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Abstract
Background and Purpose—In rehabilitation, examining how variables change over time can
help to define the minimal number of training sessions required to produce a desired change. The
purpose of this study was to identify the time course of changes in gait biomechanics and walking
function in persons with chronic stroke.

Methods—Thirteen persons > 6 months post-stroke participated in 12 weeks of fast treadmill
training combined with plantar- and dorsi-flexor muscle functional electrical stimulation
(FastFES). All participants completed testing before the start of intervention, after 4, 8 and 12
weeks of FastFES locomotor training.

Results—Peak limb paretic propulsion, paretic limb propulsive integral, peak paretic limb knee
flexion, (p<0.05 for all) and peak paretic trailing limb angle (p<0.01) improved from pre-training
to 4 weeks but not between 4 and 12 weeks. Self-selected walking speed and 6-minute walk test
distance improved from pre-training to 4 weeks and from 4 to 12 weeks (p<0.01 and p<0.05,
respectively for both). Timed Up & Go test time did not improve between pre-training and 4
weeks, but improved by 12 weeks (p=0.24 and p<0.01, respectively).

Discussion and Conclusions—The results demonstrate that walking function improves with
a different time course compared to gait biomechanics in response to a locomotor training
intervention in persons with chronic stroke. Thirty-six training sessions were necessary to achieve
an increase in walking speed that exceeded the MCID. These finding should be considered when
designing locomotor training interventions after stroke. Video Abstract available (see Video,
Supplemental Digital Content 1) for more insights from the authors.

INTRODUCTION
According to the World Health Organization (WHO), 15 million people worldwide
experience a stroke each year. One of the primary concerns for patients who experience
stroke is the ability to regain walking function.1 Consequently, significant effort is focused
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on gait retraining during rehabilitation following a stroke and efforts to develop and improve
locomotor retraining programs are a major focus of rehabilitation research.2–5 The primary
focus of much of this research has been on the development of novel interventions, using
treadmills, body-weight support and robotics.4–6 However, less attention has been paid to
the time course of changes in the variety of deficits that are targeted with these
interventions.

Based on the specific patient needs, gait training interventions after stroke may target a
variety of deficits including walking biomechanics and energetics, walking endurance and/or
speed, walking activity or some combination of these and others7. Several studies have
examined the time course of improvements in walking speed with intervention after
stroke5, 8, however, there are no studies that have simultaneously examined the time course
of changes in walking speed, endurance and gait biomechanics. Improvements in gait
biomechanics after stroke are thought to be important because of their connection to walking
function and safety9–14. Post-stroke intervention studies have associated improvements in
specific gait biomechanics with improvements in walking speed after stroke11, 15 and thus,
many post-stroke gait interventions focus on improving biomechanics and walking
function.16–19 There are likely different mechanisms underlying the change in each of these
deficits, therefore, it is anticipated that changes in various deficits will occur on different
time scales. For example, changes in the neural activation of muscle can occur on a short
time scale (e.g.- several sessions)20, suggesting that changes in gait biomechanics might
change with a more rapid time course than walking speed or endurance. To the extent that
there is a relationship between improvements in gait biomechanics and improvements in
walking function and that these may change on different timescales, it is relevant to examine
the time course of changes in both biomechanics and walking function with post-stroke
intervention.

By examining how gait-related variables change over the course of training we may be able
to determine the minimal number of training sessions required to produce a given change.
As an example, in a 6 month treadmill training study focused on improving cardiovascular
fitness in persons with chronic stroke, improvements in peak and average VO2 were
observed after 3 months of training, but no further improvements were found between 3 and
6 months of training.21 Without the 3 month measurement point, the authors may have
erroneously concluded that 6 months of their training intervention was required to see the
gains observed.

For these reasons, in the process of developing a novel locomotor training intervention for
persons post-stroke, we designed a study that allowed us to examine the time course of
changes in a variety of walking parameters. The purpose of this study was to identify the
time course of changes in gait biomechanics and walking function in persons with chronic
stroke. As indicated above, because changes in neural activation of muscle and motor
learning can occur on a relatively short time scale (e.g. several sessions)20, 22, we
hypothesized that gait kinematics and kinetics would change with a more rapid time course
than measures of walking function with this intervention, but that all variables would show
improvement after 12 weeks of training.

METHODS
Participants

Thirteen subjects (Age = 61 ± 8.3 years; 7 males) with post-stroke hemiparesis participated
in this study (Table 1). Participants were recruited from local physical therapy clinics, stroke
support groups, and newspaper advertisements. All participants were more than 6 months
post a single stroke, able to walk continuously for 5 minutes at their self-selected speed
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without the assistance of another person, and had enough passive range of motion so that
their paretic ankle joint could reach within 5 degrees of the neutral position with the knee
flexed (i.e., participants could have no more than a 5 degree plantarflexion contracture).
Exclusion criteria included congestive heart failure, peripheral artery disease with
claudication, diabetes not under control via medication or diet, shortness of breath without
exertion, unstable angina, resting heart rate outside of the range of 40–100 beats per minute,
resting blood pressure outside of the range of 90/60 to 170/90 mm Hg, inability to
communicate with the investigators, pain in lower limbs or spine, total knee replacement,
cerebellar involvement, and neglect (star cancellation test23). All participants provided
written informed consent to participate in a study that had been approved by the Human
Subjects Review Board of ________.

Testing
All participants completed testing before the start of intervention, and after 4, 8 and 12
weeks of FastFES locomotor training. All assessors were blinded to previous assessment
data at each testing session. The clinical evaluation and training was completed by the same
tester (MR) while gait analysis testing was completed by another tester (TK).

Clinical evaluations—Participants completed clinical tests to evaluate their walking.
These included: 1) the 10-meter walk test to measure short-distance self-selected
(comfortable) and fastest walking speeds24; 2) the 6-minute walk test as a measure of
walking endurance25; and 3) the Timed Up & GO (TUG) test as a measure of functional
mobility that requires participants to stand up from a chair with armrests, walk 3m at their
comfortable speed, turn around, return to the chair, and sit down.26 The clinical evaluation
and training were completed by the same tester (MR).

Gait analysis—Participants walked at their self-selected overground speed on a split-belt
treadmill to measure specific gait impairments. The treadmill was instrumented with two
independent 6 degree of freedom force platforms (AMTI, Watertown, MA) from which
ground reaction force (GRF) data were collected at 2000Hz. Retro-reflective markers (14-
mm diameter) were placed bilaterally over the pelvis, thigh, shank, and foot segments and
on the medial and lateral malleoli, at the medial and lateral knee joint line, greater
trochanters, and iliac crests. Kinematic data were collected using an 8-camera Vicon Motion
Capture System (Vicon MX, Los Angeles, CA) at 100 Hz. Two 20-second trials were
collected. For safety, participants held on to a handrail during walking and wore a harness
that was attached to an overhead support. No body weight was supported by the harness.

Training
Subjects participated in FastFES training administered by a physical therapist 3×/week for a
total of 12 weeks. Training speed was initially determined as the fastest speed the subject
could maintain for 4 minutes of continuous walking. This speed was re-evaluated every 4
weeks and increased as possible at each 4 week interval using the same criterion. Each
training session consisted of both treadmill and overground walking. First, participants
completed 4 treadmill walking bouts of 6 minutes each for a total of 24 minutes of treadmill
walking. During each of the 4 bouts, FES to the paretic ankle dorsi- and plantarflexor
muscles was delivered during the first, third and fifth minute. During the second, fourth and
sixth minute, FES was turned off and participants were encouraged to walk with the same
pattern as during FES. This alternating pattern of FES delivery was designed to maximize
potential motor learning27 and to minimize muscle fatigue. Seated rest breaks (~5 minutes)
were provided between consecutive walking bouts. The 4 bouts were followed by a final
bout comprising 3 minutes of walking with FES on the treadmill, followed immediately by 3
minutes of overground walking in the hallway at their fastest possible speed without FES.
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During overground walking participants were encouraged to reproduce the same walking
pattern as practiced with the FES on the treadmill.

Electrical Stimulation—Self-adhesive surface electrical stimulation electrodes were
attached over the ankle dorsiflexor (2”×2”, TENS Products, Grand Lake, CO) and
plantarflexor (2”×5”, ConMed Corp, New York) muscles. For the dorsiflexor muscles, one
electrode was placed over the motor point of the tibialis anterior and the other over the distal
portion of the tibialis anterior muscle belly. For the plantarflexors, the electrodes were
oriented horizontally and placed on the dorsal aspect of the leg over the proximal and distal
portions of the gastrocnemius muscle.28 A Grass S8800 stimulator in combination with a
Grass Model SIU8TB stimulus isolation unit was used to deliver electrical stimulation
(Grass Instrument Division, Quincy, MA).

For both the dorsi- and plantar-flexor muscles, the stimulation amplitude was set using a
stimulation train that was 300-ms long at a frequency of 30-Hz and with a pulse duration of
300-µs. For the ankle dorsiflexor muscles, stimulation amplitude was set with the subject
seated and the foot hanging freely in a plantarflexed position. The stimulation train
amplitude was gradually increased until the foot reached a neutral ankle joint position (0°)
or the subject’s maximum dorsiflexion range of motion was achieved. The medio-lateral
placement of the electrodes was adjusted to minimize ankle eversion / inversion. For the
ankle plantarflexor muscles, the stimulation amplitude was set while the subject stood so
that the non-paretic foot was a step length ahead of the paretic foot with weight on both the
paretic and non-paretic extremities. The amplitude was increased until either the stimulation
train produced a plantarflexor force sufficient to lift the paretic heel off the ground or until
the subject’s maximal tolerance was reached, whichever occurred first.

Two compression closing foot switches (25-mm diameter MA-153, Motion Lab Systems
Inc., Baton Rouge, LA) were attached to the outside sole of the shoe of the paretic limb. One
foot switch was placed under the fifth metatarsal head (forefoot switch) and the other under
the lateral portion of the heel (hindfoot switch). The foot switches were used to control the
timing of the FES during the gait cycle.

Timing of FES During Training—A customized FES system consisting of a real-time
controller (cRIO-9004, National Instruments, TX), analog input module (NI 9210), and
digital input/output module (NI 9401) were used to control the Grass stimulator and deliver
stimulation during the gait cycle.28, 29 The FES system delivered stimulation to the ankle
dorsiflexor muscles from the time the paretic foot was off the ground (neither footswitch in
contact with ground) to paretic initial contact (either foot switch in contact with ground).
The ankle plantarflexor muscles of the paretic limb were stimulated from heel off of the
paretic limb (hindfoot foot switch not in contact with ground), until the paretic foot was off
the ground (neither footswitch in contact with ground). Recent publications from our lab
have shown that this timing algorithm produced the desired effects of increased ankle
dorsiflexion, increased anterior ground reaction force and increased knee flexion on the
paretic limb during walking.28, 30

The FES used novel, variable-frequency trains (VFTs) consisting of an initial high-
frequency (200-Hz) 3-pulse burst followed by a lower frequency (30-Hz) constant frequency
portion of the train.28, 29, 31 That is, each time stimulation was delivered, the stimulation
train began with three pulses that were each separated by 5 milliseconds; all subsequent
pulses within that same train were then separated by 33.3 milliseconds. We used these VFTs
because they are physiological-based patterns that take advantage of the catch-like property
of muscle and have been shown to enhance gait performance after stroke compared to the
more traditionally used constant-frequency train.29
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Data Processing
Marker trajectories and GRF data were low-pass filtered (Butterworth fourth order, phase
lag) at 6- and 30-Hz, respectively, using commercial software (Visual 3D; C-Motion,
Rockville, MD). Lower limb kinematics were calculated using rigid body analysis and Euler
angles using Visual 3D. Vertical and antero-posterior GRFs were normalized to body
weight. Vertical GRFs were used to identify gait events (initial contact and toe-off). Strides
were time normalized to 100% of the gait cycle and averaged across trials for each
participant.

We evaluated the following dependent variables prior to training and after 4, 8 and 12 weeks
of training:

1. Peak Paretic Propulsion - peak value of the anterior GRF normalized to body
weight.

2. Paretic Propulsive Integral - integral of the anterior GRF from the onset of
propulsion through the end of stance phase for the paretic leg.

Variables 1 and 2 were chosen because the purpose of the plantarflexor FES was to
increase plantar flexor force during push-off.

3. Peak Knee Flexion during Swing phase was determined for the paretic leg.

4. Peak Trailing Limb Angle was computed as the peak of the planar angle between
the laboratory’s vertical axis (along the sagittal plane) and a vector joining markers
located on the lateral malleolus and the greater trochanter of the paretic lower
extremity.

Variables 3 & 4 were chosen because the purpose of the plantarflexor FES was to
increase plantarflexor force during push-off with the paretic limb in greater
extension during pre-swing. This increased plantarflexor force should result in
greater knee flexion during swing.

5. Self-selected walking speed

6. Distance ambulated during the 6-minute walk test

7. Time on the TUG test

These measures of walking function (#5–7) were used to examine changes in the functional
walking of the participants.

Statistical Analysis
The Kolmogorov-Smirnov test was used to test for normal distribution of data for each of
the outcome variables. Because some variables were not normally distributed, non-
parametric statistics were utilized. The Wilcoxon signed-rank test was used to compare data
between the pre-training and 4 week testing session and between the 4 week and 12 week
testing session. We reasoned that if significant differences for a variable were not found
between either of these two comparisons, then there was no effect of the intervention on that
variable. If, however, there was a difference from pre-training to 4 weeks, but not from 4 to
12 weeks, we would conclude that maximum gains for that variable were achieved by 4
weeks. If there were differences between both time point comparisons, we would conclude
that the variable continued to improve through the end of training (12 weeks). Alpha level
was set at 0.05. All statistical analyses were performed using SPSS 19.0 (SPSS Inc.,
Chicago, IL).
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RESULTS
The participants demonstrated a range of gait and functional impairments prior to training.
Average pre-training self-selected walking speed was 0.5 ±0.17 m/s and the lower extremity
Fugl-Meyer scores ranged from 13–24 (Table 1). Twelve of the 13 participants who were
enrolled completed the 12 weeks of training and follow-up testing. The subject who did not
complete training dropped out due to knee pain from an incident unrelated to the training.

Kinematics and kinetics
Due to technical problems, ground reaction force data from 3 participants were not available
at all time points and therefore these participants’ data were not included in the analysis of
peak paretic propulsion and paretic propulsive integral. Both peak paretic propulsion and the
paretic propulsive integral improved from pre-training to 4 weeks (Figure 1A and B), but no
differences were found between 4 and 12 weeks (p>0.05 for both). Similarly, peak knee
flexion and peak trailing limb angle improved from pre-training to 4 weeks, (p<0.05 and
p<0.01, respectively), but no differences were found between 4 and 12 weeks (Figure 1C
and D).

Clinical measures of walking function
Self-selected walking speed improved from pre-training (0.50±0.17) to 4 weeks (0.61±0.19)
and again from 4 weeks to 12 weeks (0.68±0.22) (p<0.01 and p<0.05, respectively, Figure
2A). Similarly, distance covered during the 6-minute walk test improved from pre-training
(214±92) to 4 weeks (264±107) and again from 4 weeks to 12 weeks (304±125; p<0.01 and
p<0.05, respectively, Figure 2B). Time to complete the TUG test did not improve
significantly between pre-training (21.5±8.9) and 4 weeks (20.1±9.3), but was improved by
12 weeks (17.6±6.8; p=0.24 and p<0.01, respectively, Figure 2C).

DISCUSSION
The results of this study demonstrate that after 12 weeks of fast speed locomotor training
with functional electrical stimulation to the plantar- and dorsi-flexor muscles, improvements
were observed in kinematic and kinetic gait patterns and in functional walking. However,
the time course of the improvements in the gait biomechanics was shorter than the time
course of the improvements in functional measures. This information can assist clinicians in
setting expectations for the time course of improvements with post-stroke locomotor
rehabilitation.

To our knowledge, this is the first study that has simultaneously examined the time course of
changes in walking speed, endurance and gait biomechanics following a locomotor training
intervention in individuals after stroke. The data show that changes in the biomechanics of
walking took place early in the training period and leveled off after subjects had trained for
4 weeks (12 sessions). However, the measures of function showed continued improvement
which has also been demonstrated by a number of studies that have examined the time
course of improvements in walking function. Sullivan et al. (2007) studied the effect of
body-weight supported treadmill training in combination with upper extremity exercises that
were administered 4 days/week for 24 sessions in persons after stroke. The results
demonstrated a linear increase in walking speed between baseline and 12 sessions and
between 12 sessions and 24 sessions of training.5 A 12-week intervention study that
included body-weight supported treadmill training, strength training, and aerobic training 5
days/week in persons with stroke found that after 8 weeks of training (40 sessions), walking
speed improvements during the 6-minute walk test appeared to plateau.8 A 12 week
intervention including body-weight supported treadmill training and overground walking
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training 3×/week in individuals with chronic stroke found that short distance walking speed
improved across all 12 weeks (36 sessions).24 These findings are similar to those of the
present study and support the assertion that walking speed and endurance continues to
improve well after 12 sessions (4 weeks) of locomotor training in those with chronic stroke.

With respect to the functional measures, it is necessary to ask whether the improvements
beyond 4 weeks (12 sessions) were not only statistically significant, but also clinically
meaningful. In the case of walking speed, the minimally clinically important difference
(MCID) is 0.16 m/s in persons with stroke.32 This value was not exceeded until the 12 week
time point (after 36 sessions), indicating that to achieve a meaningful change in walking
speed in these participants, 12 weeks of training were needed. MCID values do not exist for
those with stroke for the 6-minute walk test or the TUG test. We do, however, know that the
minimal detectable change (MDC) value for the TUG test is 3.7 seconds.33 A reduction in
the time taken to complete the test did not exceed this value until the 12 week time point (36
sessions). In the case of the 6-minute walk test, the change in distance exceeded the MDC
value of 52 meters34 at the 8 week time point (24 sessions). Taken together these results
suggest that to achieve meaningful and detectable changes in functional walking, 12 weeks
(36 sessions) of intervention were required.

MCID values do not exist for those with stroke for the gait biomechanical variables
presented. Evaluation of our results relative to MDC values for the gait biomechanics
indicate that the changes observed exceed the MDC for trailing limb position and peak
anterior ground reaction force, but not for propulsive integral or peak knee flexion during
swing35.

Walking function after stroke is thought to be influenced by a variety of factors including
gait biomechanics, cardiovascular fitness, and biopsychosocial factors.10, 36–38

Improvements in gait biomechanics are thought to be important because of the connection
between biomechanics and walking function and safety after stroke10–12, 14, 39, 40. Many
cross-sectional studies have demonstrated a relationship between specific deficits in gait
biomechanics and walking speed after stroke12, 39, 41, 42. Moreover, intervention studies
have associated improvements in specific gait biomechanics with improvements in walking
speed after stroke11, 15. For example, cross-sectional studies have shown that increased
plantarflexor power generation is associated with faster walking speed after stroke39 and
greater changes in this power generation are associated with greater improvements in
walking speed15. While the present study was not designed to test a direct relationship
between changes in gait biomechanics and walking function, our results do suggest that if
biomechanical changes are important for improving walking speed or function, individuals
after a stroke must devote additional time to learn to utilize the biomechanical changes to
improve their walking speed and function. This is supported by the results of a recent study
showing that improvements in a global measure of gait biomechanics (step length
symmetry) at the end of a post-stroke locomotor training intervention were associated with
improved walking speed 6 months later18.

The results from this study provide clinicians with information about expected time frames
for improvements in walking with rehabilitation after stroke that can be used in treatment
planning and goal setting. Specifically, our results indicate that improvements in gait
biomechanics will plateau prior to improvements in walking speed and endurance and thus,
expectations for each outcome should be set accordingly.
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Limitations
The sample in this study is small. Future studies should examine the time course of changes
in gait biomechanics and walking function during locomotor interventions in larger groups
of persons with chronic stroke and should include follow-up testing.

It is possible that the specific time course of change for the various outcomes depends on
factors such as type, intensity and progression of training. Other studies have found a similar
pattern of change in walking speed with differing locomotor training intensities and
progressions8, 24 suggesting that the results found here may be representative.

Biomechanical data were collected at the subject’s self-selected speed at each time point.
While this congruence is important for relating the biomechanical data to the functional
data, changes in speed could have played a role in the biomechanical changes43. However,
the finding that improvements in biomechanics and function diverged after 4 weeks of
training, suggests that there may be a limit to the relationship between changes in walking
speed and changes in biomechanics after stroke.

Conclusions
The results of this study demonstrate that after stroke, gait biomechanics and walking
function both improved following a novel locomotor training intervention, but that each
improved on a different time scale. Thirty-six training sessions were necessary to achieve an
increase in walking speed that exceeded the MCID. This finding should be considered when
designing locomotor training interventions after stroke.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Results for the targeted kinematic and kinetic variables at self-selected walking speed. From
left to right, the bars in each figure represent the average results across participants prior to
training (Pre) and after 4, 8 and 12 weeks of training. Error bars are 1 SE. * indicates p<0.05
between time points.
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Figure 2.
Results for the measures of walking function. From left to right, the bars in each figure
represent the average results across participants prior to training (Pre) and after 4, 8 and 12
weeks of training. Error bars are 1 SE. * indicates p<0.05 between time points.
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