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Gait analysis system for assessing
abnormal patterns in individuals
with hemiparetic stroke during
robot-assisted gait training: a
criterion-related validity study in
healthy adults

Issei Nakashima?®?, Daisuke Imoto3, Satoshi Hirano*,
Hitoshi Konosu?* and Yohei Otaka*

!Department of Rehabilitation Medicine, School of Medicine, Fujita Health University, Aichi, Japan,
2Toyota Motor Corporation, Aichi, Japan, *Department of Rehabilitation, Fujita Health University
Hospital, Aichi, Japan, *Department of Rehabilitation Medicine, Graduate School of Medicine, Fujita
Health University, Aichi, Japan

Introduction: Gait robots have the potential to analyze gait characteristics
during gait training using mounted sensors in addition to robotic assistance
of the individual's movements. However, no systems have been proposed
to analyze gait performance during robot-assisted gait training. Our newly
developed gait robot,” Welwalk WW-2000 (WW-2000)" is equipped with a gait
analysis system to analyze abnormal gait patterns during robot-assisted gait
training. We previously investigated the validity of the index values for the nine
abnormal gait patterns. Here, we proposed new index values for four abnormal
gait patterns, which are anterior trunk tilt, excessive trunk shifts over the
affected side, excessive knee joint flexion, and swing difficulty; we investigated
the criterion validity of the WW-2000 gait analysis system in healthy adults for
these new index values.

Methods: Twelve healthy participants simulated four abnormal gait patterns
manifested in individuals with hemiparetic stroke while wearing the robot. Each
participant was instructed to perform 16 gait trials, with four grades of severity
for each of the four abnormal gait patterns. Twenty strides were recorded for
each gait trial using a gait analysis system in the WW-2000 and video cameras.
Abnormal gait patterns were assessed using the two parameters: the index
values calculated for each stride from the WW-2000 gait analysis system, and
assessor's severity scores for each stride. The correlation of the index values
between the two methods was evaluated using the Spearman rank correlation
coefficient for each gait pattern in each participant.

Results: The median (minimum to maximum) values of Spearman rank correlation
coefficient among the 12 participants between the index value calculated using
the WW-2000 gait analysis system and the assessor’s severity scores for anterior
trunk tilt, excessive trunk shifts over the affected side, excessive knee joint
flexion, and swing difficulty were 0.892 (0.749-0.969), 0.859 (0.439-0.923),
0.920 (0.738-0.969), and 0.681 (0.391-0.889), respectively.

Discussion: The WW-2000 gait analysis system captured four new abnormal
gait patterns observed in individuals with hemiparetic stroke with high validity, in
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addition to nine previously validated abnormal gait patterns. Assessing abnormal
gait patterns is important as improving them contributes to stroke rehabilitation.

Clinical trial registration: https://jrct.niph.go jp, identifier JRCT 042190109.
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1 Introduction

Improving gait of individuals with hemiparetic stroke through gait
training is the primary goal for stroke rehabilitation (Jette et al., 2005;
Latham et al., 2005). Robot-assisted gait training (RAGT) has been
proposed as a method for improving the gait of individuals with
hemiparetic stroke (Mehrholz et al., 2020), as it can provide intensive,
repetitive, task-oriented training for those who are unable to walk
independently by partially or fully supporting their weight and
movements with a robot control mechanism (Morone et al.,, 2017).
According to systematic reviews, RAGT in individuals with
hemiparetic stroke is particularly effective in achieving walking
independence (Mehrholz et al., 2020), and its use is recommended in
treatment guidelines (Calabro et al., 2021).

Appropriate assessment of gait characteristics in individuals with
hemiparetic stroke is useful for planning treatment goals (Mulroy
et al., 2003), monitoring treatment effects (Toro et al., 2003), and
predicting the degree of improvement (Kaczmarczyk et al., 2012).
Therefore, an important component for maximizing the effectiveness
of RAGT is the appropriate assessment of the individuals gait
characteristics during gait training. Observational gait analysis is
generally used in clinical practice to analyze gait characteristics (Perry
et al,, 2010). In contrast, the gait analysis method using a three-
dimensional (3D) gait analysis device can acquire objective
information, such as temporal and spatial parameters (Baker, 2006).
Gait robots have the potential to contribute to quantitatively analyze
gait characteristics using mounted sensors; however, no systems have
been proposed to analyze gait performance during RAGT.

We developed a new gait training robot with a markerless motion
capture system, Welwalk WW-2000 (WW-2000, Toyota Motor
Corporation, Aichi, Japan), which enables measurement of various
parameters, including time and mechanical assistance load, of an
individual’s paralyzed leg. This gait robot system analyzes abnormal
hemiparetic gait patterns during RAGT using various sensors
(Nakashima et al., 2020). We previously proposed the following index
values of nine abnormal gait patterns: hip hiking, circumduction,
retropulsion of the hip, excessive hip external rotation, excessive lateral
shift of the trunk over the unaffected side, knee extensor thrust, medial
whip, posterior trunk tilt, and contralateral vaulting. The index values
are highly correlated with those of abnormal gait patterns analyzed
using an existing marker-based 3D motion capture system, indicating
criterion-related validity (Imoto et al., 2022). In addition to the nine
previously reported abnormal gait patterns, the WW-2000 gait analysis
system can analyze index values for four more abnormal gait patterns
frequently observed in individuals with hemiparetic stroke: anterior

Abbreviations: 3D, Three-dimensional; IRB, Institutional Review Board; RAGT,

Robot-assisted gait training.
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trunk tilt (Olney and Richards, 1996), excessive trunk shifts over the
affected side (Carr and Shepherd, 1987), excessive knee joint flexion (de
Quervain et al., 1996), and swing difficulty (Burpee and Lewek, 2015).
There are no reports of objective index values using an existing marker-
based 3D motion capture system for these abnormal gait patterns.
However, these patterns may lead to unstable walking, decreased
walking speed, and a reduced walking endurance in individuals with
hemiparetic stroke. Therefore, we needed to examine the validity of the
index values analyzed by the WW-2000 gait analysis system using a
different research design than that of a previous study (Imoto et al.,
2022). The validity of the index values for abnormal gait patterns
calculated by the WW-2000 gait analysis system will be comprehensively
clarified through the previous study and present study. Consequently,
we expect that this gait analysis system will enable the comprehensive
assessment for abnormal gait patterns that occur in individuals with
hemiparetic stroke during RAGT with quantitative indicators, thereby
contributing to the improvement of abnormal gait patterns.

Overall, this study aimed to propose new index values for the four
abnormal gait patterns that occur during RAGT, and to clarify the
criterion-related validity of the index values of the four new abnormal
gait patterns calculated using the WW-2000 gait analysis system:
anterior trunk tilt, excessive trunk shifts over the affected side,
excessive knee joint flexion, and swing difficulty, in addition to the
nine previously reported abnormal gait patterns.

2 Methods
2.1 Study design and participants

Twelve healthy adults without any musculoskeletal disorders or
neurological diseases, the same participants as included in our
previous study (Imoto et al., 2022), were enrolled in this criterion-
related validity study. The study protocol was approved by the
Institutional Review Board (IRB) of Fujita Health University, Japan
(IRB approval number: CR23-058) and registered with the Japan
Registry for Clinical Trials (jRCTs 042190109) before study
enrollment. All the participants provided written informed consent to
participate in this study.

2.2 Instruments

The WW-2000 supports gait training in individuals with
hemiparetic stroke. Individuals wore the robot on their paralyzed
lower limbs and walked on a treadmill with robotic assistance. The
WW-2000 consists of a knee-ankle-foot type robot, low-floor
treadmill, safety suspension system for body weight support, robot
suspension system for robot weight support and swing assist, monitor
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for user, 3D sensors, and control panel. The robot detects the gait cycle
using load sensors located on the plantar surface and measures the
knee joint angle using a knee angle sensor. On the basis of the data
from these sensors, the robot drives and controls the knee joint motor
to assist the individual’s knee flexion and extension movements.
During the stance phase, it supports knee extension to prevent knee
buckling, and this support can be adjusted to 10 levels. During the
swing phase, it assists knee flexion and extension to secure clearance.
Additionally, it assists in step movements by supporting the weight of
the knee-ankle-foot robot, which can be adjusted to six levels.

The components of the markerless motion analysis system in the
WW-2000 include a 3D sensor (Xtion2; ASUS Japan Corp., Tokyo,
Japan), an inertial sensor (IMU-3 axis inertial sensor AU7684N1;
TAMAGAWA SEIKI Co., Ltd., Nagano, Japan), a knee angle sensor,
and a load sensor. The 3D sensor was placed 0.6 m above the treadmill
surface. The sensor captured color and depth images of the
participant’s gait. The two-dimensional joint position coordinates of
the participants were estimated from the captured color images using
skeleton tracking software (VisionPose®, NEXT-SYSTEM Co., Ltd.,
Fukuoka, Japan). The 3D joint coordinates were then estimated by
adding a depth sensor to the estimated two-dimensional joint position
coordinates. An inertial sensor was placed on the thigh of the robot to
detect the thigh movement in three directions while walking. A knee
angle sensor was installed at the knee joint of the robot to detect the
knee joint angle. The system calculated the parameters of abnormal
gait patterns common in individuals with hemiparetic stroke using
integrated information of the two-dimensional and 3D joint position
coordinates and lower limb tilt detected by each sensor.

2.3 Experimental tasks

Healthy participants, who were physical therapists with expertise
in stroke rehabilitation, simulated four abnormal gait patterns that
often manifest in individuals with hemiparetic stroke while wearing
the robot on their right leg without a safety suspension system for
body weight support. Each participant was instructed to perform 16
gait trials for each of the four grades of severity within each of the four
abnormal gait patterns at a distance of 1.2 meters from the 3D sensor.
For each gait trial, the participants walked more than 20 strides. The
simulated abnormal gait patterns included anterior trunk tilt (Olney
and Richards, 1996), excessive trunk shifts over the affected side (Carr
and Shepherd, 1987), excessive knee joint flexion (de Quervain et al.,
1996), and swing difficulty (Burpee and Lewelk, 2015). We designed
the setting for the experimental tasks on the basis of a previous study
(Imoto et al.,, 2022). The treadmill speed was set at 0.55 km/h, and the
participants were allowed to use the handrail during the assessment.
The assistance for the knee joint extension motion in the stance phase
and the weight support of the knee-ankle-foot robot in the swing
phase were set to the minimum. The flexion and extension angles of
the knee joint during the swing phase were maintained at the
maximum of 50°. After sharing the definitions and reference movies
of abnormal gait patterns, the participants practiced sufficiently
simulating the abnormal gait patterns under the instruction by an
experienced physical therapist. The participants were asked to
simulate four grades of gait patterns, ranging from normal to the most
severe, with the same interval of severity between each grade. The
measurements were performed after an experienced physical therapist
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verified that all participants could adequately simulate abnormal
gait patterns.

2.4 Data acquisition

Gait patterns during the task in healthy adults were recorded
using the gait analysis system in WW-2000 and two digital video
cameras (NEX-VG30; Sony Marketing Inc., Tokyo, Japan) placed on
the side where the knee-ankle-foot robot was worn on the participants’
back. In the gait analysis system in the WW-2000, the 3D joint
positions, lower limb tilt, and knee joint angle during the task were
recorded using a 3D sensor, inertial sensor, and knee angle sensor,
respectively, at a sampling frequency of 30 Hz. The 3D coordinates of
the joint positions were estimated from the two-dimensional joint
positions obtained using the skeletal tracking software combined with
depth information obtained from the 3D sensor. The estimated 3D
joint positions were both shoulder, hip, knee, and ankle joints and the
midpoints of both shoulder and hip joints. The lower limb tilt and
knee joint angle were detected using an inertial sensor located on the
thigh and a knee angle sensor located at the knee joint of the robot,
respectively. The pitch and roll angles were calculated as the tilt of the
lower limb using an algorithm that hybridized the gyrosensor and
accelerometer signals built into the inertial sensor (TAMAGAWA
SEIKI Co., Ltd, 2022). Load sensors located on the sole of the robot
were used to determine the stance phase of the gait cycle. The load
sensor was calibrated before participants wore the robot. The knee
angle sensor was calibrated while the participants stood with the
robot. The 3D and inertial sensors were calibrated with participants
in a static standing posture before walking. On the other hand, two
digital video cameras recorded the simulated gait patterns at a
sampling frequency of 30 Hz.

2.5 Data processing and statistical analysis

The abnormal gait pattern index values were calculated for
five strides, excluding the first five and last 10 steps of the recorded
20 strides. These values were derived from the definitions
provided in Table 1 using the 3D joint positions, tilt of the knee-
ankle-foot robot, and knee joint angle of the knee-ankle-foot

TABLE 1 Definition of the index values of abnormal gait patterns
calculated by the Welwalk WW-2000 gait analysis system.

Abnormal gait pattern = Definition

Anterior trunk tilt Maximum angle of anterior tilt of the trunk

during stance phase on the paralyzed side

Excessive trunk shifts over the Maximum angle of tilting of the paralyzed

affected side thigh in the direction of the paralyzed side

during the stance phase of the paralyzed side

Excessive knee joint flexion Maximum angle of knee flexion during the

stance phase on the paralyzed side

Swing difficulty Mean anteroposterior distance between the
hip and ankle joints of the paralyzed side in
the terminal swing phase on the paralyzed

side
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robot recorded using 3D, inertial, knee angle, and load sensors,
respectively.

Objective index values indicating the characteristics and severities
of these four abnormal gait patterns have not been proposed to date.
Therefore, we referenced a previous study (Itoh et al., 2012) and had
assessors evaluate the observational gait analysis scores. The specific
methods were as follows. The video taken with the digital video
camera was edited one step at a time, from the start of the swing phase
on the affected side to the start of the next swing phase, using the
video software iMovie (Apple Inc., Cupertino, CA, USA). For each
participant, a video of five strides was created for each of the four
severity grades, resulting in a total of 20 strides per participant. With
12 participants, this amounted to 240 strides, which were then
arranged in random order using a random number table. Three
physical therapists specializing in gait analysis independently observed
and scored each of the 240 strides as normal, mild, moderate, or
severe. A study reported that, regarding observational gait analysis,
the inter-rater agreement rate for severity assessment was low, while
the method was useful as a relative assessment of severity (Tanikawa
etal., 2019). Therefore, we designed the procedure for observational
gait analysis as follows. Before viewing the videos, the assessors were
provided with definitions of each abnormal gait pattern. The median
number of years of clinical experience of the assessors was 5 years
(range, 5-6 years). For analysis, these scoring results were assigned a
numerical value ranging from 1 (normal) to 4 (severe). Videos taken
from the right side were used to score the abnormal gait patterns of
anterior trunk tilt, excessive knee flexion, and swing difficulty. The
video taken from the participant’s back was used to score excessive
trunk shifts over the affected side. The assessors were allowed to view
the video repeatedly. However, pausing, slow-motion playback, or
discussions among the assessors were not permitted. The median
values of the gait observation rating were calculated by three assessors
who scored the severity of the abnormal gait patterns to examine the
relationship with the index values analyzed by the WW-2000 gait
analysis system. Cohen weighted kappa coefficients were calculated to
assess the inter-rater reliability of the scores. We defined the strength
of weighted kappa coefficient as follows: poor agreements, <0.00;
slight agreement, 0.00-0.20; fair agreement, 0.21-0.40; moderate
agreement, 0.41-0.60; substantial agreement, 0.61-0.80; and almost
agreement, 0.81-1.00 (Landis and Koch, 1977).

To confirm the relationship between the severity score based on
gait observation and the index values analyzed by the WW-2000 gait
analysis system for each abnormal gait pattern, we evaluated the
correlations of the index values between the two methods using
Spearman rank correlation coefficients for each abnormal gait
pattern in each participant. Then, the minimum, median, and
maximum values of the correlation coefficients for all the participants
were calculated for each gait pattern. We defined the strength of the
correlation coeflicient as follows: slight correlation, <0.20; low
correlation, 0.20-0.39; moderate correlation, 0.40-0.69; high
correlation, 0.70-0.89; and very high correlation, >0.90 (Guilford,
1942). Furthermore, the differences in the index values among each
severity group for each abnormal gait pattern were compared using
the Kruskal-Wallis test, followed by the Steel-Dwass test as a
post-hoc analysis. All statistical analyses were performed using EZR
(Saitama Medical Center, Jichi Medical University, Saitama, Japan),
a graphical user interface for R (The R Foundation for Statistical
Computing, Vienna, Austria) (Kanda, 2013).
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3 Results

Twelve healthy adults without musculoskeletal disorders or
neurological diseases participated in this study; of these, six were
male. Participants’ mean (standard deviation) age, height, and weight
were 27 (3) years, 165 (8) cm, and 56 (7) kg, respectively.

Scatter plots of the index values analyzed by the WW-2000 gait
analysis system and the assessor’s severity scores assessed by
observational gait analysis in a typical case are shown in Figure 1.
Positive correlations were observed between the index values analyzed
by the WW-2000 gait analysis system and the assessor’s severity scores
for each abnormal gait pattern. For each abnormal gait pattern, the
index values increased according to the assessor’s severity scores
(Table 2). The median (minimum to maximum) values of correlation
coefficients between the index values calculated by the WW-2000 gait
analysis system and the assessor’s severity scores assessed by
observational gait analysis for anterior trunk tilt, excessive trunk shifts
over the affected side, excessive knee joint flexion, and swing difficulty
were 0.892 (0.749-0.969), 0.859 (0.439-0.923), 0.920 (0.738-0.969),
and 0.681 (0.391-0.889), respectively. Therefore, these results were
judged to have correlations ranging from moderate to very high. The
weighted kappa coefficients of the assessor’s severity scores assessed
by observational gait analysis for anterior trunk tilt, excessive trunk
shifts over the affected side, excessive knee joint flexion, and swing
difficulty were 0.913, 0.820, 0.901, and 0.607, respectively. Thus, they
were judged to have substantial to almost complete agreement.

4 Discussion

This study showed that the correlation between the index values
of abnormal hemiparetic gait patterns for anterior trunk tilt, excessive
trunk shifts over the affected side, excessive knee joint flexion, and
swing difficulty analyzed by the gait analysis system in the WW-2000
and the assessor’s severity scores assessed by observation gait analysis
were judged to range from 0.681-0.920, indicating a high criterion-
related validity.

The high correlation between our proposed WW-2000 gait analysis
system and the assessor’s severity scores from observational gait
analysis may be attributed to the configuration of sensors used to
analyze abnormal gait patterns. A review article reported that
markerless motion capture systems do not have sufficiently accurate
positions of the joint center and joint angles for clinical applications
because of the effects of clothing and posture estimation algorithms
(Wade et al., 2022). Another review paper also proposed the creation
of a multimodal gait analysis system with inertial sensor units to avoid
errors caused by inertial sensor units, such as data drift caused by
magnetic fields (Gu et al., 2023). For example, Vargas-Valencia et al.
has proposed a motion capture system to measure knee angle combined
IMU sensors with polymer optical fiber curvature sensor (Vargas-
Valencia etal., 2021). These studies suggested that gait analysis systems
that use a single sensor have limitations in capturing an individual’s gait
characteristics. We assume that the gait analysis system proposed here
was more accurate as multiple-sensor information was integrated.

The clinical significance of this research is that we have proposed
a system to analyze the severity of abnormal gait patterns during
RAGT in real time based on objective indicators. This is a markerless
motion capture gait analysis system that eliminates the need for
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Scatter plots of the index values calculated by the Welwalk WW-2000 gait analysis system and the scoring values obtained by observational gait
analysis in a typical case. The severity score on the x-axis shows the median score of the three assessors who scored abnormal gait patterns on a scale

TABLE 2 Index values of each abnormal gait pattern simulated by participants at four grades of severity.

Abnormal gait pattern Grade 1 Grade 2 Grade 3 Grade 4 p-value
Anterior trunk tilt 4.018 12.006 17.474 22.545 <0.001
(—6.104-13.531) (6.380-20.830) (11.501-25.942) (16.943-29.486)
Excessive trunk shifts over the 1.698 4.421 6.243 9.355 <0.001
affected side (—1.831-4.237) (0.382-9.234) (2.695-10.217) (6.178-12.663)
Excessive knee joint flexion 9.908 26.683 33.775 36.873 <0.001
(6.050-29.115) (15.125-34.385) (26.605-35.790) (35.640-39.610)
Swing difficulty —0.085 —0.029 0.030 0.132 <0.001
(—0.155- —0.005) (—0.134-0.093) (—0.103-0.137) (—0.087-0.356)

Data are presented as median (from minimum to maximum) of all strides. The post-hoc test revealed statistically significant differences among all pairs with p < 0.001, except for the pair of

grades 3 and 4 in anterior trunk tilt with p < 0.01.

physical therapists to spend time on gait analysis allowing them to
simultaneously conduct gait training and analyses in individuals.
Using this system, RAGT tailored to the individual can be conducted
on the basis of indicators of the analyzed abnormal gait patterns. This

system has the potential to contribute to immediate clinical decision-

making based on objective indicators and to provide individualized
RAGT. Future research is expected to clarify the relationship between
abnormal gait patterns during training and training settings, e.g.,
robotic assistance, leading to individual-specific gait training.

Frontiers in Neurorobotics
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This study has some limitations. First, it was difficult to recruit a
large number of individuals with hemiparetic stroke who had various
severities of abnormal gait patterns. This difficulty arose because
individuals with severe gait disturbance typically require assistance,
whereas those who do not require assistance rarely exhibit severe
abnormal gait patterns. Consequently, simulated gait patterns in
healthy adults were used in the experiment. Therefore, we ensured
that the participants were thoroughly instructed by therapists with
expertise in stroke rehabilitation. However, the biomechanical
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changes caused by functional disorders, such as weakness and
spasticity, that occur in individuals with hemiparetic stroke cannot
be completely simulated, which may affect the index values. Future
research should take steps to examine the validity of the system
among individuals with hemiparetic stroke. Second, while there is a
gold standard for measuring trunk and joint movements (Rosa et al.,
2015; Van Criekinge et al., 2017; Wang et al., 2017), there is no
objective index to provide a gold standard for the abnormal gait
patterns targeted in this study, particularly for overall movements
like those examined here. Thus, scoring results from observation gait
analysis were used in the present study. We performed procedures to
improve the agreement rate among assessors, referring to the
findings of a previous study (Tanikawa et al., 2019). Additionally,
we checked the agreement rate among assessors scores.
Consequently, the agreement of the assessors’ scoring ranged from
substantial to almost complete agreement. Therefore, we believe that
the present study design was not a critical issue.

5 Conclusion

This study showed that the WW-2000 gait analysis system
analyzed four unconfirmed abnormal gait patterns—anterior trunk tilt,
excessive trunk shifts over the affected side, excessive knee joint
flexion, and swing difficulty-during RAGT with high criterion-related
validity. Assessing abnormal gait patterns is important as improving
these patterns contributes to gait rehabilitation for individuals with
hemiparetic stroke.
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