®PLOS | one

Check for
updates

G OPEN ACCESS

Citation: Kao P-C, Srivastava S (2018) Mediolateral
footpath stabilization during walking in people
following stroke. PLoS ONE 13(11): €0208120.
https://doi.org/10.1371/journal.pone.0208120

Editor: Tiago M. Barbosa, Nanyang Technological
University, SINGAPORE

Received: April 27,2018
Accepted: November 12, 2018
Published: November 29, 2018

Copyright: © 2018 Kao, Srivastava. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: The authors received no specific funding
for this work.

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE
Mediolateral footpath stabilization during
walking in people following stroke

Pei-Chun Kao®'*, Shraddha Srivastava?

1 Department of Physical Therapy, University of Massachusetts Lowell, Lowell, Massachusetts, United
States of America, 2 Department of Health Sciences and Research, Medical University of South Carolina,
Charleston, South Carolina, United States of America

* PeiChun_Kao@uml.edu

Abstract

Community dwelling stroke survivors most often fall while walking. Understanding how post-
stroke individuals control mediolateral footpath during walking may help elucidate the mech-
anisms that contribute to walking instability. By applying the Uncontrolled Manifold (UCM)
approach, we investigated (1) how post-stroke individuals coordinate lower-extremity joint
motions to stabilize mediolateral footpath of the swing leg, and (2) how the inter-joint coordi-
nation in footpath stabilization correlates to their walking stability. Nine stroke subjects and
nine healthy controls walked on a treadmill at four different speeds. UCM analysis partitions
the variance of kinematic configurations across gait cycles into “good variance” (i.e., the var-
iance component leading to a consistent footpath) or “bad variance” (i.e., the variance com-
ponent leading to an inconsistent footpath). We found that both groups had a significantly
greater “good” than “bad” variance (p<0.05) for most of the swing phase, suggesting that
mediolateral footpath is an important variable stabilized by the central nervous system dur-
ing walking. Stroke subjects had significantly greater relative variance difference (AV) (i.e.
normalized difference between “good” and “bad” variance) (p<0.05), indicating a stronger
kinematic synergy in footpath stabilization, than the controls. In addition, the kinematic syn-
ergy in mediolateral footpath stabilization is strongest during mid-swing but weakest during
late swing in healthy gait. However, this phase-dependent strategy is preserved for mid-
swing but not for late swing in stroke gait. Moreover, stroke and healthy subjects demon-
strated different relationships between UCM and walking stability measures. A stronger
kinematic synergy in healthy gait is associated with better walking stability whereas having
more “good variance” or stronger kinematic synergy in stroke gait is associated with less
walking stability. The current findings suggest that walking with too much “good variance” in
people following stroke, despite no effect on the footpath, may adversely affect their walking
stability to some extent.

Introduction

Falls and fall-related injuries cause extremely costly health problems in stroke population [1].
Community-dwelling post-stroke individuals most often fall while walking [1, 2]. It was
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shown that post-stroke individuals were more unstable especially in the frontal plane during
walking such as having greater dynamic instability, increased trunk sways, and asymmetric
foot placement in the mediolateral direction [3-5]. In addition, post-stroke individuals also
had greater variability in spatiotemporal gait measures than neurologically intact controls [4,
6]. Stroke-related impairments such as reduced sensorimotor function, insufficient muscle
strength and elevated reflex responses [7] may all contribute to the unstable walking patterns.
However, the underlying mechanisms of increased walking instability and gait variability fol-
lowing stroke are not fully understood.

Human walking is dynamically unstable in the mediolateral direction and requires active
feedback control produced by the central nervous system (CNS) to maintain lateral balance
[8-10]. A computational walking model [11] and the findings from the human experiments
[8-10] suggested that adjusting mediolateral foot placement is an effective strategy to maintain
walking stability in the frontal plane (i.e., mediolateral direction). In addition, Rankin et al
(2014) showed that greater swing-phase activity of the gluteus medius (i.e., hip abductor) was
correlated with more lateral foot placement of the swing leg and increased trunk sways relative
to the stance leg during both normal and perturbed walking in healthy adults [12]. However,
the relationship between the hip abductor activity, trunk sways and mediolateral foot place-
ment was shown to be somewhat disrupted in post-stroke individuals [13]. These results sug-
gest that the CNS actively controls for mediolateral foot placement during walking but this
capability is compromised following stroke. Being able to control the stride-to-stride, medio-
lateral foot placement during walking would require the CNS to control the mediolateral
footpath for at least some part of the swing phase. Krishnan et al (2013) found that the medio-
lateral footpath was stabilized by a kinematic synergy throughout most of the swing phase in
neurologically intact individuals [14]. Nevertheless, it is unknown if post-stroke individuals
also use similar strategy to control their mediolateral footpath for maintaining lateral balance.
Understanding how post-stroke individuals control their mediolateral footpath during walk-
ing compared to their healthy controls may help elucidate the control strategies used by the
post-stroke individuals that contribute to unstable walking.

The uncontrolled manifold (UCM) approach has been used to understand how the CNS
organizes or coordinates abundant degrees of freedom available to the nervous system (i.e.,
elemental variables) such as multiple configurations of joint motion or muscle activation to
perform a motor task [15, 16]. The UCM hypothesis assumes that the CNS co-varies multiple
elemental variables in a way so that the desired values of the task variable can be stabilized or
maintained relatively consistently. According to the UCM hypothesis, when performing a
motor task, the variance of elemental variables can be split into two components. The variance
component that does not lead to an increased variability in task performance or changes in the
values of the task variable (i.e., “good variance” or Vycm), reflects the flexibility of the CNS for
motor task performance. The other component leads to an increased variability of the task var-
iable (i.e., “bad variance” or Vogry).

Precise control of important task variables during different phases of the gait cycle has been
demonstrated in the past [14, 17]. Previous literature suggests that foot trajectory in the vertical
and anterior-posterior direction as well as in the mediolateral direction during walking is con-
trolled by the CNS in neurologically intact individuals [14, 18, 19]. Following a neurological
injury such as stroke, the CNS uses compensatory strategies to stabilize the performance of
task variables during walking, resulting in altered motor coordination [19-21]. Previous stud-
ies demonstrated that although there is impaired coordination at the level of elemental vari-
ables (e.g., joint angle, muscle activation pattern and timing) following stroke, the CNS is still
able to stabilize important task variables during walking [19, 20]. However, there is limited
understanding of how the CNS adapts to the altered motor coordination following stroke to
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control mediolateral footpath, and how the control strategies used by the post-stroke individu-
als affects their walking stability.

The purpose of this study was to apply UCM approach to investigate the role of inter-joint
coordination (i.e., kinematic synergy) in the mediolateral footpath stabilization of the swing
leg during walking. Specifically, we examined how post-stroke individuals coordinate lower-
extremity joint motions to stabilize the mediolateral footpath of their swing leg compared to
neurologically intact individuals. Additionally, to enhance our understanding on the role of
footpath control in walking stability, we investigated how the inter-joint coordination of foot-
path stabilization relates to their walking stability. In the current study, we analyzed inter-joint
coordination of footpath stabilization in the same cohort of subjects tested previously for
dynamic stability reported by Kao et al (2014) [4] and compared their kinematic synergy of
footpath control with their walking stability. Based on the previous literature [19, 20, 22], we
hypothesized that post-stroke individuals would still possess the capability of coordinating
joint motions to stabilize mediolateral footpath during walking by showing a significantly
greater amount of “good variance” compared to the bad variance. We expected that the kine-
matic synergy to stabilize the mediolateral footpath would be weaker in the post-stroke indi-
viduals compared to their healthy controls.

Materials and method

Participants

Nine chronic (> 6 months of post-stroke duration), post-stroke individuals (four female, five
male, age: 60.849.0 years, post-stroke duration: 3.4+3.3 years, lower-extremity Fugl-Meyer score:
27+4) and their gender- and age-matched (+5 years) healthy controls (age: 61.7£10.0 years) gave
written informed consent to participate in the study. This study complied with the Declaration of
Helsinki and was approved by the Institutional Review Board of the University of Delaware
(#275894). The exclusion criteria for the post-stroke subjects include more than one stroke, unable
to walk independently for one minute continuously, moderate/severe chronic white matter dis-
ease or cerebellar stroke on MRI, neglect/hemianopia, history of lower extremity joint replace-
ment, or any medical condition, other than stroke, that affects walking ability.

Experimental protocol

All subjects walked on a treadmill at four different speeds: 60%, 80% and 100% of their pre-
ferred walking speed (PWS) and the fastest attainable speed (FAS) [4]. Each speed was tested
three times in a pseudo-randomized order for 1 min or at least continuous 30 strides. Before
the testing, a 5-min familiarization session of treadmill walking was administered [23].

Data acquisition and analysis

Previously, we recorded 3-dimensional (3D) kinematic data using an eight-camera video sys-
tem (120 Hz, Motion Analysis Corporation, Santa Rosa, CA, USA) with 46 reflective markers
attached on the lower body, trunk and over the C7 vertebra. At each walking speed, we col-
lected 3 trials and used 30 strides of data from each trial for data analysis [4]. We used com-
mercial software (Visual3D, C-Motion Inc., Germantown, MD, USA) to derive ankle, knee
and hip centers using marker positions. Data were then extracted for the swing phase for each
of the legs (left swing-right stance and right swing-left stance) and time normalized to 100% of
the swing phase. The mediolateral footpath of the swing leg (Footy; ) was expressed as the
mediolateral position of the swing leg’s ankle joint center relative to the stance leg’s ankle joint
center [14].
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UCM analysis

Details of the UCM analysis can be found elsewhere [15, 20, 24]. A geometric model based on
Krishnan et al (2013) [14] to derive the mediolateral footpath of the swing leg was first created.
Briefly, the geometric model includes four segments: a stance leg (S;), pelvis (S,), swing-leg
thigh (S;) and swing-leg shank (S,), with corresponding segment length of L, 4 (Fig 1). 6, 65
and 0, are the angles between each of the segments (S;, Ss, S4) and the vertical in frontal plane.
0, is the angle between S, and the horizontal in frontal plane. Since there is noticeable motion
outside of the frontal plane during walking, we also included angles outside of the frontal
plane (i.e. 0, B, and y) in the geometric model to account for the changes in the effective length
of the segments that were projected onto the frontal plane. o is the angle between S; and the
vertical in sagittal plane, B is the angle between S, and the horizontal in transverse plane, and y
is the angle between the swing leg and vertical in the sagittal plane.

Foot,, = L, cosa sinf, + L, cosfcosl, + L,cosysin0, + L,sin0,

0 =10,0,0,0,08] (1)

UCM analysis was performed at each normalized time point of the swing phase, across all steps, to
determine how much of the variance of the kinematic segment configurations led to the footpath variabil-
ity (Vorr) or reflected segment configurations that stabilized the footpath (Vycm). The Jacobian matrix
(J), the matrix of partial derivatives of the task variable (i.e., Footys) with respect to the segment angles

(01_4> 0, B, 7), relates the changes in segment configurations to the changes in foot positions. ] was defined
as:

_ [OFoot,,
| 00

= [L, cosacosO,, —L, cos fsin0,, L, cosycosl,, L, cos0,, —L, sinasin0,, —L, sin ff cos 0,, —L, sinysin 0,](2)

Fig 1. Segments (S;.4) and segment angles (0,_4, a, B, v) included in the geometric model. (a), (b) and (c) are the views from the frontal plane, sagittal plane and
transverse plane, respectively.

https://doi.org/10.1371/journal.pone.0208120.9001
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The linear approximation of UCM is based on the Jacobian at the reference configuration
(mean segment angles across steps) i.e. /(®). The null space of this Jacobian is a set of solu-
tions such that J(®) - £ = 0. The basis vector (g) i.e. the null space was computed at each nor-
malized time point of the swing phase using MATLAB. Within the UCM subspace, all
combinations of the segment configurations have no effect on the mediolateral foot positions.
The space orthogonal to the UCM subspace (orthogonal space, ORT) represents the subspace
where combinations of segment configurations result in changes in the mediolateral foot
positions.

At each normalized time point of the swing phase, the deviation of each step’s segment con-
figuration vector from the mean segment configuration was projected on to the null space of
the Jacobian that is spanned by a set of (n-d) basis vectors:

Ouen = Z:;d(g? (© - é))gi 3)

and the space orthogonal to the null space (ORT):

Ourr = (® - ®) — Ouenr (4)

In this study, n = 7 represents the number of dimensions of the segmental variables and
d = 1 represents the number of dimensions of the task variable. The variances of these projec-
tions were then calculated. The variance in the segment configuration that did not affect the
Footyr, (Vucm) was computed as the average of the squared length of @y, across steps (N)
and normalized by the degrees of freedom (DOFs) within the UCM subspace (n—d):

(R
Viewr = 75— ; 5
ucM (N steps)n — d21:1 ucM (5)

The variance in the segment configuration that affects the Footy, (Vort) was computed as
the average of the squared length of @orr across steps (N) and normalized by the DOFs within
the orthogonal subspace (d):

1 1w

Vorr = (N steps) d > i1 O%kr (6)

The relative variance difference between Vycy and Vorr (AV) was computed as:

View — V.
AV — VUCM - VORT (7)
ucM ORT

The relative variance difference (AV) reflects the strength of the kinematic synergy to stabi-
lize the task variable. A value of AV closer to positive one indicates a stronger kinematic syn-
ergy, meaning many equivalent segment configurations, in using motor abundance to stabilize
Footyy, during walking. The total variance (Vror) was computed as:

(” — d) VUCM + dVORT
n+d

(8)

Vior =

We divided the swing phase into three sub-phases: early swing (0-33%), mid-swing (34—
67%), and late swing (68-100%). We averaged Vycwm, Vort, AV, and Vot across entire swing
phase and across each of the sub-phases of swing, respectively, for each subject.
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Statistics

Mixed-design ANOV As were then performed with within-subject factors (speed, variance
components: Vycym versus Vorr) and a between-subject factor (group) for the average Vycwm
and Vorr across entire swing and each of the sub-phases. We used separate mixed-design
ANOVAs to test for differences in the average AV and Vot across entire swing and at each of
the sub-phases with a within-subject factor (speed) and between-subject factor (group). To test
for differences in average AV between the sub-phases of swing, we performed another mixed-
design ANOVA with a within-subject factor (phase) and a between-subject factor (group). We
set the significance level at p<0.05 and used Tukey Honestly Significant Difference (THSD)
post hoc tests for pair-wise comparisons if a significant main effect or interaction effect of pri-
mary interests (e.g., group*variance component, group*phase) was detected. The effect size for
each ANOVA component (i.e., main and interaction effect) and significant post-hoc compari-
son was estimated using partial eta squared (17°) and Cohen’s d, respectively [25-27]. Following
Cohen and previous studies [25, 27, 28], i7° values were interpreted as: 0.02 “small” effect, 0.13
“medium” effect, and 0.26 “large” effect whereas Cohen’s d values were interpreted as: 0.2
“small” effect, 0.5 “medium” effect, and 0.8 “large” effect. Pearson’s correlations were used to
assess the relationship between UCM measures (average Vycm, Vort AV, and Vo across
entire swing) and the walking stability and variability data [4]. Following Cohen [29], Pear-
son’s correlation coefficient (r) values were interpreted as: 0.1 “small” effect, 0.3 “medium”
effect, and 0.5 “large” effect. All statistical analyses were performed in JMP version 13.0.0 (SAS
institute Inc., Cary, NC, USA).

The walking stability and variability measures for the correlation analyses included short-
term local divergence exponent (LDE) and maximum Floquet multipliers (maxFM) for the
mediolateral trunk motion [30], average and variability of mediolateral dynamic margins of
stability (MOSyy1) [31] and step width, and the mean standard deviations (meanSD) of the C7
marker positions and velocities across gait cycle in the mediolateral direction. A larger value of
short-term LDE or maxFM indicates greater instability of mediolateral trunk motion repre-
sented by the C7 vertebral marker velocity profile. MOSy;, was computed as the lateral dis-
tances between the “velocity-adjusted” center of mass positions and the lateral toe marker of
the leading foot at heel strikes. The meanSD of C7 marker mediolateral positions and velocities
quantify overall variability of subject’s lateral displacements (i.e., drift) on the treadmill and
stride-to-stride trunk movement variability, respectively.

Results
Overall swing phase

Overall, subjects had AV greater than zero, indicating Vycym > Vorr, throughout majority of
the swing phase (Fig 2). There were significant main effects for group (F; 112y = 15.74, =
0.12, p<0.001, power = 0.98), variance component (Vycm versus Vorr) (F(1,112) = 68.65, =
0.38, p<0.001, power = 1.00), and speed (F3 ;12) = 7.83, = 0.17, p<0.001, power = 0.99) as
well as a significant interaction effect for group*variance component (F(; 112 = 11.76, =
0.10, p<0.001, power = 0.93). Both groups had significantly greater average Vycy compared
to average Vorr across the entire swing (Vycm whole > VorT-whole) (THSD post hoc, p<0.05,
stroke UCM-ORT: Cohen’s d = 3.90, healthy UCM-ORT: Cohen’s d = 1.62) (Fig 3), suggesting
that mediolateral footpath was stabilized during the swing phase of walking. For the group
effect, stroke subjects had significantly greater Vycywhole cOmpared to healthy controls
(THSD post hoc, p<0.05, UCM stroke-healthy: Cohen’s d = 2.47). However, there was no
group effect for Vorr whole> indicating that stroke subjects did not have greater amount of
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— Healthy — Affected — Non-affected

UCM (rad? per DOF) ORT (rad? per DOF) AV

0.6 PWS

0.8 PWS

PWS

FAS

40

60

Swing cycle (%) Swing cycle (%) Swing cycle (%)

Fig 2. UCM variables across the entire swing phase for healthy controls (black line), stroke affected leg (red line), and stroke unaffected leg (blue line) at four
different speeds which are 60%, 80% and 100% of their preferred walking speed (PWS) and the fastest attainable speed (FAS). Error bars (in grey) are + 1 STD of

data in healthy group.
https://doi.org/10.1371/journal.pone.0208120.9002

variance in the segment configuration that affects the mediolateral foot positions during swing
(Footy).

Stroke subjects also demonstrated significantly greater average relative variance differ-
ence across the entire swing phase (AVp01.) compared to healthy controls (main group
effect, F(; 45 = 42.91, ° = 0.47, p<0.001, power = 1.00). These results indicate that stroke
subjects used stronger kinematic synergy to stabilize Footy;; during walking than the
healthy subjects. Stroke subjects also had significantly greater average total variance
across entire swing (Vror_whole) than the healthy controls (main group effect, F(; 45) =
29.39, n° = 0.38, p<0.001, power = 1.00). For the speed effect, subjects had significantly
greater Vorr whole at the fastest attainable speed (FAS) than at 60%, 80% and 100% of
their preferred walking speeds (PWS) (THSD post hoc, p<0.05, Cohen’s d = 2.05, 1.66
and 0.94, respectively). There was no main speed effect for the Vycam.whole OF VTOT whole-
Accordingly, subjects had significantly greater AV .1 at the lower speeds (60% PWS and
80% PWS) than at the higher speeds (PWS and FAS) (THSD post hoc, p<0.05, all Cohen’s
d > 1.34).
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Entire swing (0-100 % of swing)

UCM (rad? per DOF) ORT (rad? per DOF)

0.0007 1 #

0.0006 -

0.0005 -

0.0004 -

0.0003 -

0.0002 - ;

/7
o.ooo; % é
0.6 PWS 0.8 PWS 0.6 PWS 0.8PWS PWS
*
07 1 # | 0.0007 , #
06 A 0.0006 -
05 A \ Vv 0.0005 -
0.4 1 TOT 0.0004 -
AV 0.3 - (rad? per 4 545 [ ] [
0.2 1 DOF) 0002 { | I
0.1 1 0.0001 -
0 0
0.6 PWS 0.8 PWS PWS 0.6 PWS 0.8 PWS PWS FAS

Speed Speed

#: group effect, *: speed effect

Fig 3. Average values of UCM variables across the entire swing phase (Vycm-wholes YORT-whole> AVyhole a1d V1ot whote) fOr healthy controls (grey bars), stroke
affected leg (red bars), and stroke unaffected leg (blue bars). Error bars represent 1 STD. # indicates significant difference between stroke and control groups. *
indicates significant difference between different speeds.

https://doi.org/10.1371/journal.pone.0208120.9003

Early swing

There were significant main effects for variance component (Vycy versus Vorr) (Fp112) = 24.64,
1° = 0.18, p<0.001, power = 0.99) and speed (F(3 112 = 8.57, 11° = 0.19, p<0.001, power = 0.99) as
well as a significant interaction effect for group*variance component (F 112 = 4.61, 7 =0.04,

p =0.03, power = 0.57). Both groups had significantly greater average Vyycy compared to average
Vorr during the early swing (Vycm-earty > VorT-earty) (THSD post hoc, p<0.05, stroke UCM-
ORT: Cohen’s d = 2.37, healthy UCM-ORT: Cohen’s d = 0.94) (Fig 4). There was no group effect
for average Vucm, Vort AV or Vror during the early swing (all p>0.05), suggesting that stroke
subjects walked with similar control strategy as the healthy controls during the early swing. For
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0.1 - 0.0001 -
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0.6 PWS 0.8 PWS PWS

0.6 PWS 0.8 PWS PWS

Speed Speed

#: group effect, *: speed effect

Fig 4. Average values of UCM variables during the early swing (Vycm-carty> VORT-earty» AV carly a0d VroT-carty) for healthy controls (grey bars), stroke affected leg
(red bars), and stroke unaffected leg (blue bars). Error bars represent 1 STD. * indicates significant difference between different speeds.

https://doi.org/10.1371/journal.pone.0208120.9004

the speed effect, subjects had significantly greater Vycp-early at the FAS than at 60% of PWS
(THSD post hoc, p<0.05, Cohen’s d = 0.89). In addition, subjects also had significantly greater
VORT-carly at the higher speeds than at the lower speeds (FAS > PWS > 80% PWS = 60% PWS)
(THSD post hoc, p<0.05, Cohen’s d > 0.84 for all significant pairs). Correspondingly, subjects
demonstrated significantly greater AV, at the lower speeds (60% PWS and 80% PWS) than at
the higher speeds (PWS and FAS) (THSD post hoc, p<0.05, Cohen’s d >1.37 for all significant
pairs) but significantly greater Vor_cary at the FAS than at the 60% and 80% of PWS (THSD post
hoc, p<0.05, Cohen’s d = 1.10 and 0.84, respectively).
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Mid-swing

There were significant main effects for group (F(;.112) = 23.26, ° = 0.17, p<<0.001, power =
0.99) and variance component (Vycy versus Vorr) (F1,112) = 139.61, 7 = 0.55, p<0.001,
power = 1.00) as well as a significant interaction effect for group*variance component (F(; ;12 =
11.99, 17° = 0.10, p<0.001, power = 0.93). Both groups had significantly greater average Vycu
compared to average Vogrr during the mid-swing (Vucm.mia > Vorr-mia) (THSD post hoc,
p<0.05, stroke UCM-ORT: Cohen’s d = 5.09, healthy UCM-ORT: Cohen’s d = 2.78) (Fig 5).
Compared to the healthy controls, stroke subjects had significantly greater Viycar.mia (THSD post
hoc, p<0.05, Cohen’s d = 2.76) and Vror.m;a (main group effect, F; 45 = 34.59, 7 =042,
p<0.001, power = 1.00). There was no group effect for Vorr_mid Or AV mia. For the speed effect,
similar to the trends at early swing, subjects also had significantly greater Vorr.miq at the FAS
than at the lower speeds (60% PWS and 80% PWS) (THSD post hoc, p<0.05, both Cohen’s

d > 1.47, respectively) while having significantly greater AV ;4 at the lower speed (60% PWS)
than at the higher speeds (PWS and FAS) (THSD post hoc, p<0.05, both Cohen’s d > 1.41).
There was no speed effect for Vycprmid OF VIoT-mid-

Late swing

There were significant main effects for group (F,112) = 24.82, 7’ =0.18, p<0.001, power =
0.99), variance component (Vycym versus Vorr) (F(1,112) = 45.52, = 0.29, p<0.001, power =
1.00), and speed (F(3 112y = 7.56, ° = 0.17, p<0.001, power = 0.98) as well as significant interac-
tion effects for group*variance component (F(; 115 = 18.81, n° = 0.14, p<0.001, power = 0.99)
and speed*variance component (F; 112) = 4.84, 7 =0.11, p<0.01, power = 0.90). Stroke sub-
jects had significantly greater average Vycy compared to average Vort during the late swing
(VucMaate > VorTate) (THSD post hoc, p<0.05, Cohen’s d = 3.69) (Fig 6). However, healthy
controls had similar amount of Vycp.jae compared to Vorr jaee- These results suggest that
healthy subjects did not stabilize the mediolateral foot positions (Footy ) during the late swing
but stroke subjects still tried to stabilize their Footyy; at late swing. Compared to the healthy
controls, stroke subjects had significantly greater Vycasiaee (THSD post hoc, p<0.05, Cohen’s
d =3.11), AV}, (main group effect, F; 45) = 60.51, 7’ = 0.56, p<0.001, power = 1.00) and
V10T 1ate (Main group effect, F(; 45 = 59.55, 7 =0.55, p<0.001, power = 1.00). There was no
group effect for Vorr.jaee- For the speed effect, similar to the trends at the early and mid-swing,
subjects also had significantly greater Vorr jae at the higher speeds than at the lower speeds
(THSD post hoc, p<0.05, all Cohen’s d > 0.86) whereas subjects had significantly greater
AV, at the lower speeds than at the higher speeds (THSD post hoc, p<0.05, all Cohen’s

d > 1.10).

Comparisons between sub-phases

In average AV, there were a significant main effect for group (F(; 104y = 89.42, ° = 0.32,
p<0.001, power = 1.00), phase (F, 104, = 168.48, 7° = 0.63, p<<0.001, power = 1.00) and a sig-
nificant interaction effect for group*phase (F 194y = 10.23, n° = 0.10, p<0.001, power = 0.98).
Healthy subjects had the greatest amount of AV at the mid-swing, then at the early swing and
had the least amount of AV at the late swing (AV ;g > AV g1y > AViye) (THSD post hoc,
P<0.05, AV 1ig-AV ey Cohen’s d = 2.75, AV 1jq-AVip¢e: Cohen’s d = 3.65, AV qpiy-AV e
Cohen’s d = 0.89). Similar to the healthy controls, stroke subjects also had significantly greater
AV at the mid-swing but had no difference in AV between the early and late swing (AV ;4 >
AV earty = AVate) (AVmig-AV eqrly: Cohen’s d = 1.84, AV ,14-AV et Cohen’s d = 2.15, AV ¢y
AVt Cohen’s d = 0.31). These results indicate that the kinematic synergy in stabilizing the
mediolateral foot positions is strongest at the mid-swing but weakest at the late swing in
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Fig 5. Average values of UCM variables during the mid-swing (Vycm-earty> VORT-ecarly» AV early a0d VroT-carty) for healthy controls (grey bars), stroke affected leg
(red bars), and stroke unaffected leg (blue bars). Error bars represent 1 STD. # indicates significant difference between stroke and control groups. * indicates
significant difference between different speeds.

https://doi.org/10.1371/journal.pone.0208120.9g005

healthy gait. However, this phase-dependent strategy is preserved for the mid-swing but not
for the late swing in the stroke subjects.

Correlation between UCM and walking stability measures

As mentioned above, stroke subjects had significantly greater average Vycm, AV and Vyor but
slightly greater average Vorr across the entire swing phase compared to healthy controls. In
addition, stroke subjects demonstrated more local and orbital instability than the healthy con-
trols [4]. When including both stroke and healthy data into the correlation analyses, Vyc,
Vort> AV and Vror are significantly, positively correlated with majority of the stability and
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https://doi.org/10.1371/journal.pone.0208120.9006

variability measures except step width variability that is negatively correlated with AV
(Table 1).

Stroke and healthy subjects demonstrated different relationships between UCM and walk-
ing stability measures. In the healthy control group, AV is significantly, negatively correlated
with maxFM, C7 marker position variability, and average step width. In addition, healthy con-
trols had Vorr positively correlated with maxFM and C7 marker position variability. On the
contrary, in the stroke group, either Vycy, AV or Vo is significantly, positively correlated
with short-term LDE, the variability in C7 marker position and velocity as well as the average
MOSy1.. For the variability in MOSyy;. and step width, both stroke and healthy groups of sub-
jects demonstrated similar relationships to UCM measures. More variances (either Vycum,
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Table 1. Pearson’s correlation coefficients (r) between UCM measures and the walking stability measures.

Stability measures UCM measures All Healthy Stroke
r p-value r p-value r p-value
Short-term LDE Vuem 0.61 < 0.001 0.09 0.62 0.34 0.04
Vort 0.16 0.18 0.02 0.89 0.06 0.75
AV 0.48 < 0.001 0.12 0.49 0.31 0.07
Vror 0.59 < 0.001 0.08 0.63 0.32 0.06
maxFM Vuem 0.36 0.002 0.02 0.92 0.32 0.06
Vort 0.36 0.002 0.58 < 0.001 0.09 0.59
AV 0.001 0.99 -0.48 0.003 0.14 0.41
Vror 0.37 0.001 0.09 0.60 0.30 0.07
meanSD C7 position Vucm 0.68 < 0.001 0.14 0.40 0.58 < 0.001
Vorr 0.41 < 0.001 0.58 < 0.001 0.32 0.06
AV 0.24 0.04 -0.47 0.004 0.07 0.67
Vror 0.68 < 0.001 0.21 0.22 0.57 < 0.001
meanSD C7 velocity Vuem 0.60 < 0.001 0.10 0.58 0.56 < 0.001
VorT 0.12 0.33 -0.12 0.50 0.12 0.50
AV 0.39 < 0.001 0.01 0.94 0.34 0.04
Vror 0.58 < 0.001 0.08 0.66 0.53 < 0.001
mean MOSy, Vuem 0.33 < 0.001 0.29 0.09 0.03 0.80
Vort -0.06 0.56 -0.16 0.36 -0.18 0.13
AV 0.39 < 0.001 0.20 0.24 0.24 0.05
Vror 0.30 0.001 0.25 0.14 0.01 0.96
STD MOSmL Vuem 0.74 < 0.001 0.60 < 0.001 0.66 < 0.001
Vorr 0.42 < 0.001 0.48 0.004 0.40 0.001
AV 0.20 0.03 0.01 0.97 -0.06 0.64
Vror 0.74 < 0.001 0.63 < 0.001 0.65 < 0.001
mean step width Vuem 0.42 < 0.001 -0.19 0.26 0.18 0.15
Vort 0.23 0.01 0.22 0.19 0.18 0.14
AV 0.17 0.07 -0.49 0.002 -0.08 0.48
Vror 0.42 < 0.001 -0.16 0.37 0.18 0.12
STD step width Vuem 0.54 < 0.001 0.40 0.02 0.63 < 0.001
Vorr 0.79 < 0.001 0.90 < 0.001 0.74 < 0.001
AV -0.39 < 0.001 -0.55 < 0.001 -0.48 < 0.001
Vror 0.59 < 0.001 0.50 0.002 0.67 < 0.001

Note that a larger value of short-term LDE or maxFM indicates greater instability of the trunk motion represented by the C7 vertebral marker velocity profile in the
mediolateral direction.

Short-term LDE: short-term local divergence exponent; maxFM: maximum Floquet multipliers; meanSD C7 position and meanSD C7 velocity: the mean variability of
C7 marker positions and velocities across the gait cycle in the mediolateral direction; mean and STD MOSy;: mean and variability of the dynamic margins of stability in

the mediolateral direction; mean and STD step width: mean and variability of step width

https://doi.org/10.1371/journal.pone.0208120.t001

VorT Or Vror) in both groups are associated with greater variability in MOSyy;, and step
width. However, greater AV in both groups is associated with less step width variability.

Discussion

The current findings support our hypothesis that post-stroke individuals still possessed the
capability of coordinating joint motions to stabilize the mediolateral footpath of the swing leg
during walking. We found that post-stroke individuals had significantly greater amount of
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good variance compared to the bad variance in the mediolateral footpath stabilization, indicat-
ing that mediolateral footpath during swing is an important task variable stabilized by the
CNS. Consistent to the previous findings [19, 20], our results also suggest that post-stroke indi-
viduals were able to adapt to their altered sensorimotor system to walk in a way such that the
important task variable can be stabilized during walking.

In contrast to our expectation, post-stroke individuals used a stronger kinematic synergy
(i.e., greater AV) for footpath stabilization in the mediolateral (ML) direction compared to
their healthy controls. We found that post-stroke individuals had a significantly greater AV
than the healthy controls across the swing phase. Our previous study [19] showed that there
was no significant difference in the strength of the kinematic synergy to control vertical or
anterior-posterior (AP) footpath between healthy and post-stroke individuals. However, it is
possible that the control strategies for footpath stabilization in the AP direction may be differ-
ent than those in the ML direction, with the ML footpath control requiring more active feed-
back [9]. Therefore, post-stroke individuals may need to significantly alter their ML footpath
control strategy to compensate for the neuro-motor impairments during walking. In addition,
we found that stroke subjects had significantly greater AV than healthy controls specifically at
the late swing while healthy controls did not stabilize the ML foot positions during late swing.
Consistent with the findings of Krishnan et al. (2013) on healthy gait [14], the kinematic syn-
ergy in stabilizing the ML foot positions is strongest at the mid-swing but weakest at the late
swing. In addition, we also found that this kinematic synergy in footpath stabilization is stron-
ger at the slower speeds than at the higher speeds. These results indicate that stroke subjects
carefully stabilized their foot positions even at the end of swing phase, prior to the heel strikes,
suggesting that they walked more cautiously than healthy controls and particularly, at the
slower speed. Please note that the speed conditions tested in this study were based on the pre-
ferred walking speed (PWS) of each subject instead of using matched speeds between groups
and stroke subjects had slower PWS than healthy controls [4]. This factor might have resulted
in overestimating the group effect we found for the strength of the kinematic synergy. It is also
possible that decreasing preferred walking speed following stroke would allow stroke subjects
to precisely stabilize their foot positions during walking.

We also found that there were different relationships between UCM and walking stability
measures in stroke compared to healthy subjects. In healthy subjects, a stronger kinematic syn-
ergy is associated with better orbital stability, less lateral drift on the treadmill and narrower
step width. Similar relationships in healthy subjects were also seen where better stability is
associated with smaller “bad variance” (Vogrr). Thus, using a stronger kinematic synergy or
minimizing “bad variance” in footpath stabilization in healthy controls would help improve
walking stability. However, in stroke subjects, stronger kinematic synergy or more “good vari-
ance” is associated with less local stability, more lateral drift on the treadmill and greater vari-
ability of mediolateral trunk movement. In addition, we also found that stroke subjects
demonstrated an increase in their total variance (Vror) and “good variance” (Vycy) while
maintaining similar “bad variance” (Vor) in comparison to healthy controls. Previous litera-
ture has shown similar trends of increased “good variance” without changing the “bad vari-
ance” during walking following neurological injury [21], suggesting that individuals with
neurological disorder employ a different control strategy than healthy controls to account for
the increased movement variability. However, walking with too much “good variance” or
stronger kinematic synergy in the post-stroke individuals, despite no effect on the footpath,
may adversely affect overall walking stability to some extent. The current findings indicate that
footpath stabilization is an important task variable that can influence walking stability in both
healthy and post-stroke individuals. Given that CNS controls multiple task variables during
the swing phase of walking [19, 32], future studies are warranted to further understand the
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alteration in the control strategies to utilize motor abundance and maintain walking stability
following stroke.

Contrary to our findings, previous studies investigating multi-finger force production, arm
reaching/pointing and standing balance tasks suggested that more “good variance”, less “bad
variance”, or stronger kinematic synergy in task variable stabilization has the tendency of cor-
relating with better task performance [33-35]. It is possible that we observed this disagreement
with previous literature because we did not provide subjects with visual feedback on their foot
positions and we did not ask them to track specific foot placement targets. Instead, our study
examined steady-state walking that is more a dynamic task, requiring relatively small amount
of the active feedback control for the frontal-plane stability by consuming ~20% of the meta-
bolic energy during walking [8], whereas high-precision tasks such as arm reaching/pointing
would heavily rely on active feedback control. In addition, the ability or flexibility to coordi-
nate multiple degrees of freedom in stabilizing task variables is particularly important during
unpredictable situations (e.g., encountering unexpected perturbations) compared to the pre-
dictable situations [36]. Whether the stronger kinematic synergy in footpath stabilization can
help post-stroke individuals maintain walking stability during unpredictable situations will
require further investigation.

Conclusions

The current study applied UCM approach to investigate how post-stroke and neurologically
intact individuals coordinate joint motions to stabilize mediolateral footpath of the swing leg
and examined how the kinematic synergy in footpath stabilization correlated to their walking
stability.

Stroke subjects used a stronger kinematic synergy in footpath stabilization, in particular,
during late swing compared to healthy controls and at slower walking speeds. Different rela-
tionships between UCM and walking stability measures were observed in stroke versus healthy
gaits. The current findings suggest that footpath stabilization is an important strategy to mini-
mize step variability and maintain dynamic stability. However, walking with too much “good
variance” in people following stroke, despite no effect on the footpath, may adversely affect
their overall walking stability to some extent. To achieve a more stable walking, gait training
following stroke should focus on increasing walking speeds and reducing the use of compensa-
tory movement patterns that incorporate excessive degrees of freedom in joint motion. The
current study examined steady state treadmill walking. Whether the stronger kinematic syn-
ergy in footpath stabilization could help post-stroke individuals maintain walking stability
during unpredictable situations will require further investigation.
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