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Abstract

Background: For effective rehabilitation after stroke, it isessential to conduct an objective assessment of the patient’sfunctional
status. Several stroke severity scales have been used for this purpose, but such scales have various limitations.

Objective: Gait analysis using smart insole technology can be applied continuously, objectively, and quantitatively, thereby
overcoming the shortcomings of other assessment tools.

Methods: To confirm the reliability of gait analysis using smart insole technology, normal healthy controlswore insolesin their
shoesduring the Timed Up and Go (TUG) test. The gait parameters were compared with the manually collected data. To determine
the gait characteristics of patients with hemiplegia due to stroke, they were asked to wear insoles and take the TUG test; gait
parameters were calculated and compared with those of control subjects. To investigate whether the gait analysis accurately
reflected the patients’ clinical condition, we analyzed the relationships of 22 gait parameters on 4 stroke severity scales.

Results. The smart insole gait parameter data were similar to those calculated manually. Among the 18 gait parameters tested,
14 were significantly effective at distinguishing patients from healthy controls. The smart insole data reveaded that the stance
duration on both sideswas longer in patients than controls, which has proven difficult to show using other methods. Furthermore,
the sound sidein patients showed amarkedly longer stance duration. Regarding swing duration, that of the sound side was shorter
in patientsthan controls, whereas that of the hemiplegic side was longer. Weidentified 10 significantly correlated gait parameters
on the stroke severity scales. Notably, the difference in stance duration between the sound and hemiplegic sides was significantly
correlated with the Fugl-Meyer Assessment (FMA) lower extremity score.

Conclusions: This study confirmed the feasibility and applicability of the smart insole as a device to assess the gait of patients
with hemiplegiadueto stroke. In addition, we demonstrated that the FM A score was significantly correlated with the smart insole
data. Providing an environment where stroke patients can easily measure walking ability helps to maintain chronic functions as
well as acute rehabilitation.

Trial Registration: UMIN Clinical Trials Registry UMINO000041646,
https://upload.umin.ac.jp/cgi-open-bin/ctr_e/ctr_view.cgi ?recptno=R000047538

(IMIR Mhealth Uhealth 2020;8(9):€22208) doi: 10.2196/22208
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Introduction

Seo et a

Methods

Stroke remains one of the leading causes of disease burden
worldwide [1]. Despite efforts to prevent stroke and reduce its
impact with early intervention, many people live with persistent,
chronic deficits that require significant rehabilitation [2]. The
challenge for stroke rehabilitation is to decrease impairments
and promote patient activity and participation by optimizing
early outcome prognosis and therapeutic care [3].

To ensure effective rehabilitation therapy for apatient diagnosed
with stroke, it is essential to perform an objective assessment
of the patient’s functional status. For this purpose, various
functional tools have been developed for evaluating patients
diagnosed with stroke, such as the Fugl-Meyer Assessment
(FMA), the Mini—Mental State Examination (MM SE) for body
functions, the Modified Barthel Index (MBI) for activities, and
the Stroke Impact Scale for participation, which are the most
widely used according to the International Classification of
Functioning, Disability, and Health (ICF). However, these scales
are time-consuming to administer and problematic due to the
influence of the subjective perception of the evaluator [4]. The
ordinal scale of theseinstruments represents afurther limitation.
Furthermore, it is difficult to record data continuously while
administering treatments.

Instrumental gait analysis can be used to evaluate patients
continuously, objectively, and quantitatively [5]. Moreover, it
can overcome the limitations of other scales, as evaluation and
treatment can be simultaneous. We investigated whether
in-depth gait analysis using smart insole technology reflectsthe
functional status of patients with hemiplegia due to stroke.

Table 1. Basic characteristics of patients (N=10).

Experimental Design

To investigate the reliability of gait analysis using the smart
insole device, healthy control subjectswore theinsolesin their
shoes and completed a Timed Up and Go (TUG) test. The
spatiotemporal gait parameters were compared with the values
calculated by manually measuring the TUG time and step count.
To determinethe gait characteristics of patientswith hemiplegia
due to stroke, they were asked to wear the insoles and take the
TUG. The gait parameters were cal culated and compared with
those of control subjects. The TUG differentiates subjectswith
chronic stroke from healthy elderly subjects and shows
test-retest reliability [6]. Therefore, this study employed the
TUG test for gait analysis of patients diagnosed with stroke. To
examine whether the gait analysis data accurately reflected
patients' clinical conditions, we analyzed the relationship
between gait parameters and the stroke severity scale data.

Participants

Participants in this study included 10 healthy control subjects
and 10 patients with hemiplegiadueto stroke. Included patients
were all of chronic-stage status, were diagnosed with stroke,
understood the purpose of the experiment, and could walk
independently without the use of awalking aid during the TUG
test. Patients were excluded if they had musculoskeletal
disorders that could affect gait or diabetic complications that
could cause peripheral neuropathy. Table 1 displays the
characteristics of the 10 patients included in the study.

Characteristics

Value, mean (range)

Duration of illness (months)
Height (cm)

Weight (kg)

MMSE?

MBIP

FMA_Uex®

FMA_Lexd

47.0 (12.0-85.0)
165.3 (148.0-175.0)
69.4 (49.6-97.0)
24.4 (14.0-30.0)

59.0 (22.0-89.0)
25.5 (4.0-47.0)

19.0 (7.0-28.0)

AMMSE: Mini—-Mental State Examination.

®MBI: Modified Barthel Index.

°FMA_Uex: Fugl-Meyer Assessment, upper-extremity score.
dFMA_Lex: Fugl-Meyer Assessment, |lower-extremity score.

M easur ements

The following functional tools were used to evaluate patients:
(2) the Timed Up and Go (TUG) test, (2) the Modified Barthel
Index (MBI), (3) the Fugle-Meyer Assessment (FMA), and (4)
the Mini-Mental State Examination (MM SE).

http://mhealth.jmir.org/2020/9/e22208/

Timed Up and Go (TUG) Test

The test was performed according to a standard protocol on a
standard TUG track (Figure 1) [7]. The patients wore the smart
insoles in their shoes. Each insole is equipped with 8 pressure
sensors, a 3-axis accel erometer, and a gyroscope; the datawere
measured at afrequency of 100 Hz (Figure 2).
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Figurel. Timed Up and Go (TUG) test.
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Figure 2. Design of the smart insole sensor module. EA: each; h: hour; kHz: kilohertz; mAh: milliampere hour; Mb: megabytes; MCU: microcontrol

unit; mm: millimeter.

MCU

- TIMSP430
Bluetooth

- CSR BCO4Ext

- Nordic NRF51822

- 32Mb

3-Axis accelerator

- ST LIS3DH
Wireless charging
- Discrete

- MCU: TI MSP430

Serial flash (for data)

- Over

Battery

- Li-polymer

- 50mAh

48h (Bluetooth stand-by) |

Modified Barthel Index (MBI)

The most widely used tool for evaluating daily activities of  practice and research [8]. The MBI aso has a metrological
stroke patients in the current rehabilitation isthe MBI and the  advantage, which is reported to be more sensitive, simpler,
functional independence measure (FIM). Becausethe FIM has  easier to score than other tools, morereliable, and morefeasible

http://mhealth.jmir.org/2020/9/e22208/
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restrictions (such as a fee to the copyright holder and the need
for training), the MBI is more commonly used in clinical
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[9,10]. These benefits have contributed to ensuring that the MBI
istrandated and valid in many countries [8,11-13].

Fugl-Meyer Assessment (FMA)

The FMA is a 226-point scale devel oped to evaluate recovery
from hemiplegic stroke. In stroke rehabilitation, it is one of the
most comprehensive quantitative measurements of motor
impairment (body function). Although the use of the FMA for
patients with mild motor impairment is limited by a ceiling
effect, the FMA is reliable and is highly recommended as a
body impairment scale based on available evidence[14]. Using
the FMA in combination with a general activity measure such
asthe MBI or the TUG may provide additional information to
improve the measurement of recovery for stroke patients.

Mini—-Mental State Examination (MM SE)

The MMSE is frequently used in clinical practice. Although
thisinstrument was originally developed to screen for dementia
and déelirium, the use of the MMSE has been extended, and
many studies now use it as a screening instrument for global
cognitiveimpairment [ 15]. The Montreal Cognitive A ssessment
is the best candidate to predict recovery; however, the MM SE
isdtill auseful scalein clinical settings of stroke rehabilitation.
As cognitive dysfunction affects learning and rehabilitation
outcomes, as well as predicting functional independence after
stroke, assessment of cognitive function must also be considered
to evaluate the severity of stroke[16].

Seo et a

Data Handling and Analyses

During the experiment, the sensor data were stored in the flash
memory in the insole and transmitted via Bluetooth after the
experiment. After collecting the data, we performed noise
filtering and differentiated between the swing and stance phases
by reference to the total number of activated pressure sensors.
As shown in Figure 3, the swing phase corresponded to when
thetotal number of activated pressure sensorswas 0. The stance
was represented by non-zero values, aswas described previously
by Truong et a [17], who used the same equipment and
concluded that their experimental tests performed accurately to
distinguish between swing and stance phases. We calculated
the gait parameters for each participant, as shown in Table 2.
The single support time is when only one foot is in the stance
phase, and the double support time is when both feet are in the
stance phase. The percentages of difference between swing and
stance durations were calculated by dividing the differencesin
swing and stance durations (measured in seconds) by the
corresponding gait cycle duration (measured in seconds). A
2-samplet test was used to comparethe gait parameters between
patients with hemiplegia and normal control subjects, and the

coefficient of determination (R?) was used to analyze the Pearson
correlation between gait parameters and stroke severity scale
results. The calculations were performed using R statistical
software [18].

Figure 3. Dividing the swing and stance phase. If the individual press sensor has a pressure of 4.3 N/cm2 or more, it is defined as activated pressure
sensor. The swing phase corresponds to when the total number of activated pressure sensors is 0; the stance is represented by non-zero values. If both
left and right sides are in stance state, it is treated as double support; if only one side isin stance state, it is treated as single support.

H
o

Total number of activated
pressure sensors
<o o B O o

Second

Total number of activated pressure sensors in each foot (Normal person)

7 8 9 10 11 12 13
left right

Limb phase of each foot (Normal person)

Swing or Stance

Second

http://mhealth.jmir.org/2020/9/e22208/

7 8 9 10 11 12 13
left right

JMIR Mhealth Uhealth 2020 | vol. 8 | iss. 9| €22208 | p. 4
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH

Seo et a

Table 2. Comparison of gait parameters between patients with hemiplegia (n=10) and normal control subjects (n=10), using a 2-samplet test.

Gait parameters

Hemiplegia, mean (range)

Normal control, mean (range) P vaue

Walking speed (meters/second)

Stride length (meters)

TUG time (seconds)

Walking time (seconds)

Single support time, SD (%)

Single support time, SD (seconds)
Double support time, mean (seconds)
Difference in swing duration (%)
Difference in stance duration (%)
Difference in stance duration (seconds)
Difference in swing duration (seconds)
Double support time, mean (%)

Sit to standing (seconds)

Cadence (steps/min)

Double support time, SD (s)

Single support time, mean (%)

Double support time, SD (%)

Single support time, mean (seconds)

0.32 (0.20-0.48)
0.40 (0.23-0.57)

24.69 (15.92-36.70)
20.63 (12.48-30.47)

0.14 (0.08,0.23)
0.19 (0.08-0.36)
0.19 (0.13-0.25)
0.18 (0.01-0.46)
0.19 (0.00-0.45)
0.27 (0.00-0.56)
0.25 (0.01-0.54)
0.15 (0.10-0.21)
4.06 (1.19-6.23)

97.25 (66.64-138.09)

0.08 (0.02-0.19)
0.35 (0.30-0.41)
0.06 (0.02-0.17)
0.47 (0.30-0.66)

0.88 (0.73-1.02) <.001
0.91 (0.80-1.00) <.001
9.83(8.62-11.26) <.001
6.95 (5.91-8.24) <.001
0.04 (0.02,0.06) <.001
0.04 (0.03-0.07) 001
0.13 (0.10-0.16) 002
0.02 (0.00-0.04) 005
0.03 (0.01-0.06) 005
0.03 (0.01-0.06) 005
0.02 (0.00-0.04) 006
0.12 (0.10-0.13) 03
2.88(2.36-3.62) 03
114.49 (97.50-124.60) 048
0.05 (0.03-0.05) 053
0.38 (0.35-0.41) 08
0.04 (0.03-0.05) 17
0.40 (0.36-0.46) 19

Ethics Approval and Consent to Participate

The Institutional Review Board of Pusan National University
Hospital approved this study, which was registered
retrospectively  (Pusan National  University Hospital,
https://www.pnuh.or.kr; 1812-010-074). This study was
registered in the UMIN Clinical Trials Registry (University
hospital Medical Information Network,
https://www.umin.ac.jp/ctr/; No. UMINO00041646).

Results

Control Group

The smart insoleresultsfor the control subjectswere asfollows:
TUG time = 8.62-11.26 seconds, cadence = 97.5-124.6
steps/min, walking speed = 0.73-1.02 meters/second, and stride
length = 0.80-1.00 meters.

Patients Diagnosed With Stroke

The patients diagnosed with stroke had a mean duration of
disease of 47.0 (SD 29.4) months and a mean MM SE score of
24.4 (SD 4.9). The gait parameters that showed significant
differences between patients with hemiplegiaand normal control
subjectswerethe TUG time (seconds), walking time (seconds),
sit-to-standing time (seconds), cadence (steps/min), walking

http://mhealth.jmir.org/2020/9/e22208/

speed (meters/second), stride length (meters), standard deviation
of single support time (seconds, percentage), mean double
support time (seconds, percentage), differencein swing duration
between the sound and hemiplegic sides (seconds, percentage)
and difference in stance duration between the sound and
hemiplegic sides (seconds, percentage) (Table 2). The patients
had amean TUG time of 24.69 seconds, which waslonger than
that of the control subjects (9.83 seconds). The walking speed
range of the patients with hemiplegia was 0.20 to 0.48 meters
per second, which was significantly slower than that of control
subjects (0.73-1.02 meters per second). The cadence of the
patients was 66.64-138.09 steps per minute, which was more
broadly distributed than that of the control subjects
(97.50-124.60 steps per min), and their stride length was
0.23-0.57 meters, which was significantly shorter than that of
control subjects (0.80-1.00 meters). The results showed that the
patients had aslower walking speed due to shorter stride length
and higher cadence. The average single support time was 0.47
seconds (mean value of the hemiplegic and sound sides), which
did not differ significantly from that of control subjects (0.40
seconds). However, the mean difference in stance duration
between the sound and hemiplegic sides was 0.27 seconds,
which was significantly greater than that of control subjects
(0.03 seconds) (Figure 4).
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Figure 4. Boxplot displaying the swing and stance duration distribution of patients’ hemiplegic and sound sides, based on a 5-number summary:
minimum, maximum, median, first quartile, and third quartile. X: mean. The patients showed a shorter swing duration on the sound side than the control
subjects, whereas that on the hemiplegic side was longer. Patients showed a longer stance duration on both sides compared to the control subjects;

however, the sound side showed a markedly longer duration.
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Correlations Between Gait Parametersand Stroke
Severity Scale Results

As shown in Table 3 and Figure 5, the difference in stance
duration between the sound and hemiplegic sides was most
strongly correlated with the FMA lower extremity score in the
hemiplegia group (y = -38.64x + 26.39, R? = 0.59). The
recalculated R? value, excluding an outlier patient, was larger
at 0.71, indicating a clear correlation between the FMA lower
extremity score and the difference in stance duration between
the sound and hemiplegic sides.

The 4 stroke severity scales used for correlation analysis were
the FMA for the lower extremity and the upper extremity, the
MMSE, and the MBI. The 22 gait parameters used for
correlation analysiswerethe TUG time (seconds), walking time

http://mhealth.jmir.org/2020/9/e22208/
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(seconds), sit-to-standing time (seconds), cadence (steps per
minute), walking speed (meters per second), stride length
(meters), mean single support time (seconds), standard deviation
of single support time (seconds), mean double support time
(seconds), standard deviation of double support time (seconds),
difference in swing duration (seconds), difference in stance
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Table 3. Correlations between gait parameters and stroke severity scales.

Seo et a

Gait parameter Stroke severity scale R? P value?
Difference in stance duration (%) FMA_Lex? 0.591 .009
Difference in stance duration (%) FMA_Uex® 0.539 .02
Difference in swing duration (%) M A_Lexb 0.517 .02
Sound-side swing duration, SD (seconds) MMSEd 0.498 .02
Cadence (steps/min) MMSEd 0.484 .03
Hemiplegic-side stance duration, SD (seconds) MM Sed 0.452 .03
Single support time, mean (seconds) MM Sed 0.448 .03
Sound-side stance duration, mean (seconds) MMSEY 0.442 .04
Walking speed (meters/second) MMSEd 0.403 .048
Single support time, SD (seconds) MMSEd 0.401 .049

3Non-significant results omitted.

bFMA_Lex: Fugl-Meyer Assessment, lower-extremity score.
°FMA_Uex: Fugl-Meyer Assessment, upper-extremity score.
dMMSE: Mini-Mental State Examination.

Figure 5. Correlation between the difference in stance duration and the Fugl-Meyer Assessment (FMA) lower-extremity score. The recalculated R?

vaue, excluding an outlier patient, was larger at 0.712.
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Discussion

Feasibility and Applicability of the Smart Insoleasa
Gait Analysis Device

As agait analysis device, the smart insole showed that it may
be used in place of the manual calculations of gait parameters
made by aclinician, such as calculations of TUG time and step
count. Truong et a [17] concluded that this equipment made
accurate estimates of walking distance with a mean walking
distance estimation error of 4.8% and 3.1% for 16 meters and
89 meters walking distance, respectively. David et a [19]

http://mhealth.jmir.org/2020/9/e22208/
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demonstrated the feasibility and applicability of rehabilitation
using an eSHOE system similar to the smart insole device. The
smart insole used in this study was also applied to predict energy
consumptionin arecent article [20]. Thus, we suggest that these
types of systems are more useful than other methods as they
arelocation-independent and can measure additional parameters
that have not been addressed in the past.

Gait Features of Patients With Hemiplegia dueto
Stroke

Anaysis of the smart insole data revealed severa gait
characteristics of patients with hemiplegia due to stroke that
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were difficult to identify using previous methods. First, the
patients showed s ower walking speeds and shorter stridelengths
than the control subjects. To compensate for these differences,
some patients showed a faster cadence than control subjects.
As shown in Figure 4, we observed a difference between the
hemiplegic and sound sides. While the patients showed alonger
stance duration on both sides compared to control subjects, the
sound side showed amarkedly longer duration. In addition, the
patients showed a shorter swing duration on the sound side than
the control subjects, whereas that on the hemiplegic side was
longer. It islikely that the hemiplegic side moved slowly during
the swing phase and lacked the strength required to support the
body’s weight during the stance phase. Figure 6 shows the

Seo et a

differencein swing duration between the sound and hemiplegic
sides for a patient and between the left and right sides for a
control subject. The control subject showed a difference close
to zero (ie, theleft- and right-sided swing durations were almost
the same). However, the patient showed alonger swing duration
on the hemiplegic side than the sound side, with the difference
exceeding 0.4 seconds. In an analysis of the relationship between
TUG performance and gait parameters, Bonnyaud et al [21]
revealed the importance of swing and stance duration, where
the motor ability of the paretic lower limb and the single support
phase on the paretic side determined TUG performance. The
results obtained with the smart insole were consistent with the
previous study and could be obtained more easily.

Figure 6. Differencein swing duration between a patient with hemiplegia and anormal control subject. The control subject showed a difference close
to zero (ie, the left- and right-sided swing durations were almost the same); however, the patient showed alonger swing duration on the hemiplegic side

than the sound side, with the difference exceeding 0.4 seconds.
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Gait Analysisfor Clinical Assessment

We examined the correlations of 22 gait parameterswith stroke
severity scale data, such as FMA lower- and upper- extremity
scores, and MM SE and MBI scores. Of the 22 gait parameters,
10 showed significant correlations (Table 3). The strongest
correlations were found between the FMA lower-extremity
score and the difference in stance duration between the sound
and hemiplegic sides.

Asthe MM SE is used for measuring cognitive impairment, it
seems that it has an overal correlation with several gait
parameters rather than having a high correlation with specific
gait parameters. In this study, the MM SE does not have a high
correlation with a specific gait parameter like the FMA lower
extremity score does. However, the MM SE has a significant
correlation with most types (7) of gait parameters (Table 3).
We expect that the variability of gait parameterscould berelated
to cognitive impairment due to a decrease in the efficiency of
rehabilitation training. In this study, we found that patients
diagnosed with stroke have agreater standard deviation for gait

http://mhealth.jmir.org/2020/9/e22208/

-
~——
-

parameters, which is more meaningful than the average (Table
2, Figure 4). Thus, if there were patients with the same motor
impairment but with more severe cognitive impairments, they
would possibly have been distinguished by the variability of
gait parameters during TUG, a complex task.

MBI does not have a clear correlation with specific gait
parameters because it evaluates the performance of daily life
activities, and not just walking ability. In contrast, the FMA is
aninstrument for measuring recovery from sensorimotor stroke
[22], and it can eval uate various body parts and functions. Thus,
the FMA should intuitively have a direct connection with
walking ability.

Guzika et al [23] emphasized the importance of gait symmetry,
for which only parameters measuring gait symmetry were
associated with the degree of gait control in patients after stroke
diagnosis. In this respect, it is reasonable that differences in
stance duration and swing duration between the sound and
hemiplegic sides would show the most significant correlations
with FMA lower-extremity scores, which reflect gait ability.
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In addition, Hiengkaew et a [24] reported that both the FMA
lower-extremity score and TUG were reliable measurements of
postural balance and lower limb movementsin individualswith
chronic stroke. Asthe stability of the swing and stance phases
determine TUG performance[21], and the FMA lower-extremity
score has a significant correlation with the difference in swing
and stance duration, acorrelation between FMA |ower-extremity
score and TUG could be deduced. No direct correlation was
found between TUG time and the FMA lower-extremity score
in this experiment; however, it was found that gait parameters
during TUG had a significant correlation with the FMA
lower-extremity score (Table 3). Asthe TUG includes areturn
section, it is more complex than the walking test for straight
distances and can reflect the problem of hemiplegic impairment
well. Thus, despite the small number of subjects in this study,
the gait parameters during TUG appear to have a significant
correlation with the FMA lower-extremity scores. However, if
we apply TUG in a conventional way, time information would
have been the only information we could have.

We further investigated the outlier patient (Figure 5), who had
chronic hemiplegia for 6 years. Although the patient had a
relatively low FMA score, the difference in swing duration
between the sound and hemiplegic sides was not significant.
While the TUG time and cadence of the patient were average
for the patient group, the prolonged mean support time suggested
instability. Although there were no specific symptoms or signs
at the time of the experiment, the patient had a history of
treatmentsfor poststroke seizure, which wasthe only difference
from other patients. However, it was difficult to explain the
clear reason. We compared the FMA and gait analysis results
of the patient with medical records held by other rehabilitation
specialists and noted differences in opinion indicating
underestimation of the FMA resultsrelativeto function. Despite

Conflictsof Interest
None declared.

References

Seo et a

the small number of subjects, the reason for accounting for the
outlier is not to assert a clear correlation but rather to show
potential for a new method. Future studies with larger numbers
of patients are important for further analysis of the
characteristics of such outlier patients.

Future Clinical Applications

Yu et a [25] developed an ensemble model that can estimate
the 33-item FMA upper-extremity score based on measured
values using wearable devices. Gait ismore difficult to analyze
asit requires more complex interactions of nerves and muscles;
however, it seems to be possible to estimate each item of
existing functional evaluations through in-depth gait analysis
in follow-up studies.

Gait analysis using the smart insole can be performed without
temporal or geographical constraints and might be useful for
promoting appropriate gait patterns. This study showed that the
smart insole measuring device could replace existing functional
eva uations such as the FMA. The smart insole could be used
for biofeedback training, both at home and in the hospital
environment. Providing an environment where stroke patients
can easily measure walking ability may help to maintain chronic
functions as well as acute rehabilitation.

Conclusions

We introduce the feasibility and utility of the smart insole for
assessing gait features in patients diagnosed with hemiplegia.
In addition, we found that the results for the FMA functional
index, which is the most commonly used instrument for
assessing patients with motor impairment, were significantly
correlated with those obtained using the smart insole. Further
studies are required to confirm the clinical effectiveness of the
smart insole for rehabilitation treatment and long-term
monitoring of patients after a stroke diagnosis.
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