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ABSTRACT 

Hereditary Spastic Paraplegia (HSP) is a relatively common, slowly progressive movement disorder 

that seriously impacts on gait capacity. Patients with HSP experience incremental muscle stiffness, 

muscle weakness and balance problems and, as a consequence, increasing difficulties to adjust their 

gait pattern to changing environmental demands, for instance when avoiding obstacles or 

negotiating steps. This is a major problem as such ‘gait adaptability’ is critical for independent and 

safe mobility in daily life. Impaired gait adaptability will also result in falls and fall-related injuries and 

reduce quality of life. Therefore, there is an urgent need for evidence-based rehabilitation 

interventions to improve gait adaptability in patients with HSP. Currently, it is unknown whether 

task-specific training is effective to improve gait adaptability in patients with HSP. In this project, we 

aim to fill this knowledge gap by performing a proof-of-principle randomized controlled trial to test 

the efficacy of gait adaptability training, focusing on patients with pure forms of HSP. More 

specifically, we will evaluate the effect of training on the C-mill, a commercially and therefore widely 

available treadmill that provides so-called ‘augmented reality’ in terms of (playful) visual objects that 

need to be targeted or avoided by participants. Thirty patients with pure HSP will receive ten 1-hour 

sessions of gait adaptability training on the C-mill. Participants will be randomly allocated to either 

the intervention group or to the (waiting list) control group. The intervention group will receive a 5-

week C-mill training immediately after randomization, whereas the control group will first enter a 5-

week waiting period of usual care, after which they receive the same 5-week C-mill training. Both 

groups will be followed up for 15 weeks after the training has been completed. We expect gait 

adaptability, as measured with the obstacle subtask of the Emory Functional Ambulation Profile 

(EFAP; the primary outcome measure), to significantly and relevantly improve after training 

compared to usual care, which effect is expected to be retained at follow-up. As a secondary 

objective, we will test the hypothesis that individual improvement in gait adaptability as measured 

with the Mini-BEST test is statistically related to individual balance capacity, more than to lower 

extremity muscle strength or muscle tone. Such data are relevant for the implementation of this 

training intervention, as this will help timing of training and selection of patients.  

This proposal establishes an essential step towards evidence-based and individually tailored 

rehabilitation in patients with HSP.  



INTRODUCTION 

Hereditary spastic paraplegia (HSP) is a heterogeneous group of inherited movement disorders that 

are clinically characterized by progressive spasticity, muscle weakness and reduced proprioception in 

the lower extremities 1,2. The common underlying mechanism of these symptoms is retrograde 

axonal degeneration of the corticospinal tracts, posterior spinal columns and, to a lesser extent, the 

spinocerebellar fibers 3,4. Although the disease may manifest at any age, the first symptoms and signs 

mostly occur before the age of 40 years 5-7. The first presenting symptoms and signs of HSP are subtle 

with development of leg stiffness and limited gait capacity. Gait capacity progressively deteriorates 

when the disease progresses. This is very disabling as gait capacity is an important determinant of 

independent living, social participation, and quality of life. 

 

Most literature on HSP has focused on identifying genetic causes and genotype-phenotype 

relationships.2 In contrast, the literature on HSP directed at the ICF (International Classification of 

Functioning, Disability and Health) - levels of ‘activity and participation’ is scarce and mainly focused 

on the description of kinematic characteristics of the gait pattern.8 Although gait pattern deviations 

are important, they reflect just one, ‘low’ level of gait capacity, closely related to the primary 

sensorimotor impairments. Other dimensions of gait capacity are related to dynamic balance and the 

ability to adjust the gait pattern to changing environmental demands. This ‘higher’ level of gait 

capacity, here called ‘gait adaptability’, has seldom been studied, yet much more important for 

independent living and social participation. Indeed, daily life requires the capacity to adapt one’s gait 

to various environmental challenges. Gait adaptability includes a.o. the capacity to adjust the gait 

speed, change step length and step width, avoid obstacles and negotiate steps, either expected or 

unexpected. There is strong evidence that gait adaptability is one of the main determinants of gait 

independence and safety in daily life and that it is reduced in people with an increased risk of falls, 

such as elderly9  and stroke survivors.10 Since falls are commonly reported in patients with HSP,8 their 

gait adaptability is most likely affected as well, which is supported by our own clinical experience. In 

contrast to the disturbed gait pattern itself, gait adaptability is supposedly less related to the primary 

sensorimotor impairments and likely to be more responsive to functional training based on brain 

plasticity. 

 

Gait adaptability can be trained with the commercially available C-mill (Figure 1), a treadmill 

providing so-called ‘augmented reality’ in terms of visual objects that need to be targeted or avoided 

by participants. This training requires unexpected and rapid adjustments of the gait pattern to all 

sorts of visual (often playful) stimuli, both in the plane of progression and in the frontal plane. Patient 



compliance is usually very good and gait adaptability training is highly motivating.11 The level of 

training can be adjusted individually and safety is secured.   

 

 

 

 

Although the efficacy of C-mill training has been shown for patients with stroke11 and patients with 

cerebellar ataxia,12 this type of training has never been applied to patients with HSP. In this project, 

we aim to evaluate whether task-specific training using the C-mill  is effective to improve gait 

adaptability in patients with HSP. We also aim to determine the key determinants of the response to 

C-mill training. Based on e.g. the literature on stroke,13 we speculate that ‘balance capacity’ is the 

main determinant of gait adaptability in patients with HSP, more than the degree of weakness or 

spasticity. To provide proof of principle and in order to limit subject variability regarding cognitive 

capacity, we will focus on patients with pure types of HSP. 

  

Figure 1. C-Mill, showing a pattern of stepping targets projected on the belt. A computer is positioned 
in the desk next to the belt, which is coupled to the embedded force platform. The online-detected gait 
data are transformed by custom-made software into the visual context, and projected onto the belt’s 
surface by a wide-angle projector underneath the computer. (A–D) Various gait adaptability exercises 
on the C-Mill: (A) visually guided stepping; (B) bilateral obstacle avoidance; (C) speeding-up/slowing-
down; (D) fun and functional game. 

 



RESEARCH PLAN 

Objectives  

Using the following objectives, we aim to establish an essential step towards evidence-based and 

individually tailored gait rehabilitation in patients with HSP:  

1. To study the effect of ten 1-hour sessions C-mill training on gait adaptability in patients with 

pure HSP.  

2. To identify the key determinants of C-mill training efficacy in patients with pure HSP. 

 

Hypotheses 

We hypothesize that task-specific training using the C-mill improves gait adaptability in patients with 

pure HSP compared to usual care. In addition, we hypothesize that balance capacity will be a key 

determinant of gait adaptability and training efficacy, more than muscle strength or muscle tone. 

 

Participants and design 

Thirty patient with pure HSP will be included. The diagnosis is based on a combination of clinical 

phenotype and the identified genotype, either in the patient or in an affected family member. 

Patients have to be between 18 and 70 years old to minimize the influence of normal development 

or ageing and should be able to independently walk barefoot on a level ground for 50 meters without 

a walking aid. The use of orthotic devices or made-to-measure footwear is allowed. Exclusion criteria 

are any other neurological or any serious orthopedic or psychiatric co-morbidity as well as previous 

surgical interventions of the lower extremities. Patients will be recruited from our Radboud Expert 

Centre of Genetic Movement Disorders (part of the ERN-RND), which has specific HSP expertise, and 

through the HSP patient group that is part of the patient organization “Spierziekten Nederland”, of 

which the applicants are medical advisors. This strategy allows a large variability in the level of 

balance and gait capacity.  

  

Participants will be allocated to the intervention group or to the (waiting list) control group based on 

stratified block randomization using variable block sizes (n = 4-6). Stratification will be based on 

disease severity (for which comfortable gait speed will serve as a measure). The intervention group 

will receive 5 weeks training immediately after randomization. The control group will enter a waiting 

period of 5 weeks and receive the same 5-week intervention thereafter. Both groups will be followed 

up for 15 weeks after completion of the training. The advantage of this design is that it combines the 

principles of a 5-week randomized controlled trial (RCT), providing proof of principle, with the 

eventual exposure of every participant to the intervention, ensuring optimal motivation to 



participate and adherence to the protocol in both groups of patients. In addition, each participant’s 

results can be used to study the key determinants of C-mill training efficacy.  

 

Figure 2 

 

Stars indicate the evaluation of primary and secondary outcomes. 

 

Measurements and outcomes 

The primary outcome measure is gait adaptability, as measured with the obstacle subtask of the 

Emory Functional Ambulation Profile (EFAP). The EFAP is a time-based test (s) that has shown to be 

reliable and sensitive in patients with impaired gait.14  Secondary measures of functional capacity 

include the 10 m walk test (10 MWT; comfortable speed), 6min walk test (6 MWT; endurance), 

ladder gait test (LDT; precision stepping; see: Sensorimotor Rehabilitation: at the Crossroads of Basic 

and Clinical Sciences by Dancause et al. (eds) Progress in Brain Research 2015) and number of (near) 

falls (fall calendar). In all participants, outcomes will be collected at baseline just before 

randomization (T=0 weeks). These assessments will be repeated for the intervention group once the 

training has been completed (T=5 weeks) and after 15-weeks of follow-up (T=20 weeks). These 

assessments will be repeated for the control group after the waiting period (T=5 weeks), once the 

training has been completed (T=10 weeks), and after 15-weeks of follow-up (T=25 weeks) (see figure 

2). The number of (near) falls is assessed with a fall calendar during the 15 weeks before 

randomization and during the 15-week follow-up. 

 

During a baseline visit (prior to the randomization), all outcomes will be collected together with 

possible determinants of the response to C-mill training. In this study, we will focus on dynamic 

balance capacity as measured with the Mini-BEST test, besides measures of muscle strength 

(dynamometry) and muscle tone (Modified Ashworth Scale) (see table 1). In addition, participants’ 

clinical and demographic characteristics will be recorded (disease duration (i.e., the number of years 

since symptom onset), genetic mutation, age, sex, height and weight).   

 

 

 



Table 1. Possible determinants of C-mill training efficacy  

Session I 

Lower leg strength  Dynamometry of ankle plantar and dorsiflexors (N)* 

Lower leg muscle tone Modified Ashworth Score of ankle plantarflexors and hip adductors (0-5)* 

Balance capacity Mini-BEST test 

* Composite scores will be calculated across both legs.  

 

Intervention 

The intervention consists of C-mill training, two times per week, for 5 weeks. In this way, participants 

will receive 10 strictly protocolled sessions of 1-hour C-mill training[7]. The training will be carried 

out by the primary investigator, who is preferably a physiotherapist and movement scientist. Each 

training session will be recorded in a log to control for patient compliance. During the waiting period 

and follow-up periods, participants will not receive any specific gait training, but are allowed to 

receive usual care, as this reflects daily practice. Any type of usual care (e.g. regular physiotherapy) 

will also be logged to control for differences in co-interventions. 

 

Statistical analysis 

Objective 1: The effect of gait adaptability training on the primary and secondary outcomes 

immediately post intervention and at follow-up will be tested with a repeated measures ANOVA. For 

each diagnosis group, a sample size of n=28 is sufficient to demonstrate an expected improvement 

on the EFAP of 1.75s (SD=2.0s, α=0.05, β=0.10)[7]. Two patients will be added allowing a 10% 

attrition rate (n=30).  

Objective 2: A stepwise linear regression analysis will be performed with training-induced change in 

gait adaptability (relative change in EFAP) as the dependent variable. Inclusion of 30 subjects will 

allow the entrance of three independent variables in the multivariate model. Univariate analyses will 

be performed to select the best factors from the available demographic and clinical variables with a 

specific focus on the independent variables listed in Table 1. 

 

Why is this project  needed?  

This project will reveal whether task-specific training is effective to improve gait adaptability in 

patients with HSP. This will be the start of much-needed evidence-based gait rehabilitation in 

patients with HSP, a relatively neglected group of movement disorders. Moreover, by showing that 

gait adaptability in HSP is mainly determined by balance capacity, we will be able to form the basis 

for a ‘function-driven’ (rather than ‘disease-driven’) rehabilitation approach to patients with chronic 

neurological movement disorders. This would be very important from a clinical perspective, as e.g. 



HSP alone has been associated with more than 80 gene mutations.2 In addition, by knowledge of the 

key determinants of gait adaptability, timing of interventions across the life span will be more 

evidence based and individually tailored. Ultimately, our research will provide new perspectives for 

understanding and improving gait adaptability and, consequently, improving social participation in 

patients with HSP.  

 

Why should this project be performed at the Radboud University Medical Center?  

The Radboud University Medical Center (Radboudumc) is a nationally and internationally recognized 

expert centre for genetic movement disorders. Our centre is part of the European Reference 

Network for Rare Neurological Disorders (ERN-RND), which has a strong focus on rare movement 

disorders such as HSP.  

We have a large cohort of HSP patients, who are referred from all over the Netherlands for diagnosis 

and specialized treatment.  Neurologically oriented postural and gait studies constitute a 

longstanding research line in Nijmegen that has delivered over 25 PhD theses since 1992.  The 

proposed project builds upon earlier studies performed by members of the project group on the 

main topics: HSP 8,15-18, gait adaptability, and balance11,12,13.   

 

Expected outcomes  

The project will result in at least 2 publications in peer-reviewed international journals of high 

standing aimed at the following results: 

1. Effects of C-mill training on gait adaptability (EFAP) and secondary measures of functional 

capacity in patients with pure HSP. 

2. A statistical model investigating the relationship between balance capacity and gait 

adaptability improvement after C-mill training in patients with pure HSP. 

Besides, the results will be presented at (inter)national conferences and be used to adjust the 

(inter)national guidelines for the treatment of patients with HSP. Radboud University Medical Center 

is the opinion leader on HSP in the Netherlands and represented in relevant European care and 

research networks. 

 

Time schedule 

1-3 months:  obtaining medical-ethical and executive board approval 

3-18 months: recruiting subjects, providing training, and performing measurements  

18-20 months: performing data analysis 

20-24 months: writing scientific papers 



 

Deliverables 

2 months: medical-ethical and related application forms 

12 months: inclusion of 30 subjects 

18 months: last measurement performed 

20 months: data analysis completed 

24 months: scientific papers completed (submission to peer-reviewed international journal) 
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