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Walking Speed Adaptability and Speed-related Changes in
Spatiotemporal Gait Parameters, Symmetry, and
Variability of Hemiplegic Gait in Patients following Stroke

Hui-Ya Chen' Yu-Hsiu Chu*® Hsiu-I Chen® Wen-Chih Lo’
Suh-Fang Jeng®® Pei-Fang Tang”’

Purpose: Walking speed adaptability is essential in activities of daily living. We investigated
walking speed adaptability and walking speed associated changes in spatiotemporal charac-
teristics of gait parameters, symmetry, and stride-to-stride variability in hemiplegic gait of
stroke patients. Methods: Nineteen patients following a single onset of stroke walked at their
comfortable, fast, and slow speeds for six trials each without using any assistance or device.
Walking speed, spatiotemporal gait parameters, step length asymmetry index (a spatial asym-
metry index), single support time asymmetry index (a temporal asymmetry index), and stride-
to-stride variability of spatiotemporal gait parameters were investigated for each walking speed
condition. Results: The fast, comfort, and slow walking speeds of the subjects were 1.01+0.30,
0.66+0.18, and 0.43+0.19 m/sec, respectively, and were significantly different from each other
(p<0.017). There were also significant differences in the majority of the investigated spatio-
temporal gait parameters, except for stride width, across the three speed conditions (p<0.017).
The stride-to-stride variability of all investigated gait parameters, except for stride width, and
the single support time asymmetry index were significantly greater in the slow-speed walking
condition than in the other two speed conditions (p<0.017). Conclusions: Walking speed adapt-
ability is preserved, but limited, in hemiplegic patients following mild to moderate stroke. These
patients are able to modulate spatiotemporal gait parameters of both unaffected and affected
legs to achieve such adaptability. Patients presented the greatest temporal asymmetry and stride-
to-stride variability in most of the spatiotemporal gait parameters while walking at slow speed,
compared to walking at the other two speeds. We suggest that to enhance walking speed adapt-
ability, symmetry, and stride-to-stride consistency, patients with stroke may practice walking at
their comfortable and fast speeds, instead of at a slow speed cautiously. (FIPT 2011:;36(1):9-19)
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Walking speed adaptability is essential in activities of
daily living." Patients with stroke typically walk at a slower
speed compared to age-matched healthy adults.”® These pa-
tients also show a smaller range of achievable walking speeds
than healthy adults.™ The comfortable and fastest walking
speeds of these patients are in general slower than those of
healthy adults.*® These phenomena suggest that stroke patients
present a decreased ability to alter walking speed according
to environmental or task demands. Insufficient walking speed
adaptability may render these patients at a higher risk of falls
or injuries when they face sudden changes in environmental or
task demands.

When healthy individuals change their walking speed, the
spatiotemporal characteristics of gait parameters change con-
currently.”® Turnbull et al.” found that similar to healthy adults,
patients with stroke achieved different walking speeds also by
adjusting their stride time and stride length. However, little is
known regarding whether stroke patients have difficulty modu-
lating other spatiotemporal gait parameters, such as the stance
and swing time, or whether they would modulate the gait pa-
rameters of both the affected and unaffected lower extremities
differently when they adopt various walking speeds. Given the
23910 and that left-right

temporal and spatial asymmetry may serve as a good indicator
9.10

asymmetric nature of hemiplegic gait
for the functional level of hemiplegic gait,”" it would be im-
portant to know how adopting different walking speeds affect
left-right symmetry in hemiplegic gait.

In addition to left-right asymmetry, stride-to-stride vari-
ability is another gait parameter that is of functional and safety
relevance and may also show speed-related changes within the
same hemiplegic individuals. Brandstater et al.” demonstrated
that patients with stroke who could walk faster also presented
less variable gait patterns. Many researchers have suggested
that variability of gait parameters is highly associated with the

history or likelihood of falls in older adults,*'®

17,18

with cognitive
dysfunction in older adults, " or with the severity of disease
in patients with Parkinson’s disease.'”** These research findings
imply that stride-to-stride consistency in spatiotemporal gait
parameters is an important indicator of steadiness, function,
and safety of ambulation in older adults and in patients with
neurologic disorders.

Therefore, we conducted this study to further understand

walking speed adaptability and walking speed associated
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changes in spatiotemporal characteristics of gait parameters,
symmetry, and stride-to-stride variability in patients with
stroke. Stroke patients who were able to walk independently
without using any assistive device were tested when they
walked at their fast, comfortable, and slow speeds. We hypoth-
esized that these patients could modulate all spatiotemporal
characteristics of gait parameters of the unaffected leg, but not
those of the affected leg. We also hypothesized that the left-
right symmetry and stride-to-stride consistency would be the
best in the slow-speed condition and worst in the fast-speed
walking condition. While the examination of walking speed re-
lated changes in spatiotemporal gait parameters may shed light
on the mechanisms through which hemiplegic patients achieve
walking speed adaptability, the investigation of left-right asym-
metry and stride-to-stride variability would lead to better un-
derstanding of speed related changes in function and safety of

hemiplegic gait.

METHODS

Participants

Nineteen patients with hemiplegia or hemiparesis result-
ing from a single cerebral vascular accident recruited from the
National Taiwan University Hospital (NTUH) participated in
this study. The inclusion criteria were being able to commu-
nicate with others and to walk independently for at least 50 m
with rest intervals, but without any assistive device or foot or-
thosis. The exclusion criteria were uncontrolled medical condi-
tions, recurrent stroke attacks, cognitive disturbances, aphasia,
perceptual disorders, and other known neurologic or musculo-
skeletal disorders.

The participants included 16 males and 3 females (Table
1.). The mean age and post-stroke onset days were 57.0+
10.1 years (range, 39.0-72.8y) and 99.8+107.6 days (range,
21-367d), respectively. Twelve of them were right hemiparetic
and the remainder, left. The etiology was cerebral hemorrhage
for 10 of the participants and ischemia for the others (Table 1.).
The mean Fugl-Meyer motor scores” of the affected upper and
lower extremities and balance were 45.0+18.7, 30.1+3.0, and
12.4+1.1, respectively, suggesting that these patients had mild
to moderate motor and balance impairment. The mean Barthel

Index” score was 87.6+12.1, suggesting that patients had mild
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Table 1. Subject characteristics

Subject Sex (’:(f:) P‘g;ﬂoy::‘“ He";'i‘;':g‘“ Etiology FM-U FM-L FM-B BI
1 M 68.0 339 R Infarction 58 32 14 95
2 M 52.1 115 R Hemorrhage 59 29 13 90
3 M 64.3 103 R Hemorrhage 18 30 11 95
4 M 5l.5 31 L Hemorrhage 63 29 12 g5
5 M 45.8 32 i Hemorrhage 65 33 12 80
6 F 70.3 34 L Infarction 40 30 11 75
7 M 50.3 367 R Hemorrhage 58 28 12 100
8 M 58.2 28 R Infarction 40 33 12 75
9 M 52.4 47 R Hemorrhage 18 30 12 90
10 M 46.9 30 R Infarction 15 28 12 85
11 M 64.2 62 R Infarction 66 33 12 100
12 M 54.7 226 L Infarction 59 33 14 95
13 M 72.8 21 R Hemorrhage 65 29 13 90
14 M 70.0 68 R Infarction 66 34 14 100
15 M 69.3 215 L Hemorrhage 30 27 13 90
16 M 39.0 88 R Hemorrhage 44 24 12 100
17 F 48.8 22 L Hemorrhage 30 34 12 85
18 F 46.2 23 L Infarction 18 24 10 70
19 M 58.1 45 R Infarction 43 31 14 55

Abbreviations: FM-U, Fugl-Meyer motor score of affected upper extremity; FM-L, Fugl-Meyer motor score of affected lower extremity; FM-B, Fugl-

Meyer balance score; Bl, Barthel Index.

residual limitation in activities of daily living. All of the partici-
pants signed an informed consent form approved by the Ethics
Committee of the NTUH.

Equipment

An instrumented gait mat (3.8m long x 0.6m wide) (Gait-
Mat™11, E.Q. Inc., USA) was placed at the center of a 6-m-
long walkway to record spatiotemporal information of gait.
The mat was equipped with electronic pressure switches evenly
arranged in 40 rows by 256 columns. The distance between ad-
jacent switches was 1.5 cm, giving rise to a spatial resolution of
1.5 cm. The “on” and “off” signals registered by these switches
indicated the location and time at which a subject’s foot made
a contact with and a release from the mat, respectively, as the
subject walked on the mat. This spatiotemporal information of
the switch signals was collected and recorded at 200 Hz with
the GaitMat"II software. One dummy mat (1.1m long x 0.6m
wide) with similar surface material to the gait mat, but not

instrumented with pressure switches, was placed next to each

end of the gait mat to make the beginning and ending parts of
the 6-meter-long walkway, respectively. The use of the dummy
mats was to ensure that when subjects walked onto the gait
mat in a walking trial, they were already in the steady speed of
walking; and thus the acceleration and deceleration phases of a
walking trial were eliminated from walking speed calculation.
The reliability and validity of using the GaitMat™II system in

clinical gait analysis has been established previously.z“24

Procedures

In the walking experiment, subjects were asked to walk
at their self-perceived comfortable, fastest, and slowest speeds,
respectively, in the comfortable-, fast-, and slow-speed condi-
tions. Six trials of walking at each speed condition were tested
for all subjects. To minimize the influence of task and environ-
ment unfamiliarity on the walking performance, each subject
undertook the comfortable-speed condition first, the fast-speed

condition next, and the slow-speed condition last.
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The subjects wore their comfortable walking shoes with-
out using any assistive device or foot orthosis during the walk-
ing experiment. They were given at least three practice trials of
each speed condition to familiarize themselves with the tasks
and the experimental setting. In each trial, the subjects walked
along the 6-m-long walkway at the designated self-perceived
speed. Subjects were reminded of walking at the same per-
ceived speed as much as they could across the 6 trials of the
same walking-speed condition. A rest of 2 to 5 minutes was

given between different waking-speed conditions.

Data Analysis

Walking speed and twelve spatiotemporal gait param-
eters, including cadence, stride length, stride width, double
support time, as well as step length, stance time, swing time,
and single support time of both legs, were calculated and
recorded for each walking trial by using the GaitMat™II
software. The left-right spatial and temporal asymmetry was
quantified by calculating the step length asymmetry index (=

step length of affected leg
~ step length of unaffeceted leg

) and single support time

asymmetry index (= 1-

spectively.” The greater these indices were, the more the asym-

single support time of affected leg b
; : , Te-
single support time of unaffected leg

metry. The stride-to-stride variability of all, but cadence, of the
spatiotemporal gait parameters in each walking-speed condition
was calculated using the coefficients of variance (CV) (= stan-
dard deviation/mean x 100%) equation across all the gait cycles

collected from the six walking trials.

Statistical Analysis

Separate one-way repeated measures analysis of variance
(ANOVA) was performed to investigate differences in walk-
ing speed, spatiotemporal gait parameters, spatial and temporal
asymmetry indices, and stride-to-stride variability across the
three walking-speed conditions using the SPSS for Windows,
version 15.0 (SPSS Inc., Chicago, Illinois 60606, USA). Sta-
tistical significance for all analyses was set at p<0.05. Post-hoc

analyses were performed with Bonferonnie adjustments.

RESULTS
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Walking Speed Adaptability

Figure 1. shows the three walking speeds of 19 individual
subjects. Statistical results revealed that walking speed in the
fast-speed condition (1.01+0.30 m/sec) was significantly faster
than that in the comfortable-speed condition (0.66+0.18 m/sec)
(p<0.017), which in turn, was significantly faster than that in
the slowest-speed condition (0.43+0.19 m/sec) (p<0.017) (Table
2.). Thus, the subjects were able to change walking speed ac-
cording to the experimenter’s instructions. The mean range
of achievable walking speed (fast walking speed minus slow
walking speed) of all subjects was 0.58+0.21 m/sec (range= 0.28
-0.96 m/sec). When analyzing the relationships of the range of
achievable walking speed with the slow, comfortable, and fast
speeds of these patients, we found Pearson correlations of 0.10
(p=0.68), 0.48 (p=0.04), and 0.78 (p<0.0001), respectively,
indicating that stroke patients who had quicker comfortable and
fast walking speeds also had a wider available range of walking
speed or better walking speed adaptability.

Speed-Related Changes in Spatiotemporal
Parameters

Table 2. presents the values of spatiotemporal gait pa-
rameters of the three walking-speed conditions for all subjects.

All these parameters, but the stride width, were significantly

Walking Speed (m/sec)

Slow Comfortable Fast

Walking Speed Conditions
Fig 1. Plot of the slowest, comfortable and fastest walking
speeds of each subject. A dot ( * ) indicates the speed

for each subject in a walking speed condition.
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Table 2. Walking speed and spatiotemporal gait parameters in three walking speed conditions

Gait Parameters Slow Comfortable Fast
Walking speed (m/sec) 0.43%+0.19 0.66+0.18" 1.01%0.30™
Cadence (steps/sec) 1.17£0.25 1.48£0.25 1.83+0.27"
Stride length (m) 0.722:0.20 0.89+0.14 1.10%+0.217"
Stride width (m) 0.170.03 0.17%0.04 0.16+0.04
Step length (m)

Unaff. side 0.35+0.10 0.44+0.08 0.54+0.13™"

Aff. side 0.37%0.10 0.44+0.07" 0.55+0.09""
Stance time (sec)

Unaff. side 1.35+0.38 0.9940.21° 0.75%+0.14™"

Aff. side 1.220.30 0.90+0.16 0.69+0.11""
Swing time (sec)

Unaff. side 0.45+0.07 0.42+0.07" 0.38£0.04"

Aff. side 0.582-0.12 0.50+0.10" 0.44+0.07""
Single support time (sec)

Unaff. side 0.58+0.12 0.500.10° 0.44+0.07""

Aff. side 0.45+0.07 0.42+0.07 0.38+0.04™"
Double support time (sec) 0.38%0.15 0.24+0.07 0.15+0.05""

Abbreviations: unaff, unaffected; aff, affected.

Values reported as mean =SD.

* Significantly different from the slow-speed condition at p<0.017 level.

" Significantly different from the comfortable-speed condition at p<0.017 level.,

Table 3. Coefficients of variance of gait parameters in three walking speed conditions

Gait Parameters Slow Comfortable Fast
Stride length 0.08+0.03 0.06%0.02° 0.05+0.02
Stride width 0.11+0.04 0.12+0.04 0.160.06™
Step length

Unaff. side 0.11%0.05 0.08+0.04" 0.07+0.04"

Aff. side 0.10+0.04 0.08+0.03 0.07+0.02°
Stance time

Unaff. side 0.08+0.03 0.07+0.03 0.06+0.02

Aff. side 0.08+0.03 0.070.03 0.06%0.03
Swing time

Unaff. side 0.14+0.07 0.09+0.05" 0.08+0.05

Aff. side 0.11£0.05 0.08£0.03 0.07£0.03
Single support time

Unaff. side 0.1120.05 0.08+0.03 0.07+0.03

Aff. side 0.14+0.07 0.09£0.05 0.08+0.05
Double support time 0.15£0.04 0.160.06 0.16%0.05

Abbreviations: unaff, unaffected; aff, affected.

Values reported as mean = SD.

* Significantly different from the slow-speed condition at p<0.017 level.

" Significantly different from the comfortable-speed condition at p<0.017 level.
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different across the three walking-speed conditions (p<0.05).
Cadence, stride length, and step length were the greatest in the
fast-speed condition and smallest in the slow-speed condition
(p<0.017). The stance time, swing time, single support time,
and double support time were shortest in the fast-speed condi-

tion and longest in the slow-speed condition (p<0.017).

Speed-Related Changes in Spatial and Tem-
poral Asymmetry Indices

Figures 2. and 3. present the step length and single support
time asymmetry indices in the three walking-speed conditions,
respectively. There was no significant difference in the step
length asymmetry index among the three walking conditions.
The single support time asymmetry index was significantly
greater in the slow-speed walking condition than in the other
two conditions (p<0.017). No significant difference was found
in single support time asymmetry index between the comfort-
able- and fast-speed conditions.

Speed-Related Changes in Stride-to-Stride
Variability

Table 3. presents the values of the CVs of eleven spa-
tiotemporal gait parameters. Most of the spatiotemporal gait
parameters showed the greatest stride-to-stride variability in the
slow-speed condition and smallest variability in the fast-speed
condition, except for stride width and double support time. The
CVs were greater in the slow-speed condition than in the fast-

speed condition for nine of the eleven investigated variables
0.4

0.3

0.2
o1 |03 Joa3

0.1

0

Slow  Comfortable Fast

Step Length Asymmetry Index

Walking Speed Conditions

Fig. 2.Means and standard deviations of the step length
asymmetry indices for the slow-, comfortable- and fast-

speed conditions.

14

Chen et al.

(p<0.017, Table 3.). There were no significant differences in the
CVs between the comfortable- and fast-speed conditions for the
same nine variables (p>0.017). Six of these nine variables, in-
cluding stride length, step length of the unaffected leg, as well
as swing time and single support time of both legs, also showed
significantly greater CVs in the slow-speed condition than in
the comfortable-speed condition (p<0.017). In contrast, the CV
of stride width in the fast-speed condition was significantly
greater than those in the comfortable- and slow-speed condi-
tions (p<0.017). There was no significant difference in stride-
to-stride variability of double support time across the three

conditions.

DISCUSSION

This study investigated walking speed adaptability and
walking speed associated changes in spatiotemporal gait pa-
rameters, left-right asymmetry and stride-to-stride variability in
independently ambulatory stroke patients. We targeted at this
patient group because with their independence walking abil-
ity, these patients also face a high challenge of walking adapt-
ability in their daily living. Our results demonstrated that these
patients were capable of adapting different walking speeds
when instructed to walk at their comfortable, fastest and slow-
est speeds. Contrary to our hypothesis, these patients were able
to change walking speeds through adjusting the spatiotemporal

gait parameters of both the affected and unaffected legs. How-

0.4
g x *
B2 03 | [
e <
£ 0.21 I
5% 02 0.17 [ 0.15
o8
= >
2201
w

0
Slow Comfortable Fast

Walking Speed Conditions

Fig. 3.Means and standard deviations of the single support
time asymmetry indices for the slow-, comfortable- and
fast-speed conditions. Asterisk (*) indicates significant
difference compared to the fast- and comfortable-speed
conditions (p<0.017).
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ever, changes of walking speed significantly affected temporal
asymmietry between legs and stride-to-stride variability in these
patients. In particular, in the slow-speed condition, the single
support time asymmetry index and stride-to-stride variability
of most the spatiotemporal parameters were the greatest, com-
pared to the other two conditions. These results suggest that as
stroke patients change their walking speed, there are associated
changes in the left-right temporal symmetry and stride-to-stride
variability of their gait patterns. Accordingly, the function and
safety of their walking may be jeopardized when they are per-

forming such adaptive behaviors.

Limited Walking Speed Adaptability in
Stroke Patients

Generally speaking, patients in this study were able to in-
crease and decrease their walking speeds by approximately 0.35
m/sec (50%) and 0.23 m/sec (33%) from the comfortable walk-
ing speed, respectively. Similarly, Bohannon® found that inde-
pendently ambulatory stroke patients who could walk with or
without a device and whose mean comfortable walking speed
was 43.5 m/sec were able to safely and significantly increase
walking speed by approximately 48% of their comfortable
walking speed. The mean range of achievable walking speed of
our patients was 0.58 m/sec, a value similar to what Turnbull,
Charteris, and Wall reported.® This range of achievable walk-
ing speed was much smaller compared to those of healthy older
adults of similar age (0.90-1.10 m/sec).”®

When further examining the nature of the decreased walk-
ing speed adaptability in our stroke patients, it was found that
these patients presented greater difficulty with speeding up than
with slowing down to the walking speed comparable to those
of healthy adults. Leiper & Craik™ reported that the slowest,
comfortable, and fastest walking speeds of healthy older adults
were approximately 0.38-0.47 m/sec, 0.89-1.03 m/sec, and
1.29-1.49 m/sec, respectively. Thus, whereas the slow walking
speed of our patients was comparable to that of healthy older
adults, their comfortable and fast walking speeds were much
slower. In fact, the fast walking speed of our stroke subjects ap-
proximates the comfortable speed of healthy older adults. Since
we found that stroke patients who had quicker comfortable and
fast walking speeds also had a wider available range of walk-
ing speed, it was therefore the comfortable and fast walking

speeds, not the slow walking speed, that primarily contribute to

Chen et al.

walking speed adaptability in patients with stroke. It is impor-
tant to note that the comfortable walking speed of our patients
only allows them to perform limited community ambulation.”
Only when they walked at their fast speed, were they possible
to achieve the walking speed required for unlimited community

walking- 0.80 m/sec.”’

Speed-associated Changes in Spatiotemporal
Gait Parameters

Similar to the findings of Turnbull et al.,® we also found
that patients with mild to moderate stroke, who were able to
walk independently, can modulate spatiotemporal gait param-
eters when they adopt different walking speeds. However, our
investigation of speed-associated changes in spatiotemporal
gait parameters of both legs allowed further understanding of
whether stroke patients were able to modulate movement of
the affected and unaffected legs to achieve different walking
speeds. The results rejected our hypothesis and suggested that
these patients achieved walking speed adaptability by modulat-
ing the spatiotemporal gait parameters of both the unaffected
and affected lower extremities, rather than by the sole effort
of the unaffected leg. We therefore speculated that the mecha-
nisms through which these patients were able to adopt different
walking speeds may come from the modulation of the descend-
ing central drives that are involved with interhemispheric and
interlimb coordination. This speculation needs further investi-
gation. In addition, the only gait parameter that did not reveal
speed-associated changes was stride width, suggesting that
when these patients adopted different walking speeds, they pri-
marily modulated the forward progression movements, not the

lateral movements, of the two lower extremities.

Speed-associated Changes in Spatial and
Temporal Asymmetry

Our results showed that changes of walking speed signifi-
cantly affected temporal asymmetry, but not spatial asymmetry,
between the two lower extremities in these patients. The finding
that the single support time asymmetry index was the greatest
in the slow-speed walking condition was contrary to the con-
ventional belief in clinical practice that walking at a conscious-
ly controlled slow speed may reduce gait abnormalities, such as
asymmetry, of hemiplegic gait.” We speculated that subjects’

inability to maintain a sufficient single support time (>0.5 sec)
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with affected leg in the slow-speed condition may cause the
increased temporal asymmetry in this condition.

Furthermore, we found no significant difference in step
length and single support time asymmetry indices between the
comfortable-speed and fast-speed walking conditions. Thus,
walking fast does not exacerbate hemiplegic gait asymmetry.
Our results were in congruent with research findings which
suggest that walking speed and symmetry in fact may measure

different features of gait control in stroke patienls.zs‘zq‘}o

Speed-associated Changes in Stride-to-stride
Variability

A previous study showed that nondisabled children and
children with cerebral palsy presented an optimal walking con-
trol, indicated by least variability in intra-limb and inter-limb
coordination, while walking at a model-derived preferred stride
frequency at comfortable speed on a treadmill.” Those results
were made in comparison to non-preferred lower and higher
stride frequency. Our subjects performed overground walking
and selected their own comfortable, fast, and slow speeds, as
well as their preferred stride frequency. Our results showed
that most of the investigated spatiotemporal gait parameters
demonstrated the greatest stride-to-stride variability in the
slow-speed condition. The increased stride-to-stride variability
while these patients walk at their slow speed has clinical impli-
cations for severity of hemiparesis and for walking safety. In a
recent study investigating the relationship between variability
in spatiotemporal gait parameters and degree of hemiparesis
in stroke patients, Balasubramanian et al.** found that greater
step length, swing time, and stride time variability was associ-
ated with more severe hemiparesis. Our findings of slow-speed
walking associated greater stride-to-stride variability imply
that walking slowly may limit patients’ ability to fully exploit
the muscle strength that they have already regained during
the recovery course. Furthermore, previous research has also
shown that high stride-to-stride variability of gait parameters is
significantly associated with risks of falls in older adults and in
patients with neurologic diseases.'”* Slow walking, therefore,
does not necessarily guarantee a safer walking strategy for
stroke patients.

Another interesting finding was these patients presented
the highest stride-width variability while walking at the fast
speed, a trend different from other gait parameters. Similarly,
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Balasubramanian et al.”” reported that decreased stride width
variability was associated with more severe hemiparesis in
chronic stroke patients. We speculated that the greater stride
width variability while walking at fast speed may indicate a
subject’s ability to manage more degrees of freedom, in both
the anteroposterior and lateral directions, as they were aim-
ing to move forward at fast speed. On the other hand, as these
patients were walking slowly, they may reduce the variability
in stride width as a trade off to manage the greater variability
in the progression direction, that is, in step length, stance time,
and swing time.

One important issue is- what causes the better stride-
to-stride consistency in fast-speed walking? We speculated
that this could be due to increased descending motor drive,”
increased joint stiffness,™ or increased activation of cortical
areas involved with motor planning and programming.”® Using
a near-infrared spectroscopic imaging technique, Suzuki and
colleagues recently found that as healthy adults walked faster,
the level of oxygenated hemoglobin in bilateral prefrontal and
premotor cortices also increased.” Therefore, we postulate that
walking at comfortable and fast speeds may also increase the
activation of bilateral prefrontal and premotor cortices in stroke
patients; which then leads to better locomotion programming
and hence better stride-to-stride consistency of hemiplegic gait
patterns. However, further testing of all these possibilities is

needed.

Clinical Implications

Contrary to the common clinical belief that gait abnor-
malities may be exacerbated when stroke patients walk at fast
speed,” our results showed no increase in gait asymmetry or
stride-to-stride variability for most of the spatiotemporal gait
parameters as these patients walked at their fast speed, com-
pared to walking at their comfortable speed. In contrast, the
temporal asymmetry, as well as stride-to-stride variability in
the majority spatiotemporal gait parameters, was the greatest in
slow-speed walking compared to fast- and comfortable-speed
walking. Given that patient’s comfortable and fast walking
speeds were positively related to patient’s range of achievable
walking speed, we speculated that patients who practice com-
fortable- and fast-speed walking often will be likely to improve
their comfortable and fast walking speeds, which in turn will
improve their range of achievable walking speed. Indeed, past
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research has shown that stroke patients who receive treadmill
walking training at higher than their comfortable speed, with®
or without partial body weight support,” better improve their
overground walking speed than those who are trained to walk
at or below their comfortable walking speed. Consistent with
this previous research, our findings also suggest that in terms of
walking speed adaptability, symmetry, and consistency, com-
fortable- and fast-speed walking would be recommended for
stroke patients. However, kinematic, kinetic, and elecrtromyo-
graphic data are still needed to fully explore the biomechanical
changes with walking speed in stroke patients and to investi-
gate whether walking at comfortable and fast speeds is also as-

sociated with better dynamic stability during walking.

Limitations

There are three major limitations of this study. First, the
order of the walking-speed conditions was not randomized
across the subjects due to the concern of subjects’ safety and
familiarity with the tasks. This testing order may cause an un-
desirable order effect on the results. However, we speculate that
the fixed sequence should not have a significant impact on our
results because sufficient resting time (2-5 minutes) was given
between conditions, at least three practice trials were given
before the testing of each condition, and there were significant
differences on almost all spatiotemporal parameters across the
three walking-speed conditions. Nevertheless, randomization
of the testing order of different walking-speed condition is sug-
gested to future studies of this type. Second, the subjects in this
study all had mild to moderate stroke and were able to walk in-
dependently without any assistance and device. Generalization
of our results to patients with more severe stroke needs to be
made with caution. Last, we only investigated spatiotemporal
gait parameters in this study. Future research that simultane-
ously acquires kinematics, kinetics, and electromyographic data
will provide more in-depth insight into the mechanisms through

which the walking speed adaptability is achieved.

CONCLUSIONS

The present study showed that patients with stroke who
are able to walk independently without using any assistance

or assistive device preserve partial walking speed adaptability.

Chen et al.

They were able to achieve such adaptability by modulating the
spatiotemporal gait parameters of both the affected and unaf-
fected legs. However, the slower comfortable and fast walking
speeds of these patients, compared to healthy adults, may still
render these patients at a high risk of danger in emergency situ-
ations. Patients presented the greatest temporal asymmetry and
stride-to-stride variability in most of the spatiotemporal gait
parameters while walking at slow speed, compared to walking
at the other two speeds. We suggest that to enhance walking
speed adaptability, symmetry, and stride-to-stride consistency,
patients with stroke may practice walking at their comfortable
and fast speeds, instead of at a slow speed cautiously.
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