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Introduction

Repetitive, task-related walking training is commonly iden-
tified as a key component of stroke rehabilitation following 
stroke.1,2 Task-related training, also referred to as task-ori-
ented or task-specific training, is based on the premise that 
to learn to walk, one should practice walking. Despite the 
apparent simplicity of the concept, there is significant vari-
ability in the specific focus, treatment content, and out-
comes achieved with the various walking-task training 
interventions in the literature.3-6 Given that a primary con-
cern of poststroke physical therapy is the reacquisition of 
motor skills, we propose that motor-learning science offers 
a sound theoretical framework to develop a more coherent 
and effective task-related walking training intervention.

The goal of motor-learning science is to understand how 
people acquire motor skills through practice or experience.7 

From the literature, we know that individuals learn motor 
skills optimally under specific conditions. In recent years, 
practice conditions shown to elicit behavior changes have 
also been associated with changes in the activity and struc-
ture of the brain.8 According to motor-learning principles 
(MLPs), learning is optimized when practice is abundant, 
engaging, challenging, and progressive.9 We also know that 
learning is typically improved when practice is variable and 
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Abstract
Background: Although task-related walking training has been recommended after stroke, the theoretical basis, content, 
and impact of interventions vary across the literature. There is a need for a comparison of different approaches to task-
related walking training after stroke. Objective: To compare the impact of a motor-learning-science–based overground 
walking training program with body-weight-supported treadmill training (BWSTT) in ambulatory, community-dwelling 
adults within 1 year of stroke onset. Methods: In this rater-blinded, 1:1 parallel, randomized controlled trial, participants 
were stratified by baseline gait speed. Participants assigned to the Motor Learning Walking Program (MLWP) practiced 
various overground walking tasks under the supervision of 1 physiotherapist. Cognitive effort was encouraged through 
random practice and limited provision of feedback and guidance. The BWSTT program emphasized repetition of the 
normal gait cycle while supported on a treadmill and assisted by 1 to 3 therapy staff. The primary outcome was comfortable 
gait speed at postintervention assessment (T2). Results: In total, 71 individuals (mean age = 67.3; standard deviation = 
11.6 years) with stroke (mean onset = 20.9 [14.1] weeks) were randomized (MLWP, n = 35; BWSTT, n = 36). There was 
no significant between-group difference in gait speed at T2 (0.002 m/s; 95% confidence interval [CI] = −0.11, 0.12; P > 
.05). The MLWP group improved by 0.14 m/s (95% CI = 0.09, 0.19), and the BWSTT group improved by 0.14 m/s (95% 
CI = 0.08, 0.20). Conclusions: In this sample of community-dwelling adults within 1 year of stroke, a 15-session program 
of varied overground walking-focused training was not superior to a BWSTT program of equal frequency, duration, and 
in-session step activity.
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random in order; practice conditions resemble the expected 
performance conditions; continuous tasks such as walking 
are practiced as a whole task; and feedback and guidance 
are provided in a manner that encourages error experience, 
self-evaluation, and self-correction.7-9

On review of community-based walking-training liter-
ature, application of these MLPs is arguably incomplete. 
Although most interventions incorporate some whole-task 
walking practice, adherence to other principles has been 
less consistent. Circuit-training interventions include vari-
able-task practice; however, task stations frequently 
focused on part-task practice (eg, heel raises and step-ups) 
and were blocked in order, and authors failed to describe 
how feedback was provided.10-15 In studies rooted in a cen-
tral pattern generator (CPG) theory of gait control and 
recovery, participants typically underwent whole-task 
practice of the gait cycle through body-weight-supported 
treadmill training (BWSTT), where practice was constant, 
guided, and usually had limited inclusion of overground 
walking.16-19

In addition to uneven application of MLPs, many outpa-
tient-based walking training studies fail to compare the 
experimental intervention with an alternative approach to 
task-oriented training. For example, circuit training inter-
ventions have been compared with seated activities or stan-
dard physical therapy care,10,11,13 whereas in outpatient 
BWSTT studies, one BWSTT protocol was compared with 
another BWSTT protocol or with a nonwalking activity.17,18 
In the Locomotor Experience Applied Post-stroke (LEAPS) 
trial,20 BWSTT was compared with a supervised, home 
exercise program. In this study, the BWSTT and the home 
exercise programs were found to be equally effective.19 On 
first read, this study seems to indicate that there is no added 
value of task-oriented walking training over non-task-ori-
ented training; however, the inclusion of walking-specific 
goal setting,20 instructions to walk daily, frequent supervi-
sion, and the context-specific home environment21 may 
have led to a substantial amount of walking-specific prac-
tice by the comparison intervention group. As the home 
therapy intervention was not explicitly based on any par-
ticular theoretical framework nor intentionally designed to 
include task-related practice, interpreting the implications 
of these results is challenging.

In summary, the literature is still not clear whether one 
approach to task-oriented walking-skill training is superior 
to another. More research is required to identify the essen-
tial ingredients of an optimally effective, poststroke walk-
ing-skill training intervention for individuals living in the 
community. We propose that a systematic, motor-learning-
science–framed research approach would lead to an 
increased understanding of crucial treatment components 
and subsequently result in improved patient outcomes.

The purpose of this randomized controlled trial was to 
evaluate the impact of the Motor Learning Walking Program 

(MLWP) in community dwelling individuals within 1 year 
of stroke onset. The MLWP is an intensive, varied, task-
specific, overground walking training program organized to 
be consistent with key MLPs. In an effort to assess the rela-
tive value of motor-learning science as a theoretical frame-
work, the MLWP was compared with BWSTT, an approach 
rooted in the CPG theory of gait control and recovery.

Methods

All study activities were approved by the Research Ethics 
Boards of St Joseph’s Healthcare Hamilton (SJHH; 
#6-2753); the Hamilton Health Sciences (#07-054), 
Hamilton, Ontario; and Joseph Brant Memorial Hospital, 
Burlington, Ontario. The study was registered at 
ClinicalTrials.gov (#NCT00561405). A detailed descrip-
tion of the study methods, including rationale and content 
of the interventions, can be found in the previously pub-
lished protocol article.22

This study was a randomized, parallel-group (1:1) trial 
with stratification by baseline comfortable gait speed (<0.5 
m/s, and ≥0.5 m/s). A gait speed of 0.5 m/s represents the 
velocity required to safely cross a street at a marked cross-
walk.23 Design included concealed allocation during screen-
ing and randomization, rater-blinded outcome assessment, 
and intention-to-treat analysis.

Between January 1, 2007, and August 31, 2010, par-
ticipants were recruited through clinician referrals from 
inpatient acute and rehabilitation units and outpatient 
rehabilitation programs at 3 teaching hospitals in the 
neighboring cities of Hamilton and Burlington, Ontario. 
Some participants were recruited through newspaper 
advertisements and local stroke survivor groups. Referred 
patients were screened by a research coordinator and 
underwent written informed consent and baseline assess-
ment. A permuted block (block sizes 2, 4, and 6) random-
ization schedule was created and administered by a central 
randomization service (SJHH Biostatistics Unit). On com-
pletion of the screening, consent, and baseline assessment, 
group assignment was communicated by e-mail to the 
research coordinator. In an effort to minimize expectation 
bias, participants and therapists in both groups received 
information that promoted the rationale and potential ben-
efits of their assigned intervention and were blinded to the 
study hypotheses.

Participants

Inclusion criteria were as follows: (1) ≥40 years old, (2) liv-
ing in the community, (3) <12 months since onset of isch-
emic or hemorrhagic stroke, (4) able to walk 10 m without 
assistance (gait aid allowed), (5) able to follow a 2-step ver-
bal command, and (6) independent community ambulation 
prior to stroke. Individuals were excluded if they presented 
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with (1) cognitive impairment (ie, Mini Mental Status Exam 
score less than age and education norms)24; (2) severe visual 
impairment; (3) lower-extremity amputation; (4) unstable 
cardiac, medical, or musculoskeletal conditions that would 
limit treatment participation (determined by physician 
screening and baseline interview); or (5) comfortable gait 
speed >1.0 m/s without a gait aid.

Interventions

Participants were assigned to the experimental MLWP or 
the comparison BWSTT intervention. The aim of the 
MLWP was to engage participants in the practice of a vari-
ety of overground walking tasks relevant to community 
mobility.25 Under the supervision of one physical therapist, 
participants in the MLWP group practiced 7 core walking 
activities at every session: (1) short walks; (2) longer dis-
tance (≥50 m); (3) steps, curbs, and slopes; (4) obstacle 
avoidance; (5) transitions (eg, sit to stand and walk); (6) 
changes in centre of gravity (eg, pick up an object off floor); 
and (7) changes in direction. Within each session, an 
approximately equal amount of time was spent practicing 
each of the core tasks. When a participant was observed to 
consistently perform a specific task without physical assis-
tance, the challenge level was adjusted through the addition 
of concurrent verbal or physical tasks, reduced time con-
straint, altered terrain and/or lighting, increased duration, 
reduced predictability, and/or performance in a mobile 
environment. In addition to variable practice and task-
related practice, sessions were organized in a manner con-
sistent with MLPs related to guidance, feedback, and order 
of practice.7

The comparison BWSTT was structured to provide par-
ticipants with the opportunity to practice high repetitions of 
a near-normal gait pattern while supported over a treadmill 
and assisted by one or more physical therapy staff. This 
approach to training is rooted in the CPG theory of gait con-
trol and recovery26 and based on protocols described in the 
literature.17,27

Both intervention groups were offered 15 sessions over 5 
weeks in an outpatient clinic setting. Sessions were 1 hour 
long, including setup, vital sign assessment, and rest peri-
ods. Refer to Table 1 for a comparison of the 2 interven-
tions. To minimize risk of contamination, each intervention 
was provided by a separate group of physical therapists 
trained in their respective interventions (MLWP, n = 4; 
BWSTT, n = 4). Therapist training was delivered by the 
Principal Investigator (VDP) and included reading and dis-
cussion of selected literature and intervention protocol doc-
uments, role-playing practice, and cotreatment of at least 1 
participant. Ongoing treatment fidelity was facilitated 
through regular (at least once per month) observation ses-
sions, case discussions, and review of training documenta-
tion by the principal investigator.

Outcomes

The primary outcome for this study was comfortable gait 
speed measured following treatment completion (T2). Gait 
speed, measured using the 5-m walk test28,29 has been shown 
to be reliable (r = 0.94), responsive to change, and signifi-
cantly related to independent community ambulation in 
individuals with stroke.30 Patients were also assessed using 
the following outcome measures, all shown to be reliable 
and valid in individuals with stroke: 5-m Walk Test (maxi-
mum pace)28,29; 6-Minute Walk Test29; the Functional 
Balance Test (FBT),31 a test of higher level balance and 
walking control; the Activities-specific Balance Confidence 
Scale32; the modified Functional Ambulation Categories33; 
and the Stroke Impact Scale 3.0.34 Community mobility 
participation was measured using the Life Space 
Assessment,35 which has been shown to be reliable, valid, 
and responsive to change in older adults. All outcomes were 
measured by a blinded physical therapist assessor within 1 
week prior to initiating training (T1), within 1 week follow-
ing completion of training (T2), and 2 months after training 
(T3). At every visit, participants were asked to recall 
whether they had a fall, how many falls, and if they required 
medical care for the fall or any other reason since their last 
visit. In a convenient sample of participants from both inter-
vention groups, step activity during treatment sessions was 
collected using StepWatch 3.0 step activity monitors 
(Orthocare Innovations, Oklahoma City, OK).36

Analysis

Descriptive statistics were used for baseline characteristics 
and outcomes scores (means with standard deviation [SD], 
or median with first [Q1] and third quartile [Q3]) for con-
tinuous variables and counts (percentage) for categorical 
variables. Intention-to-treat analysis with multiple imputa-
tion technique for missing values37 was used for between-
group comparisons for primary and secondary outcomes. 
For primary analysis, postintervention (T2) comfortable 
walking speeds for the intervention groups were compared 
using analysis of covariance with group (MLWP or 
BWSTT) and baseline speed stratum (ie, slow or fast) as 
factors. Secondary analysis included between-group com-
parisons of gait speed at the 2-month follow-up (T3) and 
all other outcomes at T2 and T3 using analysis of covari-
ance. For each outcome, 2 covariates were used: baseline 
comfortable gait speed and the baseline value of the out-
come of interest. In addition, an odds ratio of the frequency 
of participants in the MLWP group achieving a meaningful 
change in gait speed at T2 (≥0.14 m/s)38 compared with 
participants receiving BWSTT was calculated using χ2 sta-
tistics. All statistical tests were 2-sided with a 0.05 level of 
significance. The Bonferroni correction method was used 
to adjust the level of significance for testing for secondary 
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outcomes. Analysis was performed using IBM SPSS 
Statistics 20.0 for Windows (Somers, NY) and SAS 9.2 
(Cary, NC).

The sample size estimate was based on review of previ-
ously reported poststroke gait rehabilitation studies. To reli-
ably detect a meaningful between-group difference of 0.14 
m/s38 in gait speed (assuming a SD of 0.19 m/s,11,16,17 with 
80% power at a 2-tailed significance level of 0.05), the sam-
ple size was calculated to be 29 participants per treatment 
group. Considering the loss to follow-up rates reported in 
the literature, which ranged from 7%11 to 20%17, a 17% loss 
was allowed, resulting in a total recruitment target of 70 
participants.

Results

A total of 186 individuals within 1 year of stroke were 
referred for screening. Of these, 71 participants met inclu-
sion and exclusion criteria, consented, and were random-
ized (MLWP, n = 35; BWSTT, n = 36). The mean age of 
participants was 67.3 (SD = 11.6) years, with a mean of 

20.9 (SD 14.1) weeks since stroke onset. One participant 
from each group withdrew for personal reasons after base-
line assessment and before beginning training. A total of 64 
participants were assessed at posttreatment (T2: MLWP = 
30; BWSTT = 34); 58 participants were assessed at follow-
up (T3: MLWP = 26; BWSTT = 32). Participant flow is 
presented in Figure 1.

The 69 participants who undertook at least 1 treatment 
completed an average of 13 training sessions (MLWP, 
13.29 [SD 4.33]; BWSTT, 13.50 [SD 3.87]). In a sample of 
convenience, there was no significant between-group dif-
ference for number of steps per treatment session (P = .61), 
with 1620 (SD = 624) steps taken during MLWP (n = 19) 
and 1712 (SD = 487) steps taken during BWSTT (n = 21).

Groups were balanced on baseline characteristics (see 
Table 2). In Table 3, the observed data have been summa-
rized using mean scores for primary and secondary out-
comes at baseline, postintervention, and follow-up. In 
Table 4, the differential effects of the MLWP over BWSTT 
for primary and secondary outcomes at T2 and T3 are pre-
sented for intention-to-treat and adjusted analysis.

Table 1. Description of Experimental and Comparison Interventions.

Learning Variable/Principle Motor Learning Walking Program Body-Weight-Supported Treadmill Training

Amount of practice/
intensity

Up to 40 minutes of walking activity per session Up to 30 minutes treadmill walking per 
session

15 Sessions over 5 weeks 15 Sessions over 5 weeks
Specificity of practice Reflects task and environmental demands of 

community walking
High repetitions of near-normal gait cycle on 

treadmill
Variable practice Variable practice of different overground walking 

tasks
Single task practice: walking on treadmill

Practice order Random or serial order, moving through different 
tasks, returning to each task at least once

Blocked or mass practice of single task of 
walking on treadmill

Augmented feedback Encourage self-evaluation through delayed, 
intermittent and summary feedback

Continuous, immediate visual (mirror) and/
or verbal feedback; focus on KP, specifically 
related to posture and gait patternKP and KR provided

Instructions Instructions provided related to the goals of the task; 
emphasis on problem solving, discovery of alternate 
ways to complete walking tasks

Instructions regarding performance of near-
normal gait pattern

Physical guidance Physical guidance provided for safety or initial 
completion of basic task early in learning; emphasis 
on allowing participants to make and attempt to 
correct errors

Frequent guidance of 1 to 3 trainers at pelvis, 
limbs to guide position and timing

Up to 40% body weight support through 
harness, weaned according to performance

Handle use discouraged
Errors prevented or minimized

Training personnel PT (1) 1 PT plus up to 1 to 2 other PTs or assistants
Training setting Outpatient clinic, other parts of hospital and 

outdoors
Outpatient clinic; on treadmill

Training speed Practice of comfortable and fast walking At or above 2.0 mph (0.89 m/s) as soon as 
participant able

Use of walking aid/orthoses Practice with and without orthoses and walking aid Practice without walking aid, may use orthoses 
if necessary

Abbreviations: KP, knowledge of performance; KR, knowledge of results; PT, physical therapist.
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Primary Outcome

There was no significant between-group difference in com-
fortable gait speed at T2. Mean between-group difference 
was 0.002 m/s (95% CI = −0.112, 0.117; P > .05). Both 
groups improved comfortable gait speed following treat-
ment. Based on the primary adjusted analysis, including 
multiple imputation, the change in gait speed at T2 in the 
MLWP group was 0.14 m/s (95% CI = 0.09, 0.19) and 0.14 
m/s (95% CI = 0.08, 0.20) in the BWSTT group.

Secondary Outcomes

There were no significant between-group differences in any of 
the secondary outcome measures at T2 or follow-up (T3). 
Although effect sizes did not reach statistical significance, 
participants in the MLWP group tended to perform the FBT, a 
test of higher level balance and walking,31 more quickly than 
participants in the BWSTT group at T2 (between-group dif-
ference = −6.01 s; 95% CI = −15.97, 3.95) and T3 (between-
group difference = −12.15 s; 95% CI = −26.17, 1.89).

Excluded n= 76 
Too fast n=48 
Cognition n=12 

   Language n=10 
   Comorbidity n=6 
Declined n=39 

Died n=2  
Health status n=3 
Unable to schedule 
                 n=3 

Died (between 
treatment + T2) n=1  
Health status n=2 
Unable to schedule  
                  n=1 

Health status
         n=1 

Enrolment

ITT analysis T2 
n=34  
ITT analysis T3  
n = 33  

ITT analysis T2 
n=36 
ITT analysis T3  
n = 34 

Assessed at T2 n=30 Assessed at T2 n=34 

Assessed at T3 n=32 

Died n=2 
Health status  
         n=1 

Post-Intervention T2 

Motor Learning Walking 
Program (MLWP) 

Body Weight Supported 
Treadmill  (BWSTT) 

Screened for eligibility by research 
coordinator n=186 

Allocated to BWSTT n= 36 
Received ≥1 session 

n=35

Allocated to MLWP n=35 
Received ≥1 session 

n=34 

Allocation

Assessed at T3 n=26 

Follow-up T3 

Intention to Treat 
Analysis (ITT) 

Randomized 
(n=71) 

Figure 1. Consort diagram depicting participant flow during study.a
aHealth status refers to non-life-threatening health issues that were cited by participants as reasons for not attending assessment session (eg, skin 
lesion on foot and generally unwell).
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Table 2. Baseline Characteristics of Study Participants.

Characteristics MLWP, n = 35 BWSTT, n =36

Age (in years): mean (SD) 66.40 (10.98) 69.03 (12.26)
Sex: male (%) 21 (60%) 22 (61%)
Time from stroke onset (weeks): median (Q1, Q3) 18.00 (10.00, 30.00) 18.5 (7.25, 34.00)
Type of stroke  
 Ischemic 27 29
 Lacunar  2  2
 Hemorrhagic  5  3
Stroke location  
 Anterior cerebral artery  1  1
 Middle cerebral artery 23 18
 Posterior circulation  0  2
 Brainstem/cerebellum  6  5
 Undefined  5 10
Side of hemiparesis  
 Right 20 17
 Left 12 18
 Bilateral  3  1
Comorbidities
 Diabetes  7  7
 Chronic cardiac condition 14 10
 Previous stroke  3  5
 Hypertension 21 27
 Lower-limb orthopedic condition 12 13
 Peripheral vascular disease (with claudication)  5  3
Prestroke modified functional walking category (/6): mean (SD) 5.89 (0.32) 5.92 (0.28)
Poststroke modified functional walking category (baseline) (/6): 

mean (SD)
4.54 (1.34) 4.31 (1.19)

Mini Mental Status Exam (/30): mean (SD) 28.00 (2.04) 27.44 (2.09)
Chedoke-McMaster Stroke Assessment: mean (SD)
 Leg (/7) 5.10 (1.06) 4.88 (1.43)
 Foot (/7) 4.27 (1.68) 4.28 (1.63)
Comfortable walking speed (m/s)
Mean (SD) 0.58 (0.24) 0.63 (0.29)
Typical gait aid
 No aid  9 11
 Cane 12  8
 Quad cane  5  7
 Wheeled walker/rollator  9 10

Abbreviations: MLWP, motor learning walking program; BWSTT, body-weight-supported treadmill training; SD, standard deviation; Q, quartile.

Participants in both groups demonstrated gains in all 
functional performance outcome measures (gait speed, 
6-Minute Walk Test, and FBT) from T1 to T2. From T2 to 
T3, scores in both groups improved or were maintained on 
all outcomes, except the FBT in the BWSTT group, where 
performance deteriorated between T2 and T3.

When gait speed data were dichotomized, at T2, 50% 
(15 of 30) of MLWP participants improved their gait speed 
by 0.14 m/s or more between T1 and T2, compared with 
32% (n = 11 of 34) of the BWSTT group. On χ2 analysis, the 

between-group difference was not statistically significant 
(odds ratio = 2.10; 95% CI = −0.58, 3.98; P = .143).

Falls and Adverse Events

There were no between-group differences in rates of falls 
over the entire study period. Based on interview data at T2 
and T3, 11 of 30 (36.7%) participants in the MLWP, and 10 
of 32 (31.3%) in the BWSTT group reported at least 1 fall 
between T1 and T3. Only 2 (6.6%) participants in the 
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MLWP and 4 (12.5%) in the BWSTT group reported mul-
tiple falls. Regarding other serious adverse events, a total of 
3 patients (4.5%; 2 [6.2%] MLWP, 1 [2.7%] BWSTT) 
reported a new stroke or transient ischemic attack over the 
study period; also, 2 participants had cardiac events requir-
ing hospitalization, both in the BWSTT group. A total of 4 
participants died during the study period; 1 person in the 
MLWP group died following a new stroke 1 week after 
completing the 15 intervention sessions and just prior to the 
postintervention assessment (T2); 3 participants died 
between assessments at T2 and T3 (MLWP, 1; BWSTT, 2). 
It is important to note that no participant died, had a cardiac 
event, or stroke during or between treatment sessions.

Discussion

The intention of this randomized controlled trial was to 
compare the impact of 2 different approaches to task-
related walking training in ambulatory, community-dwell-
ing individuals within 1 year of stroke. We hypothesized 
that the MLWP, a walking training intervention designed to 
adhere to key MLPs, would be more effective than BWSTT, 
an intervention based on a CPG theory of gait control. The 
failure to detect a significant difference between these 2 
interventions challenges us to reevaluate our original 
assumptions.

The principal assumption underlying this trial was that 
consistent adherence to MLPs would increase the effective-
ness of task-related walking training. Borrowing Whyte’s 
analogy of a recipe,39 each of these learning “ingredients” 
(ie, intensity, specificity, whole-task practice, variability, 
order, feedback, and guidance) were assumed to be active, 
potent factors in improving walking skill. On reflection, it is 
likely that in this patient cohort, some motor learning ingre-
dients are more important, or potent, than others. When step 
activity was measured during treatment sessions, both 
MLWP and BWSTT groups took more than 3 times the 
mean number of steps (507, SD = 64) observed by Lang et 
al40 during standard outpatient stroke physical therapy ses-
sions. Perhaps, as observed in animal models,41 as long as 
an individual practices walking in some manner, amount or 
intensity of practice becomes the most potent treatment 
ingredient. This premise is consistent with previous reviews 
of gait training literature that fail to find a difference in 
treatment effect between different approaches to intensive 
walking-focused training in neurorehabilitation popula-
tions.21,42,43 Notwithstanding our primary conclusions that 
the 2 walking-focused interventions were equally effective, 
results on the FBT remain intriguing. The FBT is a novel 
timed test of dynamic balance during walking.31 Participants 
perform a continuous circuit of walking-related tasks (ie, 
stand up from a chair and walk, walk up and down a step, 

Table 3. Observed Primary and Secondary Outcomes at T1, T2, and T3.

Outcome Values by Group and Time Mean (SD)

 MLWP BWSTT

Outcomes T1 T2 T3 T1 T2 T3

Comfortable gait 
speed (m/s)

0.58 (0.24) 0.69 (0.31) 0.74 (0.29) 0.63 (0.29) 0.77 (0.35) 0.78 (0.38)

Fast gait speed (m/s) 0.76 (0.33) 0.89 (0.40) 0.99 (0.40) 0.85 (0.42) 1.10 (0.48) 1.01 (0.51)
6-Minute Walk Test 

(m)
209.90 (109.64) 238.56 (120.11) 268.52 (117.40) 204.60 (102.82) 267.50 (135.26) 271.28 (136.63)

Functional Balance 
Test: Score (/20)

16.50 (2.55) 17.76 (2.71) 17.77 (2.30) 16.26 (2.47) 17.53 (2.23) 17.56 (2.44)

Functional Balance 
Test: Time (s)

71.43 (44.79) 60.29 (41.60) 54.12 (41.25) 72.85 (57.43) 60.91 (50.01) 66.88 (67.70)

Activities-Specific 
Balance Confidence 
Scale (/100)

61.74 (18.07) 70.10 (17.44) 71.18 (21.14) 54.58 (22.60) 63.62 (20.02) 67.60 (20.34)

Life Space Assessment 
(/120)

46.19 (17.48) 53.15 (18.37) 59.08 (21.41) 46.23 (16.16) 53.47 (22.69) 58.03 (21.11)

SIS Global Recovery 
(/100)

55.09 (16.35) 65.08 (18.76) 71.73 (20.69) 59.81 (16.87) 65.74 (20.05) 67.31 (19.02)

SIS ADL (/50) 37.37 (8.07) 40.10 (7.04) 41.19 (7.18) 35.78 (6.85) 39.24 (6.77) 41.09 (6.46)
SIS mobility (/45) 36.03 (5.93) 38.67 (4.55) 39.00 (5.52) 34.47 (6.02) 38.12 (5.03) 38.78 (5.20)
SIS participation (/40) 26.31 (6.72) 29.93 (7.23) 31.96 (6.40) 24.61 (7.40) 28.59 (7.23) 30.97 (7.36)

Abbreviations: T1, baseline; T2, posttraining; T3, 2-month follow-up; SD, standard deviation; MLWP, motor-learning walking program; BWSTT, body-
weight-supported treadmill training; SIS, Stroke Impact Scale.
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pick up an object off floor while walking, turn and walk 
back to chair) on a 9-m track. Although the between-group 

comparison of times did not reach statistical significance 
(P = .09), participants in the MLWP group improved their 

Table 4. Adjusted Differential Effect of MLWP Over BWSTT at T2 and T3 Using Intention-to-Treat Analysis.a

Outcome

Differential Effect of MLWP Over 
BWSTT (XMLWP − XBWSTT)  

(95% CI) P Value Covariate(s)

Primary analysis
 Comfortable gait speed T2 (m/s) −0.00 (−0.11; 0.11) .98 Gait speed strata (binary)
Secondary analysis
 Comfortable gait speed at T3 (m/s) 0.00 (−0.10; 0.10) .97 Comfortable gait speed T1
 Fast gait speed T2 (m/s) 0.02 (−0.10; 0.14) .79 Comfortable gait speed T1

Fast gait speed T1
 Fast gait speed T3 (m/s) 0.05 (−0.08; 0.19) .44 Comfortable gait speed T1

Fast gait speed T1
 SMWT T2 (m) −7.38 (−43.46; 28.71) .69 Comfortable gait speed T1

SMWT T1
 SMWT T3 (m) 5.53 (−30.39; 41.44) .76 Comfortable gait speed T1

SMWT T1
 ABC Scale T2 4.85 (2.32; 12.03) .18 Comfortable gait speed T1

ABC Scale T1
 ABC Scale T3 1.46 (−6.12; 9.04) .70 Comfortable gait speed T1

ABC scale T1
 FBT: score T2 0.54 (−0.18; 1.25) .14 Comfortable gait speed T1

FBT score T1
 FBT: score T3 0.53 (−0.32; 1.37) .22 Comfortable gait speed T1

FBT score T1
 FBT: time T2 −6.01 (−15.97; 3.95) .23 Comfortable gait speed T1

FBT time T1
 FBT: time T3 −12.15 (−26.17; 1.89) .09 Comfortable gait speed T1

FBT time T1
 LSA T2 6.81 (−1.09; 14.71) .09 Comfortable gait speed T1

LSA T1
 LSA T3 5.08 (−3.73; 13.88) .26 Comfortable gait speed T1

LSA T1
 SIS ADL T2 1.68 (−0.72; 4.09) .17 Comfortable gait speed T1

SIS ADL T1
 SIS ADL T3 0.68 (−1.57; 2.93) .55 Comfortable gait speed T1

SIS ADL T1
 SIS mobility T2 0.10 (−1.85; 2.06) .92 Comfortable gait speed T1

SIS mobility T1
 SIS mobility T3 0.07 (−2.24; 2.38) .95 Comfortable gait speed T1

SIS mobility T1
 SIS participation T2 1.35 (−1.61; 4.30) .37 Comfortable gait speed T1

SIS part T1
 SIS participation T3 0.96 (−1.94; 3.87) .52 Comfortable gait speed T1

SIS part T1
 SIS global recovery T2 2.01 (−6.34; 10.36) .64 Comfortable gait speed T1

SIS global recovery T1
 SIS global recovery T3 6.00 (−3.43; 15.42) .21 Comfortable gait speed T1

SIS global recovery T1

Abbreviations: MLWP, motor-learning walking program; BWSTT, body-weight-supported treadmill training; T1, baseline; T2, posttraining; T3, 2-month 
follow-up; SMWT, 6-Minute Walk Test; FBT, Functional Balance Test; LSA, Life Space Assessment ; ABC, Activities-Specific Balance Confidence; SIS, 
Stroke Impact Scale; ADL, activities of daily living.
aBonferroni correction: α = .05/21 = .002.
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time from T1 to T2 and again at T3, whereas the BWSTT 
group improved their performance from T1 to T2 but 
seemed to deteriorate at T3. As the demands of this test 
more closely resemble the practice items within the MLWP, 
this result may be cautiously interpreted as support for the 
principle of specificity of practice.7 Alternately, they may 
reflect a potentially beneficial effect of the variable practice 
within the MLWP. According to the schema theory of motor 
control, variable practice of a particular skill helps the 
learner develop a stronger, more flexible schema for that 
skill, leading to an increased ability to perform that skill in 
different environments and task conditions.44 It is possible 
that the 5-m walk test was not optimally suited to detect 
such a benefit.

Based on motor learning science, the MLWP was spe-
cifically designed to encourage cognitive effort and prob-
lem solving during training.9 Practice tasks were random or 
serial in order, and feedback and guidance was delayed or 
limited in frequency to allow self-evaluation and correction 
of errors. Although these strategies have been associated 
with improved outcomes after stroke,45-47 there is evidence 
that the degree of benefit is influenced by the complexity of 
the skill being learned and the experience of the learner.48-50 
In an effort to standardize application of these principles, 
the study protocol did not allow for patient-specific adjust-
ments in terms of feedback provision or practice order to 
match the characteristics of the learner and the task. It is 
possible that this protocol rigidity may have limited the 
overall effectiveness of the intervention.

In their challenge-point framework, Guadagnoli and 
Lee51 propose a task- and person-specific approach to struc-
turing practice. When individuals practice a motor skill, 
they receive a certain amount of information about their 
performance from their internal feedback systems or from 
external sources such as a therapist. This information repre-
sents challenge, where too little or too much information 
can limit learning. The optimal information level, or chal-
lenge point, depends on the skill and experience of the 
learner/patient, combined with the difficulty level of the 
task. The role of the therapist is to adjust the task challenge 
level by adjusting variables such as practice order, fre-
quency of feedback, and provision of guidance, ultimately 
finding the optimal challenge point for a particular patient. 
There is emerging evidence to support the use of a chal-
lenge point framework in arm and hand rehabilitation in 
Parkinson’s disease52 and reactive balance training after 
stroke.53 Future research should explore the application of 
this framework in walking retraining poststroke.

Despite a lack of between-group differences in the pri-
mary outcome, it is important to note that both interventions 
resulted in a clinically meaningful change (0.14 m/s) in com-
fortable gait speed.38 In addition, the magnitude of change in 
this study was comparable to the change previously reported 
for patients of similar functional status and stroke chronicity 

undergoing task-related training.10,11,16 Although partici-
pants in the LEAPS study19 made larger gains in gait speed 
(0.25 m/s), interventions began almost 3 months earlier, and 
the magnitude of change has been shown to diminish with 
time poststroke onset.54 In addition, the interventions in our 
study included only 15 sessions compared with 36 sessions 
in the LEAP protocol.19 It is possible that the impact of the 
MLWP and the BWSTT programs in our study would have 
been greater if these interventions were initiated sooner after 
stroke and for a longer duration. Use of repeated-measures 
design over an extended training period could help identify 
optimal timing, duration, and frequency of walking training 
in this population.

In the literature, between 37% and 73% of individuals 
with stroke report at least 1 fall, and 20% to 55% report 
repeated falls.55 In our study, both the MLWP and BWSTT 
groups had a relatively low rate of at least 1 fall (37.7% and 
31.3%) and multiple falls (6.6% and 12.5%) over the study 
period. In addition, in the LEAPS, fall rates were highest in 
the early BWSTT group compared with the home exercise 
group.19 The authors hypothesized that the difference may 
be related to the lack of balance-specific training in the 
BWSTT intervention compared with the home exercise 
program. Considering that the MLWP intervention included 
dynamic balance challenges within the context of walking, 
it is somewhat surprising that the MLWP group did not 
report fewer falls in our study. The overall low fall rates 
and no between-group differences may be related to the 
short follow-up time or a difference in data collection 
methods (retrospective vs prospective). Future research 
should ensure prospective collection56 of falls over pro-
longed time periods (eg, 6-12 months) and an adequate 
sample size to detect between-group differences in this 
important outcome.

Without definitive evidence in support of MLWP over 
BWSTT, clinicians may base treatment decisions on prac-
tical considerations such as patient preference, treatment 
setting, and equipment and human resources availability. 
BWSTT required an average of 1.4 staff per session com-
pared with 1 therapist for the MLWP. Assuming the 
median hourly rates for a physical therapist is $37.00/
hour and $25.00/hour for a physical therapy assistant 
(PTA),57 15 one-hour sessions of MLWP supervised by 1 
therapist would cost $555.00, whereas the same dose of 
BWSTT supervised 1 one therapist and assisted by a PTA 
(on 40% of the sessions) would cost $705.00. In addition, 
BWSTT requires specialized equipment, whereas the 
MLWP incorporates objects found in any therapy depart-
ment, or home and could be delivered in a community or 
clinical setting. Although this trial did not include a for-
mal economic analysis, clinicians and administrators may 
consider MLWP to be a cost-effective, flexible treatment 
option for ambulatory, community-dwelling individuals 
with history of stroke.
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Limitations

Unfortunately, 2 participants withdrew from the study prior 
to training (MLWP, 1; BWSTT, 1), 5 participants were lost 
to follow-up at T2 (MLWP, 4; BWSTT, 1), and 11 partici-
pants were lost to follow-up at T3 (MLWP, 8; BWSTT, 3; 
see Figure 1). Participants in the MLWP group were more 
likely to be lost for reasons other than death. Because ses-
sion attendance was equal between groups, and treatment 
was typically completed before the loss, it is unlikely that 
this imbalance reflects a specific intolerance to the MLWP 
intervention. Despite this loss, we reached the target sample 
size for the primary outcome. In addition, lost data were 
imputed to retain the benefits of random allocation. In this 
study, we intentionally compared 2 intense, task-related 
walking interventions. Because neither of these interven-
tions represents standard practice, we cannot be certain that 
the observed changes were greater than expected with 
active, standard physical therapy care. We expect that the 
increased focus on walking would lead to better outcomes; 
however, this needs to be confirmed through further 
research. To amplify the difference between interventions, 
the MLWP did not include treadmill walking, and BWSTT 
did not include overground training. Combined interven-
tions may be more typical of clinical practice and have been 
associated with some positive outcomes.58,59 The field 
would benefit from further evaluation of novel treatment 
combinations that target walking-skill reacquisition. 
Finally, this trial represents a comparison of 2 relatively 
complex, principles-driven interventions. We are confident 
that the interventions differed substantially in terms of 
mode of walking, variability of practice, and provision of 
physical guidance; however, fidelity to principles related to 
feedback provision and cognitive engagement were less 
easily documented. Although we believe that therapists 
were adequately trained and mentored regarding these 
motor learning variables, failure to document actual adher-
ence limits our ability to comment on the relative impact of 
these principles on our findings.

Conclusion

In this randomized controlled trial, we compared 2 inten-
sive, task-related walking-skill training programs that were 
different in theoretical rationale and level of adherence to 
specific MLPs. Both interventions were associated with a 
clinically meaningful improvement in walking performance 
in this group of community dwelling individuals within 1 
year of stroke. There were no significant between-group 
differences on primary outcome of comfortable gait speed. 
Clinical decisions may be informed by pragmatic consider-
ations such as equipment and staff availability and patient 
preference. Further experimental and clinical research is 

required to determine the individual impact of and interac-
tions between specific motor-learning variables on walking 
retraining outcomes after stroke.
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