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ABSTRACT

Objective: Ankle foot orthosis (AFO) commonly prescribed to manage foot-drop following stroke restricts ankle mobility. Commercially available
functional electrical stimulation (FES) is an expensive alternative to achieve desired dorsiflexion during swing phase of the gait cycle. An in-house cost-
effective innovative solution was designed and developed to address this problem.The aim of the study was to compare spatiotemporal gait characteristics
of patients with foot-drop following stroke using commercially available FES against in-house developed versatile single sensor-based FES.

Material and Methods: Ten patients with cerebrovascular accident of at least 3 months duration and ambulant with/without AFO were recruited
prospectively. They were trained with Device-1 (Commercial Device) and Device-2 (In-house developed, Re-Lift) for 7 h over 3 consecutive days with
each device. Outcome measures included timed-up-and-go-test (TUG), six-minute-walk-test (6 MWT), ten-meter-walk-test (I0MWT), physiological
cost index (PCI), instrumented gait analysis derived spatiotemporal parameters, and patient satisfaction feedback questionnaire. We calculated intraclass
correlation between devices and median interquartile range. Statistical analysis included Wilcoxon-signed-rank-test and F-test (P < 0.05 was considered
statistically significant). Bland Altman and scatter plots were plotted for both devices.

Results: Intraclass correlation coefficient for 6sMWT (0.96), 10OMWT (0.97), TUG test (0.99), and PCI (0.88) reflected high agreement between the two
devices. Scatter plot and Bland Altman plots for the outcome parameters showed good correlation between two FES devices. Patient satisfaction scores
were equal for both Device-1 and Device-2. There was statistically significant change in swing phase ankle dorsiflexion.

Conclusions: The study demonstrated good correlation between commercial FES and Re-Lift suggestive of the utility of low-cost FES device in clinical setting.
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INTRODUCTION

Foot-drop following stroke can be corrected by functional
electrical stimulation (FES) of common peroneal nerve.

devices are expensive. An in-house cost-effective innovative
solution was designed and developed to address this problem.
The motivation for this study was from our earlier clinical

Swing phase foot clearance is achieved by delivering adequate
current at appropriate time in a gait cycle which reduces the
compensatory adaptive mechanisms (e.g., circumduction
and hip hiking)."* Unlike ankle foot orthosis (AFO), the
FES does not restrict ankle mobility.!*®

Commonly, tilt sensors, electromyogram, inertial
motion units, or heel switches are used in isolation or in
combinations to trigger activation of the stimulator. Single,
dual, or multi-channel stimulators can be used to stimulate
ankle dorsiflexors.!”12l However, commercially available FES

trial comparing FES with AFO in post-stroke foot-drop.!">'¥

We compared spatiotemporal gait characteristics of patients with
foot drop following stroke using commercially available FES with
an inbuilt tilt sensor (WalkAide) with an in-house developed
versatile single sensor-based FES (Re-Lift). Here onward,
WalkAide will be called as Device-1 and Re-Lift as Device-2.

MATERIALS AND METHODS

This prospective and clinical trial was conducted after
obtaining clearance from the Institutional Review Board and
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Ethics Committee (CMC/IRB/11978 dated April 2, 2019).
Adults with hemiplegia following cerebrovascular accidents,
undergoing rehabilitation in the Department of Physical
Medicine and Rehabilitation, Christian Medical College,
Vellore, were screened for inclusion and exclusion criteria
during the study period from July 2019 to December 2020.
The key inclusion criteria were ability to walk 20-m with
minimal support, ankle dorsiflexor range to at least neutral
and being clinically stable, dorsiflexor power less than three
(MRC scale), adequate cognition, and communication
ability. We excluded patients with conditions such as
seizure disorder, deep vein thrombosis of lower limbs, lower
extremity ulcers, pacemaker, lower motor neuron lesions
affecting common peroneal nerve, pregnancy, plantar flexion
contracture, and severe hemi-neglect.

Subjects satisfying the above criteria were recruited after
obtaining an informed consent. Participants’ demographic
details, stroke localization data, functionality using Modified
Barthel Index (MBI), cognition using Addenbrooke Cognitive
Examination - 3 (ACE-3), and spasticity of the affected lower
limb using Modified Ashworth Scale (MAS) were recorded.
All patients underwent uniform comprehensive multi-
disciplinary rehabilitation which included gait training on
different surfaces, ramps, stair management, and sit to stand
balance training. During the standard of care rehabilitation,
the recruited subjects received total 7 h of gait training (over
3 days) initially with Device-1 and subsequently another
7 h (over 3 days) with Device-2. The Device-1 [Figure 1]
with inbuilt sensor was placed below the level of knee and
was calibrated for each individual as per manufacturers
guidelines. In case of Device-2 [Figure 2], the versatility of
sensor permitted its placement either at the level of knee
or ankle depending upon the response. In eight subjects,
it was placed at the level of knee and in two subjects with
stiff knee, it was placed at the dorsum of midfoot. Baseline
demographic details were recorded on day-0. The Device-2
had self-calibrating mechanism and did not require any
additional calibration for each individual.

The primary outcome parameters included Timed up and go
test (TUG), Six-minutes-walk-test (6MWT), Ten-meter-walk-
test (10OMWT), and Physiological cost index (PCI). Calibrated
stop watch was used to record IOMWT, 6MWT, and TUG
test. Movement Analysis Laboratory at Center for Advance
Technology Enabled Rehabilitation (CATER), Department
of Physical Medicine and Rehabilitation was used for 3D
Instrumented Gait Analysis to derive PCI and secondary
parameters such as stance swing ratio, percentage of single limb
support, stride length, step-length, and step-width. The data
were acquired and analyzed using custom written software.

Median interquartile range (IQR) was calculated for ankle range
of motion between pre-swing plantar flexion and maximum
swing phase dorsiflexion with Device-1, Device-2, and barefoot.
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Patient satisfaction score and its analysis was done on the
data obtained from the feedback questionnaire as reported in
our previous study.

Primary and secondary outcome measures were collected
on Day-0 (barefoot), Day-3 (Device-1), and Day-6
(Device-2). Data were screened for outliers and extreme
values in Microsoft Excel. Statistical analysis comparing gait
parameters, performance, and benefits was done in SPSS v21
and Matlab v2020b. Comparison was done in terms of their
performance, gait parameters, benefits, and affordability.
The median IQR for each primary and secondary outcome
parameters was calculated. The comparison between barefoot
versus Device-1 and barefoot versus Device-2 was done using
F-test as test of significance. The Wilcoxon-signed-rank test
as a non-parametric test was used to compare the outcome
measures between Device-1 and Device-2. Statistical
significance was considered when P = 0.05.

The outcome parameters using Device-1 and Device-2 were
compared using the Bland-Altman plot.®) The data were
analyzed by biostatisticians who were blinded.

RESULTS

Ten patients (nine males and one female) with spastic foot-
drop following stroke participated in the study. The mean
age, height, and weight were 48.4 + 9.5 years, 165 + 6.8 cm,
and 66.6 + 9.4 kg, respectively. Post-stroke duration was
<6 months in two subjects, 6-12 months in five subjects, and
>12 months three subjects. Among the participants, six had
right-sided and four had left-sided hemiplegia. Infarction
was the cause of stroke in six subjects (five in middle cerebral
artery territory and one in internal capsule region) while four
subjects had hemorrhagic stroke in capsuloganglionic region.

Median MBI scores of the study population were 91.3. The
study population had ACE-3 score values with a median
of 73. The median MAS in hamstring and gastrocnemius
muscle on the affected lower limb was 2.

Table 1 shows recorded primary parameters of the ten
participants during barefoot, Device-1 and Device-2 trial.
The median (IQR) for commercial FES and in-house FES is
comparable showing close correlation in outcome measures
between the two devices. Further, intraclass correlation
coefficient for 6MWT (0.96), I0OMWT (0.97), TUG test
(0.99), and PCI (0.88) was found to be closer to one reflecting
the high agreement between the two devices. The P-value
for each of these parameters when compared between
Device 1 and Device 2 showed statistically significant
intraclass correlation between the two devices. However, on
comparison with individual device against barefoot walking
(i.e., barefoot vs. Device-1 or barefoot vs. Device-2) outcome
parameters did not show statistical significant results despite
a trend of improvement for most of the individuals.
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Similar analysis on secondary outcome parameters [Table 2]
on the paretic side (stride length, single limb support, and
walking speed) showed statistically significant intraclass
correlation for all the parameters for Device-1 versus
Device-2. However, the P-value between barefoot walking
against walking with either of Devices-1 or Device-2 was
found to be not significant with trend of improvement
for most of the subjects. The median, IQR, and intraclass
correlation for these parameters were found to be closely
related reflecting that both the devices had similar
outcomes.

Table 3 shows median (IQR) for ankle range of motion
(plantarflexion to dorsiflexion) during swing phase in
barefoot, Device-1 and Device-2 with P-value 0.024 and
0.014, respectively, demonstrating that FES intervention had
significant change in swing phase range of motion.

The scatter plot and the Bland Altman plots for the gait
parameters using Device-1 and Device-2 indicate that there is
a good correlation between commercial FES and the Re-Lift.
Furthermore, most of the points in the Bland Altman plot fall
inside the confidence limits suggestive of a good intraclass
correlation between two methods for all the parameters.

A sample Bland Altman and Scatter plot for 6MWT is shown
in [Figure 3].

Ankle kinematics for a gait cycle of a subject with stiff knee is
shown in [Figure 4] (barefoot, AFO, Device-1, and Device-2).
The required swing phase dorsiflexion was achieved with
device-2 and not with the device-1 because of the flexibility
of placement of sensor at the dorsum of mid-foot.

Participants found that both the Device-1 and Device-2
were equally efficient in terms of walking and gave overall
rank. However, majority of the participants reported that the
Device-1 was better in cosmetic appearance and was easier in
donning and doffing.

DISCUSSION

There is an increased in global prevalence of stroke in
younger population.'®! Residual paralysis in spastic foot-
drop after stroke affects the gait pattern. The conventional
treatment with AFO has several setbacks. They restrict ankle
mobility, are bulky, and are not cosmetic which leads to poor
compliance and rejection.!"”

Significant improvement in gait following foot-drop has been
achieved by FES devices. High cost of the commercial FES

Table 2: Secondary outcome measures.
Stride Length (cm) Single Limb Support (%) Walking Speed (cm/s)

Barefoot Device-1 Device-2 Barefoot Device-1 Device-2 Barefoot Device-1 Device-2
P1 59 41 54 17 8 12 10 16 10
P2 55 55 57 19 23 25 9 13 12
P3 37 45 37 18 19 22 6 8 8
P4 73 78 88 22 26 23 23 33 34
P5 38 33 33 8 5 6 5 3 2
P6 52 41 50 15 12 15 10 6 9
P7 35 47 54 13 11 13 7 8 10
P8 83 93 93 30 34 33 25 37 39
P9 65 88 73 17 21 25 14 21 18
P10 26 32 37 2 8 5 12 7 6
Median (IQR) 53.5 46 54 17 15.5 18.5 10 10.5 10

(36.5,67) (39, 80.5) (37, (11.75,19.75)  (8,23.75) (10.5,25) (6.75,16.25) (6.75,24) (7.5,22)

76.75)
P-value 0.407 0.097 - 0.383 0.161 - 0.139 0.212
(Barefoot vs. Device 1 or 2)
Intraclass correlation 0.96 0.97 0.99
Coefficient (0.86,0.99) (0.89,0.99) (0.97,0.99)
P-value (Device-1 vs. <0.001 - <0.001 - <0.001
Device-2)
Table 3: Median (IQR) for ankle range of motion (plantar to dorsiflexion) during swing phase in barefoot, Device-1 and Device-2. Both
devices showed comparable and statistically significant dorsiflexion.
Particulars Barefoot Device-1 Device-2
Median (IQR) Median (IQR) P-value Median (IQR) P-value

Swing Phase 11 (7, 13) 14.5 (13, 19) 0.024 14.5 (10, 19) 0.014
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(cost ranging from INR 2 to 4 lakhs) limits its prescription
for everyone. An in-house cost-effective FES Re-Lift was
developed from the off-the-shelf components to achieve

Stimulator with
Sensor

Additional module
for calibration

Figure 2: In-house developed FES, that is, Re-Lift (Device-2).

swing phase dorsiflexion an economical price (costing less
than INR 2000 [Bill of Materials]). These two FES modalities
were compared in this prospective study.

The mean values of the walking endurance (6MWT)
improved with Device-1 (107.2 m) and Device-2 (111.2 m) in
comparison to barefoot (99.8 m). Tang et al. have reported
that minimally clinically important difference (MCID) for
6MWT in stroke patients is reported as 34.4 m.!'s! Better
walking endurance was observed in our study; however, it
did not meet the MCID criteria of 34.4 m.[*")

The time taken to walk 10 m (i.e., 10MWT) using
Device-1 (46. 3 s) and Device-2 (44.7s) was comparable to
the baseline, that is, barefoot (46.6 s). Our subjects had a
mean walking speed of 0.44 m/s at baseline. In our previous
study, it was 0.36 m/s. van Swigchem et al. in their study on
post-stroke subjects with high baseline walking speed of
1.02 m/s found no statistical significant change in walking
speed with FES. The reported high walking speed could have
had a ceiling effect.[1*2")

Patients’ balance and speed can be measured by TUG
test.?!! According to Robertson et al., the patients who used
FES demonstrated increased balance during walking.!
The application of FES on dorsiflexor improves the muscle
strength thereby reduces the risk of falls. Although the IQR
between the Device-1 and Device-2 was in agreement with

Six-minute-walk-test (Device-1 vs Device-2)
250 60
b ) +195SD
40 451
200
20 *
g 150 1 L] ., ..
L)
= 8 o = Viea
% .. § L 1.2
.g 100 . Q-2 .
o
.. -40
L
50
.® el 1.9 SD
L]
0 - -80
50 100 150 200 250 300 50 100 150 200 250 300
Device-2 (Re-Lift) Mean
Figure 3: Scatter plot graph and Bland Altman for Device-1 and Device-2.
RIGHT ANKLE RIGHT ANKLE RIGHT ANKLE RIGHT ANKLE
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Device-1 Device-2

Figure 4: Comparative sample ankle kinematics for one gait cycle in a subject with stiff knee.
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statistical significance (P < 0.001), clinically mean TUG
values were lesser or barefoot (50.8 sec) as compared to
FES (Device-1 = 52.3 s and Device-2 =57.3 s). This could be
because of shorter period of training.

Physiological cost index assesses patient’s energy expenditure
during physical activity. It is a surrogate measure of oxygen
consumption during walking.”” In our study, subjects had
less energy consumption with interventions as compared
to baseline with mean PCI values of 3.12 (barefoot), 2.62
(Device-1), and 3.08 (Device-2), respectively. This explains
the slow speed of barefoot walking.

Secondary outcomes were obtained from instrumented gait
analysis. The stride length, single limb support, walking
speed, and stance swing ratio were used for analysis. These
parameters were assessed to compare the efficiency of the
Device-1 and Device-2. The intraclass correlation of the
parameters was closer to 1 with P < 0.001 suggesting strong
correlation between the devices. However, in comparison
to the barefoot walking, the outcome parameters were not
statistically significant despite the trend in improvement.
This could be attributed to the short duration of training and
small sample size.

The change from plantar flexion during pre-swing phase to
the maximum dorsiflexion achieved during swing phase of
the gait cycle obtained from the instrumented gait analysis
demonstrated that the FES intervention was effective in
correcting foot-drop as compared to the similar change
in barefoot walking. The median IQR for both the devices
demonstrated statistically significant ankle dorsiflexion
during swing phase of the gait cycle.

The Device-1, that is, WalkAide FES device (Innovative
Neutronics, Austin, Texas, USA) uses inbuilt tilt sensor
which is placed at the level of knee for sensing the swing
phase of the gait cycle. The Device-2 (Re-Lift) is a versatile
low cost FES where the sensor can be placed either at the
level of knee or ankle to achieve swing phase detection and
electrical stimulation of common peroneal nerve producing
swing phase dorsiflexion. The study suggests delivering
FES to both ankle plantar flexors and dorsiflexor muscles
resulted in an 8.6% increase in average swing knee flexion in
comparison to FES of ankle dorsiflexors alone.!"! Feedback
questionnaire analysis showed patients’ satisfaction in their
walking experience, donning and doffing, climbing stairs,
and cosmetic appearance with these appliances.

The participants reported a greater satisfaction with both
Device-1 and Device-2 than AFO in terms of all the
components mentioned in the questionnaire. However,
they expressed difficulty in donning and doffing Device-2 as
compared to Device-1. This shows a need for a low cost FES
device developed for developing countries and should have
ease of donning and doffing.*"

The small sample size and short training duration of the
study were the limitations of the study.

CONCLUSION

This prospective study shows that both the devices are equally
effective in correcting the foot-drop during the swing phase
of the gait cycle in post-stroke patients. Median (IQR) for
ankle range of motion (plantar flexion to dorsiflexion) during
swing phase was statistically significant between barefoot
walking and Device-1 (P = 0.024) and Device-2 (P = 0.014).

A trend of improvement in walking speed and endurance
with both FES devices for foot-drop correction, compared
to barefoot walking was seen, but they were not statistically
significant. Both Device-1 (commercial FES) and Device-2 (in-
house built FES - Re-Lift) have shown trend of improvement
in gait parameters compared to barefoot walking.

Equal satisfaction level was expressed for both devices in
comparison to AFO by all subjects. However, a greater
satisfaction for commercial FES expressed with respect to
cosmesis and ease of donning/doffing. Overall, results show
a good correlation between commercial FES and Re-Lift. As
a low-cost FES device in rehabilitating stroke survivors from
economically weaker section of the society, Re-Lift looks like
a promising solution.
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