decrease below

140° and the ankle angle does not rise
above 90°. This impaired motion is caused
by deficient muscle contraction of the ham-
string (Sem, BF), which is involved in the
flexion of the knee; and MG, which is
involved in the motion of the ankle.
Secondly, from the paralyzed side mid
swing (pMS) point to the paralyzed side ini-
tial contact (pIC) the ankle angle does not
go below 90°. This occurs in foot drop, a
common symptom of stroke patients, and
reflects the inability to control the ankle
muscles (TA) during the swing phase. In
addition, in subject 2, the knee folding on
the paretic leg immediately following IC
does not reveal muscular contraction of
the RF and VM involved in the extension
of the knee. Table 3 presents the single and
double support statistics for the respective
stroke patients; the single- and double-
support distributions over one gait cycle
are used as quantitative measures of walk-
ing posture for both the stroke patients and
healthy subjects. For the healthy subjects,
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Figure 7. Muscle synergy of the two stroke patients, subject | (A) and subject 2 (B), prior to the reha-
bilitation. WA, weight acceptance; PO, push off; FC, foot clearance; LD, leg deceleration.

the first single support was on the dominant
side, whereas for stroke patients the first
single support was the paretic side. Both
stroke patients had a lower proportion of

single support on the paretic side, with a
corresponding increase in the proportion
of double support, than the healthy sub-
jects. While the distribution of single
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Table 2. Muscle synergy similarity between healthy subjects and two stroke patients (subject | and

subject 2).
WA PO FC LD
Subject | muscle synergy similarity
MW similarity 0.8406* 0.8993 0.9647 0.8373*
AP similarity 0.9723 0.8417* 0.9691 0.9498
Time-lag 1.00 0.92%* 0.99 1.00
Subject 2 muscle synergy similarity
MW similarity 0.8705 0.8165* 0.9512 0.9838
AP similarity 09134 0.9394 0.9343 0.5828%*
Time-lag 0.88* 0.98 0.94%* 1.00

*Value below the threshold.

WA, weight acceptance; PO, push off; FC, foot clearance; LD, leg deceleration, MW, muscle weight; AP, activation profile.
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Figure 8. Walking posture (knee and ankle angle) of the two stroke patients, subject | (A) and subject 2
(B), compared with a healthy subject. The colour version of this figure is available at: http://imr.sagepub.com.

Table 3. The mean walking phases of healthy subjects (mean of eight individuals) and two stroke patients

(subject | and subject 2) before rehabilitation.

First single
support (%)

Double
support (%)

Second
single support (%)

Double

support (%)
Healthy subjects 13.1 36.9
Subject | 17 30
Subject 2 16 31

13.9 36.1
18 35
16 37

support across the legs was similar between
the groups, among the stroke patients the
proportion of single support for the para-
lyzed leg was 5-6% less than that for the
non-paralyzed leg.

To post-validate the effectiveness of the
rehabilitation process, the patients’ pre- and

post-rehabilitation muscle synergy and
walking posture were compared. Both fac-
tors were measured under the same condi-
tions before and after rehabilitation. Figure
9 shows the muscle synergies of the two
stroke patients before and after rehabilita-
tion along with the synergy of the healthy
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Figure 9. Muscle synergy of the two stroke patients, subject | (A) and subject 2 (B), compared with a
healthy subject pre- and post-rehabilitation. WA, weight acceptance; PO, push off; FC, foot clearance; LD, leg
deceleration. The colour version of this figure is available at: http://imr.sagepub.com.

subjects. For stroke subject 1, the WA syn-
ergy, in terms of MW, and the PO and LD
synergies, in terms of AP, converged on the
healthy  muscle synergies following

rehabilitation. Similarly, for stroke subject
2, all four synergies appeared to be closer to
the healthy muscle synergies following reha-
bilitation. Whereas no muscle had
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Table 4. Similarities of muscle synergy between healthy subjects and two stroke patients (subject | and

subject 2) following rehabilitation.

WA PO FC LD
Subject | muscle synergy similarity
MW similarity 0.92 (0.84)* 0.96 (0.90) 0.96 (0.96) 0.92 (0.84)*
AP similarity 0.91 (0.97) 0.96 (0.84)* 0.94 (0.97) 0.97 (0.95)
Time-lag 0.98 (1.00) 0.95 (0.92)* 0.98 (0.99) 1.00 (1.00)
Subject 2 muscle synergy similarity
MW similarity 0.93 (0.87) 0.96 (0.82)* 0.95 (0.95) 0.93 (0.98)
AP similarity 0.97 (0.91) 0.87 (0.94) 0.87 (0.93) 0.89 (0.58)*
Time-lag 1.00 (0.88)* 0.99 (0.98) 0.97 (0.94)* 1.00 (1.00)

The values presented in parentheses are the pre-rehabilitation similarities.

*Value below the threshold.

WA, weight acceptance; PO, push off; FC, foot clearance; LD, leg deceleration, MW, muscle weight; AP, activation profile.

dominant activation prior to treatment, the
VM became a dominant muscle in the PO
following treatment, in a manner similar to
the healthy subjects. Activation profile
analysis revealed that, near the IC, the
post-rehabilitation WA activated in a
manner closer to that of the healthy WA,
while the FC activation time converged on
that of the healthy subjects. At the same
time, the LD profile converged on the
healthy profile, with the wide pre-
rehabilitation waveform narrowing as a
result of alterations in the waveform’s walk-
ing portion. To evaluate these variations
quantitatively, the similarities of the syner-
gy were evaluated (Table 4). In the table,
the values in parentheses and those labelled
with an asterisk (*) correspond, respective-
ly, to the pre-rehabilitation similarities and
impaired muscle synergies. Following reha-
bilitation, the similarity values of all
impaired muscle synergies exceeded the
threshold, indicating recovery of impaired
muscle synergies. For stroke subject 1, the
similarities of WA and LD in terms of MW
were both less than 0.85 prior to treatment
but increased to more than 0.85 (WA: 0.92;
LD: 0.92) following treatment. Further
analysis of the activation profile revealed
that all time-lags below the threshold were
restored to normal values (with PO

increasing from 0.92 to 0.95). For stroke
subject 2, the similarity of MW and AP
increased, with all weights increasing to
the normal range; specifically, the MW sim-
ilarity of PO and AP similarity of LD
increased substantially to up to 17.07%
and 53.45%, respectively.

Figure 10 compares the knee and ankle
angles of the two stroke patients before and
after treatment with those of the healthy
subjects. For stroke subject 1, the propor-
tion of single support increased over the
entire walking portion and foot clearance
occurred earlier. In the healthy subjects,
the torso lowered and knee flexion occurred
following IC. This posture did not occur in
stroke subject 1 or stroke subject 2 prior to
rehabilitation but appeared following reha-
bilitation. In stroke subject 2, the pre-
rehabilitation posture in which the knee
folds near IC disappeared following reha-
bilitation as a result of the increase in
muscle strength following the FES ampli-
tude intensity reinforcement. Furthermore,
the uncontrolled foot drop symptoms of the
ankle during the swing phase were alleviat-
ed as a result of an increase in ankle dorsi-
flexion (Figure 10). Table 5 shows the
similarities of gait posture profile between
healthy subjects and the two stroke patients
in pre- and post-rehabilitation. Both
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Figure 10. Walking posture of the two stroke patients, subject | (A) and subject 2 (B), compared with a
healthy subject pre- and post-rehabilitation. The colour version of this figure is available at: http://imr.sage

pub.com.

Table 5. Similarities of knee and ankle angle profiles between healthy subjects and stroke patients (subject |

and subject 2) in pre- and post-rehabilitation.

Knee Angle Ankle Angle
Pre Post Pre Post
Subject | Similarity 0.96 0.97 0.88 0.93
Time-lag 1.00 1.00 0.96 1.00
Subject 2 Similarity 0.97 0.98 0.76 0.80
Time-lag 1.00 1.00 0.89 0.92

Table 6. Comparison of post-rehabilitation walking phases of healthy subjects and two stroke patients

(subject | and subject 2).

Double First single Double Second single
support (%) support (%) support (%) support (%)
Healthy subjects 13.1 36.9 13.9 36.1
Subject | 16 (17) 32 (30) 16 (18) 36 (35)
Subject 2 15 (16) 33 31) 15 (16) 37 (37)

The values presented in parentheses are the pre-rehabilitation values.

similarity and time-lag were improved in
stroke subjects 1 and 2, and the patient’s
gait posture was improved closer to that
of healthy subjects. The range of knee and
ankle angle in pre- and post-rehabilitation
were compared, but there was no meaning-
ful difference in the range of motion.
Table 6 presents the post-rehabilitation
changes in the proportions of single and

double support in the two stroke patients
and the healthy subjects, in which the
values in parentheses indicate the pre-reha-
bilitation proportions. For both stroke sub-
ject 1 and stroke subject 2, the proportion
of paralyzed single support during walking
increased by up to 2% while the propor-
tions of double support became closer to
the proportion seen in the healthy subjects.
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Table 7. Quantitative walking performance indices of two stroke patients (subject | and subject 2) pre- and

post-rehabilitation.

Subject | Subject 2

Pre Post Pre Post
IOMWT, s 14.8 14.1 20.1 15.4
Walking speed, m/s 0.67 0.71 0.50 0.65
Cadence, stride/s 0.81 0.87 0.80 0.86
BBS score 51 52 38 45

IOMWT, 10-m walk test; BBS, Berg balance scale.

Table 7 shows the quantitative walking per-
formance as measured by the 10MTW,
walking speed, cadence and BBS score in
the two stroke patients pre- and post- reha-
bilitation. Both patients presented improve-
ments in walking performance for all four
measures. The improvements were particu-
larly notable in stroke subject 2, with the
I0MTW, walking speed, cadence and BBS
score being improved up to 23.38%,
30.00%, 7.50% and 18.42%, respectively
following the rehabilitation.

Discussion

This current study undertook a preliminary
investigation into a multi-channel FES-
based rehabilitation method for stroke
patients based on the evaluation of
patient-specific walking disorders. The key
factor of FES-based rehabilitation is the
modulation  of electrical stimulation
through manipulation of the pulse width,
frequency and amplitude of the electrical
signal. The goal of this study was to address
this aspect of FES-based rehabilitation and
propose a novel rehabilitation method that
establishes a FES strategy based on patient-
specific walking disorders measured in
terms of dysfunctions of muscle synergy
and walking posture. To treat the muscle
coordination pattern problem, the pro-
posed method produces a FES pulse width
profile based on the individual patient’s
muscle synergies. In addition, information

on walking posture, as measured by the
angles of the knee and ankle, was used to
produce an FES amplitude profile that
improves the effectiveness of rehabilitation
by identifying the muscles that directly
cause characteristic walking disorders such
as foot drop.

To assess the effectiveness of the pro-
posed rehabilitation method, clinical trials
were conducted on two stroke patients. In
stroke subject 1, the pre-rehabilitation acti-
vation levels of their hamstring muscles in
terms of the MW of the WA and LD syn-
ergies were lower than the corresponding
healthy synergies. These muscle activations
were enhanced as a result of rehabilitation,
which resulted in increases in the two simi-
larity metrics. In addition, dorsiflexion and
plantarflexion near IC were improved as a
result of the enhanced activation of the
hamstring muscles, while the movable
ranges of the knee and ankle were enlarged.
Quantitatively, the MW similarities of WA
and LD increased by up to 9.52%, and the
AP similarity of PO increased by up to
14.29%. These results reflect the rehabilita-
tive alleviation of the patient’s problems in
terms of muscle coordination through res-
toration to close to a healthy muscle syner-
gy. In stroke subject 2, all four muscle
synergies were evaluated as impaired prior
to rehabilitation. As a result of the post-
rehabilitation synergy merging, in stroke
subject 2, the MW of PO achieved an acti-
vation level similar to that of healthy
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subjects, with substantial improvements
reflecting an increased similarity of up to
17.07%. In terms of walking posture,
stroke subject 1 suffered from too much
knee angle flexion near IC and was missing
plantarflexion during the swing phase.
Following rehabilitation, both the plantar-
flexion and knee flexion were improved,
with the latter improving to a substantial
degree. The gait phase analysis revealed
that, in both stroke patients, the proportion
of single support increased by up to 3% (by
2% and 1% on the paretic and non-paretic
sides, respectively). All quantitative walking
indices (I0MWT, walking speed, cadence

and BBS score) also reflected post-
rehabilitation improvements in walking
performance.

The approach used in this current study
had several limitations. First, the sample
size (two stroke patients) used in the clinical
evaluation was too small. Even though the
walking performance of both patients was
improved through application of the pro-
posed rehabilitation method, this small
sample size is not sufficient to ensure the
effectiveness of the proposed method in
the general application to stroke patients.
In light of this limitation, it must be
acknowledged that this study was simply
the first to consider both the muscle synergy
and kinematic characteristics of FES-based
stroke rehabilitation and it has provided
successful validation of the concept.
Secondly, no control group was used. To
clearly identify the advantages of the pro-
posed method, the results should be com-
pared with those of a control group
subjected to rehabilitation training without
FES or for whom muscle synergy alone was
considered. It was in fact difficult to recruit
stroke patients with similar symptoms and
to ensure identical rehabilitation conditions
in both the patient and healthy subjects. A
larger clinical evaluation that involves a
larger number of stroke patients and a con-
trol group will be undertaken in the future.

However, this current study was beneficial in
that it replicated the muscle synergy
improvements obtained in previous research
while further demonstrating improvements
in the walking posture results without the
use of the additional equipment that was
required in previous studies. Both patients
exhibited post-rehabilitation improvement in
terms of (i) enhanced muscle synergy simi-
larities with the healthy subjects and
(i1) improved walking characteristics.

In conclusion, this current report
describes a multi-channel FES rehabilita-
tion strategy that addresses muscle synergy
and walking posture problems simulta-
neously. The proposed rehabilitation
method can alleviate the muscle coordina-
tion problem and the weakening of specific
muscles in stroke patients concurrently
without conflict. The performance of the
proposed method was evaluated through a
clinical evaluation involving two stroke
patients, with the results demonstrating
that the method is a feasible tool for
stroke rehabilitation, although a more rig-
orous clinical verification will be required in
future work.
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