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Abstract

Background: Walking in everyday life requires the ability to adapt walking to the environment. This adaptability is
often impaired after stroke, and this might contribute to the increased fall risk after stroke. To improve safe
community ambulation, walking adaptability training might be beneficial after stroke. This study is designed to
compare the effects of two interventions for improving walking speed and walking adaptability: treadmill-based
C-Mill therapy (therapy with augmented reality) and the overground FALLS program (a conventional therapy
program). We hypothesize that C-Mill therapy will result in better outcomes than the FALLS program, owing to its
expected greater amount of walking practice.

Methods: This is a single-center parallel group randomized controlled trial with pre-intervention, post-intervention,
retention, and follow-up tests. Forty persons after stroke (≥3 months) with deficits in walking or balance will be
included. Participants will be randomly allocated to either C-Mill therapy or the overground FALLS program for
5 weeks. Both interventions will incorporate practice of walking adaptability and will be matched in terms of
frequency, duration, and therapist attention. Walking speed, as determined by the 10 Meter Walking Test, will be
the primary outcome measure. Secondary outcome measures will pertain to walking adaptability (10 Meter Walking
Test with context or cognitive dual-task and Interactive Walkway assessments). Furthermore, commonly used clinical
measures to determine walking ability (Timed Up-and-Go test), walking independence (Functional Ambulation
Category), balance (Berg Balance Scale), and balance confidence (Activities-specific Balance Confidence scale) will
be used, as well as a complementary set of walking-related assessments. The amount of walking practice (the
number of steps taken per session) will be registered using the treadmill’s inbuilt step counter (C-Mill therapy) and
video recordings (FALLS program). This process measure will be compared between the two interventions.

Discussion: This study will assess the effects of treadmill-based C-Mill therapy compared with the overground
FALLS program and thereby the relative importance of the amount of walking practice as a key aspect of effective
intervention programs directed at improving walking speed and walking adaptability after stroke.

Trial registration: Netherlands Trial Register NTR4030. Registered on 11 June 2013, amendment filed on 17 June
2016.
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Background
The ability to adapt walking to environmental circum-
stances, such as the ability to avoid obstacles and to se-
cure safe foot placement in a cluttered environment, is a
prerequisite for safe walking in everyday life
circumstances. This gait adaptability or walking adapt-
ability [1, 2] is often reduced after stroke [3, 4], which
might contribute to the high fall risk in this population
[5]. There is thus a clear need to improve this aspect of
walking ability in people with stroke.
One of the most promising exercise therapies that in-

clude practice of walking adaptability is task-specific gait
training [5]. Task-specific gait training refers to the prac-
tice of associating functional tasks with walking. The
benefits of task-specific training in stroke rehabilitation
have been demonstrated in several studies [6–8]. Besides
task-specific training, context-specific training is a well-
accepted rehabilitation principle after stroke, suggesting
that training should target the goals relevant for the
needs of people with stroke attuned to their environ-
mental circumstances [6, 8]. Hence, including walking
adaptability exercises in training interventions aimed at
improving safe community ambulation seems appropri-
ate and potentially beneficial for people with stroke.
The FALLS program [9] is one such task-specific and

context-specific type of overground training interven-
tion, which integrates the practice of complex situations
of community walking, such as walking over an obstacle
course (Fig. 1a). The FALLS program is based on the
Nijmegen Falls Prevention Program, which was designed
for community-dwelling older adults with a history of
falling, and was shown to reduce the number of falls in
this population [10, 11]. Although the effectiveness of
the FALLS program needs to be determined in people
with stroke, it has been shown to be feasible for this
population [9].
C-Mill therapy is another promising example of task-

specific and context-specific training with an emphasis
on walking adaptability exercises. The C-Mill (Fig. 1b) is

an instrumented treadmill augmented with task-relevant
visual context (e.g., obstacles, stepping targets) projected
on the treadmill’s surface [12]. This context can be ad-
ministered in a gait-dependent manner, owing to online
monitoring of timing and location of foot placements
[13]. The projected obstacles and stepping targets make
C-Mill therapy well suited for task-specific and context-
specific training because step adjustments are required
to adapt to the projected context similar to the step ad-
justments required to adapt to environmental circum-
stances during community ambulation. A recent proof-
of-concept study showed that C-Mill therapy in the
chronic stage after stroke is not only well received by
this population, but also beneficial [14]. C-Mill therapy
resulted in training-related increments in walking speed
and improvements in various other walking-related clin-
ical scores. In addition, the ability to make step adjust-
ments improved (i.e., higher obstacle-avoidance success
rates) after 5–6 weeks of C-Mill therapy, and these ad-
justments required less attention (i.e., reduced dual-task
interference), suggesting that the step adjustments
evolved in a more automatized manner after a period of
C-Mill therapy [15].
Besides task-specific and context-specific training,

other key ingredients for effective rehabilitation include
variability in practice, feedback of performance, and
amount of movement practice [6–8, 16, 17]. Both inter-
ventions comprise variability in practice, given their wide
variety of tasks and exercises. Moreover, both interven-
tions allow for performance feedback, either by group
discussions and direct feedback provided by therapists
(FALLS program) or by direct feedback of walking
adaptability exercise performance, e.g., visual feedback
with regard to obstacle hits (C-Mill therapy). However,
treadmill-based C-Mill therapy probably allows for a
greater amount of walking practice (defined as the num-
ber of steps taken per session), because it incorporates
treadmill walking, which has been suggested to elicit
more steps per session than overground training [18–

Fig. 1 Snapshots of the two interventions aimed at improving walking speed and walking adaptability: (a) obstacle course of the overground
FALLS program; (b) targeted-stepping exercise of treadmill-based C-Mill therapy
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22]. In this study, we will empirically test this suggestion,
using the amount of walking practice as a process
measure.
The study’s aim is to compare the effects of two prom-

ising interventions for improving walking speed, walking
adaptability, and commonly used clinical measures of
walking and balance in persons after stroke: treadmill-
based C-Mill therapy [14, 15] and the overground
FALLS program [9]. We expect that C-Mill therapy will
result in better outcomes than the FALLS program be-
cause of the expected greater amount of walking practice
per session of equal duration.

Methods
Participants
In total, 40 persons who had a stroke will be recruited
from the inpatient and outpatient population of rehabili-
tation center Reade (Amsterdam, The Netherlands) to
participate in this study. Inclusion criteria are first-ever
stroke ≥3 months ago, walking or balance deficits con-
firmed by a physician, clinical diagnosis of hemiparesis,
age ≥18 years, general walking ability as indicated by a
Functional Ambulation Category score ≥3 [23], and the
ability to understand and execute simple instructions.
Exclusion criteria are orthopedic and other neurological
disorders that affect walking (e.g., Parkinson’s disease),
other treatments that could influence the effects of the
interventions (e.g., recent Botulin toxin treatment of the
lower extremity), contra-indication to physical activity
(e.g., heart failure, severe osteoporosis), moderate or se-
vere cognitive impairments as indicated by a Mini-
Mental State Examination [24] score below 21, or severe
uncorrected visual deficits. Persons with stroke who are
eligible for participation will be informed about the
study by their rehabilitation specialist, both orally and in
writing. All participants will provide a written informed
consent.

Study design
The proposed study is a single-center, parallel group
randomized controlled trial with pre-intervention, post-
intervention, retention, and follow-up tests to determine
the relative efficacy of the interventions: treadmill-based
C-Mill therapy and the overground FALLS program.
After giving informed consent, participants will be ran-
domly assigned to one of the two interventions using an
automated, custom-made minimization algorithm writ-
ten in MATLAB. The minimization procedure is based
on time after stroke, age and Functional Ambulation
Category score to balance groups for these stratification
factors. The research assistant will enter the data for
randomization in the algorithm and the participant will
subsequently be informed about the resulting group allo-
cation before the pre-intervention tests. Subsequently,

the assessor will schedule the participants for the
assigned 5 week intervention program. Pre-intervention
tests (T0) to characterize groups and obtain baseline
values of primary and secondary outcome measures will
be performed one week prior to the intervention pro-
gram. Within one week after completing the interven-
tion, post-intervention tests (T1) will be performed. The
same tests will be conducted 5 weeks (retention tests,
T2) and 12 months (follow-up tests, T3) after complet-
ing the intervention. All assessments will be performed
at the rehabilitation center. Because of the nature of the
intervention studied, therapists and participants cannot
be blinded to group allocation. The assessor will also not
be blinded to group allocation, because of pragmatic
constraints related to the planning of assessments and
therapy sessions. Figure 2 shows a flow chart of the pro-
cedures that participants will undergo at T0, T1, T2 and
T3.

Interventions: treadmill-based C-Mill therapy and the
overground FALLS program
C-Mill therapy is a structured treadmill training pro-
gram with a specific emphasis on practicing walking
adaptability (as detailed in Table 1 and Additional file 1),
using gait-dependent augmented-reality content pro-
jected on the instrumented treadmill surface to elicit
step adjustments [1, 13–15, 25–28]. Figure 3 shows vari-
ous exercises of C-Mill therapy, including exercises to
practice avoidance of projected visual obstacles (Fig. 3a),
exercises to practice accurate foot placement on a step-
to-step basis by walking to a regular or irregular se-
quence of visual stepping targets (Fig. 3b), exercises to
practice acceleration and deceleration by maintaining
position within a projected walking area that moves
along the treadmill (Fig. 3c), and a functional and inter-
active walking adaptability game (Fig. 3d). C-Mill ther-
apy is a patient-tailored type of training in that the
therapist can adjust the difficulty of the different exer-
cises by manipulating content parameters as the obstacle
size and available response time for obstacle negotiation,
the variation in the sequence of stepping targets, and the
degree of acceleration and deceleration of the moving
walking area. As progressive training has previously been
shown to have beneficial effects [29–31], therapists are
instructed to increase the difficulty of C-Mill exercises
as tolerated by the participant, by either changing con-
tent parameters or increasing the belt speed, as de-
scribed in the pre-defined training protocol (Table 1).
To assist therapists in progressively scaling the C-Mill
therapy sessions, the participant’s perceived fear and dif-
ficulty levels during the sessions will be assessed at a
scale from 0 (no fear or not difficult) to 10 (much fear
or very difficult), as well as their rating of perceived ex-
ertion using the Borg scale (range 6–20, [32]).
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Furthermore, the pre-defined protocol will guide ther-
apists to vary C-Mill exercises, both in terms of con-
tent and the order in which the exercises will be
performed, inspired by recent insights into motor
learning showing superior transfer and retention ef-
fects with variability in practice [16]. C-Mill therapy
will be performed in groups of two persons with
stroke supervised by one therapist. Therapy sessions
will last 1.5 hours each, divided in exercise blocks of
3–8 min, during which the participants alternately
train and rest (Table 1).
The FALLS program [9] is an overground therapy pro-

gram aimed at reducing the number of falls in people
with stroke by practicing walking adaptability, among
other aspects (as detailed in Table 2 and Additional file 2).
Figure 4 shows various exercises of this pre-defined
FALLS program, including exercises to practice obstacle

avoidance (Fig. 4a), exercises to practice foot placement
while walking over uneven terrain (Fig. 4b), tandem walk-
ing (Fig. 4c), and slalom walking (Fig. 4d). These exercises
must also be performed while cognitive and motor dual-
tasks are imposed, as well as under visual constraints. In
addition, the program incorporates exercises to simulate
walking in a crowded environment and to practice falling
techniques (one session per week). The FALLS program
was originally performed in groups of six persons with
stroke, with two or three therapists per group in therapy
sessions lasting 2 hours each [9]. Following design consid-
erations for this study (as detailed in the next section), the
FALLS program will be performed in groups of four to six
persons with two or three therapists per group, with ses-
sions lasting 1.5 hours, including rest.
Both interventions are matched for therapy duration

(90 min), frequency (twice weekly) and therapist

Table 1 Pre-defined protocol for treadmill-based C-Mill therapy

Setting Groups of two participants for 90 min; participants will alternately train and rest.

Frequency Twice weekly treadmill training program with specific emphasis on walking adaptability.

Therapy In the first week, a combination of obstacle avoidance (avoiding visual obstacles projected on the treadmill), practice of accurate foot
placement on a step-to-step basis (walking to a regular or irregular sequence of visual stepping targets), and a functional and interactive
walking adaptability game (game with the theme ‘beach’ or ‘forest’) will be performed. In weeks 2–5, the combination of obstacle avoid-
ance, accurate foot placement on a step-to-step basis and the functional and interactive walking adaptability game will be complemen-
ted by walking speed adaptations (acceleration and deceleration evoked by a moving walking area).

Participants will start in week 1 at a comfortable walking speed; this speed will be gradually increased during the 5 week period. The
weekly increase of the walking speed will be 10 %, provided that the therapy remains safe and is tolerated by the participant. Besides
the walking speed, the difficulty of C-Mill exercises will be gradually increased, as tolerated by the participant.

Therapist C-Mill therapy will be provided by a single therapist, an expert in C-Mill therapy. The therapists involved in the C-Mill therapy were all
trained with regard to operating the C-Mill and to the specific guidelines of the intervention before the study started. Most therapists
were already experienced C-Mill users before the study started. The therapists regularly meet the research assistant to ensure adherence
to the protocol (Additional file 1).

Fig. 2 Flow chart of the procedures that participants will undergo
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attention (mean participant-to-therapist ratio, 2:1).
The amount of walking practice per session (defined
as the number of steps performed during therapy ses-
sions) will be compared between the two interven-
tions and treated as the process measure. Therefore,
the number of steps taken during C-Mill therapy ses-
sions will be registered using the treadmill’s inbuilt
step counter, while an observer will count the number
of steps taken during the FALLS program offline in a
random selection of FALLS program sessions using
video recordings of the sessions in question.

Finally, after completing the last session of the inter-
vention, participants will be asked to fill in a purpose-
designed questionnaire to register perceived discomfort
during and after therapy sessions, as well as their experi-
ence with the therapy, to compare the feasibility of the
interventions from a participant’s perspective.

Outcome measures
After group allocation, pre-intervention tests will be per-
formed to assess the baseline values of primary and sec-
ondary outcome measures and to collect participant

Fig. 3 Exercises of treadmill-based C-Mill therapy: (a) obstacle avoidance; (b) visually guided stepping to a sequence of stepping targets; (c)
acceleration and deceleration evoked by a moving walking area; (d) functional and interactive walking adaptability game (adopted from Van
Ooijen et al. [20])

Table 2 Pre-defined protocol for the overground FALLS program

Setting Groups of 4–6 participants for 90 min, participants will alternately train and rest.

Frequency Twice weekly overground training program, which incorporates walking adaptability exercises.

Therapy The first therapy session of the week will be devoted to an obstacle course that simulates potential challenging situations of daily life.
The obstacle course facilitates practicing balance, gait, and coordination, and mimics activities of daily life with high fall risk, such as
walking over obstacles, uneven terrain, slalom walking and tandem walking. The obstacle course will also be negotiated while imposing
cognitive and motor dual-tasks, as well as under visual constraints.

The second therapy session of the week will include walking exercises and practice of fall techniques. The walking exercises simulate
walking in a crowded environment. Adjustments in walking speed and direction are required during these exercises and collisions with
other people challenge balance. The practice of fall techniques is based on martial arts techniques and will include falling forwards,
backwards, and laterally. The level of difficulty will be gradually enhanced by increasing fall height (from sitting on a safety mat to stance
height).

Therapist The therapy sessions will be provided by two or three therapists, depending on the size of the group. At least one of therapists is trained
in the background, methods, and techniques of the FALLS program. All therapists involved in the FALLS program are trained and
experienced with regard to the program protocol and instructed to follow the specific guidelines of the intervention for the purpose of
this trial. The therapists regularly meet the research assistant to ensure adherence to the protocol. (Additional file 2).
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characteristics (sex, age, height, body mass, medication
use, co-morbidities, side and location of the lesion,
current living situation, daily functioning and the use of
assistive devices). The primary outcome measure in this
study will be walking speed. Walking speed will be
assessed using the 10 Meter Walking Test [33], which
has been shown to be a reliable and robust means for
measuring walking speed [34].
The secondary outcome measures are inspired by the

targeted-stepping and obstacle-avoidance results of Hol-
lands et al. [35] and Van Ooijen et al. [15], underscoring
the importance of task-specificity and context-specificity

in walking adaptability assessments. Van Ooijen et al.
[15] showed enhanced obstacle-avoidance success rates
at lower attentional costs after a period of C-Mill walk-
ing adaptability therapy, while Hollands et al. [35]
showed that measures of targeted stepping were clinic-
ally meaningful components in the recovery of func-
tional mobility after stroke. Therefore, the 10 Meter
Walking Test will also be performed in combination
with context (10 Meter Walking Test with three obsta-
cles, a tandem walking path and three stepping targets)
(Fig. 5), a cognitive dual-task (10 Meter Walking Test
while counting backwards in steps of three [36]) and

Fig. 4 Exercises of the obstacle course of the overground FALLS program: (a) obstacle avoidance; (b) walking over uneven terrain; (c) tandem
walking; (d) slalom walking

Fig. 5 Walking adaptability assessment using the 10 Meter Walking Test with context: (a) obstacle avoidance; (b) targeted stepping and; (c)
tandem walking
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both context and dual-task (10 Meter Walking Test with
three obstacles, a tandem walking path, and three step-
ping targets, and while counting backwards in steps of
three). Walking adaptability will also be assessed using
the Interactive Walkway (Technology4Science, Vrije
Universiteit Amsterdam, The Netherlands), a walkway
instrumented with multiple Microsoft Kinect for Win-
dows sensors and a projector to present visual context,
such as obstacles and stepping targets in a gait-
dependent manner (Fig. 6). The walking adaptability
evaluation with the Interactive Walkway includes
targeted-stepping assessments, obstacle-avoidance as-
sessments, and obstacle-avoidance assessments while
counting backwards in steps of three. The obstacle-
avoidance assessment of the Interactive Walkway differs
from the 10 Meter Walking Test with context in that
the Interactive Walkway obstacles can be suddenly pre-
sented in a gait-dependent manner, that is, the obstacle
suddenly appears at the location where the participant
would place his or her foot without adjusting gait.
Hence, a step adjustment is always required to avoid the
obstacle successfully. Moreover, this step adjustment
needs to be performed under high time-pressure de-
mands, which is especially difficult for persons after
stroke [37]. The difference between the stepping targets
within the 10 Meter Walking Test with context and the
Interactive Walkway targeted-stepping assessment is that
the Interactive Walkway targets are presented in regular
and irregular sequences of visual stepping targets based
on participants’ self-selected step length. In this way, it is
possible to evaluate foot placement errors on a step-to-
step basis for each participant. The 10 Meter Walking
Test scores and Interactive Walkway assessment scores
will be given in seconds required to complete each test,
as well as in the number of errors made during the obs-
tacle crossings, targeted stepping, and tandem walking.
The cognitive dual-task, a serial-3 subtraction task, will
be analyzed by counting the number of subtractions, as
well as the number of mistakes made (dual-task per-
formance [DTP]). Subtraction-task performance while

walking will be normalized to subtraction-task perform-
ance while sitting (i.e., single-task control condition).
These walking adaptability evaluation tools are expected
to be sensitive and specific for finding improvements
after walking adaptability interventions.
Secondary outcome measures are drawn from a com-

prehensive set of common clinical measures to deter-
mine walking ability, balance, and other walking-related
constructs, including Timed Up-and-Go test [38] and
Functional Ambulation Category [23]. The obstacle-
avoidance subtask of the modified Emory Functional
Ambulation Profile will be performed [39], a conven-
tional clinical test closely related to the construct of
walking adaptability. The modified Emory Functional
Ambulation Profile is reliable and valid for use in people
with stroke [40]. Balance will be assessed using the Berg
Balance Scale, which provides a psychometrically sound
measure of balance impairment for use in post-stroke
assessment [40, 41]. Executive function will be assessed
using the valid and reliable Trail Making Test [42]. Bal-
ance confidence will be assessed with the Activities-
specific Balance Confidence scale, a questionnaire meas-
uring balance confidence in performing specific activ-
ities, which has good test-retest reliability and validity
[43, 44]. Self-reported limitations in walking will be
assessed using the Walking Questionnaire [45], which
targets experienced limitations in indoor and outdoor
walking relative to pre-stroke walking limitations. Fi-
nally, the Nottingham Extended Activities of Daily Liv-
ing scale [46–48] will be used to assess activities of daily
living. Table 3 provides an overview of the tests that will
be performed at T0, T1, T2 and T3.
Finally, the number of steps taken per therapy session

will be recorded, since we expect that the amount of
walking practice per session (defined as the number of
steps performed during therapy sessions) will be higher
for treadmill-based C-Mill therapy than for the over-
ground FALLS program. This expectation will be tested
by comparing this process measure between the two
intervention groups.

Fig. 6 Walking adaptability assessments using the Interactive Walkway: (a) avoidance of suddenly appearing obstacles and (b) walking to a
sequence of stepping targets, both presented on the walking surface in a gait-dependent manner
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Sample size
The primary outcome measure in this study will be
walking speed. Previous clinical trials in people with
stroke by Yang et al. [49] and Jaffe et al. [50] showed
greater improvements in walking speed after tread-
mill training in a complex and challenging virtual
reality environment than after, respectively, conven-
tional treadmill training and overground obstacle-
avoidance training [49, 50]. Unfortunately, effect
sizes and required sample sizes for a controlled clin-
ical trial with multiple comparisons cannot be esti-
mated from the results of these studies, but both
reported significant between-group differences in
walking speed with small sample sizes of 9 to 10
participants in each intervention group. The study of
Yang et al. [49] allows for a sample size calculation
for post-hoc analyses for significant group effects on
walking speed with independent t tests. Based on
those results, we aim for a relative, clinically rele-
vant, improvement in walking speed of 0.50 km/h
(Δ) with a common standard deviation (SD) of
0.47 km/h, which results in a sample size of 14 par-
ticipants in each group to achieve 80 % power with
a two-tailed α of 0.05, i.e., following

N ¼ 2SD2 Zα þ Zβ

� �2

Δ2

[51]. Considering a drop out of 10–25 %, we chose to in-
crease our sample to 20 participants in each intervention
group to be on the safe side for establishing the relative
efficacy of the two interventions in terms of improve-
ments in walking speed.

Data analysis
Descriptive group statistics will be used to characterize
the two intervention groups in terms of sex, age, height,
body mass, Mini-Mental State Examination, Functional
Ambulation Category, medication use, co-morbidities,
side and location of the lesion, current living situation,
daily functioning and the use of assistive devices, as well
as perceived discomforts during and after therapy ses-
sions and participant’s experience with the therapy. An
independent t test will be used to compare the mean
number of steps taken per session between the two
interventions.
Primary and secondary longitudinal outcome measures

that are normally distributed will be analyzed using
repeated-measures ANOVA with the between-subject
factor group (two levels: C-Mill therapy and the FALLS
program) and the within-subject factor time (four levels:
pre-intervention [T0], post-intervention [T1], retention
[T2], and follow-up [T3] tests). Post-hoc analysis using
independent t tests between groups per time level will
be performed in case of significant interaction effects.
For ordinal or non-normal distributed variables, we will
use Mann–Whitney U tests and Friedman tests to evalu-
ate possible main effects of group and time, respectively.
To analyze possible interactions between groups and
times, we will apply Kruskal–Wallis tests to change
scores (i.e., relative to the previous time level) at T1, T2,
and T3. When significant, Mann–Whitney U post-hoc
tests will be performed to identify between-group differ-
ences in change scores per time level. Significant effects
are assumed for P < 0.05. Data will be analyzed as ran-
domized. Missing data will be imputed using the data
from the last available measurement.

Discussion
This randomized controlled trial will evaluate the rela-
tive effects of treadmill-based C-Mill therapy and the
overground FALLS program on walking speed and walk-
ing adaptability in people with stroke. Although both C-
Mill therapy and the FALLS program incorporate prac-
tice of walking adaptability and thereby aim at improv-
ing community ambulation, and first results are
encouraging in this regard [9, 14, 15], it is hypothesized
that C-Mill therapy will result in better outcomes than
the FALLS program, as a result of the expected greater
amount of walking practice owing to treadmill training
[18, 20–22]. The results of the study of Moore et al. [19]
indeed showed significant gains in daily stepping and

Table 3 Overview of all tests performed at T0, T1, T2 and T3

Primary outcome measure

10 Meter Walking Test (m/s)

Secondary outcome measures

10 Meter Walking Test with context (m/s, number of errors)

10 Meter Walking Test with a cognitive dual-task (m/s, DTP)

10 Meter Walking Test with context and a cognitive dual-task (m/s,
number of errors, DTP)

Interactive Walkway targeted-stepping assessment (m/s, number of
errors)

Interactive Walkway obstacle-avoidance assessment (m/s, number of
errors)

Interactive Walkway obstacle-avoidance assessment with a cognitive
dual-task (m/s, number of errors, DTP)

Timed Up-and-Go test (m/s)

Functional Ambulation Category (3–5)

Obstacle-avoidance subtask of the modified Emory Functional
Ambulation Profile (m/s)

Berg Balance Scale (0–56)

Activities-specific Balance Confidence scale (0–100 %)

Trail Making Test (s)

Walking Questionnaire

Nottingham Extended Activities of Daily Living scale (0–66)
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walking efficacy after treadmill training, compared with
conventional physical therapy, which appears to be re-
lated to the number of steps taken per session. In this
study, we will explicitly test the anticipated greater
amount of walking practice with treadmill training by
comparing the registered number of steps taken per ses-
sion between the two intervention groups.
The expected superior outcome of C-Mill therapy rela-

tive to the FALLS program may be further mediated by
the possibility of tailoring the training to the patient’s
needs and progress. During C-Mill therapy, the therapist
can adjust the difficulty of the different exercises by ma-
nipulating content parameters, such as the variation in
the sequence of stepping targets, the obstacle size and
available response time for obstacle negotiation, and the
degree of acceleration and deceleration of the moving
walking area. As progressive training has superior effects
[29–31], this patient-tailored challenge of C-Mill therapy
might be beneficial, compared with the FALLS program.
Conversely, the use of real obstacles and context and the
practice of falling techniques might favor outcomes of
the FALLS program compared with C-Mill therapy for
its superior context-specificity.
A methodological strength of this study is that both

interventions will be matched for therapy duration, fre-
quency, and therapist attention. This means that if there
is a superior effect on walking adaptability and walking
speed of one of the interventions, this will be realized by
the same investment in time and resources. Further-
more, both interventions implicitly utilize and train the
direct visuolocomotor control of walking in an enriched
environmental context [52, 53], allowing for a direct and
natural visuolocomotor control in which the point of
gaze is typically coupled to future foot placement loca-
tions. The two interventions in this study are similar
with regard to visuolocomotor control of step adjust-
ments relative to environmental context (e.g., real obsta-
cles in the FALLS program, real visual obstacles in C-
Mill therapy). The proposed trial of Hollands et al. [54]
also testifies to the growing interest in the use of visual
cues for task-specific gait training, thereby also implicitly
training visuolocomotor control [54]. Hollands et al. in-
tend to compare usual care without visual cues to over-
ground visual cue training and treadmill visual cue
training (using the C-Mill) in persons with stroke to
examine the feasibility of task-specific locomotor prac-
tice incorporating visual cues. Therefore, our study, in
combination with the study of Hollands et al. [54],
might underpin the importance of visuolocomotor con-
trol in gait rehabilitation, as well as the potential surplus
value of a treadmill in that regard.
A limitation of this study is that it involves only one

center. This might influence the generalizability of the
research results to other rehabilitation centers. Another

limitation of this study is the non-blinding of the asses-
sors. To reduce potential influence of this limitation on
the outcomes, instructions will be standardized and
tasks will be computerized when possible.
In summary, this study will shed light on the effects of

treadmill-based C-Mill therapy compared with the over-
ground FALLS program and thereby on the relative im-
portance of the amount of walking practice as an
important ingredient of effective interventions of walk-
ing speed and walking adaptability after stroke. Hence,
the results of this study will be important in optimizing
effective intervention programs directed at improving
walking speed and walking adaptability after stroke.

Trial status
Recruitment commenced in 2013 and is ongoing. Results
of this study are expected in 2017.

Additional files

Additional file 1: C-Mill therapy treatment booklet for therapists.
(PDF 166 kb)

Additional file 2: FALLS program treatment booklet for therapists.
(PDF 182 kb)

Abbreviation
ANOVA, analysis of variance; DTP, dual-task performance
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