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Abstract

Gait instability is a common problem following stroke, as evidenced by increases in fall risk and
fear of falling. However, the mechanism underlying gait instability is currently unclear. We
recently found that young, healthy humans use a consistent gait stabilization strategy of actively
controlling their mediolateral foot placement based on the concurrent mechanical state of the
stance limb. In the present work, we tested whether people with stroke (n = 16) and age-matched
controls (n = 19) used this neuromechanical strategy. Specifically, we used multiple linear
regressions to test whether (1) swing phase gluteus medius (GM) activity was influenced by the
simultaneous state of the stance limb and (2) mediolateral foot placement location was influenced
by swing phase GM activity and the mechanical state of the swing limb at the start of the step. We
found that both age-matched controls and people with stroke classified as having a low fall risk
(Dynamic Gait Index [DGI] score >19) essentially used the stabilization strategy previously
described in young controls. In contrast, this strategy was disrupted for people with stroke
classified as higher fall risk (DGI </=19), particularly for steps taken with the paretic limb. These
results suggest that a reduced ability to appropriately control foot placement may contribute to
poststroke instability.
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INTRODUCTION

Decreased gait stability, defined for the present work as a reduced ability to safely and
confidently meet the mechanical demands of bipedal walking, can limit functional mobility
following a stroke. People with stroke are more likely to experience a fall than uninjured
individuals of the same age [1]. Among people with stroke classified as community
ambulators, these falls often occur during walking [2-5]. Many falls within the poststroke
population are not the result of environmental factors such as contact with an obstacle but
are instead caused by internal factors related to balance abilities [3]. Mobility following a
stroke can also be limited by an increased fear of falling [6]. Even in the absence of an
injurious fall, fear of falling can be present [2], potentially decreasing activity participation
and leading to eventual decreases in physical capacity [6-7].

Due to the clear importance of decreased stability among people with stroke, several clinical
measures have been used to quantify balance performance or perception in this population.
The Berg Balance Scale (BBS) is likely the most common clinical measure used to assess
poststroke balance performance [8]. While this tool does not evaluate stability during
walking, it has been used to predict fall risk among people with stroke with mixed success
[4,9-10]. The Dynamic Gait Index (DGI) was developed explicitly to test stability in various
gait tasks [11] and has been validated in people with stroke [12]. Fear of falling among
people with stroke has been quantified using the Activities-Specific Balance Confidence
scale (ABC) and is associated with functional mobility beyond the effects of balance ability
alone [13].

In addition to clinical measures of function, several laboratory-based measures have been
developed with the goal of predicting an individual's fall risk. Kinematic variability during
gait has been used as an indicator of stability, with increased stride time variability
predicting increased fall risk in older adults [14] and lower DGI scores in people with stroke
[15]. The patterns of whole-body angular momentum in the frontal plane may provide
insight into gait instability, with fluctuations in this measure during single limb stance on the
paretic side associated with BBS and DGI scores among people with stroke [16]. More
complex indicators of gait stability, including Lyapunov exponents, Floquet multipliers, and
long-term correlations, have also been associated with fall risk in an older population [17—
19]. However, the ability of these metrics to predict fall risk among individuals with stroke
has not yet been tested.

While both clinical and laboratory-based measures may allow predictions of which patients
are at an increased risk for falls, they do not provide insight into the underlying mechanism
of dysfunction. Such measures do not reveal which elements of the typical gait stabilization
strategy have been disrupted and do not necessarily provide clinicians with information that
would allow them to select the most effective focus for intervention. For example, a DGI
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score of <19 may suggest that a patient is at an increased risk for falls [20]. However, this
score does not indicate whether the underlying cause of the decreased stability is reduced
strength, disrupted sensory feedback, an inability to appropriately integrate sensory
information, or some other factor. Similarly, stride time variability could be measured and
classified as higher than typical, but this information would not indicate the cause of the
increased variability.

An alternative approach is to determine whether the typical gait stabilization strategies are
disrupted following a stroke. To do so, we must first understand the control strategies that
allow healthy humans to walk with a minimal fall risk and fear of falling. We recently
identified a neuromechanical stabilization strategy that young, uninjured humans use to
control mediolateral foot placement (FP) during both normal and mechanically perturbed
walking [21]. Briefly, the mechanical state of the stance limb predictably influences
simultaneous swing phase hip abductor activity in the contralateral limb; swing phase
activity is higher when the center of mass (CoM) is displaced farther mediolaterally from the
stance foot. Increases in swing phase hip abductor activity cause the swing foot to be placed
more laterally, a relationship modulated by the mechanical state of the lower limb at the start
of the swing phase. These results indicate that uninjured humans meet the mechanical
demands of bipedal walking by actively controlling mediolateral FP based on their
perception of the mechanical state of the stance limb [21]. Therefore, the typical
stabilization strategy could potentially be disrupted by poor sensation, a reduced ability to
integrate sensory information, or an inability to appropriately recruit the hip abductors
during swing.

The purpose of the present study was to determine whether the previously observed
mediolateral stabilization strategy is disrupted in individuals who have experienced a stroke.
We investigated unperturbed walking in people with stroke with a low fall risk (DGI >19),
people with stroke with a higher fall risk (DGI <19), and age-matched uninjured controls. In
each of these populations, we quantified the relationship between the mechanical state of the
stance limb and the simultaneous swing phase hip abductor activity. We also quantified the
relationship between swing phase hip abductor activity and subsequent mediolateral FP. We
anticipate that these results will be an early step in identifying a mechanism underlying
reduced gait stability in some individuals who experience a stroke.

We hypothesized that the typical neuromechanical stabilization strategy would be disrupted
in participants with stroke. Also, we hypothesized that a more severe disruption would be
present in participants at potentially greater risk of falling, as measured by the DGI. Such
results would provide clear motivation to identify the specific sensory sources and
sensorimotor integration processes that humans use to control FP.

METHODS

Experimental Population

The present study involved people with chronic stroke and age-matched control participants.
Hemiparetic participants conformed to the following inclusion criteria: hemiparesis
secondary to a unilateral stroke; absence of significant lower-limb joint pain, limb
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contractures, or major sensory deficits; ability to independently walk >10 m on a level
surface with an assistive device; and daily walking in the home. Potential participants were
excluded if they had orthopedic or additional neurologic conditions beyond stroke or
cardiovascular impairments contraindicative to walking. A total of 16 people with stroke and
19 age-matched controls participated in the experiments described.

Experimental Protocol

All participants performed overground walking trials in order to identify their self-selected
overground walking speed and fastest-comfortable overground walking speed. Participants
walked over a 14 ft instrumented mat (GAITRIte; Sparta, New Jersey) used to quantify
walking speed. For the two self-selected trials, participants were instructed to walk at their
normal speed. For the two fastest-comfortable trials, participants were instructed to walk at
the fastest speed at which they felt safe. The self-selected and fastest-comfortable speeds
were calculated as the averages across these two trials for each condition.

Participants with stroke also walked on an instrumented treadmill (Tecmachine; Andezieux-
Boutheon, France) at their self-selected and fastest-comfortable speeds for a series of trials.
For treadmill trials, self-selected speed was identified by changing the treadmill speed until
participants reported being comfortable. The fastest-comfortable speed was identified by
increasing the treadmill speed until participants reported being uncomfortable walking any
faster. In order to record comparable control data for a range of speeds, control participants
walked on the treadmill at their self-selected speed, fastest-comfortable speed, and over a
range of previously determined speeds (0.3, 0.6, 0.9, 1.2, 1.5, and 1.8 m/s). All trials lasted
30 s, and participants were provided with at least 1 min rest period between trials. During all
tread-mill walking trials, participants wore a harness attached to an overhead rail. This
harness did not support body weight but would have prevented a fall in case of a loss of
balance.

Because walking speed may influence stabilization strategy [22] and mediolateral FP
location [23], we restricted our analysis to trials within a relatively narrow range of speeds.
For participants with stroke, we analyzed only treadmill trials in which participants walked
at speeds of 0.8 m/s or higher (in at least one of the self-selected and fastest-comfortable
trials), a value that has previously been related to the ability to effectively ambulate in the
community [24]. For control participants, we analyzed only treadmill trials with speeds
between 0.8 and 1.2 m/s, allowing us to match the speeds observed in the participants with
stroke.

The participants with stroke were classified based on their DGI score, as measured by a
licensed physical therapist. Participants with a DGI score of >19 were classified as low fall
risk, while participants with a lower DGI score were classified as higher fall risk [20]. Table
1 lists characteristics of the control group, low fall risk stroke group, and higher fall risk
stroke group. Participant age did not vary significantly across the three experimental groups
(analysis of variance [ANOVA]: p = 0.34). The amount of time since experiencing a stroke
was not significantly different between the low fall risk and higher fall risk groups
(Wilcoxon rank sum test: p = 0.26).
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Data Collection and Processing

Spatiotemporal gait characteristics were measured at a sampling rate of 100 Hz using
reflective markers (Vicon; Denver, Colorado) placed on the sacrum and on the left and right
heels. The sacrum marker was used as an estimate of mediolateral CoM position. This
simple estimate does not consider motion of the limbs, but the timing of pelvis and CoM
movements along a mediolateral axis is very similar [25]. For brevity, we will refer to this
midline location as the mediolateral position of the CoM. For each step, mediolateral initial
swing foot displacement was quantified with respect to the CoM, and mediolateral CoM
displacement was quantified with respect to the stance foot (Figure 1). Marker velocities
were calculated by low-pass filtering the position data at 20 Hz and then differentiating with
respect to time. Anteroposterior velocities of the heel markers were used to identify heel-
strike and toe-off events and thus to determine stance and swing phases of the gait cycle
[26]. For use in subsequent regressions (described later), we calculated the mediolateral
position and velocity of the swing foot relative to the CoM at the start of each step (initial
swing foot displacement and velocity), the average mediolateral position and velocity of the
CoM relative to the stance foot during the first half of the swing phase (CoM displacement
and velocity), and the mediolateral location of the swing foot relative to the CoM at the end
of the step (defined as mediolateral FP). Note that the magnitude of the initial swing foot
velocity was largely determined by the CoM velocity because the mediolateral velocity of
the foot is low at this point in the gait cycle.

Bilateral gluteus medius (GM) activity was measured using surface electromyography
(EMG) electrodes (Konigsherg Electronics; Monrovia, California) sampled at 1,000 Hz.
These EMG data were processed by band-pass filtering between 20 and 500 Hz, rectifying,
and low-pass filtering at 50 Hz. EMG data were divided into strides, and the average EMG
trace during a stride was calculated for each trial. EMG data were then normalized by the
peak value during the average stride, which occurred during the stance phase (typically
within the first 25% of a gait cycle). For use in our regressions, we calculated the average
swing limb GM activity during the first half of swing and the average contralateral stance
limb GM activity during the same time period.

Data Analysis and Statistics

Multiple ANOVAs were first performed to determine whether the three experimental groups
(control group, low fall risk group, and higher fall risk group) differed in terms of self-
selected overground walking speed, analyzed treadmill walking speed, and mediolateral FP
location. Where appropriate, post hoc tests were performed (Tukey honestly significant
difference). We interpreted p-values of less than 0.05 as significant.

To investigate the relationships between gait mechanics and the active control of FP, we
performed a series of multiple linear regressions. Our first goal was to identify the factors
that influence swing limb GM activity. For this analysis, the dependent variable in the
regression was the average activity of the GM during the first half of the swing phase. The
independent variables were the average mediolateral CoM displacement, average CoM
velocity, and average contralateral stance limb GM activity during this same time period.
We performed a multiple linear regression for each experimental group in order to identify

J Rehabil Res Dev. Author manuscript; available in PMC 2016 February 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dean and Kautz Page 6

significant associations. Our second goal was to identify the factors that influence
mediolateral FP. For this analysis, the dependent variable in the regression was the
mediolateral location of the swing foot with respect to the CoM at the time of heel-strike.
The independent variables were the average GM activity during the first half of swing and
the initial swing foot displacement and velocity relative to the CoM at the start of the swing
phase. Again, a multiple linear regression was used to identify significant associations for
each experimental group.

These regression methods were identical to those used in our previous study investigating
mediolateral gait stabilization in young, uninjured individuals, with the exception of not
including acceleration terms [21]. Specifically, we did not test for effects of mediolateral
CoM acceleration on swing limb GM activity or for effects of initial swing foot acceleration
on eventual mediolateral FP location. Our reason for not including these acceleration factors
is that many participants exhibited a clear relationship between mediolateral displacement
and acceleration. Due to the relatively small number of data points included in each
regression (as few as 481 in comparison to the 5,000 included in our previous regressions),
such collinearity can make the interpretation of regression results more difficult.
Importantly, adding these acceleration factors back into the regressions did not influence the
presence of significant associations with any of the other independent variables.

For control participants, data from both lower limbs were combined in the regressions
because no bilateral differences were observed. For participants with stroke, data from the
nonparetic and paretic limbs were analyzed separately. In order to focus on step-to-step
differences in behavior rather than differences between individuals, a “dummy” indicator
variable was included in each of the regressions to represent limb number. The data
distribution within each trial was normalized by subtracting the mean and dividing by the
standard deviation. This allowed clearer interpretation of the regression results because a
larger regression coefficient would indicate a stronger relationship [27]. For each regression,
the maximum variance inflation factor was less than 1.5 (mean = 1.06), well below the value
of 10 often taken as a sign of problematic multicollinearity [28]. For all regressions, p-
values of less than 0.05 were interpreted as significant. For both the low fall risk and higher
fall risk groups, cases in which the significance of the regression coefficient differed from
the control group were further investigated. Specifically, we determined whether the
difference between the coefficients fell outside of the 95 percent confidence interval
calculated from the standard error values [29]. This test revealed whether the two regression
coefficients should be considered to be significantly different.

RESULTS

In control participants, the state of the stance limb influenced swing limb GM activity in the
contralateral limb, which in turn influenced mediolateral FP. In hemiparetic participants
with a low fall risk (DGI >19), the same neuromechanical stabilization strategy was largely
retained. However, this strategy was clearly disrupted in hemiparetic participants with a
higher fall risk (DGI <19), particularly for steps taken with the paretic limb.
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Group Characteristics

Table 2 describes gait characteristics for the experimental groups. The control group had a
significantly faster self-selected overground walking speed than either of the hemiparetic
groups. Importantly, however, the walking speeds during the analyzed treadmill trials did
not differ significantly between the three groups. Participants in the higher fall risk
hemiparetic group placed their paretic limb significantly more laterally than they placed
their nonparetic limb and significantly more laterally than the FP exhibited by the other
experimental groups.

Swing Phase Gluteus Medius Activity

In the control group, swing limb GM activity was associated with the simultaneous state of
the contralateral stance limb (Figure 2(a)). Swing limb GM activity was most strongly
associated with mediolateral CoM displacement (p < 0.001), with higher GM activity during
steps in which the CoM was farther from the contralateral stance foot. Swing limb GM
activity was also positively associated with CoM velocity (p = 0.03), with greater activity
when the CoM was moving more slowly toward the stance foot. Finally, swing limb GM
activity was positively associated with simultaneous GM activity in the contralateral stance
limb (p < 0.001), with increased swing phase activity during steps with higher contralateral
stance phase activity.

The factors that influence swing limb GM activity in the low fall risk hemiparetic group
were largely similar to those in control participants (Figure 2(b)). For steps taken with the
nonparetic limb, swing limb GM activity was positively associated with mediolateral CoM
displacement (p < 0.001), mediolateral CoM velocity (p = 0.03), and simultaneous stance
limb GM activity in the contralateral limb (p = 0.009). For steps taken with the paretic limb,
swing limb GM activity was positively associated with CoM displacement (p < 0.001) and
stance limb GM activity in the contralateral limb (p < 0.001).

In contrast, the factors that influence swing limb GM activity in the higher fall risk
hemiparetic group differed from those in control participants (Figure 2(c)). For nonparetic
steps, only mediolateral CoM displacement was significantly (p = 0.001) associated with
swing limb GM activity. The differences from control behavior were more apparent for
steps taken with the paretic limb. Mediolateral CoM displacement was not significantly
associated with swing limb GM activity, with a regression coefficient significantly smaller
than for controls. Mediolateral CoM velocity was negatively correlated (p = 0.03) with
swing limb GM activity, indicating greater GM activity during steps in which the CoM was
moving more quickly toward the stance foot. This negative correlation was significantly
different than the positive correlation present in the control group. A trend for a positive
association between swing limb GM activity and contralateral stance limb GM activity
nearly achieved the level of significance (p = 0.051).

Mediolateral Foot Placement

In the control group, mediolateral FP was influenced by a combination of swing limb GM
activity and the initial mechanical state of the swing limb (Figure 3(a)). FP was positively
associated with swing limb GM activity (p < 0.001), with increased hip abductor activity
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preceding more lateral FP. FP was negatively associated with the mediolateral initial swing
foot displacement relative to the CoM (p < 0.001), with the foot placed more medially for
steps in which it began the swing phase farther from the CoM. Similarly, FP was negatively
associated with the initial mediolateral velocity of the swing foot relative to the CoM (p <
0.001), with the foot placed more medially for steps in which the CoM was initially moving
more quickly toward the contralateral stance limb.

In the low fall risk hemiparetic group, the factors that influence FP location varied between
the nonparetic and paretic limbs (Figure 3(b)). For steps taken with the nonparetic limb, FP
was associated with swing limb GM activity (p = 0.001), initial swing foot displacement (p
= 0.04), and initial swing foot velocity (p = 0.002), just as in the control group. For paretic
steps, FP was only significantly associated with swing limb GM activity (p < 0.001). The
magnitude of the regression coefficient for the initial foot velocity was significantly smaller
in this group compared with control participants.

The factors that influence mediolateral FP in the higher fall risk hemiparetic group differed
substantially from those in the control group (Figure 3(c)). For nonparetic steps, only the
initial foot velocity was significantly (p = 0.002) associated with the eventual FP location.
For paretic steps, only the initial foot displacement was significantly (p = 0.006) associated
with FP. The positive association between initial displacement and final FP indicates that the
foot was placed more laterally for steps in which it began the swing phase farther from the
CoM, significantly different from the negative association observed in control participants.
Additionally, the lack of an association between swing foot velocity and FP location differed
significantly from controls.

Typical relationships between mediolateral gait motion and paretic limb swing limb GM
activity are illustrated for representative participants from the low fall risk and higher fall
risk groups (Figure 4). For participants categorized as low fall risk, steps in which the CoM
was farther from the stance foot (increased CoM displacement) typically also exhibited clear
bursts of paretic swing limb GM activity during swing and more lateral subsequent FP
(Figure 4(a)). This mechanics-dependent use of GM activity to modulate FP appeared to be
disrupted in the higher fall risk group. Rather than exhibiting a single burst of GM activity
early in swing, participants in this group often activated the GM at less predictable points in
the gait cycle (Figure 4(b)). These bursts tended to be present when the CoM moved more
quickly toward the stance foot and did not consistently influence the subsequent
mediolateral FP.

DISCUSSION

The mechanical demands of bipedal gait require humans to actively ensure their stability.
We have previously proposed that neurologically intact humans stabilize their walking
patterns by sensing the mechanical state of their stance lower limb and use this information
to drive active muscular control of their mediolateral FP [21]. In the current study, this
neuromechanical stabilization strategy was found to be present among uninjured older
adults. As hypothesized, however, this strategy was disrupted in participants with stroke
classified as having an increased fall risk.
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The strategy for active FP observed in the control group (of similar age as the participants
with stroke) was qualitatively similar to that previously reported for young, uninjured
participants [21]. Swing limb GM activity was most strongly associated with the
mediolateral position of the CoM with respect to the contralateral stance foot and was more
weakly associated with CoM velocity and contralateral stance limb GM activity. This result
supports the proposal that older adults actively stabilize their gait based on their perception
of CoM mechanics. The magnitude of the swing limb GM activity was associated with the
subsequent mediolateral FP at the end of the step, indicating the presence of useful active
control. As in the young [21], final FP location was also associated with the initial
displacement and velocity of this foot relative to the CoM at the start of the step. This
finding can likely be attributed to passive pendular behavior of the swing limb, with the leg's
initial mechanical state likely influencing the mediolateral trajectory during swing [21,30].
The observed mechanism of actively controlling FP based on the mechanical state of the
stance limb supports the predictions of previous model simulations [31]. Our results also
provide evidence for a neuromechanical mechanism that humans may use to accomplish the
apparent goal of maintaining a certain margin of stability between their extrapolated CoM (a
metric combining CoM position and CoM velocity) and their FP [32-33].

Among participants with stroke classified as low fall risk (DGI >19), the FP strategy was
largely similar to that in control participants. For steps taken with both the nonparetic and
paretic limbs, swing limb GM activity was greater when the CoM was farther from the
stance foot and the stance limb GM activity was more active. Increased swing limb GM
activity was followed by more lateral FP, indicating that the mechanism of actively
controlling FP location is essentially retained within this group. However, the influence of
the swing limb's initial mechanical state on its subsequent FP location was reduced for steps
taken with the paretic limb. This apparent reduction in the importance of passive pendular
mechanics may reflect an inability to allow the paretic limb to swing freely while stepping
forward, possibly due to abnormal joint torques attributable to dyscoordination in muscle
activation [34].

While the control and low fall risk groups appeared to base their swing limb GM activity on
similar stance limb characteristics, this strategy was disrupted in the higher fall risk group
(DGI £19). For steps taken with the nonparetic limb, swing limb GM activity was most
strongly influenced by the CoM displacement from the stance foot, as in control participants.
However, this relationship between CoM mechanics and swing limb control was altered for
steps with the paretic limb. The CoM displacement from the stance foot did not influence
GM activity, with a significantly weaker association than in control participants. The lack of
a clear effect of CoM displacement may be explained by poststroke disruptions in sensory
accuracy [35], sensorimotor integration [36], or precise muscular activation [37]. An
inability to either develop an accurate perception of CoM and swing limb location or
appropriately modulate swing limb GM activity could prevent the use of the typical
stabilization strategy. Additionally, swing limb GM activity was greater during steps in
which the CoM was moving more quickly toward the stance foot, opposite to the
relationship in controls. Speculatively, this response may be attributed to a balance reaction
in which the swing limb is used to control frontal plane angular momentum [38]. Such a
balance reaction is reminiscent of behavior during unipedal standing, in which balance can
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be maintained by repositioning the limb not in contact with the ground [38-39], as
evidenced by bursts of GM activity in this limb immediately following pushes of the CoM
toward the stance limb [40]. People with stroke are often overly reliant on their nonparetic
limb musculature for stability [41] and walk with their CoM closer mediolaterally to their
nonparetic limb than their paretic limb [42]. The present results are consistent with the
higher fall risk group attempting to maintain their gait stability by balancing their CoM
primarily over the nonparetic limb while placing their paretic limb quite laterally (Table 2)
rather than following the typical strategy of controlling FP location to accelerate the CoM
toward the midline with each step [33].

In addition to altered activation of the GM, the factors that influence mediolateral FP
location also differed in the higher fall risk group. Unlike in control participants and the low
fall risk group, swing limb GM activity was not significantly associated with FP location.
The reduced ability of GM activity to cause more lateral FP may be due to the decreased hip
abduction strength of many patients with stroke [43] or an inability to appropriately produce
independent GM contractions and isolated frontal plane hip torques [43-45]. Within the
higher fall risk group, the initial mechanical state of the paretic swing limb also had an
altered relationship with its eventual FP location. Specifically, the paretic limb's FP was
positively related to its position at the start of the step; if the foot began the step relatively
laterally, it also ended with the step being placed relatively laterally. Rather than FP being
determined by a combination of passive lower-limb mechanics and active control [21], it
seems that higher fall risk individuals approximately maintained the relative mediolateral
position of the paretic limb across the course of a step. This finding may indicate that these
individuals were unable to appropriately vary their FP location in response to step-to-step
changes in the mechanical demands of the task, thereby reducing the “good variance”
thought to typically contribute to mediolateral gait stabilization [46—-47]. Instead, people
with stroke with a reduced ability to accurately position their paretic limb may simply target
a FP location that successfully prevented a fall during the previous paretic step.

The present results are an early step toward a mechanistic understanding of gait instability
poststroke. Such an understanding could allow for the development of more effective
approaches to stroke rehabilitation. Based on previous [21] and current results, the typical
neuromechanical stabilization strategy during gait appears to involve the perception of CoM
mechanics. To determine how this strategy may be disrupted following a stroke, it will be
necessary to identify the sources of sensory information used to form this perception,
possibly including proprioceptive feedback from the hip, knee, or ankle [48-50]; feedback
of cutaneous pressure from the stance foot [51]; visual feedback [52]; or vestibular feedback
[53]. An understanding of the relevant sensory sources could motivate the introduction of
new therapy methods, such as training to improve proprioception [54]. A second component
of the typical stabilization strategy is the modulation of mediolateral FP through active
control of the swing limb. While in its early stages, gait training that includes practice
stepping to targets may improve mobility by allowing more accurate FP [55].

An understanding of the mechanism underlying decreased gait stability following a stroke is
particularly important given the recent failure of several intervention methods to reduce fall
risk. In randomized controlled trials, the rate of falls among people with stroke was not
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preferentially reduced by either a multifactorial falls prevention program [56] or a task-
related balance and strengthening program [57]. These results were surprising given the
previous success of similar interventions in improving balance among uninjured older adults
[58-59]. It is possible that the cause of increased fall risk differs between these two
populations [3]. Indeed, the present results suggest that a neuromechanical strategy for
mediolateral stabilization initially suggested in a young population was essentially retained
in an older control group but was disrupted among people with stroke thought to be at an
increased risk for falls [21]. Additionally, an understanding of the factors contributing to gait
instability may not directly follow from investigations of quiet standing posture. From a
basic mechanical perspective, mediolateral stabilization strategies that are effective during
standing posture (e.g., resisting perturbations solely by increasing nonparetic limb abduction
or adduction torques) would not be effective during gait, in which the paretic limb is forced
to play a role [41].

Due to our focus on walking stability, participants were classified using their DGI score, a
metric intended to quantify various aspects of balance during gait [11]. While DGI score has
been related to self-reported falls among older adults, the sensitivity (59%) and specificity
(64%) values were only moderate [20]. Among people with stroke, the DGI has been
validated with respect to other measures of balance (e.g., BBS, ABC) but has not yet been
shown to predict fall risk [12]. While the recently introduced modified DGI appears to have
improved psychometric properties, this metric should still not be considered a gold standard
for quantifying poststroke gait stability [60]. Despite the limitations of our classifications
based on DGI score, we observed clear differences in walking behavior between the low fall
risk and higher fall risk groups. Future work based on the present results may allow us to
better understand the causes of gait instability that are currently only hinted at by clinical
measures such as the DGI.

Our ability to extrapolate the present results to a more general understanding of poststroke
falls is limited by several characteristics of the experiments. We restricted our analysis to
relatively fast walking speeds (=0.8 m/s) so the observed changes in gait stabilization
strategy may not be relevant for individuals who walk more slowly. However, even people
with stroke with an ability to walk faster than 0.8 m/s have a higher incidence of falls than
uninjured older adults [57,61]. In the present analysis, we focused on a FP strategy during
unperturbed walking. While our approach will not provide insight into the response to
mechanical perturbations like trips or slips, many poststroke falls are due to “internal
perturbations” that can be caused by the type of inaccurate control investigated here [3].
Finally, the muscle activity of the hip adductors was not quantified in the present study.
Swing phase activity of the adductors may contribute to mediolateral FP, although the
effects of adductor magnus activity in young controls were much smaller than the effects of
GM activity [21].

Our use of regressions to quantify relationships between measures of gait kinematics and
muscle activity is also a limitation. Most importantly, the reported significant associations
cannot provide insight into causality. For example, the positive association between CoM
displacement and swing limb GM activity in control participants does not necessarily mean
that increased displacements cause increased muscle activity. However, our previous
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experiments that used perturbations to alter CoM displacement and subsequently quantified
GM activity have provided stronger evidence for such a causal relationship [21]. The
variable number of steps included in each regression (ranging from 481 to 3,037 steps)
affects the probability that each regression would identify significant associations. A
reduced number of steps included in the regression for the higher fall risk group likely
explains why some associations reported as significant among controls did not reach
significance in this group (see “GMg” in Figure 2(c)). Despite this limitation, several clear,
statistically significant differences between gait behaviors were identified between groups.

CONCLUSIONS

Poststroke participants classified as having a higher fall risk exhibited an altered gait
stabilization strategy, particularly for steps taken with the paretic lower limb. This subgroup
of participants with stroke did not follow the typical strategy of actively controlling their
mediolateral FP in response to step-by-step variation in CoM mechanics. The present results
have the potential to serve as an early step in identifying mechanistic causes of limited gait
stability poststroke and could lead to novel rehabilitation strategies.
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Figure 1.
Mediolateral kinematic measures were quantified at various points in the gait cycle, as

illustrated for a single step with the left lower limb (frontal plane view from the posterior
side). At toe-off, initial swing foot displacement (Xs,yf) Was measured as the mediolateral
distance from the center of mass (CoM) to the swing heel. During the first half of swing,
mediolateral CoM displacement (Xcon) Was quantified relative to the stance heel. Upon heel
strike, mediolateral foot placement (FP) was measured as the distance from the CoM to the
swing heel. For all steps, the direction toward the swing limb was considered positive.
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Xcom Veom GMg
State of Stance Limb

Xcom Veom GMg
State of Stance Limb

Swing phase gluteus medius activity was significantly associated with several metrics
quantifying the state of the stance limb. The regression coefficients are illustrated for (a) the
control group, (b) the low fall risk hemiparetic group, and (c) the higher fall risk hemiparetic
group. For all panels, the bar represents the regression coefficient, the error bar represents
standard error, and asterisks (*) indicate a significant (p < 0.05) association. For purposes of
visual comparison, the control group regression coefficients are indicated in panels (b) and
() using horizontal dashed lines. Exclamation marks (!) indicate a significant difference
between the indicated regression coefficient and the matching regression coefficient in the
control group. Xcom = center of mass displacement, vy = center of mass velocity, GMg; =
stance limb gluteus medius activity.
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Figure 3.
Mediolateral foot placement was significantly associated with various combinations of

swing phase gluteus medius activity (GMg,,) and metrics quantifying the initial mechanical
state of the swing limb. The regression coefficients are illustrated for (a) the control group,
(b) the low fall risk hemiparetic group, and (c) the higher fall risk hemiparetic group. For all
panels, the bar represents the regression coefficient, the error bar represents standard error,
and asterisks (*) indicate a significant (p < 0.05) association. For comparison purposes, the
control group regression coefficients are indicated in panels (b) and (c) using horizontal
dashed lines. Exclamation marks (1) indicate a significant difference between the indicated
regression coefficient and the matching regression coefficient in the control group. X =
initial swing foot displacement, vg,s = initial swing foot velocity.
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Figure 4.
Mediolateral marker positions and paretic limb gluteus medius (GM) activity over the

course of a stride are illustrated for typical walking trials. Each line represents the average of
five strides (from paretic heel-strike to next paretic heel-strike). High-activity strides were
those with the greatest paretic limb GM activity during the first half of swing (shaded area),
and low-activity strides were those with the lowest paretic limb GM activity during this
period. (a) For the low fall risk participant, the center of mass (CoM) displacement (Xcom)
from the nonparetic stance foot was larger during high-activity strides, which ended with the
paretic limb being placed more laterally (increased foot placement distance). (b) For the
higher fall risk participant, the CoM moved more quickly toward the stance foot (indicated
by steeper slope of CoM velocity [vcom]) for the first half of swing during high-activity
strides. The presence of increased paretic limb GM activity did not cause the paretic limb to
be placed more laterally. EMG = electromyography.
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Table 1
Group characteristics of three experimental groups.
Characteristic Control Group  Low Fall Risk Hemiparetic Group Higher Fall Risk Hemiparetic
Group
No. of Participants 19 9 7
Sex (female/male) 13/6 217 1/6
Paretic Side (right/left) NA 6/3 4/3
Age, yr (mean + SD) 62+8 66+ 7 59 + 13
Time Poststroke, mo (median, range) NA 29 (19-116) 26 (9-201)
Dynamic Gait Index score (median, range) NA 18 (9-19) 23 (21-24)

Note: Normally distributed age data are reported as mean + SD, while non-normally distributed time poststroke data are reported in terms of

median and range.

NA = not applicable, SD = standard deviation.
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Gait Measure Control Group  Low Fall Risk Hemiparetic Higher Fall Risk p-Value
Group Hemiparetic Group
(Sel/f-)SeIected Overground Walking Speed 1.31+0.20" 0.96+0.11 0.79+0.26 <0.001
m/s

Analyzed Treadmill Walking Speed (m/s) 1.06+0.14 0.98 £0.24 1.03+0.26 0.21

Mediolateral Foot Placement (%LL) 11.3+20 — — <0.001
Both Limbs 113+£20 — — —
Nonparetic Limb — 9.7+19 11.0+23 —_
Paretic Limb — 11.8+27 16.9+4.1% —

Analyzed Steps (n) 3,037 — — NA
Nonparetic Limb — 707 481 —
Paretic Limb — 705 481 —

Note: Data are reported as mean + standard deviation where appropriate. For control group, 57 total walking trials were performed between 0.8 and
1.2 m/s, meeting our walking speed requirement, and were included in analysis. For low fall risk group, 16 self-selected speed trials and 13 fastest-
comfortable speed trials met walking speed requirement. For higher fall risk group, 13 self-selected speed trials and 9 fastest-comfortable speed

trials met this requirement. Where reported, p-values were calculated using analysis of variance.

%LL = percentage of lower-limb length, NA = not applicable.

*
Indicates value significantly larger than all other comparison groups (p < 0.05, Tukey post hoc test).
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