
fnhum-15-762223 December 24, 2021 Time: 17:56 # 1

ORIGINAL RESEARCH
published: 04 January 2022

doi: 10.3389/fnhum.2021.762223

Edited by:
Tomohiko Takei,

Tamagawa University, Japan

Reviewed by:
Kiyotaka Kamibayashi,

Doshisha University, Japan
Olivier Darbin,

University of South Alabama,
United States

*Correspondence:
Yusuke Sekiguchi

yusuke.sekiguchi.b2@tohoku.ac.jp

Specialty section:
This article was submitted to

Motor Neuroscience,
a section of the journal

Frontiers in Human Neuroscience

Received: 21 August 2021
Accepted: 16 November 2021

Published: 04 January 2022

Citation:
Sekiguchi Y, Honda K and

Izumi S-I (2022) Effect of Walking
Adaptability on an Uneven Surface by
a Stepping Pattern on Walking Activity

After Stroke.
Front. Hum. Neurosci. 15:762223.
doi: 10.3389/fnhum.2021.762223

Effect of Walking Adaptability on an
Uneven Surface by a Stepping
Pattern on Walking Activity After
Stroke
Yusuke Sekiguchi1* , Keita Honda1 and Shin-Ichi Izumi1,2

1 Department of Physical Medicine and Rehabilitation, Graduate School of Medicine, Tohoku University, Sendai, Japan,
2 Department of Physical Medicine and Rehabilitation, Graduate School of Biomedical Engineering, Tohoku University,
Sendai, Japan

Real-world walking activity is important for poststroke patients because it leads to their
participation in the community and physical activity. Walking activity may be related to
adaptability to different surface conditions of the ground. The purpose of this study was
to clarify whether walking adaptability on an uneven surface by step is related to daily
walking activity in patients after stroke. We involved 14 patients who had hemiparesis
after stroke (age: 59.4 ± 8.9 years; post-onset duration: 70.7 ± 53.5 months) and 12
healthy controls (age: 59.5 ± 14.2 years). The poststroke patients were categorized as
least limited community ambulators or unlimited ambulators. For the uneven surface,
the study used an artificial grass surface (7 m long, 2-cm leaf length). The subjects
repeated even surface walking and the uneven surface walking trials at least two times
at a comfortable speed. We collected spatiotemporal and kinematic gait parameters
on both the even and uneven surfaces using a three-dimensional motion analysis
system. After we measured gait, the subjects wore an accelerometer around the
waist for at least 4 days. We measured the number of steps per day using the
accelerometer to evaluate walking activity. Differences in gait parameters between the
even and uneven surfaces were calculated to determine how the subjects adapted to
an uneven surface while walking. We examined the association between the difference
in parameter measurements between the two surface properties and walking activity
(number of steps per day). Walking activity significantly and positively correlated with the
difference in paretic step length under the conditions of different surface properties in the
poststroke patients (r = 0.65, p= 0.012) and step width in the healthy controls (r = 0.68,
p = 0.015). The strategy of increasing the paretic step length, but not step width, on an
uneven surface may lead to a larger base of support, which maintains stability during gait
on an uneven surface in poststroke patients, resulting in an increased walking activity.
Therefore, in poststroke patients, an increase in paretic step length during gait on an
uneven surface might be more essential for improving walking activity.
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INTRODUCTION

Real-world walking activity is important for poststroke
patients because it leads to their participation in the
community and physical activity, decreasing their risks of
mental illness, hypertension, hyperlipidemia, and diabetes
(Ivey et al., 2005; Hafer-Macko, 2008; Barclay et al., 2015;
Saunders et al., 2016). It is often measured as the number
of steps per day by using an activity monitor. A systematic
review demonstrated that the walking activity (ranging
from 1,389 to 7,379 steps/day) in poststroke patients was
lower than that (ranging from 6,294 to 14,730 steps/day)
in age-matched healthy controls (English et al., 2014).
Kono et al. (2015) demonstrated that the attainment of
approximately > 6,000 steps/day may reduce the risk of new
vascular events in poststroke patients. Therefore, the lack of
real-world walking activity is a serious problem in patients with
hemiparesis.

The factors associated with decreased physical activity,
including walking activity, after stroke were age, sex, physical
function (6-min walk test distance, comfortable gait speed,
Berg balance scale, and cardiorespiratory fitness), depression,
fatigue, self-efficacy, and quality of life (Thilarajah et al.,
2018). Especially, the 6-min walk test was better able to
discriminate real-world walking activity among home, limited
community, and full community ambulators (Fulk et al., 2017).
However, in a previous study, following training, changes in
specific clinical walking measures, including 6-min walk test
distance, explained up to 33% of the changes in walking
activity, although those in gait biomechanics explained up
to 86% of the variance in altered walking activity, with
specific associations with kinematic parameters at hip joints
in both lower limbs (Ardestani et al., 2019). Biomechanical
assessment (i.e., lower limb kinematics during gait) may be more
available than clinical walking measures for detecting changes in
walking activity.

Walking adaptability is an essential requisite for achieving
independent and safe community walking (Balasubramanian
et al., 2014). A situation that requires walking adaptability in
a real-life environment is walking on uneven surfaces that are
neither flat or firm (Balasubramanian et al., 2014). Healthy
controls decreased their step length and increased the height of
their toe clearance and step time and width when walking on
uneven surfaces (i.e., railroad ballast and artificial grass) (Allet
et al., 2009; Menant et al., 2009; Wade et al., 2010). The shorter
and slower steps were represented as a cautious gait pattern to
decrease the risk of slipping (Wade et al., 2010). In patients with
incomplete spinal injury, the step length decreased and the step
time increased during walking on uneven surfaces (i.e., artificial
grass, soft, and pebble surfaces), but the step length symmetry
did not change, as in the healthy controls (Promkeaw et al.,
2019). In contrast, adapting to uneven surfaces may be difficult
for patients after the onset of cerebral injury because of the
damaged supraspinal motor pathways (i.e., motor cortex, cerebral
white matter, and/or internal capsule) that are critical for walking
adaptability. Additionally, the motor modules, which organize

muscle activities in the lower limbs during gait, were merged
by the impaired nervous system due to stroke (Clark et al.,
2010; Brough et al., 2018). The fewer motor modules resulted
in more asymmetry propulsion [i.e., lower propulsion on the
paretic side (PS) than on the non-PS] during gait in patients after
stroke (Clark et al., 2010). Similarly, the merged plantarflexor
motor module increased whole-body angular momentum at the
frontal plane during gait in patients, representing decreased
balance control (Brough et al., 2018). Therefore, it may be
difficult to adapt to the uneven surface by merging plantarflexor
modules due to the instability of patients with an impaired
nervous system as in stroke. However, patients with cerebral
palsy also adapted to uneven surfaces (i.e., polyurethane) with
decreased gait speed and cadence, increased toe clearance, and
increased knee and hip flexion and pelvic anterior tilt, similar
to the healthy controls (Böhm et al., 2014). Although a previous
study investigated walking on uneven surfaces in poststroke
patients, the study only clarified increased physiological cost
index and decreased walking speed during walking on uneven
surfaces (i.e., placing small strips of wood) (Burridge et al.,
2007). Therefore, unlike patients with an incomplete spinal injury
and cerebral palsy, how stroke patients adapt to an uneven
surface by stepping on the PS during gait remains unclear.
Clarifying how poststroke patients adapt to uneven surfaces
by step and whether the adaptability to uneven surfaces by
stepping on the PS is related to walking activity may be important
for understanding the mechanism of the lack of real-world
walking activity.

The purpose of this study was to examine stepping patterns
during gait on uneven surfaces in poststroke patients and their
relationship with real-world walking activity. As compensatory
movements such as pelvic hiking and circumduction were used
even when walking on level ground (Kerrigan et al., 2000), they
may be applied even more owing to the need to take appropriate
steps when walking on uneven surfaces. The compensatory
movements contributed to energy cost during gait in poststroke
patients, which was related to participation in the community
(Chen et al., 2005; Stoquart et al., 2012; Franceschini et al.,
2013). Postural orientation and dynamic equilibrium, which
need balance control, use visual, vestibular, and somatosensory
(cutaneous and proprioceptive) sensory information (Horak and
Macpherson, 1996). The multiple sensory input is integrated and
provides a coherent interpretation of the postural orientation
and dynamic equilibrium. The information was available for
comparison with an internal body model that maintains balance
(Horak and Macpherson, 1996). The pathological dysfunction
in the sensory-motor circuitry contributes to the loss of balance
function (Darbin et al., 2016; Kuramatsu et al., 2021). However,
the compensatory mechanism for somatosensory conditions
by visual information completes sit-to-stand in patients after
stroke (Kuramatsu et al., 2020). Like sit-to-stand, patients after
stroke would be able to adapt gait function on an uneven
surface. We hypothesized that the adaptability to uneven
surfaces by shorter step length and time with compensatory
movement is related to increased real-world walking activity in
poststroke patients.
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MATERIALS AND METHODS

Subjects
In total, 14 poststroke patients (11 men and 3 women) and
12 healthy controls (8 men and 4 women) of comparable ages
and anthropometric characteristics participated in this study
(Table 1). The inclusion criteria for poststroke patients were
(1) ability to walk without a cane on artificial grass with an
approximately 2-cm leaf length over a distance of at least 7 m;
(2) a gait speed of > 60 cm/s during walking on an even surface
based on the result of a previous study that at the slowest
walking speeds (30–50 cm/s), the waist-positioned accelerometer
recorded 0 step for approximately 48% of the walking trials;
(3) the ability to follow verbal commands; and (4) a poststroke
duration of at least a year. The inclusion criterion for controls was
subjects without neurological lesions. All the participants were
excluded if they had (1) unstable medical conditions, (2) major
orthopedic surgery or an actual orthopedic condition interfering
with locomotion, and (3) higher brain dysfunction, which skewed
the measurements. The nine patients and four healthy controls
were treated with blood pressure medication. The participants
provided their written and informed consent prior to the start
of the experimental session. This study was approved by our
institutional review board.

Gait Assessment
In this study, artificial grass was used during walking in
an uneven surface condition. Artificial grass is portable and
useful instrumentation to assess walking on uneven surfaces in
hospitals. Moreover, the use of artificial grass when walking
can change the gait spatiotemporal parameters in patients with
incomplete spinal injuries and healthy controls compared with

TABLE 1 | aValues are means ± standard deviations. bAnterior cerebral artery,
ACA; Middle cerebral artery, MCA. cThe number of subjects who had lacunar
infarct lesions (i.e., corona radiata, internal capsule, and both corona radiata and
internal capsule) was 3, 2, and 1.

Characteristic Patients Controls

N 14 12

Gender (Male/Female) 11/3 8/4

Age (years)a 59.3 ± 8.9 59.5 ± 14.6

Height (cm)a 169 ± 5.56 163.1 ± 9.15

Weight (kg)a 68.1 ± 8.64 62.6 ± 11.49

Diagnosis (Hemorrhage/Infarct) 6/8

Type of Hemorrhage

Putamen/Thalamus/Subparietal lobe 4/1/1

Vascular territory of Infarct

ACA infarctb/MCA infarctb/lucnarinfarctc 1/1/6

Paretic side (Left/Right) 4/10

Time since stroke (months)a 70.7 ± 53.5

SIAS motor function (0/1/2/3/4/5)

Ankle joint 0/0/0/3/9/2

Knee joint 0/0/1/8/5/0

Hip joint 2/1/1/5/5/0

when artificial grass is not used (i.e., even surfaces) (Promkeaw
et al., 2019). This study applied the following two surface
conditions: even surface in the laboratory and artificial grass
surface of 7 m long and 1 m wide, with an approximately 2-
cm leaf length for uneven surfaces (Figure 1). Even surface
walking was completed first by all the participants. The leaf
length used in this study was shorter than that in the previous
study (Promkeaw et al., 2019). Although the patients with
spinal cord injury in the previous study were allowed to use
their customary walking devices (Promkeaw et al., 2019), the
poststroke patients in this study were not allowed to be assisted
by anyone and to use a cane during walking because their gait
parameters were compared with those of the healthy controls,
who did not use canes. All of the participants walked over
the two surfaces with shoes and orthoses, which they usually
wore, at a self-selected speed for more than two trials over each
surface. The participants were allowed to rest between the trials,
if required. Before the measurement, the participants familiarized
themselves with walking over the two surfaces. Forty markers
were attached to 13 segments composed of the head, torso, upper
arms, forearms, pelvis, thighs, shanks, and feet based on the
anthropometric data reported by Okada (Okada et al., 1996;
Table 2). Whole-body motion data were collected at 120 Hz by
using an 8-camera motion analysis system (MAC 3D, Motion
Analysis Corporation, Santa Rosa, CA, United States). The three-
dimensional coordinates were smoothed using a bidirectional
fourth-order Butterworth lowpass filter with a cutoff frequency
of 6 Hz. We detected the gait event (i.e., heel strike and toe
off) using the horizontal sacral-heel distance (French et al.,
2020). Spatiotemporal parameters were calculated according to
the representative method (Butler et al., 2006). The kinematic
data for each joint in the lower extremities were calculated
using a joint coordinate system (Robertson et al., 2013). The
representative parameters of joint angle in the lower limb
in the sagittal plane during gait were determined based on
the findings of a previous study (Benedetti et al., 1998). The
representative parameters related to compensatory strategies in
the paretic swing phase were calculated as the segment angle
in the global coordination system (Kerrigan et al., 2000). Leg
circumduction is the maximum thigh abduction angle in the
paretic swing phase. In addition, the magnitude of the symmetry
of step length and swing time was calculated as the ratio of
the left values to the right values, with the larger value in the
numerator (irrespective of the PS) (Patterson et al., 2010). These
parameters were calculated using the customized MATLAB
software (Mathworks Inc., Natick, MA, United States). The
results were the average of more than five strides in successful
trials.

Walking Activity
After the gait assessment, the subjects wore the ActiGraph
(AG) accelerometer (GT9X Link, ActiGraph LLC, Pensacola, FL,
United States) around the waist at the height of the iliac crest on
the right side in the healthy controls and on the non-PS in the
poststroke patients, which was held in place by an elastic belt.
The AG accelerometer recorded the three axes of acceleration at
30 Hz by using a proprietary algorithm to calculate step counts
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FIGURE 1 | Experimental paradigm. (A) Timeline. Even surface walking was completed first by all the participants; uneven surface walking was second after
attaching markers. The participants were allowed to rest between the trials if required. After the gait assessment, the subjects wore the ActiGraph (AG)
accelerometer (GT9X Link, ActiGraph LLC, Pensacola, FL, United States) around the waist at the height of the iliac crest on the right side in healthy controls and on
the non-PS in poststroke patients; the device was held in place by an elastic belt. The AG accelerometer was worn for at least 4 days and at most 5 days.
(B) Apparatus. Forty markers were attached to 13 segments; a 7 m gait on the even surface and uneven surface was measured using an 8-camera motion analysis
system (MAC 3D, Motion Analysis Corporation, Santa Rosa, CA, United States). The artificial grass surface is 7 m long and 1 m wide, with an approximately 2 cm
leaf length for uneven surfaces. The size of the AG accelerometer is 35 mm × 35 mm × 10 mm, and its weight is 14 g.

with a low-frequency extension (LFE) filter. We used the number
of steps per day to evaluate walking activity. The participants were
asked to wear the device while awake and to take it off before
swimming or bathing. In this study, the AG accelerometer was
worn for 14 ± 3 h on a single day by the healthy controls and for
13± 3 h for at least 4 days and at most 5 days.

TABLE 2 | Placement of markers on the body.

Segment Placement of markers

Head Top of head and both ears, and the spinous process of the 7th
cervical vertebrae

Trunk Spinous process of the 7th cervical vertebrae, spinous process
of the 10th thoracic vertebrae, jugular notch where the clavicles
meet the sternum, xiphoid process of the sternum, and the
position in the middle of the right scapula

Upper arm Both acromions and both lateral epicondyles of elbow

Forearm Both lateral epicondyles of the elbow and both styloid
processes of the ulna and radius

Pelvis Both anterior superior iliac spines and both posterior superior
iliac spines

Thigh Both greater trochanters and both lateral and medial
epicondyles of knee

Shank Both lateral epicondyles of knee and both lateral and medial
malleolus

Foot Both the first and fifth metatarsal heads, both lateral and medial
malleolus, and both calcaneus

Some subjects felt uncomfortable when they wore the AG
accelerometer at the ankle for a day; thus, in this study, the
subjects wore the AG accelerometer at the waist. However,
a previous study demonstrated that the AG accelerometer
produced the most accurate step count in poststroke patients
when worn at the non-paretic ankle without LFE but not
when worn at the waist (Campos et al., 2018). Therefore,
before measurement of the number of steps per day, we
evaluated its validity using the AG accelerometer. The subjects
with AG walked at their self-selected comfortable pace for
1 min on a 30-m walkway on an even surface two times.
The number of walking steps taken within 1 min was
recorded using the AG accelerometer and counted by the
physical therapist. Agreement in the number of 1-min walking
steps calculated using the AG condition and the number of
the steps counted by the physical therapist was determined
using the Shrout-Fleiss intraclass correlation coefficient [ICC
(3,1)] and served as the gold standard. The ICC (3,1) in
the healthy controls and patients were 0.48 (p = 0.047)
and 0.88 (p < 0.001). Moreover, the total number of steps
counted using the AG accelerometer for 1 min was compared
with that counted by the physical therapist, using paired
t-tests for the data of both groups. Our results showed no
significant differences in any of the parameters between the
two groups.

The walking activity of 5,000–7,499 steps/day was
categorized as least limited community ambulation, and
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walking activity≥7,500 was categorized as unlimited community
ambulation (Fulk et al., 2017).

Statistical Analysis
Anthropometric characteristics and walking activity (number
of steps/day) were compared between the patients and the
healthy controls using unpaired Student’s t-tests. Paretic and
non-paretic sides in patients and the left side [LS] in
healthy controls were compared to examine the effects of
the groups and surfaces on gait-related parameters; also,
the conditions between the even and uneven surfaces were
compared using two-way analysis of variance followed by
the Bonferroni post hoc test. Moreover, differences in gait
parameters between the even and artificial grass surfaces were
calculated to determine how the subjects adapted to the artificial
grass surface while walking. We examined the association
between the differences in surface and walking activity (number
of steps per day) using the Pearson product-moment and
Spearman’s rank correlation coefficients if the parameter was
non-normally distributed. A p-value of 0.05 was set as the
criterion for statistical significance. Partial beta squared (p2)
and Cohen’s d were calculated as estimates of the effect
size. The statistical analyses were performed using a statistical
software package (SPSS version 24; IBM Corp., Armonk, NY,
United States).

RESULTS

No significant differences in body height and weight were found
between the patients and the healthy controls (Table 1). Gait
speed, spatiotemporal and kinematic parameters during gait,
and the number of steps per day for the patients and controls
are presented in Tables 3, 4. In addition, Tables 5, 6 showed
the correlations between the number of steps per day and the
difference in spatiotemporal and kinematic parameters under the
conditions of different surface properties.

Walking Activity
The number of steps per day of the poststroke patients
(10,118.0 ± 4,550.2 steps/day) was significantly less than that of
the healthy controls (15,376.6 ± 5,440.1 steps/day; p = 0.013,
d = 1.06). All the healthy controls and 78.6% of the poststroke
patients were categorized as unlimited ambulators. In addition,
21.4% of the poststroke patients were categorized as least limited
community ambulators.

Spatiotemporal Parameters
Gait speed on the even surface in the patients with hemiparesis
and healthy controls was faster than 0.71 m/s. There were three
patients with a shorter step length on the PS than step length on
the non-PS when walking on the even surface. When walking on
the uneven surface, in addition to the three patients, one patient
had a longer step length on the non-PS.

Significant effects for group factor on gait speed
[F(1,24) = 27.02, p < 0.001, ηp

2
= 0.53], gait cycle time

[F(1,24) = 15.38, p = 0.001, ηp
2
= 0.39], stance [F(2,37) = 10.45,

p < 0.001, ηp
2
= 0.36] and swing times [F(2,37) = 7.99, p= 0.001,

ηp
2
= 0.30], step [F(2,37) = 11.46, p < 0.001, ηp

2
= 0.38], and

stride length [F(1,24) = 15.57, p = 0.001, ηp
2
= 0.39] were

observed. Gait speed, gait cycle time, and stride length in the
patients were slower (0.95± 0.19 m/s vs. 1.37± 0.21 m/s), longer
(1.21 ± 0.15 s vs. 1.03 ± 0.07 s), and shorter (1.13 ± 0.14 m vs.
1.38 ± 0.19 m) than those in the healthy controls. The stance
times on the PS (p = 0.019, d = 1.49) and non-PS (p < 0.001,
d = 1.74) were significantly longer than that on the LS in the
healthy controls, although the step lengths on the PS (p = 0.012,
d = 1.13) and non-PS (p < 0.001, d = 1.96) were shorter. Swing
time on the PS was longer than that on the non-PS (p = 0.034,
d = 0.91) and LS (p= 0.001, d = 1.42).

Significant effects for surface factor on gait speed
[F(1,24) = 6.83, p = 0.015, ηp

2
= 0.22], gait cycle time

[F(1,24) = 15.38, p = 0.005, ηp
2
= 0.28], stance [F(1,37) = 13.24,

p = 0.001, ηp
2
= 0.26] and swing times [F(1,37) = 12.45,

p= 0.001, ηp
2
= 0.25], and step width [F(1,24) = 16.50, p< 0.001,

TABLE 3 | The mean and standard deviation of spatiotemporal data in patients after stroke and healthy controls.

Paretic side Non-paretic side Left side in healthy controls Two-way ANOVA P-value

Even Uneven Even Uneven Even Uneven Subjects Surface Interaction

Gait speed (m/s) 0.94 ± 0.20c 0.97 ± 0.19cd 1.35 ± 0.20 1.38 ± 0.22d 0.000 0.015 0.947

Gait cycle time (s) 1.23 ± 0.15c 1.20 ± 0.14cd 1.03 ± 0.06a 1.02 ± 0.14ad 0.001 0.005 0.204

Stance time (s) 0.66 ± 0.09c 0.64 ± 0.08cd 0.71 ± 0.12c 0.69 ± 0.11cd 0.55 ± 0.04ab 0.55 ± 0.05abd <0.001 0.001 0.414

Swing time (s) 0.57 ± 0.07bc 0.56 ± 0.08bcd 0.51 ± 0.05a 0.50 ± 0.05ad 0.48 ± 0.03a 0.48 ± 0.04ad 0.001 0.001 0.503

Step length (m) 0.57 ± 0.08 0.56 ± 0.08 0.51 ± 0.06 0.52 ± 0.06 0.65 ± 0.07 0.65 ± 0.09 <0.001 0.149 0.237

Stride length (m) 1.12 ± 0.15c 1.13 ± 0.14c 1.38 ± 0.18a 1.39 ± 0.20a 0.001 0.369 0.846

Step width (m) 0.15 ± 0.04 0.16 ± 0.04d 0.13 ± 0.03 0.15 ± 0.03d 0.284 0.000 0.345

Stance time symmetry 1.09 ± 0.06c 1.08 ± 0.07c 1.03 ± 0.02a 1.02 ± 0.0.02a 0.003 0.589 0.996

Swing time symmetry 1.11 ± 0.09c 1.11 ± 0.10c 1.03 ± 0.03a 1.03 ± 0.02a 0.004 0.661 0.9.34

aSignificantly different from the paretic side at p < 0.05.
bSignificantly different from non-paretic side at p < 0.05.
cSignificantly different from healthy controls at p < 0.05.
dSignificantly different from even surface at p < 0.05.

Frontiers in Human Neuroscience | www.frontiersin.org 5 January 2022 | Volume 15 | Article 762223

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-762223 December 24, 2021 Time: 17:56 # 6

Sekiguchi et al. Walking Adaptability After Stroke

TABLE 4 | The mean and standard deviation of angles in lower limb in patients after stroke and healthy controls.

Paretic side Non-paretic side Left side in healthy controls Two-way ANOVA P-value

Even Uneven Even Uneven Even Uneven Subjects Surface Interaction

Ankle plantarflexion in early
stance

5.4 ± 5.7 5.4 ± 5.9 3.9 ± 4.0 3.5 ± 3.7 3.2 ± 2.9 2.9 ± 2.9 0.374 0.301 0.679

Ankle dorsiflexion in stance −11.4 ± 8.2 −11.0 ± 9.2 −17.4 ± 5.7 −16.7 ± 6.0 −13.9 ± 7.0 −14.7 ± 6.4 0.110 0.834 0.279

Ankle plantarflexion at
toe-off

−3.1 ± 8.5 −2.6 ± 8.8 −4.3 ± 8.1 −4.1 ± 7.9 −4.1 ± 7.5 −4.2 ± 7.7 0.885 0.476 0.629

Ankle dorsiflexion in swing −4.8 ± 7.3 −4.4 ± 8.2 −8.5 ± 5.1 −8.1 ± 4.9 −6.8 ± 5.2 −7.1 ± 4.8 0.270 0.666 0.547

Knee flexion in early stance −10.7 ± 8.7 −10.8 ± 9.3 −12.2 ± 8.0 −12.7 ± 7.9 −5.8 ± 4.1 −7.1 ± 3.7 0.123 0.052 0.274

Knee extension in stance −1.7 ± 9.8 −1.8 ± 10.2 −2.1 ± 6.5 −1.8 ± 6.3 −3.3 ± 6.2 −4.6 ± 3.6 0.728 0.458 0.355

Knee flexion at toe-off −25.1 ± 7.0b
−24.4 ± 7.6b

−31.2 ± 5.6a
−30.7 ± 5.3a

−24.0 ± 7.6 −25.2 ± 3.7 0.012 0.954 0.399

Knee flexion in swing −46.2 ± 12.8bc
−48.4 ± 12.5bcd

−66.1 ± 5.1a
−67.5 ± 5.5ad

−61.0 ± 13.1a
−65.8 ± 2.4ad <0.001 0.011 0.404

Hip flexion at foot contact −29.0 ± 4.2b
−29.5 ± 4.5bd

−35.1 ± 6.5a
−36.0 ± 6.7ad

−32.3 ± 6.8 −34.0 ± 5.0d 0.015 0.042 0.537

Hip extension in stance −0.2 ± 5.4bc
−0.1 ± 5.8bc 5.8 ± 4.6a 6.3 ± 3.8a 5.0 ± 5.0a 6.3 ± 3.4a 0.004 0.319 0.182

Hip flexion at foot off −4.6 ± 6.1bc
−4.4 ± 6.3bc 1.6 ± 4.4a 1.4 ± 4.9a 2.9 ± 5.7a 4.4 ± 3.7a 0.001 0.245 0.246

Hip flexion during swing −35.0 ± 2.7b
−36.3 ± 2.4bd

−40.0 ± 5.5a
−41.4 ± 5.7ad

−36.7 ± 5.6 −39.0 ± 4.6d 0.018 0.000 0.392

Maximum toe clearance
(cm)

11.6 ± 2.4 12.4 ± 2.4d 13.3 ± 1.8 14.0 ± 1.6d 0.057 0.000 0.679

Compensatory
movements (degrees)

Thorax anterior tilt in the
sagittal plane

−4.5 ± 2.5 −5.5 ± 2.7d
−4.8 ± 2.5 −5.7 ± 2.4d 0.797 0.000 0.831

Pelvic anterior tilt in the
sagittal plane

−9.1 ± 4.0 −9.7 ± 4.4d
−10.8 ± 3.4 −11.1 ± 4.0d 0.338 0.018 0.428

Circumduction of lower
limb

2.1 ± 4.5 2.0 ± 5.0 0.8 ± 2.4 1.2 ± 2.4 0.020 0.263 0.096

aSignificantly different from paretic side at p < 0.05.
bSignificantly different from non-paretic side at p < 0.05.
cSignificantly different from healthy controls at p < 0.05.
dSignificantly different from even surface at p < 0.05.

ηp
2
= 0.41] were observed but not on stride and step length.

The temporal parameters on the artificial grass surface were
smaller than those on the even surface, although gait speed
was faster on the artificial grass surface (1.13 ± 0.29 m/s vs.
1.16 ± 0.29 m/s). The step width on the artificial grass surface
was larger than that on the even surface (0.14 ± 0.04 m vs.
0.15± 0.03 m).

Significant interactions were found between the group and
the surface in terms of step length symmetry [F(1,24) = 5.44,
p = 0.028, ηp

2
= 0.19]. In the poststroke patients, gait on the

artificial grass surface showed significantly greater symmetry
in step length (p = 0.013, d = 0.24) but not in the healthy
controls (Figure 2).

Kinematic Parameters
Significant effects for group factor on knee flexion at foot off
[F(2,37) = 4.97, p = 0.012, ηp

2
= 0.21], maximum knee flexion

during swing [F(2,37) = 18.46, p < 0.001, ηp
2
= 0.50], hip flexion

at initial contact [F(2,37)= 4.70, p= 0.015, ηp
2
= 0.20], maximum

hip extension in stance [F(2,37) = 6.58, p = 0.004, ηp
2
= 0.26],

hip flexion at foot off [F(2,37) = 9.06, p = 0.001, ηp
2
= 0.33], and

maximum hip flexion during swing [F(2,37) = 4.52, p = 0.018,
ηp

2
= 0.20] were observed. Knee flexion at foot off was highest

on the non-PS, and hip flexion at foot off was highest on

the PS. The maximum knee flexion angles during swing and
hip extension in stance were lowest on the PS. Hip flexion
at initial contact (p = 0.013, d = 1.15) and during swing
(p = 0.014, d = 1.18) on the PS was significantly lower than that
on non-PS.

TABLE 5 | The correlations between walking activity and surface difference in
spatiotemporal parameters.

Correlation

Paretic side Left side in healthy controls

Gait speed (m/s) 0.49 −0.04

Gait cycle time (s) −0.13 −0.32

Stance time (s) −0.04 −0.24

Swing time (s) −0.10 −0.42

Step length (m) 0.65a 0.02

Stride length (m) 0.48 0.07

Step width (m) −0.06 0.68a

Symmetry step length 0.03 0.46

Symmetry stance time −0.11 0.53

Symmetry swing time 0.02 0.55

ap < 0.05.
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TABLE 6 | The correlations between walking activity and surface difference in
kinematic parameters.

Correlation

Paretic side Non-paretic
side

Left side in
healthy controls

Peak angle

Ankle plantarflexion in early
stance

0.24 0.18 −0.18

Ankle dorsiflexion in stance 0.10 0.28 −0.03

Ankle plantarflexion at
toe-off

0.11 0.68b
−0.21

Ankle dorsiflexion in swing 0.16 0.58a 0.03

Knee flexion in early stance 0.31 0.20 0.78b

Knee extension in stance 0.31 0.59a 0.28

Knee flexion at toe-off 0.24 0.24 −0.00

Knee flexion in swing −0.11 −0.31 −0.40

Hip flexion at foot contact −0.69b
−0.09 0.45

Hip extension in stance 0.25 0.35 −0.10

Hip flexion at foot off 0.32 0.18 −0.08

Hip flexion during swing −0.45 −0.14 0.20

Compensatory
movements during
swing (degrees)

Pelvic elevation on the PS
in the frontal plane

−0.07 −0.71b

Thorax anterior tilt in the
sagittal plane

−0.13 0.05

Pelvic anterior tilt in the
sagittal plane

−0.33 0.35

Circumduction 0.43 0.38

ap < 0.05; bp < 0.01.

Significant effects for surface factor on maximum knee
[F(1,37) = 7.20, p = 0.011, ηp

2
= 0.16] and hip flexion

[F(1,37) = 28.14, p < 0.001, ηp
2
= 0.43], and thoracic

[F(1,24) = 45.60, p = 0.001, ηp
2
= 0.66] and pelvic anterior

tilts [F(1,24) = 6.43, p = 0.018, ηp
2
= 0.21] in the sagittal

plane during swing phase, hip flexion at initial contact
[F(1,37) = 4.42, p = 0.042, ηp

2
= 0.11], and maximum toe

clearance [F(1,24) = 29.66, p < 0.001, ηp
2
= 0.55] were

observed. All the angles on the artificial grass surface in
the patients and healthy controls were larger than those on
the even surface.

A significant interaction was observed in terms of pelvic tilt
in the frontal plane during swing [F(1,24) = 12.63, p = 0.002,
ηp

2
= 0.35]. The maximum pelvic elevation on PS in the frontal

plane during a swing in the poststroke patients increased as
compared with that in the healthy controls on both the even
(p < 0.001, d = 1.74) and artificial grass surfaces (p = 0.003,
d = 1.28). In the poststroke patients, decreased maximum
pelvic elevation on the PS during swing (p = 0.055, d = 0.11)
was observed during gait on the artificial grass surface as
compared with the even surface, but the increased maximum
pelvic elevation was observed in the healthy controls (p = 0.007,
d = 0.31) (Figure 3).

Relationship Between Walking Activity
and Difference in Gait-Related
Parameters
In the patients with hemiparesis, the difference in step length on
the PS significantly and positively correlated with the number
of steps per day (r = 0.65, p = 0.012; Figure 4). The difference
in maximum knee extension in the stance phase (r = 0.59,
p = 0.026; Figure 4) and ankle plantarflexion at foot off on
the non-PS (r = 0.68, p = 0.008) were also significantly and
positively associated with the number of steps per day, but
the maximum ankle dorsiflexion during swing was negatively
associated (r = −0.58, p = 0.029). However, no significant
relationship was found between the difference in compensatory
movements during the swing and the number of steps per day.

In the healthy controls, the difference in step width
significantly and positively correlated with the numbers of steps
per day (r = 0.68, p = 0.015). The difference in the maximum
knee extension at initial contact was also associated with the
number of steps per day (r = 0.76, p= 0.004).

DISCUSSION

Our findings showed a more symmetrical step length pattern and
decreased pelvic hiking (i.e., pelvic elevation on PS in the frontal
plane) in the swing phase, which indicates reduced compensatory
movement, during walking on the artificial grass surface in the
community ambulators after stroke. In addition, the changes
in paretic step length, non-paretic knee extension, and ankle
plantarflexion in the stance phase, and paretic hip flexion at
initial contact were related to walking activity in the community
ambulators after stroke. Contrary to our hypothesis, the walking
adaptability to the artificial grass surface by increasing the paretic
step length with compensation movement by the non-paretic
lower limb during gait may increase walking activity in the
community ambulators after stroke.

Both the poststroke patients and healthy controls adjusted
with reduced gait cycle and swing times (i.e., step time) on
both sides and increased gait speed but without changing the
step length when walking on the artificial grass surface. The
present results on step length and gait speed were contrary
to our hypothesis. In the previous study on the lateralization
of stroke in the chronic phase, right hemisphere damage was
related to a slower walk and more asymmetry in single stance
time (Chen et al., 2014). Guye et al. (2003) found a more
extensive and stronger connected network in the dominant
left hemisphere, carrying out the processing of sensory-motor
data. This fact means that the extensive and strong connected
network in the dominant left hemisphere may easily compensate
for one damaged network component. Ten out of fourteen
patients in this study had left hemisphere damage. Therefore, the
patients who participated may change the parameter regarding
rhythm with a change from an even surface to a short leaf
grass surface during gait. In this study, unlike the previous
study, the artificial grass surface did not cause a considerable
cautious gait pattern (i.e., reduced gait speed, cadence, and step
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FIGURE 2 | Step length symmetry on the even surface (bars on the left side) and uneven surface (bars on the right side) in the poststroke patients (light blue bars)
and the healthy controls (light red bars). ∗p < 0.05 and ∗∗p < 0.01 indicate statistical significance.

FIGURE 3 | Pelvic hiking on the even surface (bars on the left side) and uneven surface (bars on the right side) in the poststroke patients (light blue bars) and healthy
controls (light red bars). ∗∗ p < 0.01 indicate statistical significance.

length) (Paysant et al., 2006; Menant et al., 2009; Promkeaw et al.,
2019). Paysant et al. (2006) showed that the gait spatiotemporal
parameters differed between an asphalt surface and grass surface
with a leaf length of 12–20 cm in the healthy controls and
amputees but not in the grass surface with a leaf length < 2–
4 cm, which is similar to the length of the artificial grass used
in this study. When standing on foam, information from both
joint and cutaneous mechanoreceptors of the sole is less reliable,
increasing body movement (Chiang and Wu, 1997; Fransson
et al., 2007). To decrease tripping and slipping, gait on foam
resulted in increased step length, width, and time compared with
walking on a level surface (Maclellan and Patla, 2006). The short
leaf grass, unlike foam, might produce sufficient information
from both joint and cutaneous mechanoreceptors of the sole
because short leaf grass is not soft like foam. Therefore, this

study shows that with the short leaf length, gait stability on the
artificial grass may be easier to maintain and may not need a
shorter step length. Hsiao et al. (2016) demonstrated that the
poststroke patients increased forward propulsion on the non-PS
as the primary mechanism to increase gait speed. Considering
the findings of the previous study, increased gait speed in the
condition of an artificial grass surface may be attributed to the
slip-resistant surface (i.e., artificial grass with short leaf has high
friction property) on which subjects could generate propulsion.
Moreover, the mean gait speed of the patients in this study
(0.94 m/s) was faster than that of the patients categorized as a
high-functioning group who can increase hip flexion power and
ankle plantarflexion power on the PS to increase gait speed and
reduce stride time (Jonkers et al., 2009; Sekiguchi et al., 2012).
Therefore, the poststroke patients with high function in this study
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FIGURE 4 | Relationship between walking activity and changes in step length on the paretic side (PS) (A) and knee extension in stance on the non-PS (B) in the
poststroke patients.

may be able to decrease step time and increase gait speed during
gait on the artificial grass with a short leaf length compared with
the healthy controls.

Only the poststroke community ambulators adapted gait on
the artificial grass surface by increasing their symmetrical
step length. A previous study that examined interlimb
cutaneous reflexes demonstrated that in poststroke patients,
the somatosensory network related to interlimb coordination
between the legs and the arms was preserved, which indicates
that the patients may have the ability to increase step length
symmetry (Zehr and Loadman, 2012). The unevenness of the
artificial grass might provide more somatosensory information
from the plantar region than the evenness of the even surface
in the patients who can increase their step length symmetry.
Moreover, step length asymmetry was associated with propulsion
asymmetry in the poststroke patients (Roelker et al., 2019). The
slip-resistant surface of the artificial grass with a short leaf length
might make propulsion easier to control. Therefore, the patients
can increase their step length symmetry when walking on the
artificial grass with a short leaf length. As a result, increased step
length symmetry, which was related to balance measures (i.e.,
Berg balance scale), might increase stability when walking on the
artificial grass in the poststroke patients (Lewek et al., 2014).

There were two types of strategies for the paretic step length
for an uneven surface in this study. Five patients had a longer
paretic step length on the uneven surface than on the even
surface. Four of the five patients with a longer paretic step length
had a longer non-paretic step length on the uneven surface than
on the even surface. However, the other patient had a shorter
non-paretic step length on the uneven surface. In the results,
three of the five patients with a longer paretic step length on the
uneven surface increased step length symmetry. In contrast, nine
patients had a shorter paretic step length on the uneven surface
than the even surface. Four of the nine patients with the shorter

paretic step length had a shorter non-paretic step length on the
uneven surface than on the even surface. However, five patients
had a longer non-paretic step length on the uneven surface.
Additionally, all five patients had a longer paretic step length
than non-paretic step length on the even surface. Therefore,
the patients with a shorter paretic step length on the uneven
surface may maintain or increase the step length symmetry. In
fact, seven of the nine patients with a shorter step length on
the uneven surface increased step length symmetry. In summary,
most patients with a longer paretic step length did not follow
the strategy of non-paretic steps that would result in step length
asymmetry similar to the patients with a shorter paretic step.
Consequently, most patients after stroke with a longer paretic
step length and more walking activity, but not all, may not have
less step length symmetry on the uneven surface.

The hip and knee flexion angles during a swing on the artificial
grass surface increased as compared with those on the even
surface in the poststroke patients and healthy controls, consistent
with the previous study in patients with multiple sclerosis and
cerebral palsy (Böhm et al., 2014; van den Berg et al., 2017).
When considered in conjunction with the present results showing
increased toe clearance, the increase in hip and knee flexion
angles during swing may lead to an increase in foot clearance
on the artificial grass surface in both groups. Artificial grass
surface was not used in the previous studies that examined toe
clearance on the uneven surface (Böhm et al., 2014; van den
Berg et al., 2017). In addition to walking on the other uneven
surfaces, walking on artificial grass with a short leaf length may
be necessary to increase the height of toe clearance as compared
with that on the even surface. In line with the previous findings in
patients with cerebral palsy (Böhm et al., 2014), greater anterior
tilt angles of the pelvic and thorax were found in poststroke
patients during the swing phase when walking on an artificial
grass surface. The present findings show that decreased pelvic
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hiking during gait on the artificial grass surface was found
only in the poststroke patient. Increased pelvic and thoracic
anterior tilt angles and decreased pelvic hiking may lower the
height of the center of mass during gait in poststroke patients,
as shown in previous studies (Chen et al., 2005; Saha et al.,
2008). During gait on the artificial grass with a short leaf length,
control of the trunk posture and increase in toe clearance may
be necessary for maintaining dynamic stability, but the changes
in the gait spatiotemporal parameters such as caution gait (i.e.,
short step length and slow gait speed) may not be necessary
because maintaining gait on artificial grass with a short leaf length
is an easier task.

The change in paretic step length, but not step width, from
the even surface to the artificial grass was related to walking
activity in the poststroke patients. The walking activity of the
healthy controls was related to the increase in the step width
when walking on the artificial grass. Like the healthy controls, the
patients may have difficulty controlling their step width because
of deficit of control in the frontal plane by the hip and ankle joints
(Kim and Eng, 2004; Neckel et al., 2008; Sánchez et al., 2018;
Hsiao et al., 2020). The healthy controls with increased walking
activity increased their step width on the artificial grass, which
increased the base of support like in cautious gait (McAndrew
Young and Dingwell, 2012). Although maintaining gait on the
artificial grass with a short leaf length is an easier task, high
community walking activity may require adaptation on the
artificial grass with a short leaf length not only by increasing
step length on the PS in the poststroke patient but also by
increasing the step width in the healthy controls to increase the
base of support and maintain stability control. In addition, the
walking activity of the poststroke patients correlated with the
changes in the maximum knee extension in the stance phase and
ankle plantarflexion at foot off on the non-PS and that of the
step length on the PS. Consistent with the kinematic changes
in the responders of walking activity after training (Ardestani
et al., 2019), the kinematic change in the lower limb on the
non-PS was associated with walking activity in patients. The
poststroke patients with increased walking activity may also
need the compensatory movement of the leg on the non-PS to
increase their step length on the PS, like responders of walking
activity after training.

This study has several limitations. First, the least limited
and unlimited community ambulators participated in the study
but not most limited and household ambulators. Therefore,
the question of whether walking adaptability to the artificial
grass surface was related to walking activity in most limited
and household ambulators after stroke remains unclear. Second,
kinetic data were not collected. Future studies should clarify
whether power generated at the knee and hip joints during gait
on the artificial grass surface is more needed on the non-PS
than on the even surface and the energy cost during gait on
the artificial grass surface in poststroke patients (Farris et al.,
2015). Third, this study used only one kind of uneven surface
(i.e., an artificial grass). Previous studies on gait on uneven
surfaces used surfaces different from artificial grass. Several
surfaces (i.e., foam, sand, railroad ballast, artificial grass, and
artificial pebble surface) caused differences in the results of the

step parameters (Maclellan and Patla, 2006; Wade et al., 2010;
van den Berg et al., 2017; Promkeaw et al., 2019). Therefore,
our findings are restricted to poststroke patients categorized as
least limited and unlimited community ambulators and walking
on short leaf artificial grass. Fourth, the intraclass correlation
coefficient between the number of steps calculated from the
accelerometer and the number of steps counted by the therapist
was low in the healthy controls. In the healthy controls, the
difference between the number of steps counted by the therapist
and the number of steps calculated from the accelerometer was
extremely larger than other subjects (i.e., the maximum difference
in the healthy control: 43 steps vs. the other healthy controls:
5 steps). The result demonstrated the limitation of measuring
the step count with an accelerometer. One factor that prevented
AG from accurately detecting steps could be using an LFE filter
in the healthy controls, as shown in a previous study (Campos
et al., 2018). However, there is no difference in the main result
between the data in all healthy controls and that excluding the
healthy control No. 3 [i.e., also in the eleven healthy controls
excluding No. 3, the difference in step width significantly and
positively correlated with the numbers of steps per day (r = 0.69,
p= 0.015)].

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by The Research Ethics Committees at
Tohoku University Graduate School of Medicine. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

YS and KH conceived and designed the experiments and collected
and analyzed the data. YS wrote the manuscript. YS, KH, and S-II
revised the manuscript critically. All authors read and approved
the final manuscript.

FUNDING

This work was supported by JSPS KAKENHI Grant-in-
Aid for Young Scientists (18K17665) and NEC corporation
(J160001522).

ACKNOWLEDGMENTS

The authors would like to thank the staff at the Department of
Physical Medicine and Rehabilitation at Tohoku University for
their advice and help.

Frontiers in Human Neuroscience | www.frontiersin.org 10 January 2022 | Volume 15 | Article 762223

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-762223 December 24, 2021 Time: 17:56 # 11

Sekiguchi et al. Walking Adaptability After Stroke

REFERENCES
Allet, L., Armand, S., De Bie, R. A., Pataky, Z., Aminian, K., Herrmann, F. R., et al.

(2009). Gait alterations of diabetic patients while walking on different surfaces.
Gait Posture 29, 488–493. doi: 10.1016/j.gaitpost.2008.11.012

Ardestani, M. M., Henderson, C. E., and Hornby, T. G. (2019). Improved walking
function in laboratory does not guarantee increased community walking in
stroke survivors: potential role of gait biomechanics. J. Biomech. 91, 151–159.
doi: 10.1016/j.jbiomech.2019.05.011

Balasubramanian, C. K., Clark, D. J., and Fox, E. J. (2014). Walking adaptability
after a stroke and its assessment in clinical settings. Stroke Res. Treat.
2014:591013. doi: 10.1155/2014/591013

Barclay, R. E., Stevenson, T. J., Poluha, W., Ripat, J., Nett, C., and Srikesavan, C. S.
(2015). Interventions for improving community ambulation in individuals with
stroke. Cochrane Database Syst. Rev. 2015:Cd010200. doi: 10.1002/14651858.
CD010200.pub2

Benedetti, M. G., Catani, F., Leardini, A., Pignotti, E., and Giannini, S. (1998). Data
management in gait analysis for clinical applications. Clin. Biomech. (Bristol,
Avon) 13, 204–215.

Böhm, H., Hösl, M., Schwameder, H., and Döderlein, L. (2014). Stiff-knee gait
in cerebral palsy: how do patients adapt to uneven ground? Gait Posture 39,
1028–1033. doi: 10.1016/j.gaitpost.2014.01.001

Brough, L. G., Kautz, S. A., Bowden, M. G., Gregory, C. M., and Neptune, R. R.
(2018). Merged plantarflexor muscle activity is predictive of poor walking
performance in post-stroke hemiparetic subjects. J. Biomech. 82, 361–367. doi:
10.1016/j.jbiomech.2018.11.011

Burridge, J. H., Elessi, K., Pickering, R. M., and Taylor, P. N. (2007). Walking on an
uneven surface: the effect of common peroneal stimulation on gait parameters
and relationship between perceived and measured benefits in a sample of
participants with a drop-foot. Neuromodulation 10, 59–67. doi: 10.1111/j.1525-
1403.2007.00088.x

Butler, E., Druizin, M., Sullivan, E., Rose, J., and Gamble, J. (2006). Human
Walking, 3rd Edn. Philadelphia, MD: Lippincott, Williams and Wilkins,
131–147.

Campos, C., DePaul, V. G., Knorr, S., Wong, J. S., Mansfield, A., and Patterson,
K. K. (2018). Validity of the ActiGraph activity monitor for individuals
who walk slowly post-stroke. Top Stroke Rehabil. 25, 295–304. doi: 10.1080/
10749357.2018.1446487

Chen, G., Patten, C., Kothari, D. H., and Zajac, F. E. (2005). Gait differences
between individuals with post-stroke hemiparesis and non-disabled controls at
matched speeds. Gait Posture 22, 51–56. doi: 10.1016/j.gaitpost.2004.06.009

Chen, I. H., Novak, V., and Manor, B. (2014). Infarct hemisphere and noninfarcted
brain volumes affect locomotor performance following stroke. Neurology 82,
828–834. doi: 10.1212/wnl.0000000000000186

Chiang, J.-H., and Wu, G. (1997). The influence of foam surfaces on biomechanical
variables contributing to postural control.Gait Posture 5, 239–245. doi: 10.1016/
S0966-6362(96)01091-0

Clark, D. J., Ting, L. H., Zajac, F. E., Neptune, R. R., and Kautz, S. A. (2010).
Merging of healthy motor modules predicts reduced locomotor performance
and muscle coordination complexity post-stroke. J. Neurophysiol. 103, 844–857.
doi: 10.1152/jn.00825.2009

Darbin, O., Gubler, C., Naritoku, D., Dees, D., Martino, A., and Adams, E. (2016).
Parkinsonian balance deficits quantified using a game industry board and a
specific battery of four paradigms. Front. Hum. Neurosci. 10:431. doi: 10.3389/
fnhum.2016.00431

English, C., Manns, P. J., Tucak, C., and Bernhardt, J. (2014). Physical activity and
sedentary behaviors in people with stroke living in the community: a systematic
review. Phys. Ther. 94, 185–196. doi: 10.2522/ptj.20130175

Farris, D. J., Hampton, A., Lewek, M. D., and Sawicki, G. S. (2015). Revisiting the
mechanics and energetics of walking in individuals with chronic hemiparesis
following stroke: from individual limbs to lower limb joints. J. Neuroeng.
Rehabil. 12:24. doi: 10.1186/s12984-015-0012-x

Franceschini, M., Rampello, A., Agosti, M., Massucci, M., Bovolenta, F., and Sale,
P. (2013). Walking performance: correlation between energy cost of walking
and walking participation. new statistical approach concerning outcome
measurement. PLoS One 8:e56669. doi: 10.1371/journal.pone.0056669

Fransson, P. A., Gomez, S., Patel, M., and Johansson, L. (2007). Changes in multi-
segmented body movements and EMG activity while standing on firm and foam

support surfaces. Eur. J. Appl. Physiol. 101, 81–89. doi: 10.1007/s00421-007-
0476-x

French, M. A., Koller, C., and Arch, E. S. (2020). Comparison of three kinematic
gait event detection methods during overground and treadmill walking for
individuals post stroke. J. Biomech. 99:109481. doi: 10.1016/j.jbiomech.2019.
109481

Fulk, G. D., He, Y., Boyne, P., and Dunning, K. (2017). Predicting home and
community walking activity poststroke. Stroke 48, 406–411. doi: 10.1161/
STROKEAHA.116.015309

Guye, M., Parker, G. J., Symms, M., Boulby, P., Wheeler-Kingshott, C. A., Salek-
Haddadi, A., et al. (2003). Combined functional MRI and tractography to
demonstrate the connectivity of the human primary motor cortex in vivo.
Neuroimage 19, 1349–1360. doi: 10.1016/s1053-8119(03)00165-4

Hafer-Macko, C. E. (2008). Skeletal muscle changes after hemiparetic stroke and
potential beneficial effects of exercise intervention strategies. J. Rehabil. Res.
Dev. 45, 261–272. doi: 10.1682/jrrd.2007.02.0040

Horak, F., and Macpherson, J. (1996). “Postural orientation and equilibrium,”
in Handbook of Physiology./Exercise: Regulation and Integration of Multiple
Systems, eds J. Shepard and L. Rowell (New York, NY: American Physiological
Society).

Hsiao, H., Awad, L. N., Palmer, J. A., Higginson, J. S., and Binder-Macleod, S. A.
(2016). Contribution of paretic and nonparetic limb peak propulsive forces to
changes in walking speed in individuals poststroke. Neurorehabil. Neural Repair
30, 743–752. doi: 10.1177/1545968315624780

Hsiao, H. Y., Gray, V. L., Borrelli, J., and Rogers, M. W. (2020). Biomechanical
control of paretic lower limb during imposed weight transfer in individuals
post-stroke. J. Neuroeng. Rehabil. 17:140. doi: 10.1186/s12984-020-00768-1

Ivey, F. M., Macko, R. F., Ryan, A. S., and Hafer-Macko, C. E. (2005).
Cardiovascular health and fitness after stroke. Topics Stroke Rehabil. 12, 1–16.
doi: 10.1310/geeu-yruy-vj72-lear

Jonkers, I., Delp, S., and Patten, C. (2009). Capacity to increase walking speed
is limited by impaired hip and ankle power generation in lower functioning
persons post-stroke. Gait Posture 29, 129–137.

Kerrigan, D. C., Frates, E. P., Rogan, S., and Riley, P. O. (2000). Hip hiking and
circumduction: quantitative definitions.Am. J. Phys.Med. Rehabil. 79, 247–252.

Kim, C. M., and Eng, J. J. (2004). Magnitude and pattern of 3D kinematic and
kinetic gait profiles in persons with stroke: relationship to walking speed. Gait
Posture 20, 140–146. doi: 10.1016/j.gaitpost.2003.07.002

Kono, Y., Kawajiri, H., Kamisaka, K., Kamiya, K., Akao, K., Asai, C., et al. (2015).
Predictive impact of daily physical activity on new vascular events in patients
with mild ischemic stroke. Int. J. Stroke 10, 219–223. doi: 10.1111/ijs.12392

Kuramatsu, Y., Suzukamo, Y., and Izumi, S. I. (2021). Two types of sensorimotor
strategies for whole-body movement in individuals with stroke: a pilot study.
Physiother. Theory Pract. [Online ahead of print] 1–12. doi: 10.1080/09593985.
2021.1962461

Kuramatsu, Y., Yamamoto, Y., and Izumi, S.-I. (2020). Sensorimotor strategies
in individuals with poststroke hemiparesis when standing up without vision.
Motor Control 24, 150–167. doi: 10.1123/mc.2018-0098

Lewek, M. D., Bradley, C. E., Wutzke, C. J., and Zinder, S. M. (2014). The
relationship between spatiotemporal gait asymmetry and balance in individuals
with chronic stroke. J. Appl. Biomech. 30, 31–36. doi: 10.1123/jab.2012-0208

Maclellan, M. J., and Patla, A. E. (2006). Adaptations of walking pattern on a
compliant surface to regulate dynamic stability. Exp. Brain Res. 173, 521–530.
doi: 10.1007/s00221-006-0399-5

McAndrew Young, P. M., and Dingwell, J. B. (2012). Voluntarily changing step
length or step width affects dynamic stability of human walking. Gait Posture
35, 472–477. doi: 10.1016/j.gaitpost.2011.11.010

Menant, J. C., Steele, J. R., Menz, H. B., Munro, B. J., and Lord, S. R. (2009). Effects
of walking surfaces and footwear on temporo-spatial gait parameters in young
and older people. Gait Posture 29, 392–397. doi: 10.1016/j.gaitpost.2008.10.057

Neckel, N. D., Blonien, N., Nichols, D., and Hidler, J. (2008). Abnormal joint torque
patterns exhibited by chronic stroke subjects while walking with a prescribed
physiological gait pattern. J. Neuroeng. Rehabil. 5:19. doi: 10.1186/1743-0003-
5-19

Okada, H., Ae, M., Fujii, N., and Morioka, Y. (1996). Body segment inertial
properties of Japanese elderly. Biomechanism 13, 125–139.

Patterson, K. K., Gage, W. H., Brooks, D., Black, S. E., and McIlroy, W. E. (2010).
Evaluation of gait symmetry after stroke: a comparison of current methods and

Frontiers in Human Neuroscience | www.frontiersin.org 11 January 2022 | Volume 15 | Article 762223

https://doi.org/10.1016/j.gaitpost.2008.11.012
https://doi.org/10.1016/j.jbiomech.2019.05.011
https://doi.org/10.1155/2014/591013
https://doi.org/10.1002/14651858.CD010200.pub2
https://doi.org/10.1002/14651858.CD010200.pub2
https://doi.org/10.1016/j.gaitpost.2014.01.001
https://doi.org/10.1016/j.jbiomech.2018.11.011
https://doi.org/10.1016/j.jbiomech.2018.11.011
https://doi.org/10.1111/j.1525-1403.2007.00088.x
https://doi.org/10.1111/j.1525-1403.2007.00088.x
https://doi.org/10.1080/10749357.2018.1446487
https://doi.org/10.1080/10749357.2018.1446487
https://doi.org/10.1016/j.gaitpost.2004.06.009
https://doi.org/10.1212/wnl.0000000000000186
https://doi.org/10.1016/S0966-6362(96)01091-0
https://doi.org/10.1016/S0966-6362(96)01091-0
https://doi.org/10.1152/jn.00825.2009
https://doi.org/10.3389/fnhum.2016.00431
https://doi.org/10.3389/fnhum.2016.00431
https://doi.org/10.2522/ptj.20130175
https://doi.org/10.1186/s12984-015-0012-x
https://doi.org/10.1371/journal.pone.0056669
https://doi.org/10.1007/s00421-007-0476-x
https://doi.org/10.1007/s00421-007-0476-x
https://doi.org/10.1016/j.jbiomech.2019.109481
https://doi.org/10.1016/j.jbiomech.2019.109481
https://doi.org/10.1161/STROKEAHA.116.015309
https://doi.org/10.1161/STROKEAHA.116.015309
https://doi.org/10.1016/s1053-8119(03)00165-4
https://doi.org/10.1682/jrrd.2007.02.0040
https://doi.org/10.1177/1545968315624780
https://doi.org/10.1186/s12984-020-00768-1
https://doi.org/10.1310/geeu-yruy-vj72-lear
https://doi.org/10.1016/j.gaitpost.2003.07.002
https://doi.org/10.1111/ijs.12392
https://doi.org/10.1080/09593985.2021.1962461
https://doi.org/10.1080/09593985.2021.1962461
https://doi.org/10.1123/mc.2018-0098
https://doi.org/10.1123/jab.2012-0208
https://doi.org/10.1007/s00221-006-0399-5
https://doi.org/10.1016/j.gaitpost.2011.11.010
https://doi.org/10.1016/j.gaitpost.2008.10.057
https://doi.org/10.1186/1743-0003-5-19
https://doi.org/10.1186/1743-0003-5-19
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-762223 December 24, 2021 Time: 17:56 # 12

Sekiguchi et al. Walking Adaptability After Stroke

recommendations for standardization. Gait Posture 31, 241–246. doi: 10.1016/
j.gaitpost.2009.10.014

Paysant, J., Beyaert, C., Datié, A. M., Martinet, N., and André, J. M. (2006).
Influence of terrain on metabolic and temporal gait characteristics of unilateral
transtibial amputees. J. Rehabil. Res. Dev. 43, 153–160.

Promkeaw, D., Arrayawichanon, P., Thaweewannakij, T., Mato, L., Amatachaya,
P., and Amatachaya, S. (2019). Various surfaces challenge gait characteristics
of ambulatory patients with spinal cord injury. Spinal Cord 57, 805–813. doi:
10.1038/s41393-019-0282-4

Robertson, G. E., Caldwell, G. E., Hamill, J., Kamen, G., and Whittlesey, S. (2013).
Research Methods in Biomechanics. Champaign, IL: Human kinetics.

Roelker, S. A., Bowden, M. G., Kautz, S. A., and Neptune, R. R. (2019). Paretic
propulsion as a measure of walking performance and functional motor recovery
post-stroke: a review. Gait Posture 68, 6–14. doi: 10.1016/j.gaitpost.2018.10.027

Saha, D., Gard, S., and Fatone, S. (2008). The effect of trunk flexion on able-bodied
gait. Gait Posture 27, 653–660. doi: 10.1016/j.gaitpost.2007.08.009

Sánchez, N., Acosta, A. M., López-Rosado, R., and Dewald, J. P. A. (2018). Neural
constraints affect the ability to generate hip abduction torques when combined
with hip extension or ankle plantarflexion in chronic hemiparetic stroke. Front.
Neurol. 9:564. doi: 10.3389/fneur.2018.00564

Saunders, D. H., Sanderson, M., Hayes, S., Kilrane, M., Greig, C. A., Brazzelli, M.,
et al. (2016). Physical fitness training for stroke patients. Cochrane Database
Syst. Rev. 3:Cd003316. doi: 10.1002/14651858.CD003316.pub6

Sekiguchi, Y., Muraki, T., Kuramatsu, Y., Furusawa, Y., and Izumi, S. (2012).
The contribution of quasi-joint stiffness of the ankle joint to gait in patients
with hemiparesis. Clin. Biomech. (Bristol, Avon) 27, 495–499. doi: 10.1016/j.
clinbiomech.2011.12.005

Stoquart, G., Detrembleur, C., and Lejeune, T. M. (2012). The reasons why stroke
patients expend so much energy to walk slowly. Gait Posture 36, 409–413.
doi: 10.1016/j.gaitpost.2012.03.019

Thilarajah, S., Mentiplay, B. F., Bower, K. J., Tan, D., Pua, Y. H., Williams, G.,
et al. (2018). Factors associated with post-stroke physical activity: a systematic
review and meta-analysis. Arch. Phys. Med. Rehabil. 99, 1876–1889. doi: 10.
1016/j.apmr.2017.09.117

van den Berg, M. E. L., Barr, C. J., McLoughlin, J. V., and Crotty, M. (2017). Effect of
walking on sand on gait kinematics in individuals with multiple sclerosis. Mult.
Scler. Relat. Disord. 16, 15–21. doi: 10.1016/j.msard.2017.05.008

Wade, C., Redfern, M. S., Andres, R. O., and Breloff, S. P. (2010). Joint kinetics
and muscle activity while walking on ballast. Hum. Factors 52, 560–573. doi:
10.1177/0018720810381996

Zehr, E. P., and Loadman, P. M. (2012). Persistence of locomotor-related interlimb
reflex networks during walking after stroke. Clin. Neurophysiol. 123, 796–807.
doi: 10.1016/j.clinph.2011.07.049

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Sekiguchi, Honda and Izumi. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 12 January 2022 | Volume 15 | Article 762223

https://doi.org/10.1016/j.gaitpost.2009.10.014
https://doi.org/10.1016/j.gaitpost.2009.10.014
https://doi.org/10.1038/s41393-019-0282-4
https://doi.org/10.1038/s41393-019-0282-4
https://doi.org/10.1016/j.gaitpost.2018.10.027
https://doi.org/10.1016/j.gaitpost.2007.08.009
https://doi.org/10.3389/fneur.2018.00564
https://doi.org/10.1002/14651858.CD003316.pub6
https://doi.org/10.1016/j.clinbiomech.2011.12.005
https://doi.org/10.1016/j.clinbiomech.2011.12.005
https://doi.org/10.1016/j.gaitpost.2012.03.019
https://doi.org/10.1016/j.apmr.2017.09.117
https://doi.org/10.1016/j.apmr.2017.09.117
https://doi.org/10.1016/j.msard.2017.05.008
https://doi.org/10.1177/0018720810381996
https://doi.org/10.1177/0018720810381996
https://doi.org/10.1016/j.clinph.2011.07.049
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

	Effect of Walking Adaptability on an Uneven Surface by a Stepping Pattern on Walking Activity After Stroke
	Introduction
	Materials and Methods
	Subjects
	Gait Assessment
	Walking Activity
	Statistical Analysis

	Results
	Walking Activity
	Spatiotemporal Parameters
	Kinematic Parameters
	Relationship Between Walking Activity and Difference in Gait-Related Parameters

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


