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A B S T R A C T

Gait variability is suggested to be a quantifiable measure to evaluate mobility impairments. However, it is

unknown whether gait variability could be used as a marker of impaired walking performance post-

stroke. Therefore, the purpose of this study was to determine whether gait variability measures could be

used as walking performance measures post-stroke. Hemiparetic variability was compared to healthy

gait variability and associated to clinical assessments that evaluate impaired performance post-stroke.

Spatiotemporal characteristics were collected from 94 persons with post-stroke hemiparesis and 22

similarly aged healthy persons as they walked over an instrumented mat. Gait variability was calculated

as the standard deviation in step lengths, stride widths, pre-swing, swing and stride times. Hemiparetic

performance was evaluated using lower-extremity Fugl-Meyer grading, dynamic gait index scale

(available in population sub-sets) and an asymmetry index. Results revealed that variability increased in

step length, swing, pre-swing and stride times (p < .001) during hemiparetic walking as compared to

healthy gait. Paretic leg swing time variability was increased compared to the non-paretic during

hemiparetic walking (p < .001). Between-leg differences in variability for other spatiotemporal

characteristics were revealed in participants with the most impaired performance. Further, increased

step variability and reduced width variability related to poor performance outcomes (severe hemiparesis,

asymmetrical gait and poor balance). Patterns of gait variability were evident within sub-groups of the

hemiparetic population. Results of this study suggest that between-leg differences in swing and pre-

swing time variability, increased step length and stride time variability and decreased width variability

are quantifiable markers of impaired walking performance poststroke.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Gait variability, defined as the fluctuation in gait characteristics
between steps, is low during walking [1]. However, increased or
decreased variability is commonly reported in populations with
gait abnormalities, such as elderly fallers [2,3], older frail adults [4]
and individuals with neuro-degenerative diseases (e.g. Parkinson’s
disease) [5,6]. This suggests that gait variability is associated with
gait impairments. Increased gait variability has been related to
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balance impairments leading to falls [7]. Similarly, central nervous
system impairments (such as cognitive functioning and motor
performance) have been related to increased stance time
variability [8], while decreased step width variability has been
related to sensory impairments and balance deficits during
walking [3,8,9]. Gait variability is also suggested to predict motor
disability [8]. Therefore, current evidence suggests that gait
variability is related to walking impairments and can be used as
a quantifiable biomechanical marker to evaluate impaired motor
performance.

Measures of gait variability may provide a sensitive assessment
of the neuromotor performance reflective of additional aspects of
impaired walking, beyond those commonly characterized using
average gait data [10]. However, it is not known if variability in
paretic gait differs from non-paretic gait. Furthermore, it is not
known if gait variability relates to the severity of hemiparesis or to

mailto:c.k-balasubramanian@unf.edu
mailto:kautz159@phhp.ufl.edu
http://www.sciencedirect.com/science/journal/09666362
http://dx.doi.org/10.1016/j.gaitpost.2008.10.061


C.K. Balasubramanian et al. / Gait & Posture 29 (2009) 408–414 409
other measures of impaired hemiparetic performance (like low
dynamic index scores and asymmetrical stepping).

Therefore, the purpose of this study was to (1) evaluate whether
gait variability differs in individuals with post-stroke hemiparesis
compared to healthy individuals of similar age and (2) determine if
gait variability is indicative of impaired walking performance by
investigating the association between gait variability and clinical
measures of impaired hemiparetic performance.

2. Methods

2.1. Participants

Ninety-four participants (age = 61.4 � 11.4 years, 69 men, 51 left-side hemipar-

esis, Walking speed = 0.63 � 0.32 m/s) with chronic hemiparesis and 22 similarly aged

healthy subjects (age = 66.2 � 10.0 years, six men, Walking speed = 1.29 � 0.21 m/s)

participated in this study. Seventy participants with hemiparesis and the healthy

control subjects were part of an ongoing study at the BRRC at Malcom Randall VA

Medical Center. Twenty-four participants with hemiparesis had participated in a larger

gait study at the Rehabilitation Research & Development Center at VA Palo Alto Medical

Center and unreported data from these participants were retrospectively used for

analyses. All participants provided informed consent and the study protocol was

approved by the appropriate Institutional Review Boards.

Participants were at least 6 months post-stroke, had unilateral weakness, could

walk 10 m in 50 s or less without assistance by another person and had no severe

perceptual, cognitive or cardiovascular impairments that could affect walking.

Subjects were excluded if they had other neurological conditions in addition to

stroke, had suffered more than one cerebrovascular accident, or were unable to

provide informed consent.

2.2. Experimental protocol

Participants walked at their self-selected speeds over an instrumented walkway

(GAITRite) to record spatiotemporal step characteristics [11]. Participants began
Fig. 1. Differences in temporal variability between healthy (n = 22) and participants with

range in the data. The central horizontal line is the median of the sample. The length of th

box indicating the upper and lower quartile, respectively. Circles represent sample value

populations, these outlier values are true indicators of behavior and represent those pers

leg at p < .0001, #statistically significant difference from non-paretic leg at p < .0001. Not

of the respective temporal characteristics. Variability in all temporal characteristics was i

leg, HC—healthy control leg, H—hemiparetic walking (value includes steps from both l
walking 2 m in front of the GAITRite, continued walking 2m after the mat (overall

distance �10 m) to reach constant speed, and used their assistive devices (if any)

during walking. All participants completed at least two walking trials (aver-

age = 3.4, range = 2–5 trials). The number of trials varied across some participants

because (a) many participants were unable to walk more than 2 trials due to fatigue

and low functional level, and (b) some participants walked fast and completed a

larger number of trials (4–5).

Hemiparetic performance was evaluated using step length asymmetry index

and clinical assessments. The asymmetry in step length during hemiparetic

walking was evaluated by the paretic step ratio (PSR), which is calculated as

paretic step length/(paretic + non-paretic step length) and expressed as a

percentage. Asymmetry in the participants with hemiparesis was characterized

based on symmetry ranges calculated from the control and asymmetric groups

and defined as follows: ‘‘Longer’’ paretic steps than non-paretic (PSR > 0.525),

‘‘Shorter’’ paretic steps than non-paretic (PSR < 0.475) and ‘‘Symmetric’’ step

lengths (0.475 � PSR � 0.525).

Clinical assessment in sub-sets of the population was available for analysis.

Eighty-one study participants underwent lower-extremity Fugl-Meyer (LE-FM)

evaluations, which is a valid [12] and reliable [13] scale to evaluate hemiparetic

severity. Only synergy items (22-point) of LE-FM were utilized to grade hemiparetic

severity, as in earlier studies [14] (severe = 0–14, moderate = 15–18 and mild = 19–

22). The dynamic gait index (DGI) evaluated dynamic balance in thirty-nine study

participants. DGI rates performance of eight walking-related tasks on an ordinal

scale (0–3) and is valid and reliable to evaluate dynamic balance in ambulatory

individuals with chronic stroke [15]. Balance performance on DGI was graded as:

�19 (poor), >19 (good) [16]. Only subsets were available for LE-FM and DGI

assessments since (a) only participants in the BRRC facility underwent DGI

assessments and (b) since participants in the BRRC study were part of a larger gait

study, some participants were unable to complete these clinical assessments due to

insufficient time.

2.3. Data analyses

All collected footfalls from all trials were analyzed. The average number of

footfalls collected and analyzed per subject was 25 steps (range = 12–42 steps)
hemiparesis (n = 94) at self-selected (SS) walking speeds. The box plots indicate the

e box indicates the inter-quartile range with the upper and lower boundaries of the

s that statistically indicate outlier or extreme values (by SPSS software). In impaired

ons showing excessive variability. *Statistically significant differences from healthy

e that the statistical significance is based on the mean of the log-transformed values

ncreased during hemiparetic walking. Abbreviations: P—paretic leg, N—non-paretic
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Fig. 2. Differences in spatial variability between healthy (n = 22) and participants with

hemiparesis (n = 94) at self-selected (SS) walking speeds. The box plots indicate the

range in the data similar to Fig. 1. *Statistically significant differences from healthy leg

at p < .0001 and the statistical significance is based on the mean of the log

transformed values of the respective spatial characteristics. Variability in step length

characteristics was increased during hemiparetic walking and that in stride width

showed a trend to decrease during hemiparetic walking. Abbreviations: P—paretic

leg; N—non-paretic leg; HC—healthy control leg; H—hemiparetic walking (value

includes steps from both legs).
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for the hemiparetic population and 13 steps (range = 9–20 steps) for the control

population. For the same average number of trials, three participants with

hemiparesis took more steps than other study participants (48, 50 and 65 steps).

The results did not alter when these participants were excluded from the
Fig. 3. Differences in temporal variability in hemiparetic participants based on their perfo

to Fig. 1. Blue represents paretic leg and Green represents non-paretic leg for swing time

severe hemiparesis (lower LE-FM scores), asymmetrical gait (longer or shorter paretic

differences in swing and pre-swing time in persons with moderate and severe hemipares

Note that while stride time variability differences were observed in sub-groups of t

interpretation of the references to colour in this figure legend, the reader is referred to
analysis. Therefore, their data were included in the study. The number of steps

collected and analyzed in this study was similar to that reported in earlier series

[3,8,9,20–23] assessing step variability and the relationship of the spatiotem-

poral variability to falls risk, CNS impairments, gait speed and motor disability

[3,8,19,22,24].

Swing time, pre-swing (terminal double-support) time, stride time, step length

and stride width were selected for analysis based on the literature, which supports

their importance in evaluating walking impairments post-stroke [25,26]. Further-

more, there is evidence that the chosen variables can reveal meaningful conclusions

on walking impairments when used in gait variability studies of clinically relevant

populations [7,17,27]. Stance and step time were not calculated since the aim was

to select independent variables for analyses. Variability was quantified using the

standard deviation in spatiotemporal characteristics across steps.

2.4. Statistical analyses

The Kolomogorov–Smirnov tests revealed deviations from normality in the

spatiotemporal characteristics of participants with hemiparesis. To allow for the

use of parametric statistical processing, the data were log10 transformed to

achieve normality. Dependent t-tests revealed that there was no difference in

variability between legs in the control subjects when assessing step length, swing

and pre-swing time (p > .01). Therefore, a one-way ANOVA tested differences in

step length, swing and pre-swing time variability between paretic, non-paretic

and healthy (left) legs. For stride time and stride width, independent t-tests were

conducted to detect differences between population groups (hemiparetic and

controls).

To test differences in variability across severity and PSR groups a 3 (group) � 2

(leg) Mixed ANOVA (repeated on leg factor) was conducted for step length, swing

time, pre-swing time variability and a one-way ANOVA for stride time and width

variability. To test differences across DGI groups a 2 (group) � 2 (leg) Mixed ANOVA

(repeated on the leg factor) was performed for step length, swing time, pre-swing

time variability and an independent t-test for stride time and stride width

variability. When significant effects were detected, post hoc pairwise comparisons

were performed using Bonferroni-adjusted t-tests. All statistical analyses were

conducted in SPSS (version 13.0).
rmance on clinical assessments. The box plots indicate the range in the data similar

and pre-swing time variability. In general, poor performance is indicated by more

steps) and poorer balance performance (lower DGI scores). Note the between-leg

is, those walking asymmetrically and in persons showing poor balance performance.

he hemiparetic population, these have not been represented in the figure. (For

the web version of the article.)



Fig. 4. Differences in spatial variability in hemiparetic participants based on their performance on clinical assessments. The box plots indicate the range in the data similar to

Fig. 1. Blue represents paretic leg and Green represents non-paretic leg for step length variability. Note that stride width variability does not show a consistent trend to differ

across the different sub-groups of the hemiparetic population. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

the article.)
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3. Results

3.1. Differences in step variability between healthy and hemiparetic

gait

Variability in step length, swing, pre-swing and stride time was
increased in hemiparetic compared to control subjects, while
stride width variability (p = .153) was not changed in hemiparetic
walking (Figs. 1 and 2). However, when only the slower walkers
(speed < 0.4 m/s) were compared to controls, width variability
was significantly reduced (p = .038).

For between-leg comparisons, swing time variability was
greater in paretic steps and there was a trend for paretic pre-
Table 1
Step variability (expressed as standard deviation) within the hemiparetic population s

Severity groups (n = 81)

Severe Moderate Mild

(n = 24) (n = 23) (n = 34)

(0.5 m/sa) (0.5 m/sa) (0.8 m/sa)

Step length variability (cm)

Paretic 3.37 4.01 2.89

Non-paretic 3.44 3.72 2.96

Swing time variability (s)

Paretic 0.07 0.07 0.03

Non-paretic 0.04 0.04 0.02

Pre-swing variability (s)

Paretic 0.08 0.13 0.02

Non-paretic 0.07 0.08 0.02

Stride time variability (s) 0.13 0.16 0.05

Stride width variability (cm) 1.83 1.55 1.90

Standard deviation in the spatiotemporal characteristics is rounded to the second deci
a Average walking speed.
swing (PPS) time to show greater variability compared to non-
paretic pre-swing (NPS) time (p = .065, Fig. 1). There was no
difference in the variability between paretic and non-paretic step
lengths (Fig. 2).

3.2. Association between step variability, clinical assessments and

asymmetry index

Differences in variability for each spatiotemporal characteristic
across the three groups are presented below. Figs. 3 and 4 show the
differing patterns of spatiotemporal variability within the severity,
asymmetrical and DGI groups and Table 1 shows the mean
variability across groups.
ub-divided based on their performance measures.

PSR groups (n = 94) DGI groups (n = 39)

Longer Shorter Symmetric �19 >19

(n = 35) (n = 11) (n = 48) (n = 30) (n = 9)

(0.7 m/sa) (0.5 m/sa) (0.6 m/sa) (0.5 m/sa) (0.7 m/sa)

3.13 3.76 3.14 3.78 2.51

3.47 3.69 3.02 4.11 3.18

0.07 0.06 0.04 0.07 0.03

0.03 0.05 0.03 0.05 0.03

0.06 0.16 0.07 0.13 0.03

0.04 0.08 0.05 0.09 0.03

0.12 0.19 0.08 0.16 0.06

1.78 1.77 1.77 1.87 1.68

mal place. Abbreviations: PSR—paretic step ratio, DGI—dynamic gait index.
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Swing time variability, Main effects (ME) of Group and Leg were
significant across severity (p < .01), asymmetrical (p < .01) and
DGI groups (p � .02). Paretic steps showed greater variability than
non-paretic ones across all groups, with greatest between-leg
differences in individuals with severe and moderate hemiparesis
and those taking longer paretic steps and showing poor balance
performance (DG1 � 19).

Pre-swing time variability, ME of both Group and Leg were
significant across severity (p < .01) groups. ME of leg (p < .001)
was significant across asymmetrical groups and ME of group was
significant across DGI groups. PPS showed greater variability than
NPS in the severe and moderate groups and across asymmetrical
groups. Both PPS and NPS showed greater variability in individuals
showing poor balance performance compared to those with good
balance.

Stride time variability differed across severity groups
(p < .0001). Severe and moderate groups showed greater stride
time variability than the mild group (p < .003) but did not differ
from each other (p > .05, Table 1). Stride time variability differed
across asymmetrical groups (p = .023). Post hoc tests demon-
strated that asymmetrical groups showed only a trend (of greater
variability) to differ from the symmetrical group (p � .109). Stride
time variability (p = .007) was greater in individuals with poor
balance performance (DGI � 19), (Table 1).

Step length variability showed a trend to differ across severity
groups (p = .069) and asymmetrical groups (p = .094). However, ME
of group and leg were significant for step length variability (group:
p = .026, leg: p = .03) across DGI groups (p � .03), with the non-
paretic leg showing greater variability than the paretic leg.

Stride width variability showed a trend to differ across severity
groups (p = .045) but did not differ across the asymmetrical or DGI
groups (p > .95).

4. Discussion

Similar to other populations with gait deficits [9,18,28],
individuals with post-stroke hemiparesis had increased variability
in all spatiotemporal characteristics (except stride width) com-
pared to healthy controls (Figs. 1 and 2). While increased
variability has been related to gait deficits in impaired populations
[5,9,18,28], our study is the first to report between-leg differences
in step variability. We found between-leg differences in swing and
pre-swing time variability suggesting a direct association between
underlying paretic leg impairment and step variability. Swing time
variability on the paretic side was greater than in the non-paretic
and this difference was greatest for the most affected individuals
(severe and moderate hemiparesis, asymmetrical steps and those
at risk for falling as predicted by lower DGI scores) (Figs. 3 and 4).
Increased paretic leg step variability after stroke may relate to
neuromuscular impairments, such as altered neural inputs to the
paretic spinal half-centers, altered effects of afferent feedback to
the paretic leg and impaired inter-limb coordination during
walking. Furthermore, PPS variability showed a trend to be greater
than NPS. Prolonged time in PPS has been related to impaired
progression during hemiparetic walking [25]. The increased
variability in PPS relative to NPS suggests that these neuromotor
deficits may limit hemiparetic walking performance. Step length
variability did not differ between-legs but was greater during
hemiparetic walking compared to controls. It is likely that spatial
variables such as step length (which determines the base of
support during gait) are inherently more tightly coordinated
between-legs. Temporal variability, however, such as step-to-step
variation in one leg, can be counter-balanced by variation in the
other leg to maintain steady-state walking. Stride time variability
also increased during hemiparetic walking compared to controls.
Increased stride time variability is reported to be strongly related
to falls risk [2,7]. This suggests that increased variability post-
stroke may relate to poor dynamic balance.

In order to test the use of gait variability measures as markers of
impaired performance, we investigated the relationship between
step variability and hemiparetic performance. For example, the
ability to produce independent voluntary movements of the
paretic leg is related to motor recovery of the paretic leg and is
graded using the LE-FM (higher score—greater recovery). The
inverse relation between hemiparetic severity and step variability
suggests that variability may decrease as motor recovery
progresses. Similarly, greater step length asymmetry (both Longer
paretic and Shorter paretic groups) has been related to motor
control impairments [26]. In support of this hypothesis, our results
revealed that both asymmetrical groups presented with greater
swing time variability compared to the symmetrical group but did
not differ from each other. Moreover, the inverse relation between
DGI scores and step variability suggests that individuals showing
greater step variability may have poor dynamic balance. Specifi-
cally, DGI scores �19 are reported to identify individuals at risk of
falling [16]. In our study, hemiparetic subjects with scores �19
exhibited greater step variability.

While the overall increased step variability was related to
impaired performance (lower LE-FM score, greater asymmetry and
lower DGI score), the pattern across the sub-groups was not
consistent for all spatiotemporal parameters (e.g. between-leg
differences in pre-swing time variability was observed across
severity groups but not DGI groups). Since the stroke population is
immensely heterogeneous, we expected that the spatiotemporal
step variability patterns would differ across sub-groups, suggest-
ing that specific spatiotemporal measures are more strongly
associated with particular aspects of hemiparetic performance. For
instance, between-leg differences in swing time variability were
significant across all sub-groups of participants (severity, asym-
metry and DGI groups) suggesting that between-leg differences in
swing time variability were most strongly related to impaired
hemiparetic performance (as measured by severity, asymmetry
and DGI). Stride time variability differed across all sub-groups. In
comparison, there were no differences between-legs in step length
variability when considering the hemiparetic population as a
group. However, in individuals at risk for falling, paretic variability
was increased compared to non-paretic. This suggests that step
length differences between-legs may be unmasked in the most
impaired individuals. Nonetheless, the relatively small sample size
of the DGI subgroups could have potentially influenced these
results.

While step variability in different spatiotemporal parameters
varied across participant sub-groups, in combination; variability in
the spatiotemporal parameters strongly predicted impaired
hemiparetic performance. For instance, a participant having
markedly increased PPS variability (Fig. 3, black-bold arrow),
increased paretic step length and reduced width variability (Fig. 4,
black-bold arrow) shows impaired hemiparetic walking perfor-
mance. The inferences from other measures, however, were
inconsistent [poor balance performance (DGI = 8), moderate
hemiparetic severity, symmetric steps]. Similarly, another parti-
cipant had good balance performance (DGI = 22) but walked
asymmetrically with much longer paretic steps, again indicating
the contrasting inferences on performance as predicted by these
measures. This subject had markedly increased stride time
variability and reduced width variability (Fig. 4, red arrow).
Overall, these examples exhibit a markedly increased variability in
one or other spatiotemporal characteristic and reduced variability
in stride width. This suggests that although poor hemiparetic
performance was not consistently evident across all clinical



C.K. Balasubramanian et al. / Gait & Posture 29 (2009) 408–414 413
assessments, gait variability strongly identified impaired walking
performance.

Unlike other spatiotemporal characteristics, stride width
variability was reduced in the slower walkers when compared
to controls. Stride width is calculated in the frontal plane unlike
other spatiotemporal characteristics that are sagittal plane
measures. This suggests an inherent difference in control of this
parameter. Furthermore, in population groups susceptible to falls
(such as elderly individuals, patients with Parkinson’s disease and
community dwelling elderly), width variability is reported to be
reduced and this reduction in variability is shown to predict falls
[3,6,17]. In our study, we also observed that participants showing
markedly reduced width variability walked with wide strides. A
wider step provides a wider base of support for side-to-side motion
of the center of mass and may be accompanied by a reduction in
variability of medio-lateral foot placement to ensure steps are
consistently wide. Therefore, it is likely that the observed
reduction in width variability is compensatory to maintain
stability. Decreased width variability in comparison to increased
variability in other spatiotemporal characteristics implies that
altered variability may be specific to step characteristics and
should not be generalized.

There were some study limitations. Data were collected from a
limited number of steps that could have influenced the accuracy of
our results [29]. However, a major strength of our methodology
was the ability to measure spatial variables as well. Methods that
capture hundreds of steps are based on recording temporal
characteristics only [3]. Despite the fewer number of steps
collected, our observed patterns of gait variability were consistent
with those observed in other impaired populations [5,7,9]. Further,
use of the GAITRite based protocol is clinically relevant and
therefore, our study results have the potential to rapidly translate
to clinical settings.

Subjects with stroke walked slower and, therefore, contributed
more steps to the variability analysis than healthy controls. This
difference in available steps for analysis may have exaggerated the
difference in step variability between subject groups and affected
the relationship between severity of impairment and gait
variability within the stroke group. Further, we did not analyze
step time variability that may have limited its comparison with
step length variability and confined the subsequent discussion on
asymmetry across distance and time measures.

We also evaluated gait variability using coefficient-of-variation
(CV = standard deviation/mean) in step characteristics. Using CV to
evaluate variability may result in questionable conclusions of
increased variability, specifically when the mean value is of low
magnitude. It is also likely that the differences in stride variability
could be due to differences in strategies (i.e. length–frequency
combinations) employed to achieve a certain speed [30]. None-
theless, several studies have shown that stride variability, could be
independent of stride length and frequency [17,21]. Furthermore, it
is likely that the trial-to-trial variability in speed resulted in the
observed changes in variability. However, the speed variability did
not differ (p = .268) between participants with hemiparesis and
healthy participants, suggesting that the trial-to-trial speed varia-
tion did not contribute to the observed patterns of gait variability.

In conclusion, this study suggests that step variability is altered
in individuals with stroke compared to healthy controls and relates
to hemiparetic walking performance. Specifically, between-leg
differences in swing time and pre-swing variability, increased step
length and stride time variability and reduced width variability can
be indicative of underlying sensorimotor impairments post-stroke.
This suggests that these parameters are quantifiable measures of
impaired hemiparetic performance. Future studies should inves-
tigate the underlying causes of altered variability and the effect of
therapeutic interventions on gait variability to further validate its
use to assess hemiparetic performance.
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