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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. 



Chapter 4 
 

68 

Background 

The ability to adapt walking to environmental circumstances, such as the ability to avoid 

obstacles and to secure safe foot placement in a cluttered environment, is a prerequisite 

for safe walking in everyday life circumstances. This gait adaptability or walking 

adaptability [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 include practice of walking 

adaptability is task-specific gait training [5]. Task-specific gait training refers to the 

practice 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 environmental circumstances [6,8]. Hence, 

including walking adaptability exercises in training interventions aimed at improving 

safe community ambulation seems appropriate and potentially beneficial for people 

with stroke.  

 

The FALLS program [9] is one such task-specific and context-specific type of overground 

training intervention, which integrates the practice of complex situations of community 

walking, such as walking over an obstacle course (Figure 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 (Figure 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 

administered in a gait-dependent manner, owing to online monitoring of timing and 
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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 

adjustments required to adapt to environmental circumstances 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 clinical scores. In addition, the ability to make step 

adjustments improved (i.e., higher obstacle-avoidance success rates) after 5-6 weeks of 

C-Mill therapy, and these adjustments 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 interventions comprise variability in practice, 

given their wide variety of tasks and exercises. Moreover, both interventions 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 number of steps taken per session), because it 

incorporates treadmill walking, which has been suggested to elicit more steps per 

session than overground training [18-22]. 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 promising 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 because of the expected greater amount of walking 

practice per session of equal duration.  
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Figure 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. 

 

Methods  

Participants  

In total, 40 persons who had a stroke will be recruited from the inpatient and outpatient 

population of rehabilitation center Reade (Amsterdam, The Netherlands) to participate 

in this study. Inclusion criteria are first-ever stroke ≥3 months ago, walking or balance 

deficits confirmed 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 severe 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 randomly assigned 

A B 



Walking-adaptability therapy after stroke: study protocol 
 

 

71 

to one of the two interventions using an automated, custom-made minimization 

algorithm written 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 

allocation 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 program. Within one 

week after completing the intervention, 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 completing 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 procedures that 

participants will undergo at T0, T1, T2 and T3.  
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Figure 2. Flow chart of the procedures that participants will undergo 

 

Interventions: treadmill-based C-Mill therapy and the overground FALLS program 

C-Mill therapy is a structured treadmill training program with a specific emphasis on 

practicing walking adaptability (as detailed in Table 1 and Additional file 1), using gait-

dependent augmented-reality content projected on the instrumented treadmill surface 

to elicit step adjustments [1,13-15,25-28]. Figure 3 shows various exercises of C-Mill 

therapy, including exercises to practice avoidance of projected visual obstacles (Figure 

3A), exercises to practice accurate foot placement on a step-to-step basis by walking to a 

regular or irregular sequence of visual stepping targets (Figure 3B), exercises to practice 

acceleration and deceleration by maintaining position within a projected walking area 

that moves along the treadmill (Figure 3C), and a functional and interactive walking 

adaptability game (Figure 3D). C-Mill therapy is a patient-tailored type of training in that 

the therapist can adjust the difficulty of the different exercises 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 

T2: Retention (6 weeks after intervention): Assessments of gait adaptability, 

walking speed, walking ability, balance and balance confidence 

T1: Post-intervention (within one week after intervention): Assessments of 

gait adaptability, walking speed, walking ability, balance and balance confidence 

 T3: Follow-up (12 months after intervention): Assessments of gait 

adaptability, walking speed, walking ability, balance and balance confidence 

Assessment of eligibility  

T0: Pre-intervention (within one week before intervention): Assessments of 

gait adaptability, walking speed, walking ability, balance and balance confidence. 

Test to characterize groups. 

Group allocation through minimization 

Allocated to 5 weeks  

Overground FALLS 

program 

Allocated to 5 weeks  

Treadmill-based C-Mill 

therapy 
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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 content 

parameters or increasing the belt speed, as described 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 difficulty 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 exertion using the Borg scale (range 6-20, [32]). 

Furthermore, the pre-defined protocol will guide therapists to vary C-Mill exercises, 

both in terms of content and the order in which the exercises will be performed, inspired 

by recent insights into motor learning showing superior transfer and retention effects 

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).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 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]). 

  

A B

C D 
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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 avoidance, accurate foot placement on a step-to-step 

basis and the functional and interactive walking adaptability game will be complemented 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). 

 

The FALLS program [9] is an overground therapy program 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 

(Figure 4A), exercises to practice foot placement while walking over uneven terrain 

(Figure 4B), tandem walking (Figure 4C), and slalom walking (Figure 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 considerations 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 sessions lasting 1.5 hours, including rest.  
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Figure 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. 

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). 

A B 

C D 
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Both interventions are matched for therapy duration (90 min), frequency (twice weekly) 

and therapist attention (mean participant-to-therapist ratio, 2:1). The amount of 

walking practice per session (defined as the number of steps performed during therapy 

sessions) will be compared between the two interventions and treated as the process 

measure. Therefore, the number of steps taken during C-Mill therapy sessions 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 intervention, participants will be asked to 

fill in a purpose-designed questionnaire to register perceived discomfort during and 

after therapy sessions, as well as their experience 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 performed to assess the baseline 

values of primary and secondary outcome measures and to collect participant 

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 Hollands 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 walking adaptability therapy, while 

Hollands et al. [35] showed that measures of targeted stepping were clinically 

meaningful components in the recovery of functional mobility after stroke. Therefore, 

the 10 Meter Walking Test will also be performed in combination with context (10 Meter 

Walking Test with three obstacles, a tandem walking path and three stepping targets) 

(Figure 5), a cognitive dual-task (10 Meter Walking Test while counting backwards in 
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steps of three [36]) and both context and dual-task (10 Meter Walking Test with three 

obstacles, a tandem walking path, and three stepping targets, and while counting 

backwards in steps of three).  

 

 

 

 

 

 

 

 

 

 

Figure 5. Walking-adaptability assessment using the 10 Meter Walking Test with context: A) obstacle 

avoidance; B) targeted stepping and; C) tandem walking. 

 

Walking adaptability will also be assessed using the Interactive Walkway (Tec4Science, 

Vrije Universiteit Amsterdam, The Netherlands), a walkway instrumented with multiple 

Microsoft Kinect for Windows sensors and a projector to present visual context, such as 

obstacles and stepping targets in a gait-dependent manner (Figure 6). The walking 

adaptability evaluation with the Interactive Walkway includes targeted-stepping 

assessments, obstacle-avoidance assessments, 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 presented 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 demands, 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 

A B C 
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given in seconds required to complete each test, as well as in the number of errors made 

during the obstacle 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 performance [DTP]). 

Subtraction-task performance while walking will be normalized to subtraction-task 

performance 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.  

 

 

 

 

 

 

 

 

 

Figure 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. 

 

Secondary outcome measures are drawn from a comprehensive set of common clinical 

measures to determine 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 conventional 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]. Balance confidence will be assessed with the Activities-

specific Balance Confidence scale, a questionnaire measuring balance confidence in 

performing specific activities, which has good test-retest reliability and validity [43,44]. 

Self-reported limitations in walking will be assessed using the Walking Questionnaire 

A B 
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[45], which targets experienced limitations in indoor and outdoor walking relative to 

pre-stroke walking limitations. Finally, the Nottingham Extended Activities of Daily 

Living 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.  

 

Table 3. Overview of all tests 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 overground FALLS program. This expectation will be tested by comparing 

this process measure between the two intervention groups. 

 

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 treadmill training in a complex and challenging 

virtual reality environment than after, respectively, conventional treadmill training and 

overground obstacle-avoidance training [49,50]. Unfortunately, effect sizes and required 

sample sizes for a controlled clinical trial with multiple comparisons cannot be 

estimated 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 

Primary outcome measures: 

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, numer of errors) 

Interactive WalkWay obstacle-avoidance assessment and 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 (0-66) 
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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 relevant, 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 participants in each group to achieve 80% power 

with a two-tailed α of 0.05, i.e., following: [51]. Considering a drop 

out of 10-25%, we chose to increase 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 improvements 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 sessions 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 evaluate 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 differences in change scores per time level. 

Significant effects are assumed for p<.05. Data will be analyzed as randomized. Missing 

data will be imputed using the data from the last available measurement.  
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Discussion  

This randomized controlled trial will evaluate the relative effects of treadmill-based C-

Mill therapy and the overground FALLS program on walking speed and walking 

adaptability in people with stroke. Although both C-Mill therapy and the FALLS program 

incorporate practice of walking adaptability and thereby aim at improving 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 walking efficacy after treadmill training, compared with conventional 

physical therapy, which appears to be related 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 session 

between the two intervention groups.  

 

The expected superior outcome of C-Mill therapy relative 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 manipulating 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, frequency, 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. Furthermore, both 

interventions implicitly utilize and train the direct visuo-locomotor control of walking in 

an enriched environmental context [52,53], allowing for a direct and natural visuo-

locomotor control in which the point of gaze is typically coupled to future foot 
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placement locations. The two interventions in this study are similar with regard to 

visuo-locomotor control of step adjustments relative to environmental context (e.g., real 

obstacles 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 visuo-locomotor control 

[54]. Hollands et al. intend to compare usual care without visual cues to overground 

visual cue training and treadmill visual cue training (using the C-Mill) in persons with 

stroke to examine the feasibility of task-specific locomotor practice incorporating visual 

cues. Therefore, our study, in combination with the study of Hollands et al. [54], might 

underpin the importance of visuo-locomotor control 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 assessors. 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 overground FALLS program and thereby on the relative importance 

of the amount of walking practice as an important ingredient of effective interventions 

of walking 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.  

 

 

  



Walking-adaptability therapy after stroke: study protocol 
 

 

83 

References  

1. Houdijk H, van Ooijen MW, Kraal JJ, Wiggerts HO, Polomski W, Janssen TWJ, Roerdink 

M. Assessing gait adaptability in people with a unilateral amputation on an 

instrumented treadmill with a projected visual context. Physical Therapy. 

2012;92:1452-60.  

2. Balasubramanian CK, Clark DJ, Fox EJ. Walking adaptability after stroke and its 

assessment in clinical settings. Stroke Research and Treatment. 2014. 

doi:10.1155/2014/ 591013.  

3. Said CM, Goldie PA, Patla AE, Sparrow WA, Martin KE. Obstacle crossing in subjects 

with stroke. Archives of Physical Medicine and Rehabilitation. 1999;80:1054-1059.  

4. Smulders K, van Swigchem R, de Swart BJM, Geurts ACH, Weerdesteyn V. 

Community-dwelling people with chronic stroke need disproportionate attention 

while walking and negotiating obstacles. Gait & Posture. 2012;36: 127-132.  

5. Weerdesteyn V, de Niet M, van Duijnhoven HJR, Geurts ACH. Falls in individuals with 

stroke. Journal of Rehabilitation Research and Development. 2008;45:1195-213.  

6. Langhorne P, Bernhardt J, Kwakkel G. Stroke rehabilitation. Lancet. 2011;377: 1693-

702.  

7. Stretton CM, Mudge S, Kayes NM, McPherson KM. Interventions to improve real-

world walking after stroke: a systematic review and meta-analysis. Clinical 

Rehabilitation. 2016. doi:10.1177/ 0269215516640863.  

8. Hornby TG, Straube DS, Kinnaird CR, Holleran CL, Echauz AJ, Rodriguez KS, Wagner 

EJ, Narducci EA. Importance of specificity, amount, and intensity of locomotor 

training to improve ambulatory function in patients poststroke. Topics In Stroke 

Rehabilitation. 2011;18:293-307.  

9. Van Duijnhoven HJR, de Kam D, Hellebrand W, Smulders E, Geurts ACH, Weerdesteyn 

V. Development and process evaluation of a 5-week exercise program to prevent falls 

in people after stroke (the FALLS program). Stroke Research and Treatment. 2012. 

doi:10.1155/2012/407693.  

10. Weerdesteyn V, Rijken H, Geurts ACH, Smits-Engelsman BCM, Mulder T, Duysens J. A 

five-week exercise program can reduce falls and improve obstacle avoidance in the 

elderly. Gerontology. 2006;52:131-141.  



Chapter 4 
 

 

84 

11. Weerdesteyn V, Smulders E, Rijken H, Duysens J. Preserved effectiveness of a falls 

prevention exercise program after implementation in daily clinical practice. Journal 

of the American Geriatrics Society. 2009;57:2162-2164.  

12. Roerdink M, Beek PJ. Device for displaying target indications for foot movements to 

persons with a walking disorder. US patent 2009246746-A1 (1 October 2009), 

European patent 2106779-A1 (7 October 2009), Japanese patent 2009240775-A (22 

October 2009), Dutch patent 1035236-C2 (1 October 2009).  

13. Roerdink M, Coolen BH, Clairbois BHE, Lamoth CJC, Beek PJ. Online gait event 

detection using a large force platform embedded in a treadmill. Journal of 

Biomechanics. 2008;41:2628-2632.  

14. Heeren A, van Ooijen MW, Geurts ACH, Day BL, Janssen TWJ, Beek PJ, Roerdink M, 

Weerdesteyn V. Step by step: a pilot study on the effectiveness of gait adaptability 

training in the chronic phase after stroke using a treadmill with visual context. 

Journal of Rehabilitation Medicine. 2013;45:616-622.  

15. Van Ooijen MW, Heeren A, Smulders K, Geurts ACH, Janssen TWJ, Beek PJ, 

Weerdesteyn V, Roerdink M. Improved gait adjustments after gait adaptability 

training are associated with reduced attentional demands in persons with stroke. 

Experimental Brain Research. 2015;233:1007-1018.  

16. Beek PJ, Roerdink M. Evolving insights into motor learning and their implications for 

neurorehabilitation. In: Selzer M, Clarke S, Cohen L, Kwakkel G, Miller R, editors. 

Textbook of neural repair and rehabilitation. Cambridge: Cambridge University 

Press; 2014. p. 95-104.  

17. Lang CE, Macdonald JR, Reisman DS, Boyd L, Jacobson KT, Schindler-Ivens SM, 

Hornby TG, Ross SA, Scheets PL. Observation of amounts of movement practice 

provided during stroke rehabilitation. Archives of Physical Medicine and 

Rehabilitation. 2009; 90:1692-1698.  

18. Hesse S, Konrad M, Uhlenbrock D. Treadmill walking with partial body weight 

support versus floor walking in hemiparetic subjects. Archives of Physical Medicine 

and Rehabilitation. 1999;80:421-427.  

19. Moore JL, Roth EJ, Killian C, Hornby TG. Locomotor training improves daily stepping 

activity and gait efficiency in individuals poststroke who have reached a ‘plateau’ in 

recovery. Stroke. 2010;41:129-135.  



Walking-adaptability therapy after stroke: study protocol 
 

 

85 

20. Van Ooijen MW, Roerdink M, Trekop M, Visschedijk J, Janssen TWJ, Beek PJ. 

Functional gait rehabilitation in elderly people following a fall-related hip fracture 

using a treadmill with visual context: design of a randomized controlled trial. BMC 

Geriatrics. 2013;13:34.  

21. Holleran CL, Straube DD, Kinnaird CR, Leddy AL, Hornby TG. Feasibility and potential 

efficacy of high-intensity stepping training in variable contexts in subacute and 

chronic stroke. Neurorehabilitation & Neural Repair. 2014;28:643-651.  

22. Hornby TG, Holleran CL, Hennessy PW, Leddy AL, Connolly M, Camardo J, Woodward 

J, Mahtani G, Lovell L, Roth EJ. Variable Intensive Early Walking Poststroke (VIEWS): 

a randomized controlled trial. Neurorehabilitation & Neural Repair. 2016;30(5):440-

450.  

23. Holden MK, Gill KM, Magliozzi MR, Nathan J, Piehl-Baker L. Clinical gait assessment in 

the neurologically impaired: reliability and meaningfulness. Physical Therapy. 

1984;64:35-40.  

24. Folstein MF, Folstein SE, McHugh PR. ‘Mini-Mental State’: a practical method for 

grading the cognitive state of patients for the clinician. Journal of Psychiatry. 

1975;12:189-198.  

25. Bank PJM, Roerdink M, Peper CE. Comparing the efficacy of metronome beeps and 

stepping stones to adjust gait: steps to follow! Experimental Brain Research. 

2011;209:159-169.  

26. Peper CE, Oorthuizen JK, Roerdink M. Attentional demands of cued walking in 

healthy young and elderly adults. Gait & Posture. 2012;36:378-382.  

27. Mazaheri M, Roerdink M, Bood RJ, Duysens J, Beek PJ, Peper CE. Attentional costs of 

visually guided walking: effects of age, executive function and stepping-task 

demands. Gait & Posture. 2014;40:182-186.  

28. Potocanac Z, Hoogkamer W, Carpes FP, Pijnappels M, Verschueren SMP, Duysens J. 

Response inhibition during avoidance of virtual obstacles while walking. Gait & 

Posture. 2014;39:641-644.  

29. Pohl M, Mehrholz J, Ritschel C, Rückriem S. Speed-dependent treadmill training in 

ambulatory hemiparetic stroke patients: a randomized controlled trial. Stroke. 

2002;33:553-558.  



Chapter 4 
 

 

86 

30. Sullivan KJ, Knowlton BJ, Dobkin BH. Step training with body weight support: effect 

of treadmill speed and practice paradigms on poststroke locomotor recovery. 

Archives of Physical Medicine and Rehabilitation. 2002;83:683-691.  

31. Eng JJ, Tang PF. Gait training strategies to optimize walking ability in people with 

stroke: a synthesis of the evidence. Expert Review of Neurotherapeutics. 

2007;7:1417-1436.  

32. Borg G. Perceived exertion as an indicator of somatic stress. Scandinavian Journal of 

Rehabilitation Medicine. 1970;2:92-98.  

33. Graham JE, Ostir GV, Fisher SR, Ottenbacher KJ. Assessing walking speed in clinical 

research: a systematic review. Journal of Evaluation in Clinical Practice. 

2008;14:552-62.  

34. Collen FM, Wade DT, Bradshaw CM. Mobility after stroke: reliability of measures of 

impairment and disability. International Disability Studies. 1990;12:6-9.  

35. Hollands KL, Pelton TA, van der Veen S, Alharbi S, Hollands MA. A novel and simple 

test of gait adaptability predicts gold standard measures of functional mobility in 

stroke survivors. Gait & Posture. 2015;3:170-175.  

36. Yang L, He C, Pang MY. Reliability and validity of dual-task mobility assessments in 

people with chronic stroke. Plos One. 2016;11(1):e0147833. 

37. Den Otter AR, Geurts ACH, de Haart M, Mulder T, Duysens J. Step characteristics 

during obstacle avoidance in hemiplegic stroke. Experimental Brain Research. 

2005;161:180-92.  

38. Podsiadlo D, Richardson S. The timed ‘Up & Go’: a test of basic functional mobility for 

frail elderly persons. Journal of the American Geriatrics Society. 1991;39:142-148.  

39. Baer HR, Wolf SL. Modified Emory Functional Ambulation Profile: an outcome 

measure for the rehabilitation of poststroke gait dysfunction. Stroke. 2001;32:973-

979.  

40. Blum L, Korner-Bitensky N. Usefulness of the Berg Balance Scale in stroke 

rehabilitation: a systematic review. Physical Therapy. 2008;88:559-566.  

41. Pollock CL, Eng JJ, Garland SJ. Clinical measurement of walking balance in people post 

stroke: a systematic review. Clinical Rehabilitation. 2011;25:693-708.  

42. Reitan RM, Wolfson D. The Halstead–Reitan neuropsychological test battery: theory 

and clinical interpretation. 2nd ed. Tucson, AZ: Neuropsychology Press; 1993.  



Walking-adaptability therapy after stroke: study protocol 
 

 

87 

43. Botner EM, Miller WC, Eng JJ. Measurement properties of the Activities specific 

Balance Confidence Scale among individuals with stroke. Disability and 

Rehabilitation. 2005;27:56-163.  

44. Ylva N, Anette F. Psychometric properties of the Activities-Specific Balance 

Confidence Scale in persons 0–14 days and 3 months post stroke. Disability and 

Rehabilitation. 2012;34:1186-1191. 

45. Roorda LD, Roebroeck ME, van Tilburg T, Molenaar IW, Lankhorst GJ, Bouter LM. 

Measuring activity limitations in walking: development of a hierarchical scale for 

patients with lower-extremity disorders who live at home. Archives of Physical 

Medicine and Rehabilitation. 2005;86:2277-2283.  

46. Nouri FM, Lincoln NB. An extended activities of daily living scale for stroke patients. 

Clinical Rehabilitation. 1987;1:301-305. 

47. Hsueh I, Huang SL, Chenoe MH, Jushoe SD, Hsieh CL. Evaluation of stroke patients 

with the extended activities of daily living scale in Taiwan. Disability and 

Rehabilitation. 2000;22:495-500. 

48. Wu CY, Chuang LL, Lin KC, Lee SD, Hong WH. Responsiveness, minimal detectable 

change, and minimal clinically important difference of the Nottingham Extended 

Activities of Daily Living scale in patients with improved performance after stroke 

rehabilitation. Archives of Physical Medicine and Rehabilitation. 2011;92:1281-1287. 

49. Yang Y, Tsai M, Chuang T, Sung W, Wang R. Virtual reality-based training improves 

community ambulation in individuals with stroke: a randomized controlled trial. Gait 

& Posture. 2008;28:201-206. 

50. Jaffe DL, Brown DA, Pierson-Carey CD, Buckley EL, Lew HL. Stepping over obstacles 

to improve walking in individuals with poststroke hemiplegia. Journal of 

Rehabilitation Research and Development. 2004;41:283-292. 

51. Vincent WJ, Weir JP. Statistics in kinesiology. 4th ed. Leeds: Human Kinetics; 2012.  

52. Patla AE, Vickers JN. How far ahead do we look when required to step on specific 

locations in the travel path during locomotion? Experimental Brain Research. 2003; 

148:133-138.  

53. Hollands MA, Marple-Horvat DE. Coordination of eye and leg movements during 

visually guided stepping. Journal of Motor Behavior. 2001;33:205-216. 



Chapter 4 
 

 

88 

54. Hollands KL, Pelton T, Wimperis A, Whitham D, Jowett S, Sackley C, Wing A, van Vliet 

P. Visual cue training to improve walking and turning after stroke: a study protocol 

for a multi-centre, single blind randomised pilot trial. Trials. 2013;14:276.  

 

 

 

 

 

 

 

 



Walking-adaptability therapy after stroke: study protocol 
 

 

89 

Additional file 1: C-Mill therapy treatment booklet for therapists  

 

Training 1  

Name:_________________   Date:_________    

0: Warming up 

- 5 min (max) walking without visual context projected on the 

belt’s surface 

-Determine comfortable walking speed 

Duration:  

_____________min 

 

Comfortable walking speed  

 

_____________km/h 

REST: 5 min (minimum) 

The participant sits on a chair while the other participant is 

training on the C-Mill.  

 

The therapist fills in the questions.  

Duration: 

_________________________________min 

RPE-score: _______________________________ 

At the end of the resting period 

1: Walking to a sequence of visual stepping targets with 

random variation 

 

- 7 min (max)  

- Follow one’s own stepping pattern with random variation (‘Hit 

the white stepping targets’).  

- 3 entry levels, vary the percentage random variation and 

choose the percentage that is challenging but doable for the 

participant. 

 - level 1: 20% variation 

 - level 2: 30% variation 

 - level 3: 40% variation 

 

- At comfortable walking speed 

Duration: ____________________________min 

 

Variation in the stepping 

pattern /entry level:___________% 

 

How scary was it for the participant 

(1-10)? ____________ 

1 = not at all scary, and 10 = very 

scary 

How difficult was it for the 

participant 

(1-10)? ____________ 

1 = very easy, 10 = very difficult 

Mark difficulty by therapist (1-10): 

____________ 

Number of steps  

___________ 

Distance 

___________m 

REST: 7 min (minimum) 

The participant sits on a chair while the other participant is 

training on the C-Mill.  

 

The therapist fills in the questions. 

Duration: 

______________________________min 

RPE-score: _______________________________ 

At the end of the resting period 
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2: Obstacle avoidance  

 

- 7 min (max)  

- Avoiding obstacles (‘Avoid the red obstacles’) 

- Obstacle size: 30 cm 

- Available Response Time (ART) : 1,2,3 and 4 steps in advance, with a 

lot of variation and all at least ones 

- Random for LEFT and RIGHT foot  

 

- At comfortable walking speed 

Duration:  

_______________________min 

 

Which ART was given the 

most? ______________steps 

How scary was it for the 

participant 

(1-10)? ____________ 

1 = not at all scary, and 10 = 

very scary 

How difficult was it for the 

participant 

(1-10)? ____________ 

1 = very easy, 10 = very 

difficult 

Mark difficulty by therapist (1-

10): ____________ 

Number of 

steps  

___________ 

Distance 

___________m 

REST: 7 min (minimum) 

The participant sits on a chair while the other participant is training 

on the C-Mill.  

 

The therapist fills in the questions. 

Duration: 

______________________________min 

RPE-score: 

_______________________________ 

At the end of the resting period 

3: Walking to a sequence of narrow visual stepping targets 

 

- 7 min (max)  

- Follow narrow stepping pattern (‘Hit the white stepping targets’).  

- Project one’s own stepping pattern on the treadmill and make the 

step width as narrow as possible. This exercise should be challenging 

but doable. (When the step length is too small and stepping targets 

are presented on top of each other, first adjust the step length so that 

the individual stepping targets will still be visible) 

- Guideline: we strive to project a pattern with a step width of 0 in 

training 5. To reach this the projected step width during this training 

should be 75% of the participants own step width.  

 

- At comfortable walking speed 

Duration: 

____________________min 

 

Step width own pattern: 

____________________cm 

Step width narrow pattern: 

____________________cm 

 

How scary was it for the 

participant 

(1-10)? ____________ 

1 = not at all scary, and 10 = 

very scary 

How difficult was it for the 

participant 

(1-10)? ____________ 

1 = very easy, 10 = very 

difficult 

Mark difficulty by therapist (1-

10): ____________ 

Number of 

steps  

___________ 

Distance 

___________m 

REST: 7 min (minimum) 

The participant sits on a chair while the other participant is training 

on the C-Mill.  

 

The therapist fills in the questions. 

Duration: 

_____________________________min 

RPE-score: 

_______________________________ 

At the end of the resting period 
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4: Walking adaptability game 

 

- 4 min (max) 

- Choose one of the games or obstacle courses and set a challenging 

but doable level.  

- After the game, bring down the speed slowly  

 

- At comfortable walking speed 

Duration: 

__________________________min 

 

Level of game/obstacle course:  

easy/medium/difficult 

 

How scary was it for the 

participant 

(1-10)? ____________ 

1 = not at all scary, and 10 = 

very scary 

How difficult was it for the 

participant 

(1-10)? ____________ 

1 = very easy, 10 = very 

difficult 

Mark difficulty by therapist (1-

10): ____________ 

Number of 

steps  

___________ 

Distance 

___________m 

END 

 

The therapist fills in the questions. 

RPE-score: 

_______________________________ 

At the end of the training 

 

 

Describe any adverse events during the training session (e.g. Fall): 

__________________________________________________________________________________________________________________________

____________________________ 

 

Remarks: 

__________________________________________________________________________________________________________________________

____________________________ 

 

SAVE TRAINING SESSION  

Press ‘SAVE’  
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Additional file 2: FALLS program treatment booklet for therapists 

 

Training 1: Obstacle Course 

Preparation and supplies:  

- The obstacle course is arranged according to the plan (see below) 

- 2 stopwatches 

 

The goals for participants: 

- Have practiced the obstacle course.  

- Can recognize the various parts of the obstacle course in their daily ives.  

- Have practiced safe transfers  

- Can perform a safe transfer in their daily lives 

 

10 minutes, introduction: 

- Introduce therapists 

- Introduce participants 

- Preview of the therapy  

- Discuss general learning objectives 

 

15 minutes, first part of the obstacle course (1-8): 

- The first part of the obstacle is demonstrated. 

- The correct performance is defined. 

- Each participant performs the first part under supervision. 

 

10 minutes, second part of the obstacle course (9-12): 

- The second part of the obstacle course is demonstrated. 

- The correct performance is defined. 

- Each participant performs the second part under supervision. 

 

15 minutes, complete obstacle course (1-12): 

- Each participant performs x times the entire course under supervision. 

10 minute break 

 

20 minutes, measure baseline score: 

- Each participant performs the complete obstacles course and the time needed and number of errors is 

determined. 

 

10 min, closing: 

- Together with the participants the first training will be evaluated.  

- Preview to next training 
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Name:_______________________ Date: ______________________ 

 

 Mark the items that are performed during the training. 

 Part 1 Obstacle 

course 

Part 2 Obstacle 

course  

Complete obstacle 

course  

Remarks 

1. Irregular sidewalk      

2. Inclined slope     

3. Balance line     

4. Smooth surface     

5. Clothesline     

6. Deep pile carpet     

7. Vase      

8. Artificial turf with 

bumps 

    

9. Slope on and off     

10. Cones at the end of 

Swedish bank 

    

11. Grasp ball     

12. Over Swedish bank     

13. Small and large 

stepping targets  

    

14. Kneeling and 

putting the ball in 

the box 

    

15. Slalom     

16. Tilting board     

17. Reaching for 

kitchen cabinets 

    

18. Pirouette     

19. Sitting and standing 

from low chair  

    

Describe any adverse events during the training session (e.g. Fall): 

_______________________________________________________ 

Remarks:__________________________________________________________________________ 
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The plan of the obstacle course of the FALLS program. The numbers correspond to the numbers of the 

exercises in the Table above. This implementation of the FALLS program is based on the study of 

Weerdesteyn et al. (2006; 2009) and Van Duijnhoven et al. (2012) [9-11].
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