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Introduction: To develop more effective gait rehabilitation strate-
gies, it is important to understand the time course of motor learning
that underlies improvements achieved with gait training. The pur-
pose of this case study was to evaluate motor learning through the
measurement of within-session and across-session changes in gait
biomechanics during the first and sixth weeks of a 6-week clinical
gait training program.
Case Description: A 47-year-old man with poststroke left hemipare-
sis participated in the study (15.5 months poststroke, lower extremity
Fugl-Meyer score of 12).
Intervention: The subject participated in 6 weeks of training with
3 sessions per week, comprising fast treadmill walking and functional
electrical stimulation to plantar and dorsiflexors. In one training ses-
sion during the first and sixth weeks, paretic propulsion and swing
phase knee flexion were measured during a pretest (before the train-
ing session), posttest (after the training session), and retention test
(48 hours after training).
Outcomes: After 6 week of training, the subject’s gait speed in-
creased from 0.38 to 0.57 m/s; there was a 55.4% improvement in
paretic propulsion and 25% increase in swing phase knee flexion. Ex-
amination of change scores revealed greater within-session gains and
greater retention during the first versus sixth weeks of gait training
for both paretic propulsion and knee flexion.
Discussion: We demonstrate the feasibility and advantage of using
within- and across-session changes for evaluating motor learning dur-
ing clinical gait rehabilitation. An understanding of the time course of
motor learning that underlies gait training can guide the development
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of novel strategies and dosing regimens to increase the efficacy of
each session of gait rehabilitation.
Video Abstract available (See Video, Supplemental Digital Con-
tent 1, http://links.lww.com/JNPT/A72, for more insights from the
authors.)
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BACKGROUND AND PURPOSE

E ven after discharge from rehabilitation, gait deficits are
prevalent in stroke survivors.1−3 Common gait impair-

ments after stroke include reduced flexion at the hip, knee, and
ankle during the swing phase. Decreased push-off force gen-
eration by the paretic limb during terminal stance is another
critical gait impairment shown to be related to reduced swing
knee flexion, hemiparetic severity, and walking speed.4−7 Al-
though there is consensus in the rehabilitation literature that
gait retraining can improve poststroke walking performance,
agreement is lacking about which rehabilitation interven-
tion or dosing regimen is most efficacious.8−11 One factor
contributing to the inconclusive nature of current evidence is
that there are several gaps in our understanding of mecha-
nisms and time course of changes underlying stroke gait re-
habilitation. Typically, rehabilitation studies demonstrate im-
provements in global measures of walking (eg, gait speed or
endurance) after 6 or 12 weeks of gait training.8−17 Although
such intervention studies are important to validate the effi-
cacy of rehabilitation, they provide little information about the
within- and across-session time courses underlying improve-
ments in gait achieved with gait rehabilitation.8,10,11,14,18,19

Motor learning is a set of processes associated with
practice, training, or experience that produce relatively per-
manent changes in behavior.20 Motor learning studies use di-
verse paradigms (eg, movement against resistive force fields,
weighted walking tasks, and robotic assistance) and make mea-
surements of within-session changes in performance and per-
sistence of the learned motor skills minutes or hours after
training (retention).21−23 An individual’s ability to learn mo-
tor skills is a crucial component of gait rehabilitation.21,23,24

Motor learning concepts typically applied during clinical reha-
bilitation, however, are often derived from animal studies or in
human experiments done within controlled laboratory environ-
ments involving nonfunctional movements, and in able-bodied

Copyright © 2014 Neurology Section, APTA. Unauthorized reproduction of this article is prohibited.

JNPT � Volume 38, July 2014 183

http://www.jnpt.org
mailto:tkesar@emory.edu
http://links.lww.com/JNPT/A72


Kesar et al JNPT � Volume 38, July 2014

individuals.23,25−31 Given the role of motor learning in rehabil-
itation, it is critical to understand if, when, and to what extent
motor learning occurs during gait training.

“FastFES,” the combination of fast treadmill training
with functional electrical stimulation (FES) of ankle plantar
and dorsiflexor muscles, is a novel and promising poststroke
gait rehabilitation intervention.32−38 The FastFES interven-
tion capitalizes on principles derived from gait biomechanics,
muscle physiology, and motor learning to target-specific post-
stroke gait deficits such as slowed walking speed, decreased
paretic propulsion, decreased knee, and ankle flexion during
swing. The FastFES intervention includes high-intensity tread-
mill walking practice, overground walking practice, and alter-
nating practice with and without FES. Twelve weeks of Fast-
FES gait training produces improvements in gait impairments,
walking function, activity, and participation poststroke.37,39

Although motor learning is a central mechanism under-
lying rehabilitation after stroke,31,40 fundamental questions
about the role of motor learning during clinical gait rehabili-
tation remain unanswered. For example, does poststroke gait
performance improve within one gait training session? If im-
provements in gait are achieved within one training session, do
these improvements persist by the beginning of the next train-
ing session? In addition to the gaps in literature about motor
learning processes underlying clinical poststroke gait training,
there is dearth of information regarding the time course of mo-
tor learning during gait rehabilitation. In a recent study eval-
uating gait biomechanics, gait function, and participation in
individuals poststroke every 4 weeks during 12 weeks of Fast-
FES training, we showed that the time courses of improvements
in gait biomechanics (eg, paretic propulsion and swing phase
knee flexion) versus gait function (eg, gait speed, endurance,
and dynamic balance) were different.39 Improvements in gait
biomechanics seemed to reach a plateau by the fourth train-
ing week, whereas improvements in gait function continued
throughout 12 weeks of training.39 Thus, the time course of
changes in poststroke gait may differ across different types of
outcome variables (eg, structure and function vs activity) and
may also differ during early versus late phases of gait training.
The purpose of this case study was to evaluate motor learn-
ing (assessed via within-session changes in gait performance
and across-session retention of improved gait biomechanics
48 hours after a training session) during the first and sixth
weeks of a 6-week FastFES gait training program. We hypoth-
esized that if the FastFES training session induces learning
of gait biomechanics that are the target of training, we would
observe within-session improvements in gait performance (on-
line gains) and retention of improved gait patterns at the start
of the next training session (48 hours later). We also hypothe-
sized that the magnitude of motor learning would differ early
(first week) versus late (sixth week) during training.

CASE DESCRIPTION
A 47-year-old man with poststroke left hemiparesis par-

ticipated in the study. The study participant was 15.5 months
poststroke, and scored 12 on the lower extremity Fugl-Meyer
scale (measure of lower extremity motor function; maximum
score 34). His magnetic resonance imaging scan indicated a
right middle cerebral artery infarct with restricted diffusion

involving the right lenticular nucleus, frontal lobe, internal
capsule, and temporal lobe. His Berg balance score was 39
(measure of balance; maximum score 56), timed up and go test
score was 30.3 seconds (measure of functional mobility; score
for community dwelling able-bodied adults >13.5 seconds),41

and functional gait assessment score was 9 (measure of walk-
ing performance; maximum score 30). The subject ambulated
without an ankle foot orthosis but with the assistance of a
single-point cane. At baseline, his self-selected overground
gait speed was 0.38 m/s, and distance ambulated during the
6-minute walk test was 146.6 m. The subject scored 29 on the
Mini-Mental State Examination and 7 on the Geriatric Depres-
sion Scale. The subject did not have neurological disease other
than stroke, cerebellar signs, neglect, hemianopia, insulin-
dependent diabetes, orthopedic problems affecting walking,
or inability to communicate with investigators. All study pro-
cedures were approved by the institutional human subjects
review board.

INTERVENTION
As part of this case study, the subject participated in

6 weeks (18 sessions) of gait training. To evaluate motor learn-
ing, changes in gait biomechanics within and across training
sessions were evaluated by conducting gait analysis during 4
of the training sessions (Figure 1). Gait analysis was conducted
during sessions 1 and 2 of the first training week and during ses-
sions 16 and 17 of the sixth training week. In addition, the sub-
ject’s gait speed and gait biomechanics were evaluated during
tests conducted at baseline (before start of the first training ses-
sion) and at the start of the sixth week to assess overall changes
in his walking function and biomechanics after training.

Methods for FastFES Gait Training
Gait training included a combination of fast treadmill

walking and functional electrical stimulation to the plantar
and dorsiflexor muscles of the paretic ankle (FastFES). The
fast (training) speed was determined as the fastest speed at
which the subject could walk for 4 minutes. The subject’s
fast or training speed was 0.42 m/s during the first training
week, and had progressed to 0.60 m/s during the sixth train-
ing week. Each FastFES training session comprised a total of
36 minutes (six 6-minute bouts) of walking practice. Seated
rest breaks were provided between bouts. Bouts 1 to 5 com-
prised treadmill walking at the fast speed, with alternating
1-minute periods of fast walking with and without FES. Dur-
ing periods of walking with FES, FES was delivered to ankle
dorsiflexor muscles during the paretic swing phase and to an-
kle plantarflexor muscles during the paretic terminal stance
phase.32−34,36 Functional electrical stimulation was delivered
via surface electrical stimulation electrodes attached to skin
overlying the ankle dorsiflexor (2′′×2′′, TENS Products, CO)
and plantarflexor muscles (3′′×5′′, VersaStim, NY). FES in-
tensity was set at the start of the training session, as described
in previous publications.32−34 Intermittent application of FES
was provided to encourage the subjects to practice the timing
of muscle activation provided by FES during intervening pe-
riods without FES. Bout 6, the last training bout, comprised
6 minutes of overground walking without FES. During bout 6,
the subject walked at a fast pace and was instructed to mimic
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Figure 1. A schematic showing the experimental protocol for the case study. Each bar represents a FastFES training session.
Pretest, posttest, and retention test data collected during week 1 and week 6 of training were used to compute change scores
for assessing motor learning.

the walking patterns he practiced on the treadmill during the
5 preceding treadmill training bouts.

Methods for Gait Analysis
The biomechanical impairments targeted by the inter-

vention (paretic propulsion and swing phase knee flexion)
were used as outcome measures of gait performance. Dur-
ing the first training session, 3-dimensional gait analysis was
performed during a pretest (before the training session) and
posttest (after the training session), and a retention test was
conducted at the start of the next training session (48 hours
after the first training session). Similarly, after the subject had
completed 5 weeks of training, during the first session of train-
ing week 6, gait analysis was performed during a pretest and
posttest, and a retention test was conducted at the start of the
next session (Figure 1). Gait speed and biomechanical data
obtained during the pretest of week 1 and pretest of week 6
were used to determine the overall improvement in gait with
training (ie, therapeutic effect).

During these pre-, post-, and retention tests, an 8-camera
motion analysis system (Motion Analysis, Santa Rosa, CA)
was used to measure positions of reflective markers attached
to the subject during walking at the self-selected gait speed. For
consistency and to prevent the influence of changes in speed on
gait biomechanics, the same self-selected speed (determined
before training) was used for all the gait analysis sessions dur-
ing the first and sixth weeks. Reflective markers were attached
to bilateral thigh, shank, foot segments, and pelvis.42 During
gait analysis, the subject walked on a split-belt treadmill in-
strumented with force platforms embedded within each belt
(Bertec Corp, Columbus, OH). Marker and ground reaction
force data were sampled at 1000 and 100 Hz, respectively.
During the pre-, post-, and retention tests, the subject walked
without FES and without an orthosis. The subject wore an
overhead support harness with no body weight support for
safety.

Gait events (initial contact and foot-off) were determined
using the vertical ground reaction forces (GRFs). The GRF
data were normalized to the subject’s weight. For the antero-
posterior ground reaction force data from each stride, the phase
between the point where the anteroposterior ground reaction
force crossed zero (transition from posterior to anterior) and
the end of the stance phase was identified as the portion of
the gait cycle when the subject demonstrated anteriorly di-

rected ground reaction forces, or push-off forces. The paretic
propulsive integral was determined as the area under this an-
terior ground reaction force curve. Paretic propulsive integral,
a gait variable directly targeted by plantarflexor FES and fast
walking, and correlated with hemiparetic severity and gait
asymmetry,4−7 was the primary outcome measure for the study.
The peak knee flexion angle during the swing phase, also tar-
geted by the FastFES intervention, was the secondary outcome
variable used to assess gait performance. The overground gait
speed was another secondary outcome used to track the over-
all change in gait function after 6 weeks of training. These
dependent variables were selected to evaluate effects of train-
ing on the specific gait impairments targeted by the FastFES
intervention.

Measurement of Motor Learning
Using gait analysis data collected during the pre-, post-,

and retention tests during the first and sixth training weeks
(Figure 1), 2 change scores were computed to evaluate motor
learning. Online gains (within-session gains) in gait perfor-
mance were computed as follows:

Online Gain = [(Posttest) − (Pretest)] / Pretest

Retention (motor learning) was computed as follows:

Retention = [(Retention Test) − (Pretest)] / Pretest

Thus, a positive online gain score would indicate a
within-session improvement in the gait variable. A positive
retention score would indicate an increase in the gait variable
between the pretest and retention test. These change scores
were used to evaluate the magnitude of motor learning induced
by a single training session during the first and sixth weeks.
The change scores were converted to a percentage to enable
normalized comparisons between the first and sixth training
weeks.

OUTCOMES

Improvements in Gait Speed, Paretic
Propulsion, and Swing Phase Knee Flexion
After 6 Weeks of Gait Training

After 6 weeks of training, the subject showed an increase
in overground gait speed from 0.38 m/s (household ambulator)
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to 0.57 m/s (limited community ambulator4), with a change of
0.19 m/s. This change in speed exceeded the minimal clinically
important difference of 0.16 m/s for overground gait speed in
stroke.43 The increase in speed was accompanied by improve-
ments in paretic propulsion (55.4% increase) and swing phase
knee flexion (25.2% increase) (Figure 2).

Motor Learning Change Scores During the First
Training Week

During the first training session of week 1, paretic
propulsive integral increased from 1.42 at pretest to 2.22%
body weight-seconds at posttest (55.7% increase). During the
retention test performed 48 hours after the training session,
paretic propulsion was 2.01% body weight-seconds. This is a
retention of 41% compared with the pretest (Figures 2 and 3).
Likewise, paretic peak swing phase knee flexion increased
from 17◦ at pretest to 23◦ at posttest (31.5% increase). During
the retention test performed 48 hours after the training session,
knee flexion was 21◦, a retention of 20.3% compared with the
pretest (Figures 2 and 3).

Figure 2. Bar plots showing the values of the biomechanical
variables—paretic propulsive integral (top panel) and paretic
swing knee flexion (bottom panel) obtained during the
pretest, posttest, and retention test conducted during week 1
and week 6 of FastFES gait training. For both variables,
greater values indicate improvement. The overall change with
6 weeks of training was computed by comparing the pretest
data from week 1 and week 6. Each bar represents an average
of 9 gait cycles; error bars represent standard errors across
gait cycles.

Figure 3. Bar plots showing the change scores used to
evaluate motor learning for the 2 biomechanical gait variables
(top: paretic propulsive integral; bottom: paretic swing knee
flexion) during week 1 and week 6. Online gain refers to the
increase in the variable within one training session (pretest to
posttest, positive values indicate an increase). Retention, the
gold standard for motor learning, refers to the change in the
variable from the pretest to the retention test conducted
48 hours after the training session (positive values indicate
improvement or motor learning).

Motor Learning During the First Versus the
Sixth Training Week

Comparison of change scores for paretic propulsive in-
tegral during the first versus the sixth week revealed that
the training session in the first week produced greater on-
line gains (55.7% during week 1 vs 4.5% during week 6),
and greater motor learning (41% during week 1 vs −38.9%
during week 6) during the first versus sixth week of gait train-
ing (Figure 3). Similarly for paretic knee flexion, the online
gains and retention were greater during week 1 versus week 6
(Figure 3).

DISCUSSION
This case study used the FastFES gait retraining inter-

vention as a paradigm to investigate the magnitude and time
course of motor learning during clinical poststroke gait re-
habilitation. We hypothesized that if the FastFES gait train-
ing session induces motor learning of improved gait patterns,
we would observe within-session improvements in the biome-
chanical variables being targeted, and more importantly, reten-
tion of these improvements 48 hours after the training session.
Consistent with our hypothesis, during week 1, we showed that
paretic propulsive integral and paretic knee flexion improved
after a single training session. Furthermore, during the first
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week of training, motor learning of targeted gait biomechanics
was indicated by retention of improved paretic propulsion and
paretic knee flexion 48 hours after the training session. Inter-
estingly, we also showed that the magnitude of motor learning
was greater during the first versus the sixth training week,
suggesting that these motor learning change scores may differ
markedly during the early versus late stages of gait rehabilita-
tion. To our knowledge, this is the first report evaluating motor
learning (using within-session changes in gait performance
and retention of gait performance at the next training session)
during the course of a clinical gait rehabilitation training ses-
sion. Our findings regarding the differences in magnitude of
motor learning during week 1 versus week 6 are also novel and
merit investigation in a group study design.

In this case study, we conducted a systematic evaluation
of the within- and across-session changes in the poststroke gait
variables targeted by the intervention to evaluate motor learn-
ing during FastFES training. The change scores used here
(online gains, retention) are inspired by the motor learning
literature.44 Motor learning studies typically capitalize on con-
trolled experimental motor tasks such as reaching or stepping
movements often performed against a force field.21,23,31,44 Mo-
tor learning likely evolves over 2 time scales: a fast component
that occurs within a training session and a delayed latent com-
ponent that occurs after the training session.44,45 The within-
session improvements or online gains observed in our current
study may be the product of these fast processes occurring
as the stroke survivors relearned new gait patterns during the
training session. Although improvements in the targeted per-
formance variable within the training session (online gains)
demonstrate motor skill acquisition and are important, alone,
they do not suggest the presence of motor learning. Consol-
idation is a set of processes whereby a long-term memory
becomes more stable with the passage of time.44,46 Consoli-
dation of learning, thought to be influenced by both time and
sleep, is demonstrated by persistence of the within-session
performance improvements after a delay period (ie, retention).
In our case study, retention was assessed by comparing the
paretic propulsion and knee flexion during the retention test
conducted 48 hours after the training session with the pretest
conducted at the beginning of the training session. The fact that
we showed positive retention scores (41% for paretic propul-
sion and 20.3% for paretic knee flexion) during week 1 pro-
vides evidence that the FastFES training program promoted the
learning of biomechanical gait parameters targeted by training.

To our knowledge, differences in motor learning between
early (here the first week) and later stages (sixth week) of gait
training have not previously been reported and merit further
investigation. Our comparisons of retention during week 1 and
week 6 suggest that the capacity for motor learning may be
greater during the earlier stages of a gait intervention, perhaps
because the training program is “novel” and more challeng-
ing for the subject at that time. After repeated exposure to
the same training paradigm over multiple training sessions (ie,
during week 6), the training regimen may not be sufficiently
challenging to induce motor learning. Negative retention dur-
ing week 6 (ie, a marked decrement in gait performance at
the retention test compared with the beginning of the training
session) was an unexpected finding. Here, we were unable to

control the amount and type of walking practice the subject
engaged in during the period between the training and the re-
tention test, as is common during clinical gait rehabilitation.
The negative retention observed during week 6 may reflect
session-to-session gait variability, or be a finding specific to
this case study subject, but merits investigation in future stud-
ies. The change scores used to assess motor learning during
weeks 1 and 6 were measured over a 48-hour period and nor-
malized to the pretest data for each week, thus enabling a
measurement of online gains and retention induced by a single
training session. It is also important to note that these negative
retention change scores during week 6 were observed despite
the overall improvement in gait speed, propulsion, and knee
flexion during week 6 versus week 1. Also, the pre-, post-, and
retention test data were collected at the subject’s initial self-
selected speed (determined during the first week) although his
self-selected speed increased from the first to sixth weeks. It
is possible that the negative retention scores observed during
week 6 were caused by the subject being tested at a speed that
was slower than his current comfortable speed. However, we
computed the within-session and retention change scores for
week 6 using gait analysis tests conducted at the new, faster
self-selected speed from week 6, and found the similar trends
as reported here. It is also conceivable that by the sixth train-
ing week, the improvements in gait speed, gait biomechanics,
and thereby balance confidence produced by the intervention
equipped the subject with novel biomechanical strategies and
gait compensations that enabled improvements in gait speed
without necessitating concomitant within- and across-session
improvements in specific paretic limb impairments. During
gait rehabilitation, assessment of gait biomechanics along with
measurement of gait function, activity, and participation may
help elucidate the interplay between restoration of gait impair-
ments and development of new gait compensations as a gait
retraining program evolves. Rehabilitation studies typically as-
sess gait function before and after 6 or 12 weeks of training;
within- and across-session changes in gait performance are not
usually reported. The findings of this case study demonstrate
the need to study the time courses of within- and across-session
changes, as well as factors influencing the capacity for motor
learning, during poststroke gait rehabilitation.

The innovation of this case report is the systematic eval-
uation of within- and across-session changes to assess motor
learning during clinical poststroke gait rehabilitation. Conclu-
sions from this case study are limited to a single individual. Our
current case report provides interesting and innovative findings
and strongly supports the need for systematically evaluating
motor learning mechanisms and time courses in larger scale
studies. Conclusions are further limited by the fact that the
individual studied was 15.5 months poststroke. The effects of
initiating therapy during the first few days and weeks after
stroke on motor learning and time course of gait improve-
ments are important questions that deserve investigation in
future studies. After 6 weeks of training, the study subject
showed an increase in gait speed of 0.19 m/s, a change larger
than the minimal clinically important difference for walking
speed poststroke (0.16 m/s).43 Despite this change, the individ-
ual still had gait disability, highlighting the need to improve
the effectiveness of gait training and enable the subject to
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make even greater gains in walking speed and transition from
a household ambulatory to a community ambulator.47 Dur-
ing the intervention in this case study, no explicit feedback
was provided about errors or deviation from the targeted task.
The physical therapist’s verbal instructions to the subject were
standardized to prevent differences in response to treatment
because of the type of feedback. During training, no tactile
cues were provided by the physical therapist. Although this
helped make the training protocol standardized and replica-
ble, individualized verbal and tactile cues may be valuable for
promoting learning and retention.

The purpose of this case study was to explore the mag-
nitude and time course of motor learning during clinical post-
stroke gait rehabilitation. We postulate that an in-depth under-
standing of the magnitude and time course of motor learning
during gait retraining can help maximize the effects of each
session and each week of rehabilitation. We demonstrate the
advantage of using within- and across-session changes for
systematically tracking motor learning during clinical gait re-
habilitation. In the context of motor learning, the goal of each
physical therapy treatment session may be to induce a positive
within-session change or online gains, and achieve positive
retention (ie, greater performance at the start of the second
vs the first treatment session). Other strategies such as ver-
bal feedback about gait performance, which was shown to be
effective at improving gait speed in a randomized controlled
trial, may be used to enhance motor learning during clinical
gait rehabilitation.48 An in-depth understanding of the motor
learning mechanisms during rehabilitation may aid in the de-
sign of more effective and more individualized schedules for
gait retraining and development of novel strategies to promote
motor learning during gait rehabilitation.
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