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Abstract—The effects of task-repetitive locomotor training on
stroke patients’ spatial and temporal gait parameters during
unassisted walking are not well understood. This study deter-
mined the effects of treadmill aerobic exercise (T-EX) on spatial
and temporal gait parameters that underlie changes in over-
ground walking function. Thirty-nine subjects with hemiparetic
stroke underwent T-EX three times weekly for 6 months. We
measured the subjects pre- and posttraining on 30-foot timed
walks and 6-minute distance walks with usual assistive devices
and on an 8 m instrumented walkway without assistive devices.
T-EX improved 30-foot walks by 17% and 6-minute walks by
23%. Unassisted walking velocity increased 22%, stride length
increased 13%, and cadence increased 7%. Paretic and non-
paretic step lengths increased significantly, and respective step
times decreased significantly. Interlimb symmetry did not
change. This study presents preliminary evidence that changes
in spatial and temporal gait parameters contribute to the
increased velocity of subjects with stroke after T-EX.
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INTRODUCTION

Of the 750,000 strokes occurring annually in the
United States, 50 percent lead to chronic movement dis-
abilities due to residual hemiparesis in the limbs [1–2].
Among subjects with such impairments, restoration of
walking function is one of the primary targets in post-

stroke rehabilitation, given the importance of mobility in
the performance of activities of daily living, maintenance
of independence, and reduction of other health problems
associated with immobility and sedentary lifestyle [3].
Prior studies have shown that gait velocities may
decrease [4] and gait parameters remain unchanged [5]
over the course of natural recovery. Within the limited
time frame for conventional poststroke rehabilitation [6],
the degree of therapeutic focus and intensity may vary for
gait retraining [7–8]. Also, the amount of time spent per-
forming aerobic exercise in a typical poststroke rehabili-
tation therapy session has been reported to be only a few
minutes [9]. Together, these facts suggest insufficient
task repetition for motor learning.

Recent studies have investigated the longer term
effects of sustained task-repetitive gait training among
chronic stroke survivors who were presumed to have pla-
teaued in gait recovery by 6 months poststroke. For
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example, Hesse et al. showed that treadmill training with
partial body-weight support improved gait velocity and
related cadence and stride-length parameters in subjects
with subacute and chronic stroke [10]. In another study,
subjects with chronic stroke either using an electrome-
chanical gait trainer with or without functional electrical
stimulation or participating in overground walking ther-
apy increased their gait velocity in timed floor walks
[11]. Another recent study of subjects with chronic hemi-
paresis reported that a 12-week program of partial body
weight-supported treadmill training coupled with over-
ground walking practice led to faster floor walking
velocities with increased step lengths and cadence in
most of the subjects [12]. In each of these examples, the
focus was on augmentation of the walking exercise with
guided placement of the paretic leg either by therapists or
a machine. Additionally, we found in a randomized con-
trolled study that a 6-month progressive treadmill aerobic
exercise (T-EX) training program without emphasis on
gait patterning not only improved cardiovascular fitness
but also increased gait velocity in subjects who averaged
more than 3 years poststroke [13]. Even at 3 months, a
small subset of these subjects showed increased over-
ground velocity, cadence, and symmetry with decreased
stance and swing times but no changes in stride length
[14]. Taken together, these examples indicate that many
stroke survivors can improve ambulatory function
beyond the usual recovery period if they receive inten-
sive walking practice that may or may not be comple-
mented by augmenting stepping patterns.

A possible mechanism for the functional gains from
T-EX after stroke is its potential to stimulate reorganiza-
tion in the central nervous system (CNS) and thereby
improve lower-limb motor control and gait patterning. In
support of this possibility, temporal and weight-bearing
symmetry have been shown to immediately improve
when subjects with hemiparetic gait walk on a treadmill
compared with when they walk overground at the same
velocity [15]. Also, these changes are accompanied by
shifts in timing of lower-limb electromyography activa-
tion [16]. Importantly, these findings indicate that the
alteration of the gait pattern is due not just to the mechani-
cal effects of the treadmill moving the legs but also to the
responsiveness of the neuromotor system. While the
short-term responsiveness to the treadmill stimulus alters
temporal gait parameters, we do not know whether long-
term T-EX training without explicit practice of gait pat-
terning via therapist assistance (or mechanical guidance)

will induce improvements that carry over to unassisted
overground walking patterns.

Increased gait velocity, not improved gait patterning,
is often the outcome measure for evaluating gait function.
Gait velocity is determined by cadence and stride length,
and a given velocity can be achieved through different
combinations of cadence and stride length. This study
determined whether global increases in cardiovascular
fitness and walking velocity are also accompanied by sig-
nificant alterations in spatial, temporal, and symmetry
measures of the unassisted overground gait patterns in
subjects with chronic stroke. Our previous studies sug-
gest that T-EX may alter temporal symmetry and that
velocity gains may be due more to increased cadence
than to longer stride length [15–16]. Thus, we hypothe-
sized that 6 months of T-EX would increase subjects’
unassisted overground walking velocity as a result of
faster cadence rather than increased stride length. Addi-
tionally, we hypothesized that 6 months of T-EX would
improve subjects’ interlimb symmetry variables, as
defined by paretic to nonparetic ratios of selected gait
cycle parameters.

METHODS

Participants
Forty-two subjects completed 6 months of T-EX

and were tested pre- and posttraining on 30-foot walks,
6-minute walks, unassisted floor walks, and peak oxygen
consumption (VO2) measures. Three subjects were
excluded secondary to outlier analysis (30-foot walk
velocity >2 standard deviation [SD] slower than the over-
all group mean). A subset of participants was included in
a previously published report [13]. Demographic details
and deficit characteristics of the 39 subjects used in the
final analyses are presented in Table 1.

Subjects were older than 40 years of age and had
chronic (>6 months) stroke with residual hemiparetic gait.
Subjects with severe or active renal, cardiac, pulmonary,
or hematological illness were excluded from enrolling.
Subjects were recruited from the Baltimore Department
of Veterans Affairs (VA) Maryland Health Care System
and the University of Maryland Medical Center. The
study was approved by the University of Maryland Insti-
tutional Review Board and the Baltimore VA Research
and Development Committee. All subjects provided writ-
ten informed consent.
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Intervention
Subjects participated in T-EX three times a week for

6 months [13]. Training started with 10 to 20 minutes at
low intensity (40% to 50% heart rate reserve [HRR]) [17].
The duration was progressed 5 minutes every 2 weeks and
the intensity was progressed 5 percent HRR every 2 weeks,
with a goal of 40 minutes at 60 to 70 percent HRR.

Measures
Body mass index was determined from the subject’s

mass and height during a baseline medical evaluation.
Use of an ankle-foot orthosis (AFO) or assistive device
(none, single point cane, quad cane, or walker) was
documented. Cardiovascular fitness, overground walking
function, and spatiotemporal gait parameters were evalu-
ated at baseline and again after 6 months of T-EX [13].

Overground walking function with usual assistive
devices was evaluated by the 30-foot timed walk and the
6-minute walk for distance. For the 30-foot walk [18],
subjects were asked to walk the specified distance at their
self-selected, most comfortable walking speed. We
recorded both the time and number of steps required to
walk 30 ft (9.1 m) to estimate average velocity and step
cadence. This test was repeated three times, with a short
rest period between each trial, and the average of the
three trials was used in the data analysis. For the 6-minute
walk [19], subjects were instructed to cover as much dis-
tance as possible during 6 minutes while walking around

a 30.5 m course marked with orange cones in a straight
hospital corridor. For both floor walking tests, subjects
wore a gait belt for safety and were closely monitored by
a member of the research staff.

To further define eligibility for T-EX training and
exercise prescription intensity, we had subjects also
undergo a treadmill tolerance test and a treadmill exercise
stress test [20]. Those able to walk for at least 3 minutes at
≥0.09 m/s during the treadmill exercise stress test returned
for a peak treadmill exercise test with open-circuit
spirometry to measure cardiovascular fitness (peak VO2)
[21–22]. Treadmill tests were terminated for angina,
arrhythmia, decreasing blood pressure, or fatigue as rec-
ommended by American College of Sports Medicine cri-
teria or for overt signs of gait instability [17].

On a separate day, subjects performed a series of over-
ground walks without their usual assistive device while
traversing a 7.3 m instrumented walkway (GAITRiteTM,
CIR Systems; Clifton, New Jersey). Again, they wore a
gait belt and were attended by research staff as they
walked at their self-selected speed. Three trials were col-
lected, with 2-minute seated rests between trials. All but
the most impaired subjects were allowed 2 m before and
after the active surface of the GAITRite to accelerate and
decelerate. Where necessary, steps taken during initial
acceleration and final deceleration were removed during
postprocessing to ensure that subjects’ best steady state
walking patterns determined the gait parameters.

Outcomes from the GAITRite data processing soft-
ware included global measures of average velocity,
cadence, and stride length. Elemental gait parameters
were determined for the paretic and nonparetic limbs
separately, including individual step lengths, step times,
and the absolute and relative times of stance and swing
phases. Measures of interlimb symmetry were defined as
ratios of paretic to nonparetic values of the spatial and
temporal variables. Relative temporal phasing was also
calculated as the time within the nonparetic gait cycle
(%) at which the paretic foot touched down. Relative dis-
tance phasing was calculated as the percentage of the
nonparetic stride length accounted for by the paretic step
length. The mean values for each variable from each trial
were averaged across the three trials to calculate pre-
ferred speed walking patterns.

Data Analysis
Using SPSS 13.0 (SPSS Inc; Chicago, Illinois), we

analyzed paired t-tests to evaluate differences between
pre- and posttraining evaluations and Pearson correlation

Table 1.
Demographics of subjects with chronic stroke (n = 39).

Demographic Mean ± SD (Range) or %
Age (yr) 64 ± 8 (47–78)
Sex: Male 64
Race/Ethnicity

White 41
African American 51

Body Mass Index 28.6 ± 6.1 (20.3–45.2)
Latency Since Stroke (mo) 20.549 ± 64 (6–252)
Paretic Side

Right 62
Left 38

Ankle-Foot Orthosis 51
Assistive Device

None 31
Single Point Cane 41
Quad Cane 18
Walker 10

SD = standard deviation.
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coefficients to compare laboratory and clinical velocity
measures. Paired t-tests were done sequentially, reflect-
ing a hierarchical approach from global measures (e.g.,
velocity) to specific measures within temporal and spatial
domains. If significance was found, pre- and posttraining
component-specific measures were compared; when sig-
nificance was not found, the analysis was concluded. The
significance level was set at p < 0.05.

RESULTS

The subjects’ demographics and use of an AFO or
assistive device are listed in Table 1. At the completion of
6 months of T-EX, the subjects’ mean ± SD training dura-
tion was 34.7 ± 7.4 minutes (range = 20–50 minutes).
Improvements were seen in 30-foot walk velocity, 6-minute
walk distance, and cardiovascular fitness after completing
T-EX (Table 2). Measures of unassisted overground walk-
ing also improved (Table 2). Mean values for velocity,
stride length, and cadence increased significantly. Paretic

and nonparetic step lengths increased significantly, while
respective step times decreased significantly. Significant
decreases were seen in relative paretic stance time and
increases in relative paretic swing time. Similar changes
were seen for the nonparetic limb, although they were non-
significant. Additionally, relative double support time
decreased. Measures of interlimb symmetry did not signifi-
cantly change, as shown in Table 3.

Self-selected gait velocity with a usual assistive
device tended to be greater than overground walking
without an assistive device, but they were significantly
correlated (r = 0.848, p < 0.001) at baseline and more
strongly correlated after 6 months of treadmill training
(r = 0.917, p < 0.001). Overground assisted gait velocity
and unassisted gait velocity correlated highly to peak
treadmill walking velocity sustained during a graded
treadmill exercise test. The correlations were robust at
baseline (r = 0.800, p < 0.001 and r = 0.788, p < 0.001,
respectively) and at 6 months (r = 0.843, p < 0.001 and
r = 0.815, p < 0.001, respectively). Percent change in

Table 2.
Pre- and posttraining functional and unassisted gait parameters for subjects with chronic stroke (n = 39).

Parameter Mean ± Standard Deviation Mean % ChangeBaseline 6 Months
Functional

30-Foot Walk Velocity (m/s) 0.64 ± 0.29 0.74 ± 0.29* 16.6
6-Minute Walk Distance (m) 227 ± 105 268 ± 111† 23.5
Peak Oxygen Consumption (mL/kg/min) 14.4 ± 4.6 17.3 ± 5.6† 22.4

Global Gait
Velocity (cm/s)‡ 54.8 ± 26.3 63.8 ± 27.5† 22.0
Stride Length (cm) 78.4 ± 28.7 87.0 ± 30.0† 13.3
Cadence (steps/min)§ 81.0 ± 16.3 86.0 ± 16.4* 7.0

Spatial Gait
Paretic Step Length (cm) 41.7 ± 13.0 46.5 ± 12.9† 15.4
Nonparetic Step Length (cm) 36.4 ± 16.6 40.1 ± 18.1* 12.5

Temporal Gait
Paretic Step Time (s) 0.92 ± 0.30 0.86 ± 0.26¶ –5.2
Nonparetic Step Time (s) 0.64 ± 0.11 0.60 ± 0.10¶ –4.6
Paretic Stance (% cycle) 66.2 ± 5.0 64.3 ± 5.3¶ –2.8
Nonparetic Stance (% cycle) 76.2 ± 7.6 75.1 ± 7.9 –1.3
Double Support (% cycle) 42.4 ± 11.5 39.5 ± 11.9¶ –5.8
Paretic Swing (% cycle) 33.8 ± 5.0 35.7 ± 5.3¶ 6.6
Nonparetic Swing (% cycle) 23.8 ± 7.6 24.9 ± 7.9 5.8

*p < 0.005.
†p < 0.001.
‡Healthy older adults: 110–150 cm/s. Maki B. Gait changes in older adults: Predictors of falls or indicators of fear. J Am Geriatr Soc. 1997;45(3):313–20. [PMID: 9063277]
§Healthy older adults: 90–125 steps/min. Ibid.
¶p < 0.05.

http://www.ncbi.nlm.nih.gov/pubmed/9063277?ordinalpos=2&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
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peak VO2 correlated to percent change in testing tread-
mill speed (r = 0.433, p < 0.01) and percent change in
training speed (r = 0.422, p < 0.01) but not to overground
walking speed with an assistive device (r = 0.130, p =
0.46) or without an assistive device (r = 0.049, p = 0.77).

DISCUSSION

Progressive T-EX induces improvements in over-
ground walking function, as indexed by increased walk-
ing velocity. Increased walking velocity occurred during
multiple tasks, including assisted overground walking,
unassisted overground walking, 6-minute walk distance,
treadmill training, and treadmill testing. Analysis of spa-
tial and temporal gait parameters in unassisted over-
ground walking showed that velocity increased because
of increased stride length and cadence. Symmetry vari-
ables in unassisted overground walking, however, did
not change. Overall, these results suggest that progres-
sive T-EX produces locomotor training that carries over
to a variety of functional conditions.

This study not only demonstrates that 6 months of an
aerobically based treadmill training program improves
global indexes of gait function in chronic stroke but also
begins to assess elemental spatial and temporal contribu-
tions to increased gait velocity. It differs from shorter
duration interventions that use a treadmill with partial
body-weight support [10,13] or a motorized gait trainer
[11] because it emphasizes the level of aerobic intensity
and the massed practice accrued over 6 months. We do
not know whether similar gains could be made with less
training, although our previous work suggests at least
some effects are realized within 3 months [14], a duration
that Plummer et al. also found effective [12]. Previous

comparisons between 3-month and 6-month outcomes
showed continued gains across the entire period [13].

The gait parameters obtained in this study are similar
to those published in cross-sectional studies reporting gait
characteristics of subjects with poststroke hemiparesis
[23–24]. Stride length accounted for nearly two-thirds,
and cadence one-third, of the increased velocity seen in
this study. Increased stride length is due to increases
in bilateral step lengths. Both paretic and nonparetic step
lengths demonstrated a clinically significant gain of
nearly 5 cm. These spatial improvements, seen after long-
term T-EX, may be more beneficial than the hypothesized
improvements in the temporal variable, cadence. The
increased step lengths in both legs suggest improved
paretic leg function. Changes in the paretic leg may allow
increased propulsion, which leads to increased nonparetic
step length [25]. Conversely, increased paretic step length
may be due to an increased range of motion in the paretic
leg joints that allows the limb to swing farther forward.
Further biomechanical studies are needed to evaluate the
underlying mechanism.

In addition to stride length, cadence increased.
Increased cadence is due to decreases in bilateral step
times. Significant decreases were seen in relative paretic
stance time, relative paretic swing time, and relative dou-
ble support time. Decreased double support time may be
considered a surrogate indicator of improved balance
control. Older adults walk more slowly with increased
double support time [26]. In general, decreased gait
velocity predicts disability in healthy older adults [27].
Increased double support time may be related to an
increased risk of falls, although one study suggests it may
be more related to a fear of falling [28]. Another study of
walking therapy in stroke has shown increased gait
velocity and improved balance [11]. Our results suggest

Table 3.
Pre- and posttraining interlimb symmetry variables (ratio of paretic to nonparetic limb) for subjects with chronic stroke (n = 39).

Variable Mean ± Standard Deviation Mean % ChangeBaseline 6 Months
Spatial Interlimb Symmetry

Step Length Ratio 1.37 ± 0.79 1.41 ± 0.83 5.3
Distance Phasing 0.54 ± 0.11 0.55 ± 0.09 3.5

Temporal Interlimb Symmetry
Stance Time Ratio 0.87 ± 0.07 0.86 ± 0.08 –1.2
Stance % Ratio 0.87 ± 0.07 0.86 ± 0.08 –1.4
Swing % Ratio 1.56 ± 0.52 1.60 ± 0.59 2.5
Temporal Phasing 0.58 ± 0.05 0.58 ± 0.05 0.1
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that T-EX can decrease double support time and increase
single stance time and velocity. These changes in pattern-
ing may reflect improved balance, although what propor-
tion is due to increased velocity is unclear.

Increased assisted and unassisted overground walking
velocities suggest that gait changes apparent during tread-
mill training are carried over to overground walking and
that T-EX training improves gait under multiple task envi-
ronments. Our prior studies demonstrated improved sym-
metry secondary to immediate short-term adaptations in
untrained subjects with stroke on the treadmill [15–16]. In
comparison, the current results suggest that while gait
velocity improves in multiple environments, improve-
ments in symmetry are not transferred to independent
overground walking. This lack of transfer could be due to
the individual’s continued reliance on an assistive device
when off the treadmill, task repetition reinforcement of
asymmetry on the treadmill, absence of practice of unas-
sisted walking, and a reduced balance challenge second-
ary to handrail use during training. The global increase in
gait velocity without improvements in symmetry suggests
that compensatory strategies are retained and amplified.
Introduction of additional training variables such as
increased duration and periodic balance challenges by
limiting handrail support may provide a more effective
stimulus for altering symmetry.

The high correlation between assisted and unassisted
overground gait velocity allows comparison of the spatio-
temporal gait parameters with the clinical index of gait
velocity that evaluates disability in subjects with stroke.
We previously reported that increased training velocity
predicted improved cardiovascular fitness and that
increased training duration predicted improved 6-minute
walk distance [13]. The results of this analysis again sup-
port the previous finding that changes in training velocity
correlate with changes in cardiovascular fitness; however,
an uncoupling of the relationship between training dura-
tion and 6-minute walk distance exists. Additionally,
changes in assisted and unassisted overground walking
velocity are not correlated to changes in cardiovascular
fitness. This finding is counterintuitive and suggests that
we must consider factors other than training velocity and
duration in our task-repetitive model of rehabilitation.

Along these lines, we note that the present 6-month
program is much longer than other interventions that
focus more on gait patterning than on aerobic intensity.
The effects on gait parameters may be realized much
more rapidly when the focus of massed practice is spe-

cific to those outcomes [10–12]. We do not know
whether similar gains would be made if the T-EX pro-
gram were shortened, although our previous work sug-
gests that some effects may be realized within 3 months
[14], a duration also found to be effective by Plummer et
al. [12]. While explicit comparisons of outcomes among
the various approaches to gait rehabilitation are con-
founded by methodological differences, the common
theme is that goal-directed locomotor practice can lead to
improved function through motor learning.

With respect to motor learning and the absence of
symmetry changes, specificity of practice for symmetry
was not an overt focus of the T-EX paradigm, although
some degree of symmetry was imposed by the treadmill.
Thus, the T-EX stimulus plausibly evoked some degree of
motor learning through repetition of more symmetrical
stepping over 6 months of practice. Preliminary functional
magnetic resonance imaging in a subset of these subjects
has been reported for paretic knee movement [29]. These
data suggest that new CNS activation, and perhaps reorga-
nization, occurs in the bilateral subcortex after 6 months
of T-EX, providing initial evidence of brain plasticity sec-
ondary to task-repetitive locomotor training. How CNS
reorganization interacts with increased walking velocity,
stride length, and cadence (but not interlimb symmetry) is
not well understood and requires further study.

Limitations of this study include the large range of the
subjects’ timed and distance walks, the absence of a con-
trol group, and limited details about gait biomechanics.
Further studies with a control group are needed to evalu-
ate the specificity of the effect of T-EX and the effects of
T-EX on angular kinematics and torques of the lower-
limb joints. These evaluations will help us determine
whether the increased velocity is secondary to changes
across the different joints in each limb and evaluate the
emergence of other compensatory strategies.

CONCLUSIONS

T-EX improves gait velocity secondary to increased
stride length, and to a lesser extent, cadence. This
increased velocity is carried over to multiple functionally
relevant conditions. Additionally, T-EX improves indexes
of dynamic stability without changing symmetry. Further
studies are needed to optimize the translation of treadmill
gait training to overground walking. Additionally, specific
training for symmetry may have a stronger effect on
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improvements in spatiotemporal gait parameters, such as
cadence or step length, thereby creating more efficient
gait.
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