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Abstract

The central nervous system (CNS) is believed to use the abundant degrees of freedom of muscles
and joints to stabilize a particular task variable important for task success, such as footpath during
walking. Stroke survivors often demonstrate impaired balance and high incidences of falls due to
increased footpath variability during walking. In the current study, we use the uncontrolled
manifold (UCM) approach to investigate the role of motor abundance in stabilizing footpath
during swing phase in healthy individuals and stroke survivors. Twelve stroke survivors and their
age- and gender-matched controls walked over-ground at self-selected speed, while
electromyographic and kinematic data were collected. UCM analysis partitioned the variance of
muscle groups (modes) across gait cycles into “good variance” (i.e., muscle mode variance leading
to a consistent or stable footpath) or “bad variance” (i.e., muscle mode variance resulting in an
inconsistent footpath). Both groups had a significantly greater “good” than “bad” variance,
suggesting that footpath is an important task variable stabilized by the CNS during walking. The
relative variance difference that reflects normalized difference between “good” and “bad” variance
was not significantly different between groups. However, significant differences in muscle mode
structure and muscle mode activation timing were observed between the two groups. Our results
suggest that though the mode structure and activation timing are altered, stroke survivors may
retain their ability to explore the redundancy within the neuromotor system and utilize it to
stabilize the footpath.
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Introduction

Foot placement during walking may be actively controlled by the central nervous system
(CNS) in neurologically intact individuals (Winter 1992; Bauby and Kuo 2000). Ivanenko et
al. (2002) found that, at different walking speeds and gravity loads simulated by varying the
body weight support, healthy individuals demonstrated significant changes of muscle
activity patterns but limited changes in their foot trajectory. Thus, this suggests that
reproducibility of foot trajectory during walking may be achieved by intermuscular
coordination. Furthermore, Winter (1992) hypothesized that foot trajectory is precisely
controlled by the CNS, evidenced by the fact that small changes in joint angles of the lower
extremity account for large changes in toe clearance during the swing phase of walking. In
addition, studies have shown significant improvements in functional walking capacity
following a gait training that emphasizes on tracking a prescribed foot trajectory pattern in
stroke survivors (Krishnan et al. 2012, 2013a; Srivastava et al. 2014). A recent case study
based on a single stroke survivor showed that a gait training focusing on foot placement can
improve muscle coordination during walking (Krishnan et al. 2012). These previous findings
indicate that foot position may be an important task variable during walking in
neurologically intact individuals and stroke survivors.

It has been suggested previously that the CNS stabilizes specific task variables important for
task success instead of controlling individual joints or muscles during a movement (Scholz
and Schoner 1999). However, following a neurological injury the ability to stabilize a task
variable may be altered (Reisman and Scholz 2003; Black et al. 2007). Stroke has been
shown to be associated with greater step-to-step variability in gait parameters
(Balasubramanian et al. 2009). Therefore, stroke survivors may also exhibit increased
variability in their footpaths during walking. Previous studies have examined the variability
of the vertical and anterior—posterior (AP) foot position measured as foot clearance and step
length, respectively (Begg et al. 2007; Balasubramanian et al. 2009). However, there is a
lack of information regarding the neural mechanisms involved in stabilizing the footpath
during walking. It was suggested that emphasizing the stabilization of a task variable may be
more important than improving the coordination of muscles or joints following a
neurological injury (Ivanenko et al. 2009). Therefore, determining whether the footpath is an
important task variable stabilized by the CNS during walking and whether the stabilization
strategy is altered following stroke can further assist in designing adequate rehabilitation
techniques for individuals with stroke.

A neurologically intact CNS has an abundant number of degrees of freedom (DOF) available
at the level of joints or muscles to perform a task (Bernstein 1967). The CNS is believed to
use the available flexibility to covary muscles and joint motions in stabilizing a variable
important for task success. Recent studies suggested that the CNS does not control
individual muscles. Instead, the muscles are controlled in groups, called muscle modes
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(Krishnamoorthy et al. 2004; Ting and Macpherson 2005). Thus, muscle modes covary to
control the stabilization of a task variable termed as muscle mode synergy in this context. In
the current study, we used the computational method of the uncontrolled manifold (UCM)
approach to understand the control of this synergy and determined how the CNS uses the
variability of muscle modes’ activation across cycles to stabilize a task variable (Gelfand and
Tsetlin 1966; Scholz and Schoner 1999). According to the UCM approach, the variance of
muscles across gait cycles can be divided into two components. The variance component
that leads to a stable footpath is termed as “good variance” or V{;cm, Whereas the variance
component that results in a variable footpath is termed as “bad variance” or Vort. A task
variable is considered stabilized when the value of W{,cwm is significantly greater than the
value of Vogt, indicating that a larger portion of the muscle mode variance across cycles is
contributing toward a consistent footpath. The normalized difference between “good” and
“bad” variance termed relative variance difference determines the strength of the synergy to
stabilize the task variable.

There is a lack of understanding regarding how the CNS stabilizes the footpath in the
vertical and AP directions during human walking. The UCM approach has been used
previously to understand the stabilization of a task variable in the stroke population and
neurologically intact individuals (Reisman and Scholz 2003; Papi et al. 2015). These studies
suggested that the CNS can stabilize a task variable during reaching or walking even
following stroke, evidenced by a significantly greater “good” variance in comparison with
“bad” variance. The purpose of the current study was to identify the muscle mode synergy
for the control of footpath. Specifically, we would like to examine the distribution of “good”
and “bad” muscle mode variances used to stabilize the vertical and AP footpath across gait
cycles during the swing phase in the stroke survivors and their age- and gender-matched
healthy controls. Based on the previous literature, we hypothesized that the good variance
(Wucm) would be larger than the bad variance (Vogt) in both healthy individuals and stroke
survivors. Furthermore, we expected that strength of the synergy would be weaker following
neurological injury. Stroke survivors usually have greater step-to-step movement variability
in comparison with neurologically intact individuals. Thus, we expected to see that the total
amount of variability rendered by the stroke survivors would be larger than the total
variability rendered by the healthy controls.

Materials and methods

Twelve stroke survivors (9 males and 3 females) who had sustained a stroke more than 3
months prior to the study were recruited. Demographic details of the stroke survivors are
listed in Table 1. Subjects were excluded if they had evidence of multiple strokes, chronic
white matter disease on MRI, congestive heart failure, peripheral artery disease with
intermittent claudication, cancer, pulmonary or renal failure, unstable angina, uncontrolled
hypertension (>190/110 mmHg), dementia (mini—-mental state examination <22) (Cockrell
and Folstein 2002), severe aphasia, orthopedic conditions affecting the legs or the back, or
cerebellar signs (e.g., ataxia). Gender- and age-matched (x5 years), neurologically intact
subjects were recruited for each of the stroke survivors. Control subjects were included only
if they were free from any musculoskeletal, vascular, or neurological disorder that can
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significantly affect their walking ability. All subjects gave written informed consent to
participate in the study, approved by the university’s institutional review board.

Data acquisition and analysis

Stroke survivors and healthy controls were asked to walk at their self-selected over-ground
walking speed. Kinematic data were recorded and sampled at 120 Hz using an eight-camera
motion capture system (Qualisys Gothenburg, Sweden). Electromyographic (EMG) data
from ten muscles were recorded using a 16-channel EMG system (MA-416-003 Motion Lab
System Baton Rouge, LA) and sampled at 1200 Hz with a 16-bit resolution. Kinematic and
EMG data were recorded from the paretic extremity of the stroke survivors and the
corresponding extremity of the matched control. Disposable self-adhesive surface electrodes
were attached on the muscle belly of the biceps femoris longus (BF), vastus lateralis (VL),
vastus medialis (VM), rectus femoris (RF), gluteus medius (GM), soleus (SO), medial head
of gastrocnemius, (MG) lateral head of gastrocnemius (LG), medial hamstrings (MH), and
tibialis anterior (TA). EMG signals were high-pass filtered with a cutoff frequency of 20 Hz,
rectified, and then low-pass filtered with a cutoff frequency of 6 Hz using a second-order
Butterworth filter. EMG from each muscle was normalized to its peak amplitude across all
gait cycles. Footpath (Fig. 1) was computed based on the coordinates of the reflective
marker attached on the top of the fifth metatarsal of the foot. Marker trajectories were low-
pass filtered with a cutoff frequency of 6 Hz. The EMG data and the foot marker coordinates
during the swing phase were used for the UCM analysis.

Step 1: Nonnegative matrix factorization—Nonnegative matrix factorization (NMF)
was used to compute muscle modes (Ting and Macpherson 2005). The linear envelopes of
EMG data from all gait cycles were concatenated for computing muscle modes across time.
NMF factorizes the concatenated original EMG data (EMGg) into two matrices. The matrix
W corresponds to the mode structure and specifies the relative contribution of each muscle
to a muscle mode, whereas the matrix H is the activation timing of each muscle mode across
a gait cycle such that (W x H) is the reconstructed EMG data (EMGR). The number of
adequate modes required for reconstructing the original EMG (EMG) after data reduction
was based on the variability accounted for (VAF). VAF was defined as the ratio of sum of
squared errors between the original and reconstructed EMG data (EMGgo - EMGR)? to the
sum of squared original EMG data (EMGg)? (Clark et al. 2010):

(EMG,, — EMGp)*

VAF =1- 5
(EMGO)

The analysis starts with the assumption that only one mode is sufficient to reconstruct the
EMG data. The number of modes was increased until a VAF = 90 % was achieved for each
of the ten muscles (Clark et al. 2010). To align muscle modes of all subjects in the same
order, the mode structures were matched based on the dot products between the W matrices
normalized to their lengths. A dot product with value one would represent a perfect match.
To determine the mode order, a representative healthy subject was selected. Dot products
between the mode structures of the representative subject and each healthy individual were
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computed. The modes were ordered such that the dot products of each corresponding mode
were closest to one. For stroke survivors, the order of modes was based on the average W
matrices of healthy individuals. Model primarily consisted activity from SO, MG, and LG,
Mode2 consisted activity from TA and RF, Mode3 consisted activity from GM, VL, VM,
and RF, and Mode4 consisted activity from BF and MH (Figs. 2, 3).

Step 2: Linear regression—The Jacobian matrix obtained by the regression analysis
represents how changes in the modes’ activation timing (#) are related to the changes in the
footpath (Foot) during the swing phase. The regression equation for the changes in the
vertical footpath during swing phase related to changes in the muscle modes’ activation
timing is given as:

FootZ = Clel + C2ZH2 + C3zH3 + C4ZH4

and the equation for the AP position of foot is given as:

Foot,p=C pH |+ Coppty+ Cayptiy+Cyyptly

The coefficients were computed at each sample across the gait cycles to obtain the Jacobian
matrix (J) = [Cy, G, G, G4]. Here Gy, Gy, C3, Cy are the regression coefficients from the
two equations in case of four modes; therefore, we will obtain a (2 x 4) matrix for vertical
and AP directions together at each sample.

Step 3: Uncontrolled manifold analysis—The Jacobian matrix (J) was used to
compute how much of the muscle mode variance led to the footpath variability (VorT) Or
reflected flexible combinations of the muscle modes that produced a consistent footpath
(MUucm) using the uncontrolled manifold (UCM) approach. Details of the UCM approach
can be found elsewhere (Scholz and Schoner 1999). Briefly, at every time point of the swing
phase, we computed the null space of Jmatrix which is a set of solution such that J. £=0.
This null space of the Jacobian represents the basis vectors in muscle modes space or the
uncontrolled manifold (UCM) subspace. Within this UCM space, all combinations of
muscle modes lead to a consistent footpath. The space orthogonal to the UCM subspace
represents the space where combinations of muscle modes result in an inconsistent footpath.
To compute these two subspaces, the mean magnitudes for each muscle mode were
computed across all trials and subtracted from the mode data. At every time point of the
swing, for n number of modes and d number of footpath axes, the mean free mode data (AH)
were projected into the null space of the Jacobian, i.e., the UCM space spanned by a set of
(n - a) basis vectors, &;

n—d
f

vem= X |ef @
i<

€.
1

and the space orthogonal to the null space, i.e., orthogonal space:
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fort = (A1) — fycm

The variance of the muscle modes that did not affect the footpath (V{;cm) was computed as
the average of squared fycpm across steps (A) and normalized by the DOFs within the UCM
subspace (17— d):

1 1 N
\% = (3 )
UCM ™ (N steps)n — digl UCM2

The variance that affects the footpath (Vport) was normalized by the DOFs in the orthogonal
subspace (a) and computed as:

N

1 1
vV = (f )
UCM ™ (N steps)n —d i;] ORT2

The relative variance difference (A V) between the two variance components was computed
as:

Vuem ~ VorT
vV

ucM t VorT

-V
AV =

The relative variance difference reflects the normalized difference between “good” (Wycm)
and “bad” (Vort) variance and determines the strength of the muscle mode synergy to
stabilize a task variable. A value close to positive one indicates a stronger synergy of muscle
modes to stabilize the footpath during walking.

The total variance (V4ot) for all the subjects during the swing phase is given as:

 Vyem X (=) = (Vopy X @)

VroT = CEY))

Statistical analysis

For statistical analyses, Vycm, VorT, AV, and V4ot were averaged across the swing phase
for each subject. A mixed-design ANOVA was performed with a within-subject factor (i.e.,
variance components, Wcm and Vogrt) and a between-subject factor (i.e., group, healthy
individuals, and stroke survivors). Independent ¢tests were used to compare AVand Vrot
between groups, and paired #test was used to compare the differences between V{,cpm and
Vort Within stroke and healthy groups. Spearman’s correlation was used to assess the
relationship between Fugl-Meyer (FMA) scores and V4ot in stroke survivors. The number
of modes for all the subjects is either three or four (dichotomous variable). Therefore, point
biserial correlation was used to assess the relationship between the number of muscle modes
and FMA scores of stroke survivors. For comparisons of mode structure and activation
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timing between the stroke survivors and healthy controls, NMF was performed using four
modes for all the stroke survivors. Pearson’s correlation was used to quantify the similarity
of the mode structure (Clark et al. 2010) and activation timing (Tropea et al. 2013; Coscia et
al. 2015) between stroke survivors and matched controls. We performed one-sample ¢test to
determine whether stroke survivors’ correlation coefficients are significantly different from
the healthy controls. To derive the reference value of correlation coefficient in healthy
controls, we used bootstrapping method with 1000 iterations for the Pearson’s correlation
and compared one representative healthy subject with the mean mode structures and mode
activation timings of all healthy controls. We then averaged the coefficients obtained from
each of the iterations for the “W” and “H” matrices of each mode. The averaged coefficient
for the mode consisting primarily activity of SO, MG, and LG (Model) was 0.92 for the W
and H matrices. For all the other modes, the values of coefficients were 0.73. Therefore, we
used 0.92 for Model and 0.73 for rest of the modes as the reference values of healthy
controls. The significance level was set at p < 0.05. Statistical analyses were performed in
SPSS version 21 (IBM Co., Somers, NY) or MATLAB, version R2014b (The Mathworks
Inc., Redmond, WA).

Mode analysis

There was no significant correlation between FMA and V4ot (r=-0.170, p=0.59) or
between FMA and the number of muscle modes (r=0.529, p= 0.077) for the stroke
survivors. However, previous literature has demonstrated a significant correlation between
the functional impairment levels and number of muscle modes in stroke survivors (Clark et
al. 2010). A smaller sample size in the current study may have led to the difference between
our results and previous literature. Results from one-sample ftest revealed that correlation
coefficient for the mode structure of Model, Mode2, Mode3, and mode activation timing of
Mode3 was not significantly different from the reference values obtained from healthy
populations. Therefore, stroke survivors had three modes with a structure similar to healthy
controls and one mode that had activation timing similar to healthy controls. The mode
structure and the activation timing for the remaining modes in stroke survivors were
significantly different from healthy controls (Table 2).

Regression analysis

All the modes together explained significant amount of variance of the AP foot position
(healthy /2 = 0.95 + 0.01; stroke /2 = 0.80 + 0.14) and vertical foot position (healthy /2 =
0.96 + 0.01; stroke /2 = 0.93 + 0.03) for all the subjects (v < 0.001 for all healthy and stroke
survivors). The variance explained by each mode for the foot position in the vertical and AP
directions varied through the swing phase in stroke survivors and healthy controls. In
general, Mode4 accounted for at least 80 % of the variance with an increase of ~1to 5 % in
the variance accounted for with inclusion of each additional mode to the regression model
using stepwise regression.

Each mode is a significant predictor of foot position in the AP and vertical directions for at
least 70 % of the swing phase in all healthy subjects (p < 0.05). Out of the ten stroke
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survivors who had four modes, seven subjects had all four modes as significant predictors of
foot position for at least 70 % of the swing phase in the AP direction and for at least 60 % in
the vertical direction. One subject out of these ten stroke survivors had three modes as
significant predictor of AP foot position but all four modes as significant predictors of
vertical foot position. Two subjects had three modes that significantly predicted foot position
in vertical direction and four modes that significantly predicted AP foot position. In all these
subjects, Mode3 that consisted activity from GM, VL, VM, and RF did not significantly
predict the foot position in either AP or vertical directions. All modes were significant
predictors of the foot position in the AP and vertical directions for at least 60 % of the swing
phase in the two stroke survivors who had three modes (p < 0.05).

UCM analysis

The differences in the two variance components (V{;cm and Vort) Were not significant
between healthy individuals and stroke survivors (p = 0.08); however, a larger sample size
may be needed to completely understand between group differences of the two variance
components. Wcm Was significantly greater than Vort within stroke population (o= 0.001;
Wicm = 0.0077 £ 0.0037; VorT = 0.0035 + 0.0023) and within healthy individuals (p =
0.001; Wycm =0.0039 £ 0.0014; Vort =0.0012 £ 0.0005) (Fig. 4), suggesting that footpath
was stabilized during the swing phase of walking. There were no significant differences in
the relative variance difference between stroke survivors and their healthy age- and gender-
matched controls (p= 0.37; healthy = 0.50 £ 0.17; stroke = 0.38 + 0.24) (Fig. 5). The total
variance was significantly greater in stroke survivors (p = 0.001; healthy = 0.0031 + 0.0009;
stroke = 0.0062 + 0.0031) compared to the healthy individuals (Fig. 6).

Discussion

In the current study, we used the UCM approach to determine whether or not the CNS
stabilizes the footpath during walking. The footpath was stabilized by muscle mode synergy
during the swing phase of walking; i.e., healthy individuals and stroke survivors were able to
utilize the motor abundance to stabilize their footpath. In addition, our results showed that
stroke survivors had a greater total variance (V4gt) than the age- and gender-matched
healthy controls. However, the relative variance difference was not significantly different
between the stroke survivors and healthy individuals.

Muscle mode synergies stabilize the footpath during swing phase in stroke survivors and
healthy people

The results of the current study support our hypothesis demonstrating that V{;cpm was
significantly larger than the Vort in both healthy individuals and stroke survivors. This
suggests that footpath is stabilized by the CNS using abundant degrees of freedom at the
level of muscle modes, meaning that footpath is an important task variable during the swing
phase of walking. Our results are consistent with the previous findings, demonstrating that
the CNS uses motor abundance to stabilize a task variable in healthy individuals (Danna-
dos-Santos et al. 2007; Krishnan et al. 2013b). Studies involving various activities such as
anticipatory postural adjustments, walking, stepping, and pointing have demonstrated that
multiple DOFs at the level of joints or muscle modes covary across trials to stabilize a task
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variable important for successful accomplishment of the task (Krishnamoorthy et al. 2003;
Tseng et al. 2003; Wang et al. 2006; Krishnan et al. 2013b). Furthermore, it was shown
previously that individuals retain the ability to use motor abundance in stabilizing a task
variable even after a neurological injury (Reisman and Scholz 2003; Black et al. 2007; Papi
et al. 2015). The current study provides further evidence to support this result, here
specifically for stabilization of the footpath during walking.

Stroke survivors had greater total variance compared to healthy controls

The stroke survivors had a larger Vrot in comparison with the healthy individuals.
Balasubramanian et al. (2009) showed that the variability of gait parameters in stroke
survivors’ paretic limb is greater compared to their non-paretic limb and the healthy
individuals. In addition, previous reaching studies also showed an increase in the trial-to-trial
variability of hand path movement and movement timing to reach a target following stroke
in comparison with healthy people (Reisman and Scholz 2003; Freitas et al. 2011). The
results from the current study are consistent with previous findings, showing that stroke
survivors are more variable in comparison with healthy individuals.

It has been shown that the total joint variance increases when stabilizing the task variable
during a more challenging reaching task (De Freitas et al. 2007). In the current study, a
greater muscle mode variance across cycles observed in stroke subjects compared to healthy
controls may be due to the fact that the neuromuscular impairments following stroke make
walking more challenging for the stroke survivors (Pohl et al. 2002).

No significant differences were seen between the healthy individuals and stroke survivors
in the relative variance difference

We expected that the relative variance difference (A V) during walking would be significantly
greater in the healthy individuals in comparison with the stroke subjects because it was
expected that strength of muscle modes synergy to stabilize the footpath across gait cycles
would be altered post-stroke. However, there was no significant difference in the AV
between the groups in the current study. These results suggest that motor impairment
following stroke may not significantly deteriorate the synergy strength of stroke survivors to
stabilize task variables (Reisman and Scholz 2003; Papi et al. 2015).

A value of the relative variance difference closer to positive one would suggest stronger
synergy of footpath stabilization compared to a value away from positive one. The AV
values for healthy individuals and stroke survivors in the current study were less closer to
one (healthy = 0.50 + 0.17; stroke = 0.38 £ 0.24) compared to the values reported for healthy
people during reaching (Gera et al. 2010). This suggests that the healthy controls may not
stabilize the footpath during walking as precisely as the fingertip positions during a reaching
task which requires precision to the target. Therefore, as pointed out by Krishnan et al.
(2013b), the CNS may not require control of the footpath during walking as precisely as the
task variables stabilized during reaching or standing posture. Walking with reduced
precision of footpath control (i.e., a smaller A V) may be an efficient strategy for healthy
individuals.
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Possible mechanism underlying footpath stabilization post-stroke

Coordinating the end effector during a movement is considered to be at the highest level of
hierarchical control (Latash et al. 2008), for example footpath during walking. A similar
level of hierarchy has also been observed in individuals following neurological injury where
the CNS focuses on recovering a normal footpath instead of a normal angular motion of the
lower limb segments and the pattern of muscles’ activity (Grasso et al. 2004). The CNS may
try to conserve the patterns of the end effectors such as footpath during walking at the cost
of reorganizing the joint motion and EMG patterns in healthy individuals and individuals
following neurological injuries (Grasso et al. 1998, 2004). Our results suggest a similar
hierarchical control where footpath stabilization may be prioritized in stroke and
neurologically intact populations.

In the current study, healthy individuals and stroke survivors had a significantly greater
Wicm than VogT, suggesting that both groups were able to stabilize their footpath during
walking. Furthermore, there were no significant differences between the healthy individuals
and stroke survivors’ muscle mode synergy strength, evidenced by their similar relative
variance difference (A V). Nevertheless, differences were observed in one of the mode
structures and most of the mode activation timing profiles between healthy individuals and
stroke survivors. It was suggested that a damaged nervous system may develop new motor
patterns instead of attempting to reactivate the normal motor patterns in order to stabilize an
end effector during movements (Cirstea and Levin 2000; Ivanenko et al. 2009). Therefore, it
is possible that stroke survivors may utilize motor abundance in stabilizing the end effector
by altering muscle mode patterns following neurological injury.

Study limitations

In the current study, a trend toward negative correlation between the impairment levels and
total variance was observed although the correlation was not significant. Therefore, future
studies with greater number of subjects and more diverse levels of motor impairments post-
stroke may be required to further understand these relationships. Although the results from
the current study may help us gain a better understanding of the relationship between muscle
activation and footpath control in healthy and post-stroke gait, the muscle activation of the
contralateral leg may also play an important role in altering the footpath of ipsilateral leg
during swing. Therefore, further investigations are needed to include muscles of the stance
limb in the analysis to completely understand footpath control during walking. Moreover,
the current analysis does not include the mediolateral footpath which is also an important
variable controlled by the CNS during walking; thus, future studies are needed to understand
the mediolateral footpath control by including adductor and abductor muscles.

It has been documented that NMF performs better than other often used factorization
algorithm, i.e., principal component analysis in identifying muscle modes (Tresch et al.
2006). However, one of the limitations of NMF is that NMF cannot be applied on the
detrended EMG data which includes both negative and positive values. Thus, without
detrending the EMG data first, it is possible that the muscle modes extracted in the current
study might be partly confounded by task-related or biomechanical constraints (Kutch and
Valero-Cuevas 2012; Ranganathan and Krishnan 2012).
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Conclusions

The overall goal of this study was to determine whether the CNS uses motor abundance to
stabilize the footpath during walking and to identify the differences in footpath stabilization
between stroke survivors and healthy individuals. Our results demonstrated that healthy
individuals have the ability to use motor abundance for stabilizing the vertical and AP
footpath during the swing phase of walking which is retained in individuals following
stroke. In addition, stroke survivors had a greater total variance compared to healthy controls
which is consistent with previous literature suggesting an increase movement variability
following stroke. We also found that stroke survivors had similar synergy strength compared
to the healthy controls. However, the mode structure and activation timing between healthy
individuals and stroke survivors were significantly different. Thus, it is possible that though
individuals post-stroke have altered muscle mode structure and activation timing, their
footpath stabilization strategy may not be affected post-stroke.
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Fig. 1.
Antero-posterior and vertical foot displacement of a representative stroke survivor and the

matched healthy control averaged across gait cycles. The shaded area represents standard
deviation across gait cycles
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Fig. 2.
Averaged (across subjects) muscle mode structure (W matrices) and mode activation timing

(H matrices) for stroke survivors during over-ground walking. Error bars represent the
standard deviation across subjects

Exp Brain Res. Author manuscript; available in PMC 2018 July 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Srivastava et al.

137

Mode One

3

1.5

0.5

Mode Two

1:5

0.5

Mode Three

1.5

0.5

Mode Four

W Matrix (mode structure)

BF GM LG MG MH RF SO TA VL VM

Fig. 3.

157

A1

Page 16

H matrix (mode activation timing)

0 20 40 60 80 100

0 20 40 60 80 100
20 40 60 80 100

\ p

0 20 40 60 80 100

Averaged (across subjects) muscle mode structure (W matrices) and mode activation timing
(H matrices) for neurologically intact individuals during over-ground walking. Error bars

represent the standard deviation across subjects
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Fig. 4.

Variance components averaged across swing phase of walking. The hatched bars represent
mode variance that leads to a stable footpath (V{;cn) averaged across stroke subjects (/ef?),
healthy subjects (right). The solid bars represent mode variance resulting in an inconsistent
footpath averaged across stroke (/ef?) and healthy (righ?) subjects. Error bars represent the
standard deviation across subjects. *p < 0.05
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Fig. 5.
Averaged (across subjects) relative variance difference (A V) during the swing phase of
walking. Error bars represent the standard deviation across subjects
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Group Averages for Total Variance
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Fig. 6.
Total variance during the swing phase of walking averaged across stroke subjects and

healthy matched controls. Error bars represent the standard deviation across subjects. *p <

0.05
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Table 2

Mode structure quality and mode timing quality of stroke survivors compared with healthy controls

Modes Correlation coefficient p values (difference from healthy)
for mode structure and activation

Mode structure

Model 0.85+0.17 0.250

Mode2 0.62+0.20 0.100

Mode3 0.62 +0.26 0.207

Mode4 0.32+0.45 0.010

Mode activation timing

Model 0.61+0.36 0.013

Mode2 0.32+0.26 <0.001

Mode3 0.72+0.20 0.506

Mode4 0.25+0.33 0.006

Means =+ standard deviations are listed for each measure

Page 21

Bold indicates p values that are not significantly different from healthy, suggesting similarity of structure or activation timing between stroke
survivors and healthy controls
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