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Background. Fast treadmill training improves walking speed to a greater extent
than training at a self-selected speed after stroke. It is unclear whether fast treadmill
walking facilitates a more normal gait pattern after stroke, as has been suggested for
treadmill training at self-selected speeds. Given the massed stepping practice that
occurs during treadmill training, it is important for therapists to understand how the
treadmill speed selected influences the gait pattern that is practiced on the treadmill.

Objective. The purpose of this study was to characterize the effect of systematic
increases in treadmill speed on common gait deviations observed after stroke.

Design. A repeated-measures design was used.

Methods. Twenty patients with stroke walked on a treadmill at their self-selected
walking speed, their fastest speed, and 2 speeds in between. Using a motion capture
system, spatiotemporal gait parameters and kinematic gait compensations were
measured.

Results. Significant improvements in paretic- and nonparetic-limb step length and
in single- and double-limb support were found. Asymmetry of these measures
improved only for step length. Significant improvements in paretic hip extension,
trailing limb position, and knee flexion during swing also were found as speed
increased. No increases in circumduction or hip hiking were found with increasing
speed.

Limitations. Caution should be used when generalizing these results to survivors
of a stroke with a self-selected walking speed of less than 0.4 m/s. This study did not
address changes with speed during overground walking.

Conclusions. Faster treadmill walking facilitates a more normal walking pattern
after stroke, without concomitant increases in common gait compensations, such
as circumduction. The improvements in gait deviations were observed with small
increases in walking speed.
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According to the American
Heart Association, stroke is
the leading cause of long-term

disability.1 Not surprisingly, the loco-
motor deficits observed following
stroke have a profound impact on
functional independence2 and have
been positively correlated with fall
risk and energy cost and negatively
correlated with participation in the
community.3–5 Thus, there is a grow-
ing body of literature exploring the
mechanisms underlying poststroke
gait abnormalities and possible reha-
bilitation interventions.

Treadmill training (with or without
body-weight support) has emerged
as an intervention that improves
walking speed in people who have
had a stroke.6–12 In addition, one of
the proposed benefits of treadmill
training is that it facilitates practice
of a more normal walking pat-
tern.13–16 Another benefit of tread-
mill training is that it allows massed
stepping practice.17 Thus, treadmill
training may result in repetitive,
intensive practice of a more normal
gait pattern after stroke. This gait
practice is useful for people post-
stroke because they often have sub-
stantial gait deviations. Specific devi-
ations include spatiotemporal
asymmetry among stance duration,
the duration of double-limb sup-
port,18 and step length19 of the
paretic and nonparetic limbs.9,20

Joint motions (kinematics) during
walking also often are impaired fol-
lowing stroke. These impairments in
the sagittal plane include decreased

knee flexion during swing and
decreased hip extension during ter-
minal stance on the paretic
leg.18,19,21 Abnormal kinematics in
the frontal plane include limb cir-
cumduction and hip hiking on the
paretic side during the swing phase
of gait.19,22,23

Traditionally, treadmill training stud-
ies in people poststroke have relied
on slow speeds (for a review, see
Dobkin13). Recently, however, “fast”
treadmill training has emerged as an
intervention that may improve walk-
ing speed to a greater extent than
traditional programs that train at
slower speeds poststroke.8,10 In the
2 clinical trials that examined the
effect of treadmill training speed on
outcomes, participants were trained
while walking on a treadmill at
speeds that were faster than their
self-selected speed. Despite the fact
that the determination of what con-
stituted a “fast speed” differed
between the 2 studies (in one study,
it was defined as walking as fast as
possible8; in the other study, the

walking speed was set at 1.0 m/s for
all individuals in the “fast” group10),
greater improvements in overground
walking speed were observed when
participants trained at a speed faster
than their self-selected speed. In
addition, both stride length and
cadence increased to a greater
extent following fast treadmill train-
ing poststroke.8

One of the questions that remain,
however, is whether fast treadmill
walking facilitates a more normal
gait pattern after stroke, as has been
suggested for treadmill training at
self-selected speeds.13–16 It is possi-
ble that the facilitatory effect of
treadmill walking can be enhanced
by walking faster. On the other hand,
it also is possible that fast treadmill
walking in people poststroke may
increase the gait deviations com-
monly observed, particularly com-
pensatory strategies such as circum-
duction. Detrimental changes in the
gait pattern related to fast treadmill
walking could be especially prob-
lematic given the massed stepping
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The Bottom Line

What do we already know about this topic?

Survivors of stroke typically have spatiotemporal gait abnormalities, and
these deficits have been found to have a profound impact on functional
independence. Literature continues to emerge in support of treadmill
training at various speeds, both with and without body-weight support, as
a method of treatment for these deficits.

What new information does this study offer?

This study demonstrates an improvement in many typical gait asymme-
tries after stroke when people walk on a treadmill at a faster speed than
self-selected speed, without increases in swing-phase compensations.

If you’re a patient, what might these findings mean
for you?

Walking even slightly faster than your comfortable pace while on a
treadmill can have a positive impact on some of the abnormalities in your
walking pattern after stroke.
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practice that occurs with treadmill
training.17 Two studies have exam-
ined spatiotemporal gait deficits dur-
ing a single session of fast treadmill
walking in people poststroke.21,24 In
these studies, participants walked
25% or 30% faster than their self-
selected walking speed. Both studies
examined swing time asymmetry
and showed no change at the fast
speed compared with the self-
selected speed. One study examined
stance time asymmetry and also dem-
onstrated no change at the fast
speed.24 Because these studies exam-
ined only one speed that was faster
than the participants’ comfortable
speed, it is not clear whether
changes in gait deficits would have
been observed at even faster speeds
or speeds somewhere in between.

The appropriate selection of training
parameters, such as treadmill speed,
is thought to be critical to achieving
the optimal benefit from treadmill
training.13,16 What is unclear from
both fast treadmill training inter-
vention studies and single-session
studies is what speed increase is
appropriate. Therapists must bal-
ance many competing interests
when selecting a treadmill training
speed for a patient with stroke. Lim-
itations in cardiovascular health or
balance may prevent patients from
walking as fast as possible on the
treadmill. In addition, speeds that are
too fast may lead to unwanted
changes in the gait pattern. Thus, in
developing a rationale for the proper
selection of fast treadmill training
speeds, we sought to characterize
the impact of systematic increases in
gait speed on common gait devia-
tions and compensations in individ-
uals with stroke. We were particu-
larly interested in how speed affects
not only spatiotemporal gait deficits,
which have been the focus of previ-
ous studies, but also sagittal- and
frontal-plane gait kinematics,
because they also are commonly
impaired after stroke. In addition, we

were interested in whether gait
deviations were influenced only by
walking on the treadmill at
the fastest possible speed or also by
smaller speed increases. We hypoth-
esized that spatiotemporal gait
parameters and sagittal-plane kine-
matics would improve with each
incremental speed increase, but that
kinematic compensations such as
circumduction would increase sig-
nificantly only at the fastest possible
speed. Given the massed stepping
practice that occurs during treadmill
training, it is important for therapists
to understand how the treadmill
training speed selected influences
the gait pattern that is practiced on
the treadmill.

Method
Participants
Twenty participants with chronic
stroke were recruited. All individuals
signed an informed consent state-
ment. To be included, participants
must have sustained a single stroke
at least 6 months prior to study par-
ticipation and had to be able to walk
independently at multiple speeds
with or without an ankle-foot ortho-
sis (AFO) or assistive device. Exclu-
sion criteria included uncontrolled
blood pressure or diabetes, cardio-
vascular or arthritic dysfunction
exacerbated by exercise, and active
cancer. All participants underwent
clinical testing that included the
lower-extremity portion of the Fugl-
Meyer Assessment25 and the timed
Six-Meter Walk Test (6MWT) at self-
selected speed.

Instrumentation and Procedure
Participants walked on a split-belt
treadmill instrumented with 2 inde-
pendent 6-degree-of-freedom AMTI
force platforms* from which ground
reaction force data were collected at
2,000 Hz. Kinematic data were col-
lected with an 8-camera Vicon MX

motion capture system† at 100 Hz
using a modified Cleveland Clinic
marker set. All participants held on
to the handrail and wore a safety
harness around the chest for fall pre-
vention only; it did not provide body-
weight support. Participants’ blood
pressure, heart rate, and rate of per-
ceived exertion (RPE) were moni-
tored. If participants used an AFO for
community mobility, they were per-
mitted to use this orthotic device
during the testing, but no assistive
devices were permitted (Table).

The participants were acclimated
to the treadmill as necessary. Their
overground self-selected walking
speed with AFO and without assis-
tive device was measured during the
6MWT and was used to set the free
speed while walking on the tread-
mill. Their fastest speed (fast speed)
was determined by slowly increasing
the treadmill speed until: (1) the par-
ticipant reported that he or she
could not tolerate any further
increase, or (2) the researcher deter-
mined that it was unsafe to increase
the speed. Two intermediate speeds
(FR1 and FR2) between the free and
fast speeds comprised the other con-
ditions. These intermediate speeds
were chosen to be as equally distrib-
uted as possible between the free
and fast speeds within the precision
of the treadmill speed controls. Most
importantly, the intermediate speeds
represent speeds that a therapist
might choose for treadmill training
for an individual. For each speed, the
treadmill speed was increased to the
target speed over a period of sec-
onds, and data from two 20-second
trials were collected. The order in
which the speeds were presented
was randomized.

* Advanced Mechanical Technology Inc, 176
Waltham St, Watertown, MA 02472.

† Vicon Motion Systems, 5419 McConnell Ave,
Los Angeles, CA 90066.
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Data Analysis
Visual 3D‡ was used for data process-
ing. Foot-strike and lift-off were
determined for each limb individu-
ally using an automatic algorithm in
Visual 3D. Foot-strike was identified
when the vertical ground reaction
force exceeded 20 N for at least 8
frames, and lift-off was identified
when the vertical ground reaction
force dropped below 20 N for at
least 8 frames. All gait events were
checked visually for accuracy. Spa-
tiotemporal measurements were cal-
culated for each leg, at each speed.
Temporal measures included single-

and double-limb support time.
Single-limb support time was the
time from contralateral toe-off to
heel-strike. Double-limb support time
was the time from ipsilateral foot-
strike to contralateral toe-off and was
labeled as paretic or nonparetic
double-limb support based on the
limb that was in the stance-to-swing
transition (Fig. 1A). Temporal mea-
surements were normalized by stride
time and expressed as a percentage
of the stride cycle. One spatial mea-
surement, step length, was calcu-
lated as the sagittal distance between
the right and left heel markers at
foot-strike (Fig. 1B). Step length was

labeled paretic or nonparetic based
on the leading leg.

Peak hip extension, trailing limb
angle, and peak knee flexion also
were calculated for each leg and
each speed. Peak hip extension was
defined as the greatest hip extension
angle captured during the stance
phase, and peak knee flexion was
defined as the greatest knee flexion
angle captured during the swing
phase. Trailing limb angle was
defined as the angle between the lab-
oratory’s vertical axis and a vector
created between the greater trochan-
ter and the fifth metatarsal head at
toe-off26–30 (Fig. 1C).

‡ C-Motion Inc, 20030 Century Blvd, Suite
104A, Germantown, MD 20874.

Table.
Participant Characteristics, Demographics, and Walking Speedsa

Participant
No. Sex

Side of
Paresis

Age
(y)

Months
Since

Stroke

Orthosis or
Assistive
Device

Lower-Extremity
Fugl-Meyer
Motor Score

(Maximum�34)

Free
Speed
(m/s)

FR1
(m/s)

FR2
(m/s)

Fast
Speed
(m/s)

1 M L 66 7 AFO 18 0.8 0.9 1.1 1.3

2 M L 50 100 None 19 0.9 1.0 1.1 1.2

3 M L 74 63 AFO 17 0.3 0.4 0.5 0.7

4 F L 59 15 None 31 0.7 0.8 0.9 1.0

6 M R 61 29 AFO 14 1.0 1.1 1.2 1.3

7 F L 66 21 None 21 0.4 0.5 0.5 0.6

8 F L 78 17 None 24 0.7 0.8 0.9 1.0

9 M R 57 102 None 15 0.6 0.8 0.9 1.1

10 M R 75 30 None 31 0.7 0.9 1.1 1.3

12 F L 51 9 AFO 20 0.4 0.5 0.6 0.7

13 M R 47 37 None 25 0.8 0.9 1.0 1.1

14 M R 60 57 None 25 0.9 1.0 1.2 1.3

15 M L 52 64 AFO 20 0.8 1.0 1.2 1.4

16 F R 62 41 SPC 25 0.5 0.6 0.8 1.0

39 M R 72 21 None 32 0.8 0.9 1.0 1.2

53 M R 71 70 AFO, SPC 19 0.7 0.8 0.9

67 M R 77 28 None 22 0.7 0.8 0.9 1.1

71 F L 45 23 None 23 0.9 1.0 1.1

87 M R 73 55 None 31 0.7 0.8 1.0 1.3

90 M L 78 27 SPC 23 0.5 0.6 0.7 0.9

Average (SD) 63.700
(10.868)

40.800
(27.824)

22.750
(5.359)

0.690
(0.189)

0.805
(0.193)

0.922
(0.226)

1.075
(0.227)

a FR1 and FR2 were intermediate speeds between free and fast speeds. Ankle-foot orthoses were worn during testing. Assistive devices were used by the
participants in the community, but not during testing. AFO�ankle-foot orthosis, SPC�single-point cane, M�male, F�female, L�left, R�right.
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Paretic-limb swing-phase compensa-
tion measurements, including cir-
cumduction and hip hiking, were
calculated at each speed. Circum-
duction was calculated in the frontal
plane as the maximum difference
between the bottom heel marker
during stance and the same marker
during the immediately subsequent
swing phase19 (Fig. 1D). Hip hiking
was defined as the angle in the fron-
tal plane between the pelvis position
during static standing and its maxi-
mal deviation from that position dur-
ing each paretic-limb swing phase
(Fig. 1). Symmetry of the temporal
and spatial parameters was deter-
mined using the formula31:

�1 �
paretic

nonparetic
�.

Spatiotemporal asymmetry was
determined for each participant
based on his or her symmetry values
during the free walking condition. A
participant was determined to have
an asymmetric step length if his or
her asymmetry value fell outside 1
standard deviation of perfect symme-
try.27 Temporal asymmetry was des-
ignated if this value fell outside 2
standard deviations of data for peo-
ple who are healthy. All data were
averaged across strides for a given
speed.

Data normality was confirmed using
the Kolmogorov-Smirnov test for
normality. Repeated-measures analy-
ses of variance (ANOVAs) were used
to evaluate each variable with
respect to speed (step length, single-

limb support, double-limb support,
trailing limb angle, hip extension,
knee flexion, circumduction, and
hip hiking). When the ANOVA
yielded significant results, post hoc
analyses were completed between
free speed and FR1, free speed and
FR2, and free and fast speeds using a
Bonferroni correction for multiple
comparisons. For these additional
comparisons, the corrected P value
that represented statistical signifi-
cance was P�.0167. Values for both
the paretic and nonparetic legs were
compared for the spatiotemporal
variables. For the kinematic vari-
ables, only data from the paretic leg
were compared across speeds. All

Figure 1.
Gait parameters. (A) Schematic representation of stance, swing, and double-limb support phases of a typical gait cycle. (B) Step
length is measured as the sagittal distance from one foot’s heel marker to the contralateral foot’s heel marker at heel-strike. (C)
Trailing limb angle is defined as the angle between the laboratory’s vertical axis and a vector created between the greater trochanter
and the fifth metatarsal head at toe-off. (D) Circumduction is calculated as the maximal lateral difference between the location of
the bottom heel marker during the stance phase and that same heel marker during the swing phase that immediately followed. (E)
Hip hiking is calculated as an angle in the frontal plane between the pelvis’ resting position during static standing and its maximal
deviation from that position during the stance phase.
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statistics were completed using Sta-
tistica version 6.0.§

Role of the Funding Source
This work was supported by grant
0765314U from the American Heart
Association for expenses related to
data collection, analysis, and dis-
semination of results. In addition,
instrumentation grants NIH S10
RR022396-01 (National Center for
Research Resources) and DOD
W911NF-05–1-0097 supported the
purchase of the motion capture sys-
tem and instrumented treadmill, and
grant NIH K01 HD050582 provided
partial support of the authors’ time
(D.S.R., C.M.M.).

Results
The Table contains the participant
characteristics. Across participants,
the average free speed was 0.690
m/s (SD�0.189). The average
increase between free speed and
FR1 was 0.115 m/s, from FR1 to FR2
was 0.117 m/s, and from FR2 to fast
speed was 0.153 m/s. Two partici-
pants were able to complete only
one speed between the free and fast
speeds; thus, their data were not
included in the analysis.

Spatiotemporal Gait Parameters
Figure 2 illustrates the results for the
spatial gait parameter of step length.
Participants showed an increase in
both paretic- and nonparetic-limb
step length with increasing speed
(main effect of speed for both legs,
F3,51�55.8, P�.0001, Fig. 2A). From
free speed to fast speed, the average
increase in paretic-limb step length
was 0.104 m, and the average
increase in nonparetic-limb step
length was 0.134 m. Post hoc testing
revealed a significant increase in
paretic- and nonparetic-limb step
length between free speed and each
of the other 3 speeds (P�.01 for all
comparisons). In addition, step

length asymmetry changed with
increasing speed; however, not all
participants demonstrated a step
length asymmetry at baseline (14 out
of 20 participants had asymmetric
step lengths at their free walking
speed). As a group, these individuals
showed a significant progression
toward improved symmetry with
increased speed (main effect of
speed, F3,33�3.41, P�.02, Fig. 2B).
Post hoc testing revealed a signifi-
cant improvement in step length
symmetry between free and fast
speeds (P�.003). After Bonferroni
correction, the differences between
free speed and FR1 (P�.04) and
between free speed and FR2 (P�.06)
were not statistically significant. Peo-
ple with stroke can show step length
asymmetries in either direction (eg,
for some patients, the paretic leg
takes a longer step compared with
the nonparetic leg, and for other
patients, the opposite is true).18–20

Therefore, we also evaluated the
changes in step length asymmetry in
these 2 groups separately. Partici-
pants who took longer paretic-limb
steps at their free speed (n�7)
showed improved step length asym-
metry with increasing speed (main
effect of speed, F3,12�7.88, P�.003).
Post hoc testing revealed statistically
significant differences between free
and fast speeds (P�.001). After Bon-
ferroni correction, the differences
between free speed and FR1 (P�.08)
and between free speed and FR2
(P�.04) were not statistically signif-
icant (Fig. 2C). In contrast, partici-
pants who took a shorter paretic-
limb step (n�7) showed no changes
in symmetry with speed (Fig. 2D).

Figure 3 illustrates the results for the
temporal gait parameters of percent-
age of single- and double-limb sup-
port. Percentage of single-limb sup-
port on both legs increased with
increasing speed (paretic leg: F3,51�
16.9, nonparetic leg: F3,51�28.6,
P�.0001 for both legs, Fig. 3A).
From free speed to fast speed, the

average increase in paretic single-
limb support was 2.7%, and the
average increase in nonparetic
single-limb support was 3.4%. Post
hoc testing revealed a significant
increase in all speeds for both legs
(P�.05). Percentage of double-limb
support on both the paretic and non-
paretic legs decreased with increas-
ing speed (F3,51�24.8, P�.0001 for
both legs, Fig. 3B). From free speed
to fast speed, the average decrease
in paretic double-limb support was
3.0%, and the average decrease in
nonparetic double-limb support was
3.0%. Post hoc testing revealed a sig-
nificant increase among all speeds
for both legs (P�.01). As for step
length, we also were interested in
the changes in temporal asymmetry
with increasing speed for those par-
ticipants with asymmetric support
times at baseline. Fifteen participants
had asymmetric single-limb sup-
port times at their free speed, and 12
participants had asymmetric double-
limb support times at their free
speed. These participants showed
no improvement in asymmetry with
increased speed (Figs. 3C and 3D).

Kinematic Gait Parameters
Figure 4 illustrates the results for the
kinematic parameters. Paretic hip
extension angle increased signifi-
cantly as speed increased (main
effect of speed F3,51�13.9, P�.0001,
Fig. 4A), with an average increase in
angle of 5.57 degrees from free
speed to fast speed. Post hoc testing
showed a significant increase in hip
extension angle between free speed
and FR2 and between free and fast
speeds (P�.01 for each compari-
son.) Paretic peak trailing limb angle
increased significantly as speed
increased (main effect of speed
F3,51�82.2, P�.0001, Fig. 4B), with
an average increase in angle of 4.81
degrees from free speed to fast
speed. Post hoc testing showed a sig-
nificant increase in trailing limb
angle between free speed and each§ StatSoft Inc, 2300 E 14th St, Tulsa, OK

74104.

Gait Kinematics After Stroke

March 2011 Volume 91 Number 3 Physical Therapy f 397

D
ow

nloaded from
 https://academ

ic.oup.com
/ptj/article/91/3/392/2735027 by guest on 24 April 2024



of the other 3 speeds (P�.001 for all
comparisons).

Paretic peak knee flexion during
swing increased slightly with
increasing speed, and this increase
was significant (main effect of speed,
F3,51�4.6, P�.006, Fig. 4C), with an
average increase in angle of 1.80
degrees from free speed to fast
speed. The increase in peak knee
flexion occurred between free speed
and FR2 (P�.01) and between free
and fast speeds (P�.01). Unlike trail-
ing limb position and peak knee flex-
ion, increasing speed had no impact

on paretic- leg circumduction
(Fig. 4D) or hip hiking (Fig. 4E).

Discussion
This study investigated the influence
of increasing treadmill walking speed
on the gait patterns of people with
chronic stroke in order to further
our understanding of the gait pat-
terns that are reinforced during fast
treadmill training. The results show
that some gait deviations improve
with faster treadmill speeds,
whereas others are unaffected. Fur-
thermore, the positive improve-
ments that are observed occur with

each incremental speed increase and
without concomitant increases in
swing-phase gait compensations.
These results support the idea that
facilitation of a more normal gait pat-
tern through treadmill walking post-
stroke can be enhanced by walking
faster on the treadmill. Thus, fast
treadmill walking improves the gait
pattern being repetitively and inten-
sively practiced during treadmill
training.

Spatiotemporal Parameters
Increasing treadmill speed influ-
enced both paretic-limb step length

Figure 2.
Step length. (A) Paretic- and nonparetic-limb step length averaged across all participants (N�20). P�paretic leg, NP�nonparetic leg.
(B) Step length asymmetry results across all speeds for all participants with step length asymmetry (n�14). (C) Step length asymmetry
results across all speeds for participants with a longer paretic-leg step (n�7) at free speed. (D) Step length asymmetry results across
all speeds for participants with a shorter paretic step (n�7) at free speed. FR1 and FR2 were intermediate speeds between free and
fast speeds. Asterisk indicates significant difference among speeds. “Abs” refers to absolute value of the quantity in the parentheses.
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and step length asymmetry. Step
length increased for both legs with
each incremental increase in speed.
Increased step length (rather than
increased cadence) has been associ-
ated with increased walking speed
following a treadmill and over-
ground walking program in people
poststroke.6 Specifically, improve-
ments of 0.1 m in paretic- and
nonparetic-limb step length have
been associated with significant
improvements in walking speed and
endurance following training.6 In the
present study, changes in step length
exceeded this value between the
free and fast speeds, but not
between the free speed and FR1 or

FR2. Future research is needed to
interpret the clinical meaningfulness
of the smaller improvements in step
length observed with the smaller
increases in speed. Incremental
increases in walking speed also were
related to improvements in step
length asymmetry, specifically in the
participants who normally take a
longer paretic-limb step. This finding
means that walking at even a slightly
faster speed allows these individuals
repeated practice of a more symmet-
rical step length pattern. Step length
asymmetry has been associated with
slower walking speed and reduced
paretic-leg propulsive force during
walking poststroke.26,27 Thus, prac-

tice of a more symmetrical step
length pattern may have beneficial
effects on other gait deficits after
stroke.

Single-limb support time increased
and double-limb support time
decreased on both legs with each
increase in treadmill speed. These
changes are important because
single-limb support time generally is
shorter in people with stroke com-
pared with people without neurolog-
ical deficits, whereas double-limb
support time generally is longer.32

Furthermore, the paretic-limb
changes of 2.7% to 3.0% that we
report here exceed the within-

Figure 3.
Temporal gait parameters. (A) Paretic and nonparetic single-limb support time as a percentage of the gait cycle, averaged across all
participants (N�20). (B) Paretic and nonparetic double-limb support time as a percentage of the gait cycle, averaged across all
participants (N�20). (C) Single-limb support time symmetry across all speeds for all participants with step length asymmetry (n�15).
(D) Double-limb support time symmetry across all speeds for all participants with step length asymmetry (n�12). Error bars
represent � standard error across participants. For all symmetry graphs, 0�perfect symmetry. FR1 and FR2 were intermediate speeds
between free and fast speeds. P�paretic leg, NP�nonparetic leg. Asterisk indicates significant difference among speeds. “Abs” refers
to absolute value of the quantity in the parentheses.
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session minimal detectible change
(MDC) values for these variables in
people with chronic stroke.33 This
finding demonstrates that these
changes are not simply a result of the
typical stride-to-stride variability that
is characteristic of people following
a stroke. Previous studies have exam-
ined stance and swing time asymme-
try during a single faster treadmill
walking speed poststroke and shown

no change with increased speed.21,24

Our results extend the previous find-
ings to the measure of double-limb
support and to treadmill walking at
multiple faster speeds. Our results
illustrate that regardless of the mag-
nitude of speed increase, temporal
asymmetry is not improved by faster
treadmill walking after stroke,
despite the change in individual

single- and double-limb support
times.

Kinematic Parameters
When people with stroke walk at
progressively faster treadmill speeds,
both hip extension angle and trailing
limb angle increase, as demonstrated
by our results. The changes from free
speed to every other speed in hip
extension and trailing limb angle that

Figure 4.
Kinematic gait parameters for the paretic leg across all speeds, averaged across all participants: (A) peak hip extension, (B) peak
trailing limb position, (C) peak knee flexion, (D) peak circumduction during swing, (E) peak hip hiking during swing. Error bars
represent � standard error across participants. FR1 and FR2 were intermediate speeds between free and fast speeds. Asterisk indicates
significant difference among speeds.
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we report greatly exceed the within-
session MDCs for people with
chronic stroke,33 again illustrating
that these changes are not merely a
result of typical stride-to-stride vari-
ability. In addition, previous
research suggests that the changes in
hip extension between free and fast
speeds are clinically meaningful.34 In
a study of body-weight–supported
treadmill training of people with
chronic stroke by Mulroy and col-
leagues,34 participants who were the
best responders (improvements in
walking speed of 0.8 m/s or greater)
showed improvements in hip exten-
sion similar to the increases between
the free and fast speeds found in the
current study. These findings suggest
that hip extension increases found
with fast walking are likely to be clin-
ically meaningful because they are
associated with meaningful changes
in walking speed after training.

Trailing limb angle (the angle
between the laboratory’s vertical
axis and a vector connecting the
greater trochanter and the fifth meta-
tarsal head) captures hip extension
and knee and ankle angle at terminal
stance in a single measure. This
angle is biomechanically important
for forward propulsion of the body.
A better trailing limb angle at transi-
tion from stance to swing enables a
greater component of the ground
reaction force to be generated
anteriorly and, thus, facilitate for-
ward propulsion.26,27,30 In addition,
greater anterior ground reaction
force is thought to facilitate
improved knee flexion during
swing.35 Thus, an increase in trailing
limb angle may be important for
these aspects of walking in people
poststroke.

There was a significant improvement
in peak knee flexion with increased
walking speed in our group of peo-
ple with stroke. However, this
increase was, on average, only 1.8
degrees between the free and fast

speeds. Thus, although there was a
statistically significant difference
between speeds, the magnitude of
the increase was relatively small and
does not exceed the within-session
MDC.33 This finding is consistent
with a qualitative report that walking
30% faster than self-selected speed
had little effect on peak knee flexion
poststroke.21 The results of this
study suggest that increased tread-
mill walking speed has a limited
effect on knee flexion during swing
poststroke.

The gait deficits of circumduction
and hip hiking did not change with
increasing treadmill speed in this
group of people with chronic stroke.
It has been suggested that circum-
duction and hip hiking are compen-
sations for decreased paretic knee
flexion during swing in people post-
stroke.19,22,23 If faster walking speeds
exaggerate “stiff-knee gait,”36 one of
the concerns is that circumduction
and hip hiking may increase at faster
speeds to compensate for this
decreased paretic knee flexion. The
fact that these compensations did
not increase with increasing speed is
consistent with our finding that knee
flexion did not worsen and even
improved slightly with faster speed.
Thus, the hypothesis that fast tread-
mill walking will increase the gait
deviations of circumduction and
hip hiking is not supported by the
results.

How Fast Is Fast Enough?
Our results demonstrate that
improvements in gait deficits during
treadmill walking in people post-
stroke may be achieved at speeds
below a person’s maximal speed.
This finding is important because
treadmill training at maximal speed
is not always possible or safe after
stroke. Secondary diagnoses com-
mon in those who have had a stroke
(eg, heart disease, bone and joint
abnormalities, hypertension) or the
risk or fear of falling might limit the

walking speed patients can achieve
on the treadmill. In addition, many
patients with stroke may not be able
to sustain their maximal walking
speed for sufficient time to effect a
meaningful change from treadmill
training. Thus, the finding that max-
imal walking speed is not required to
achieve improvements in poststroke
gait is powerful, as it could substan-
tially expand the poststroke popula-
tion that would benefit from tread-
mill training at a speed faster than
self-selected speed.

Even small increases in speed result
in improvements in the gait pattern
practiced during treadmill training.
For example, trailing limb position
increased by approximately 2
degrees with every 0.1-m/s increase
in speed (Fig. 4). These results may
help in decision making regarding
speed selection for poststroke tread-
mill training. The physical therapist
often must balance competing
needs, such as safety and endurance,
with the desire to have a patient
walk faster during treadmill training.
Our results suggest that although a
faster speed is better, even small
increases in speed produce benefi-
cial changes in terms of the gait pat-
tern being practiced.

Limitations
There are several limitations to the
findings of our study. First, the sam-
ple size was small, and the sample
contained individuals with a primar-
ily intermediate to high level of
ambulatory function poststroke.
According to Perry and colleagues’
classification, 2 individuals in our
sample would be considered house-
hold ambulators, 10 would be con-
sidered limited community ambula-
tors, and 8 would be considered
unlimited community ambulators.3

Therefore, although these data do
represent the response of people
poststroke across a range of walking
speed abilities, the number of indi-
viduals in the slowest category (�0.4
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m/s) was small. Future research is
needed to determine whether our
results can be substantiated in a
larger group of participants with
slow (�0.4 m/s) self-selected walk-
ing speeds.3 In addition, although
the range of lower-extremity Fugl-
Meyer motor scores in our study is
similar to scores found in other stud-
ies investigating walking in people
with chronic stroke,19,37,38 care
should be taken when generalizing
the results to those with lower-
extremity Fugl-Meyer motor scores
lower than 14.

Second, participants were permitted
to ambulate both with their AFO and
while holding on to a handrail during
the testing. It is well known that
handrail support may affect the walk-
ing patterns observed on the tread-
mill.21 Chen et al21 reported an
increase in paretic single-limb sup-
port time and overall temporal sym-
metry with the introduction of a
handrail during treadmill walking.
Interestingly, Kuys et al39 found sim-
ilar improvements in overground
hemiparetic walking patterns when
they compared a group of people
who trained by walking overground
with a group who trained on a tread-
mill with handrail support. Thus,
despite potential complications asso-
ciated with the use of the handrail on
a treadmill, there is evidence sug-
gesting that beneficial effects may
result, including carryover to over-
ground walking in patients with
hemiparesis. Specifically related to
the design of the current study, stud-
ies of fast treadmill training follow-
ing stroke have allowed handrail sup-
port10,17 and AFO use,8,17 and it is not
uncommon for handrail support and
AFOs to be used during clinical phys-
ical therapy treatments. To date, no
information is available on how
handrail use may change as an indi-
vidual with hemiparesis is required
to walk at faster speeds.

Finally, the goal of this study was to
characterize gait parameter changes
with fast treadmill walking. It is
important to note that the improve-
ments observed with fast walking on
the treadmill may not translate to
overground walking.

Conclusions
The results of this study demonstrate
that, in addition to greater improve-
ments in walking speed,8,10 faster
treadmill walking results in massed
practice of a more normal walking
pattern after stroke without concom-
itant increases in common gait com-
pensations such as circumduction.
Because treadmill training is a com-
mon treatment intervention, this
information can assist therapists in
assessing how selection of treadmill
training speed will influence a
patient’s gait deviations. Further-
more, because improvements in gait
deviations with faster walking can
be observed with small changes in
walking speed, even when the ther-
apist is unable to increase speed to
a patient’s maximum, specific
improvements of the gait pattern can
be expected.
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