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Abstract 

 

The present study evaluated the effects of training with a mechano-sensory rehabilitation 

bicycle(MSR) on different aspects of walking, balance and plasticity of the neuronal pathways in 

individuals with incomplete spinal cord injuries(iSCI). This bicycle stimulates multisensory 

inputs through mechanical stimulators at the pedals and passive cycling respectively. To assess 

the effect of training, ten non-injured and five iSCI individuals participated in a single-bout 

training study while two of the iSCI individuals also participated in an eight-week training study. 

Primary outcome measures included 10-meter and 6-minute walk tests, Berg Balance Scale and 

paired H-reflex depression. The results showed trends toward modifications in H-reflex 

depression in the non-injured group and iSCI participants with spasticity after the single-bout 

training study. The results of the eight-week training study showed improvement in balance and 

walking. In conclusion, MSR training may be beneficial as a complementary method to 

locomotion training or spasticity medications. 
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Chapter 1: Introduction 

Introduction 

 

In incomplete spinal cord injuries (iSCI), there is still some communication between the 

brain and the spinal cord but this communication is affected due to the injured circuits, leading to 

additional neurological complications, such as chronic pain or spasticity. Even after several years 

post-injury, many of the individuals with iSCI show functional recovery after additional training 

(Burns, Golding, Rolle, Graziani, & Ditunno, 1997; Raineteau & Schwab, 2001; Waters, Sie, 

Adkins, & Yakura, 1995). This recovery probably depends on the reorganization of circuits that 

remain intact. Synaptic plasticity in pre-existing pathways and the formation of new circuits can 

be increased by specific rehabilitation programs (Lovely, Gregor, Roy, & Edgerton, 1986; 

Wernig, Muller, Nanassy, & Cagol, 1995). One recent rehabilitation method for individuals with 

iSCI is locomotion training on a treadmill with body weight support (BWS). This method has 

been commonly investigated and it is increasingly accepted although it is not yet standard-of-

care (Dietz, Colombo, & Jensen, 1994; Hubli & Dietz, 2013; Wernig & Muller, 1992). However, 

locomotion training requires equipment such as treadmill, body weight support harness, and two 

to three physical therapists (or other trained staff) or robotic gait training devices to perform the 

task (Hornby, Zemon, & Campbell, 2005; Winchester & Querry, 2006; Wu, Landry, Schmit, 

Hornby, & Yen, 2012). These methods and instruments are usually infrastructure dependent, 

expensive, need technical maintenance and are therefore implemented only in a specialized 
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clinical setting. The mechano-sensory rehabilitation bicycle (MSR) (Moravati & Moussavi, 

2012), designed and manufactured in the Department of Biomedical Engineering at the 

University of Manitoba, is a unique rehabilitation device that consists of motorized pedals with 

mechanical stimulators that stimulate the lateral ridge of the foot sole. The foot sole stimulation 

targets activation of the mechanoreceptors of the foot (Kyparos, Feeback, Layne, Martinez, & 

Clarke, 2005), while passive pedaling stimulates proprioceptors in the hip joint. Cutaneous and 

proprioceptive feedback is known to regulate the rhythm of walking in spinal cord injured 

individuals and activation of these afferent pathways could improve functional recovery 

(Raineteau & Schwab, 2001). Initial pilot work showed that using the mechano-sensory 

rehabilitation bicycle can lead to improvements in patients’ ability to walk and stand 

independently (Morovati & Moussavi). However, in the pilot study the functional assessment 

was limited to only the Berg Balance Scale (BBS). As a continuation and a follow-up of the pilot 

work, the purpose of the current study was to conduct a more comprehensive evaluation of the 

effect of this rehabilitation technology. In this thesis, the effects of training with this device on 

different aspects of walking and postural control have been examined as well as some of the 

mechanisms underlying functional changes such as intraspinal and corticospinal plasticity. The 

primary hypothesis is that simultaneous stimulation of two types of sensory receptors, the 

proprioceptors and the mechanoreceptors will facilitate recovery for individuals with incomplete 

spinal cord injury (iSCI); this hypothesis has been tested in this thesis in three studies. The first 

study (a preliminary study) included non-injured adults and investigated the immediate effects of 

a single bout of MSR training on reflex modulation as a means of estimating the immediate 

changes in the spinal circuits. In the second study, experiments were done with iSCI participants, 

and the immediate effect of MSR training with and without the mechanical stimulation was 
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assessed in two separate training sessions. In the third study, the effects of a eight-week training 

program (including 24 sessions of cycling exercise lasting for 30 min per session) on spinal 

reflex modulation and different functional tasks, such as walking and balance, were investigated. 

 

1  Organization of the thesis 

The present Chapter (1) provides a general introduction, the rationale and impetus for the 

current studies. Chapter 2 (the literature review) includes background information about the 

spinal cord and potential injuries, an outline of the neurological mechanisms that control 

locomotion, different locomotion training methods after SCI, followed by a review of the related 

research in the iSCI rehabilitation training area, and at the end hypotheses and objectives are 

presented. Chapter 3 describes the methods used in the present thesis. In this chapter a 

comprehensive explanation of different materials and methods used to implement the three 

studies of this thesis is presented. The results of the three studies are presented in Chapter 4 

followed by Chapter 5 (Discussion) in which the major findings are summarized and a 

comprehensive comparison of the results of this study with previous literature in relation to 

functional rehabilitation after SCI is elaborated on. Moreover, the possible explanations for the 

discrepancies of the results with previous literature are discussed. General conclusions, including 

clinical applications of the findings, are made by connecting the results of the three studies to 

existing literature. The present thesis is concluded by discussing the limitations and future 

directions of this line of research.   
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2   Significance of the study 

Locomotor training requires equipment such as treadmill, body weight support harness, 

and three physical therapists (or other trained staff), or robotic gait training devices to perform 

the necessary walking training. This makes the use of treadmill training expensive and resource 

demanding, making it possible only under some circumstances (unlikely for people living in 

remote regions, or training at home).  

There have been many approaches tested and compared to treadmill training but there is a 

unique opportunity to examine here, due to a recently developed device. This mechano-sensory 

rehabilitation bicycle was designed and manufactured in the Biomedical Engineering program at 

the University of Manitoba. This bicycle was designed as a rehabilitation device that is non-

invasive, inexpensive, portable and simple to use. The device can be operated with minimal 

training, either in clinic or at home, thus dramatically increasing the opportunities and frequency 

of training. A preliminary study with people with iSCI was conducted and the participants 

showed some benefit from eight weeks of training (three half-hour sessions per week) with this 

device with respect to balance (as measured by the BBS). However, there is a need for further 

study to evaluate the effects of different components of this training method and also its effect on 

neurophysiologic and functional performance of people with iSCI. The results of this study could 

be used as a next step towards wider scale randomized clinical trials of this device for individuals 

with SCI.    
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Chapter 2: Literature Review 

Literature Review 

 

 

2.1  Background 

Recent estimations have found that the incidence of SCI in Canada is about 35 per 

million. This rate is even higher in Manitoba (approximately 42.6) and specifically among the 

first nations population. McCammon and Ethans (2011) speculated that this higher rate of SCI 

could be the result of Manitoba’s geography and living/working circumstances of the first 

nations population. The number of individuals affected continues to increase as the incidence of 

SCI in the last two decades has doubled in Manitoba (McCammon & Ethans, 2011).  

SCI is a life-changing injury that can lead to different extents of loss of function in 

sensorimotor and autonomous systems. Regaining balance and mobility is one of the priorities in 

setting rehabilitation goals for individuals with SCI. In recent years, locomotion training on a 

treadmill with body weight support as a rehabilitation method for individuals with iSCI has 

received considerable attention. This method has been widely investigated and increasingly 

accepted (Dietz et al., 1994; Hubli & Dietz, 2013; Wernig & Muller, 1992). The results of the 

studies on this type of functional training for individuals with iSCI have shown that the training 
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could help activate the locomotor circuitries at the spinal level. Appropriate functional training 

helps provide afferent inputs that play an important role in leg muscle activation and eventually 

regulates the rhythm of walking in iSCI individuals (Raineteau & Schwab, 2001). Two sensory 

inputs that help with regulating muscle activation are cutaneous foot load and hip joint position 

sensors (Raineteau & Schwab, 2001). 

In the following sections there is an overview on the anatomy of the spinal cord and its 

injuries, followed by sections about the etiology and different types of SCI, and their 

consequences. In addition, a review of the previous literature about the motor-training and 

rehabilitation programs typically used for SCI individuals is provided. As the last component of 

this section, the rationale for the present study and its goals and hypotheses are presented.   

 

2.2  Spinal Cord Structure 

The spinal cord includes grey and white matter. Grey matter is made up of cell bodies 

and dendrites of the neurons and the white matter contains the axons of the ascending and 

descending sensory and motor neurons. The spinal cord contains different descending and 

ascending tracts including the long axons of the upper motor neurons cells that descend from the 

brain, and of those supraspinal neurons travelling to more distal levels. Also, there are 

interneurons within the spinal cord making intricate circuits within the cord (E. Field-Fote, 

2009b). Ascending (sensory) and descending (motor) tracts in the spinal cord are depicted in 

Figure 2-1. 
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2.3  Major Spinal Pathways 

Major motor tracts include the lateral corticospinal tract that travels contralateral (at the 

spinal levels) to the muscles they innervate. The lateral corticospinal tract is in charge of 

controlling voluntary and accurate movements in the distal limbs. The other tract is the 

rubrospinal tract that travels ipsilateral to the muscles it controls. This tract is in charge of 

controlling the voluntary contractions of the upper limb muscles and also precise movements of 

the distal limbs at least in several mammals but in humans its precise role is still debated. 

Vestibulospinal tract is another motor tract that is in charge of controlling balance and posture 

and travels bilaterally in the spinal cord. The lateral and medial reticulospinal tracts, that travels 

ipsilateral to the muscles innervated by it is important for controlling balance, posture, and spinal 

reflex-control of the limbs. The above tracts also work as complementary to the motor tasks 

driven by the corticospinal tracts (Figure 2-1).  

Major sensory pathways include anterolateral system (spinothalamic, spinoreticular, and 

spinotectal tracts). The tracts travel contralateral to the side of the body from which the sensory 

input originates from and they are in charge of sensing pain and temperature. Another tract is the 

dorsal column tract with axons of sensory neurons running on the same side as the origin of the 

sensory input. These tracts convey proprioception, vibratory sense, deep and discriminative 

touch. There are more specialized sensory pathways, such as the dorsal and ventral 

spinocerebellar tracts that respectively travel ipsilateral and contralateral to their target limbs and 

convey unconscious proprioception used for trunk and limb control, mostly during timed, 

patterned movements (Figure 2-1) (Somers, 2010a).  
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Figure 2-1 Ascending and 

descending tracts in the spinal 

cord; Ascending tracts: 1) 

Dorsal column, 2) Dorsal 

spinocerebellar tract, 3) 

Ventral spinocerebellar tract, 

4) Antriolateral system 

(spinothalamic, spinoreticular, 

and spinotectal tracts); 

Descending tracts: 5)Lateral 

corticospinal tract, 6) 

Rubrospinal tract, 7) Lateral 

reticulospinal tract, 8) Medial 

reticulospinal tract 9) 

Vestibulospinal tract, 10) 

Ventral corticospinal tract. 

(Adapted from Spinal Cord 

Injury: Functional 

Rehabilitation (p. 10), by 

M.F. Somers, 2010, New 

Jersey: Pearson Education Inc., Copyright 2010 by Pearson Education Inc.) 

 

2.4  Spinal Cord Injury 

2.4.1  Etiology of SCI 

Most SCI injuries are caused by traumas and only in rare cases they are complete 

severance of the spinal cord (e.g. as a result of gunshot or stabbing injuries). The major causes of 

traumatic SCI injuries are motor vehicle accidents, falls, assaults, and sports. Non-traumatic SCI 

is less prevalent. The causes for non-traumatic SCI are for example, multiple sclerosis, spinal 

cord tumors, degenerative diseases (disk herniation, cervical spondylosis), ischemia, and 

hemorrhage/ inflammatory pathologies (E. Field-Fote, 2009b).  

Usually, people with non-traumatic SCI are older than people with traumatic SCI and 

have less chance of a complete neurological injury and spend less time in rehabilitation units. 

Moreover, there are lower rates of developing pressure sores and spasticity among people with 
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non-traumatic SCI (William O. McKinley, Seel, Gadi, & Tewksbury, 2001; W. O. McKinley, 

Tewksbury, & Godbout, 2001; Ones, Yilmaz, Beydogan, Gultekin, & Caglar, 2007). 

Findings from a retrospective study showed that the results of functional tests were better 

at admission for the non-traumatic group, but both traumatic and non-traumatic groups perform 

equally well on functional tests at the time of release (Ones et al., 2007). That said, individuals 

with a non-traumatic SCI have shorter length of stay in the rehabilitation units at the acute phase 

of their injury. One potential reason for the longer length of stay for the traumatic SCI group is 

the accompanying complications (e.g. fractures, wounds, etc.) that they have besides their SCI 

(William O. McKinley et al., 2001). 

 

2.4.2  Complete Spinal Cord Injury  

Complete SCI or total cord syndrome is a result of a severing at the spinal cord causing 

complete functional disconnection of all ascending and descending pathways. This situation 

causes loss of all sensory and voluntary motor function below the level of injury as well as loss 

of bladder and bowl movements and some sexual functions (Dimitrijevic, Kakulas, McKay, & 

Vrbova, 2012; Holtz & Levi, 2010).  

 

2.4.3  Incomplete Spinal Cord Injury (iSCI) 

In iSCI there are sensory and/or motor functions preserved below the level of injury. 

Moreover, there is functional integrity in the sacral segments (S4-S5 level) that can be assessed 

by digital examination of the anal area; sensory function is indicated by the ability to sense touch 

and pressure at the rectum and motor function is indicated by the ability to voluntarily contract 

the anal sphincter. These motor and sensory functions at S4-S5 level are absent in complete SCI.  
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Depending on the location and pattern of damage to the spinal cord, incomplete injuries lead to 

different iSCI syndromes (these syndromes are discussed below) (Somers, 2010b).  

 

2.4.3.1  Anterior Cord Syndrome 

In this kind of lesion about two thirds of the spinal cord is injured that includes 

corticospinal tract, spinothalamic tracts, and descending autonomic pathways for controlling 

bladder movements. Individuals with anterior cord syndrome lose voluntary movements below 

the level of injury and their abilities for activity of daily living is as limited as individuals with 

complete injuries at the same level, however, they have higher chance for recovery (Holtz & 

Levi, 2010).  

 

2.4.3.2  Central Cord Syndrome 

Central Cord Syndrome occurs when there is a lesion to the central part of the spinal 

cord. This syndrome causes loss of pain and temperature sensation in the dermatomes (an area 

of skin that is mainly innervated by a single spinal nerve) related to the level(s) of injury as the 

injury interrupts the crossing of the spinothalamic tracts. In case of damage to the corticospinal 

tracts or grey matter in the anterior horn, there will be paresis at the myotomes (the group of 

muscles innervated by a single spinal nerve root) related to the injured level(s). Moreover, the 

injury in the central area can disconnect the reflex arcs that causes absence of deep tendon 

reflexes in those segments. In the cervical level injuries of the central cord, the impairment will 

be mostly in the upper limbs and walking abilities will be preserved (Holtz & Levi, 2010). 

 

 

https://en.wikipedia.org/wiki/Skin
https://en.wikipedia.org/wiki/Spinal_nerve
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2.4.3.3  Brown-Sequard Syndrome (lateral cord syndrome)  

This syndrome is the result of transection of half of the spinal cord causing interruption in 

the dorsal columns, corticospinal tract, and spinothalamic tract on one side of the body only. 

Individuals with lateral cord syndrome demonstrate loss of sense of touch and motor function on 

the same side as the injury and also loss of senses of pain and temperature on the contralateral 

side. In this group, bladder and bowel movements are not affected (Holtz & Levi, 2010).   

 

2.4.3.4  Cauda Equina Syndrome 

This syndrome happens as a result of injury to the nerve roots that make the cauda equine 

(nerve roots from spinal segments L2-S5) . The cauda equine syndrome happens when these 

nerves are compressed as a result of a trauma or narrowing of the spinal canal. When an injury 

happens to the spine at L2- S5 level, the spinal cord itself might remain intact.  So, this type of 

lesion is actually a lower motor neurons injury and the motor deficiencies reflect damage to the 

lower motor neurons. That is, the reflex pathways might get damaged and the reflexes might be 

lost or impaired, so people with this syndrome do not have spasticity and usually show 

denervation atrophy in the respective musculature (Holtz & Levi, 2010).   

 

2.4.4 American Spinal Injury Association Scale   

The American Spinal Injury Association (ASIA) has developed a classification method 

for the severity of the SCI and functional impairments. This scale allows for clinical standardized 

classifications of the injury to the motor and sensory pathways and respective impairments. 

ASIA motor level is determined by a manual muscle test examination for the strength of key 

muscles. Sensory level is determined by the level of perception for pinprick and light touch that 
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are related to the integrity of the ascending dorsal columns and the anterolateral funiculus 

(bundles of nerve tracts that make up the white matter in the spinal cord). Levels of ASIA 

impairment scale are defined in Table 2-1 (Steven C. Kirshblum et al., 2011). 

 

Table 2-1 Levels of ASIA impairment scale (S. C. Kirshblum et al., 2011). 

 

Level Impairment 

A = 

Complete 

No sensory or motor function is preserved in the sacral segments S4-5. 

B = Sensory 

Incomplete 

Sensory but no motor function is preserved below the neurological level and 

includes the sacral segments S4-5 (light touch or pin prick at S4-5 or deep anal 

pressure) AND no motor function is preserved more than three levels below the 

motor level on either side of the body. 

C = Motor 

Incomplete 

Motor function is preserved below the neurological level, and more than half of 

key muscle functions below the neurological level of injury have a muscle grade 

less than 3 (Grades 0-2). 

D = Motor 

Incomplete 

Motor function is preserved below the neurological level and at least half (half 

or more) of key muscle functions below the neurological level of injury have a 

muscle grade > 3. 

E = Normal If sensation and motor function as tested with the International Standards for 

Neurological Classification of SCI (Appendix 1) are graded as normal in all 

segments, and the patient had prior deficits, then the AISA impairment scale 

grade is E. Someone without an initial SCI does not receive an AISA impairment 

scale grade. 
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2.5  Locomotion Control 

The central pattern generator (CPG) is a neuronal network within the cord that has an 

important role in locomotion control in mammals by controlling the rhythmic firing of the 

motoneurons. Studies have shown that CPG exists in both animals and humans (Dietz, 2003).  

Studies on non-injured and anencephalic (a condition that the brain and the bones of the skull are 

not normally developed) infants showed that there are innate spinal circuits that generate the 

rhythm of walking. In adults, apart from this innate rhythmic control there are other unique 

control systems that centrally coordinate efficient bipedal stepping (Forssberg, 1985). Sensory 

inputs are necessary for modifications and adaptations to the motor program controlling 

locomotion. The sensory inputs trigger the spinal reflexes; reflexes and the CPG are strongly 

controlled by the brainstem (Jankowska & Lundberg, 1981). Afferent inputs are sent from 

different sources including proprioception, vision and vestibular system to spinal and supraspinal 

structures in order to control human locomotion (similar to cats, dogs, and rodents). Some of the 

descending pathways and some spinal reflex pathways jointly participate in common neuronal 

networks in the cord and help to adapt the locomotion program to changes needed for the rhythm 

of stepping (Dietz, 2009).  

 

2.5.1  Spinal Reflexes and Regulation of Locomotion  

Rhythmic movements such as locomotion demand the interaction of neuronal pathways 

and circuits at the cortical, subcortical and spinal levels. Within these interactions, the spinal 

reflex circuits play an important role in adjusting the rhythm of locomotion according to 

changing external and internal circumstances.  
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2.5.1.1  H-reflex 

The H-reflex or Hoffmann reflex is a spinal reflex that is the electrical analogue of the 

stretch reflex - occurring without the initial activation of the muscle spindles (Schieppati, 1987). 

An H-reflex is the response of spinal motoneurons after the stimulation of homonymous Ia 

afferents, mainly evoked by monosynaptic connections between primary sensory neurons and the 

spinal motoneurons. Its amplitude depends on both the excitability of the entire motoneuron pool 

that can be altered by postsynaptic excitatory or inhibitory input as well as by ongoing 

presynaptic inhibition of the sensory fibers mediating the reflex (Pierrot-Deseilligny, 1997).   

Although, conceptually the H-reflex is a simple reflection of spinal motoneuron activity, 

its amplitude has been long known to depend on several factors. For example, as detailed by 

McNulty and colleagues (McNulty, Jankelowitz, Wiendels, & Burke, 2008) some of these 

factors are related to muscle properties and activity, such as the muscle length, the level of 

voluntary contraction or posture, the complexity of the motor task and it also depends on neural 

factors, such as arousal or the rate of the stimulation eliciting the reflex, as well as the extent of 

presynaptic inhibition.  

Based on several human and animal studies, induced changes in the neuromuscular 

systems by training (e.g. changes in the motoneuron properties, morphological changes in the 

sensory afferent terminals) are associated with H-reflex modifications (Meunier et al., 2007; 

Phadke et al., 2009; Zehr, 2002). Hence, H-reflex assessment has become a common method to 

evaluate changes in neural processing, neuromuscular function and motor behavior as a result of 

training in both non-injured and SCI populations. One method of assessing the H-reflex is 

applying a conditioning stimulus (that leads to a reflex) and then measuring the amplitude of the 

consequent test reflexes. This assessment approach leads to frequency-dependent modulation of 
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the H-reflex. It has been identified that increasing stimulus rates (in the low-frequency range) 

reduces the amplitude of the reflex or causes reflex depression (Eccles & Rall, 1951). In animal 

experiments, with direct recordings from spinal motoneurons while assessing the synaptic 

potentials, this reduction has been conferred to be related to the attenuation of excitatory 

postsynaptic potentials (Curtis & Eccles, 1960) and it has been termed as post-activation 

depression or homosynaptic depression (McNulty et al., 2008).  

As detailed by Schindler-Ivens et al. (Schindler-Ivens & Shields, 2000), there are 

different approaches to measure frequency modifications of the H-reflex. These methods include 

conditioning the stretch reflex and H-reflex by tendon vibration, passive muscles lengthening, 

and trains of identical or tendon taps or electrical stimulations (to the target muscle’s 

innervation). The latter could be a few consecutive, or a pair of, electrical stimulations. In this 

thesis, a paired-reflex testing approach was used as a method of assessing the possible effects of 

the MSR training on individuals with iSCI. 

As earlier mentioned mechanisms of H-reflex depression included postsynaptic 

inhibitions as well as homosynaptic depression, which could attenuate the reflex within a few 

milliseconds before the reflex returns to its initial amplitude. However, the homosynaptic 

depression effects could last longer (several seconds)(H. Hultborn et al., 1996).  

With different inter-stimulation intervals different reflex modification mechanisms could 

be involved or have different amounts of involvement. The amount of time needed for an 

afferent input to travel to the sensory area of the cortex and transfer the input to the motor areas 

is 50-60ms (Poon, Roy, Gorassini, & Stein, 2008). Hence, at higher inter-stimulation intervals 

such as 100ms or 200 ms, which equals 10 Hz and 5 Hz, potentially not only reflex pathways 

within the spine are included but also supraspinal and possibly corticospinal networks are 
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included and can affect the amount of reflex depression. Based on the above information, in the 

current study a range of inter-stimulation intervals (45 ms-200 ms) was used to investigate the 

possible involvement of different reflex depression mechanisms and also different networks that 

possibly control the H-reflex depression. 

 

2.6  Loss of Sensory-motor Function and Plasticity After SCI  

After injuries to the central nervous system, such as SCI, there are different factors that 

affect locomotion recovery. For example, following SCI individuals often experience a higher 

gain in spinal motoneurons (i.e. the same sensory input induces a larger motor output) and a 

reduction of inhibition in spinal reflexes, which have both been linked to an increase in 

spasticity. Lack of reflex adaptation (inhibition) is well known to occur when soleus H-reflex 

and hamstring tendon reflexes are examined during locomotion. This lack of reflex modifications 

could be due to disfacilitation of spinal level inhibitory neuronal circuits, lack of appropriate 

modifications to the reflex thresholds, or -motoneuron impaired function or lack of 

homosynaptic depression (Knikou, 2010). 

These maladaptive reflexes result in spasticity, joint stiffness, and consequently less 

angular excursion in lower limb joints, ultimately having an adverse effect on walking. These 

changes could cause decreased walking speed with smaller step lengths (M. M. Adams & Hicks, 

2005; Barbeau, Ladouceur, Norman, Pepin, & Leroux, 1999). 

The central nervous system (CNS) undergoes plastic changes in response to movements 

even after spinal injuries (Barbeau et al., 1999; Raineteau & Schwab, 2001). These plastic 

changes could be at the cortical, subcortical, or spinal level. In incomplete SCI, the nervous 

system could also be subjected to these changes as there are some intact areas at the local spinal 
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and corticospinal circuits. Moreover, the circuits in charge of controlling locomotion and more 

specifically central pattern generator or CPG are influenced by the basic locomotor movements; 

thus, they will change and reorganize (Raineteau & Schwab, 2001). It has been shown that the 

reorganization of the spared spinal neuronal circuits has an important role in locomotor recovery 

in mammals (Basso, 2000). Hence, one aim of rehabilitation for individuals with iSCI is to 

enhance the plastic changes in their locomotor control mechanisms. Plastic changes happen both 

proximal and distal to the site of injury in the brain and spinal cord (Lynskey, Belanger, & Jung, 

2008). Plasticity could happen spontaneously to some extent or as a result of rehabilitation 

training and activity. These plastic changes as a result of training could be at the molecular and 

cellular levels such as up-regulation of neurotransmitters, neurotropic factors, alterations in gene 

expressions, and synaptogenesis and synaptic strengthening. At the structural level, the plasticity 

in the nervous system happens by axonal sprouting, dendritic sprouting and other synaptic 

connectivity changes. These changes in the nervous system can cause normalization of the spinal 

sensory reflexes. Plasticity within spinal circuits can lead to recovery of not only sensory or 

motor functions, but also autonomic functions (Lynskey et al., 2008). 

 

2.7  Key Inputs to Control Walking Activity  

In this section some of the strategies used during locomotion training after a CNS lesion 

are described. The activation of hip proprioceptors, foot sole mechanoreceptors and cutaneous 

receptors within the leg and foot will be briefly explained in terms of how they are incorporated 

into training.  

Results of previous studies have shown that both human and monkeys are able to train 

their monosynaptic reflexes in response to muscle lengthening. One of the first series of 
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important insights into the recovery of locomotor function after SCI stems from studies utilizing 

spinalized cats (with surgically severed spinal cord) which showed recovery of locomotor 

function after training, such as walking on a treadmill (Eidelberg, Story, Meyer, & Nystel, 1980; 

Rossignol & Bouyer, 2004). Subsequent studies by many other labs have shown that although 

humans may have considerable locomotion recovery and spinal reflex modulations after 

locomotor training, they are not able to recover ambulatory function as well as quadrupeds just 

by locomotor training (Dietz et al., 1994; Edelle C Field-Fote, 2001; Hajela, Mummidisetty, 

Smith, & Knikou, 2013; Knikou & Mummidisetty, 2014; Liu et al., 2007; Page, Levine, & 

Strayer, 2007; Phadke, Wu, Thompson, & Behrman, 2007; Wernig et al., 1995; Wirz et al., 

2005).  

In addition to the need for training to perform the walking movement (actively or 

passively), enhancing simultaneous sensory inputs in a rhythmic pattern that is coordinated with 

the movement may also facilitate gains in locomotor function. All types of sensory input, such as 

skin sensations from cutaneous receptors or muscle length and tension information from muscle 

spindle or the loading of each muscle from Golgi tendon organs are very important in controlling 

stepping. However, each type of sensory input has a “place and a time” to shape, and aid in 

locomotor rhythm. For example, information from tendon organs is critical in recruiting extensor 

muscles to ensure that standing and the stance phase are executed with the proper activity level. 

Specifically, the leg extensor proprioceptors and mechanoreceptors at the foot sole provide the 

most crucial loading information, and help with modifying the programmed locomotion pattern 

(Dietz & Harkema, 2004). Studies on both humans and cats have also shown that load receptor 

signals arise from Golgi tendon organs, and are mediated through Ib afferents to the spinal 
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neuronal networks that control locomotion (Stephens & Yang, 1999; Whelan, Hiebert, & 

Pearson, 1995). 

Evidence from numerous animal studies supports the crucial role of foot sole 

mechanoreceptors and cutaneous receptors (Libersat, Clarac, & Zill, 1987; Muir & Steeves, 

1995); the load-related information in both humans and animals has been shown to have a 

powerful effect on locomotion rhythm regulation. This regulation could be through integration of 

these load and cutaneous afferents into the polysynaptic reflex pathways that are involved in 

controlling the locomotion programming, for example during stepping on an uneven surface 

(Bastiaanse, Duysens, & Dietz, 2000; Dietz & Harkema, 2004). Muir et al. (Muir & Steeves, 

1995) in their animal study showed that using the cutaneous stimulation on the sole of the feet, 

even in the absence of limb loading, could enhance recovery in locomotion in SCI chicks. That 

said, Sławińska et al. (Sławińska, Majczyński, Dai, & Jordan, 2012) found that in rats only the 

upright standing posture could help with improving locomotion. In the same study, Sławińska et 

al. inferred from their results that cutaneous receptors of the paws have an important role in 

improving plantar stepping in spinal rats. The results of these studies and other studies on cats 

(Bouyer & Rossignol, 2003) and humans (Harkema et al., 1997) support the critical role of 

cutaneous mechanoreceptors in normalizing locomotion function and plasticity after SCI (Panek, 

Bui, Wright, & Brownstone, 2014). 

In addition to locomotion training a number of researchers have also investigated 

functional electrical stimulation (FES)  – these studies are reviewed below in section 2.8. 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=S%C5%82awi%C5%84ska%20U%5BAuthor%5D&cauthor=true&cauthor_uid=22351637
http://www.ncbi.nlm.nih.gov/pubmed/?term=S%C5%82awi%C5%84ska%20U%5BAuthor%5D&cauthor=true&cauthor_uid=22351637
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How can proprioceptor and mechanoreceptors be best activated in the foot in humans? 

 There is a natural activation as it occurs when we walk on a treadmill and the treadmill creates 

increased loading and changes cutaneous sensations under the foot sole. That is why patients 

after SCI when placed on a treadmill gain more sensory stimulation than during over-ground 

walking. Another commonly used method is the electrical stimulation of nerves. This approach 

activates all types of nerve fibers (as they are all excitable by electrical currents) in a 

synchronized way. Another possibility is to apply mechanical stimulation. The mechanical 

stimulation is viewed as less invasive than electrical stimulation. Therefore, it is often viewed as 

more attractive potentially to those engaging in training and more likely to be applied early on 

during rehabilitation.  

Hip proprioceptors are another source of afference that has been shown to play a very 

powerful role in locomotor function recovery.  More specifically, they are thought to tightly 

control the phase transitions in walking. Studies on infants and mature individuals with 

paraplegia showed that the signals initiated from the hip joint and the muscles that control the hip 

joint position have a significant role in locomotion control. The different muscle afferents from 

those controlling the hip have phase-specific effects on the locomotor cycle: promoting ongoing 

activity (either flexion or extension) as well as promoting an exaggerated transition phase (Dietz, 

2002). 

How can hip proprioceptors be activated?  

This is a more complicated matter than activating sensory nerves in the foot sole. There is 

no “typical” way or approach to this, but any hip joint movement (active or passive) in a position 

that is possible to tolerate by the participant is suitable.  As the muscles controlling the hip are 

big muscles (larger than those controlling the lower leg), electrical stimulation of them is very 
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“disturbing” to subjects during an upright position and walking; also, mechanically moving the 

hip joint during upright position requires heavy and complicated braces or robotic devices to 

generate sensory input in hip muscle afferents or joint afferents. When subjects are reclined or in 

the supine position, the activation of the hip muscles and the joint afferents is more tolerable and 

feasible. In summary, the above two afferent receptors (load and hip joint position receptors) are 

the lead afferents in locomotion adjustment and these are thought to have a major role in 

reprogramming locomotion networks after injury to the spinal cord (Dietz, 2002).  

 

2.8  Training Methods 

2.8.1  Treadmill Training and Functional Electrical Stimulation Cycling Studies 

As mentioned before, after the SCI the nervous system undergoes plasticity that could be 

exploited to retrain locomotion. In recent years, locomotion and FES cycling training has 

received considerable attention from therapists and researchers for their potential use in motor-

rehabilitation for individuals with SCI. The main reasons for applying cycling training with FES 

is that during the cycling activity, similar muscle activation profiles can be obtained as during 

walking (i.e. flexion and extension of hip, knee and ankle joints alternate). Results of selected 

FES and locomotion studies are summarized in Table 2-2 and Table 2-3. The results of both FES 

cycling and body-weight supported treadmill training studies indicate that overall, they both can 

increase lower limb muscle mass and strength of leg muscles that support the observed increase 

in locomotor capacity. These results have shown to be more prominent in weaker iSCI 

individuals who have some ambulatory ability (Edelle C Field-Fote, 2001; Liu et al., 2007; Page 

et al., 2007). Results of the body weight supported treadmill studies (using robotic or manual 
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stepping) indicate that locomotion training can help in inducing the stepping pattern (Dietz et al., 

1994),  and it can improve walking speed and endurance (Alexeeva et al., 2011; E. C. Field-Fote 

et al., 2001; Edelle C. Field-Fote & Roach, 2011; Phadke et al., 2009; Wirz et al., 2005), reduce 

spastic behaviors (Wirz et al., 2005), and minimize the use of assistive devices during walking 

(Phadke et al., 2009).  

However, Mehrholz et al. (Mehrholz, Kugler, & Pohl, 2012) conducted a systematic 

review of randomised controlled clinical trials (RCTs) involving people with iSCI (chronic or 

acute; ASIA level B, C or D) to compare locomotor training with other training exercises used as 

controls. They concluded that there is not sufficient evidence about the type of locomotion 

training  that is the most effective at improving walking ability in people with iSCI. 
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Table 2-2 Summary of locomotion training studies. 

 

Study Participants Time since 

injury 

Protocol of training Examination Result 

Dietz V.  

(Dietz et al., 1994) 

- Complete SCI 

group  (n=5) 

- iSCI  group:  

Frankel class C 

(unable to make 

stepping movement 

on a  stationary 

surface; n=4) 

4-5 weeks  - Five months of daily 

treadmill walking for 

approximately 300 meters. 

Weekly recording: 

- Gait analysis: knee and 

ankle goniometry on a 

faceplate to determine gait 

cycles. 

- Surface EMG of 

gastrocnemius and tibialis 

anterior of both legs.  

- Training on a treadmill in both iSCI and complete 

SCI groups could induce rhythmic stepping 

movement.  

- In complete SCI group stepping could be induced 

only when the weight was supported. 

- In both iSCI and complete SCI groups, EMG 

activity increased in stance phase during step 

training. 

Wernig A.  

(Wernig et al., 

1995) 

44 chronic and 45 

acute iSCI (para- 

and tetraplegics) 

- Had some 

voluntary activity in 

lower limb muscles 

Chronic 

group: 0.4-

18 years 

Acute 

group: few 

weeks  

30 min/session, 1 

session/day, 5 days/week. 

Upright stepping training: 

Acute patients: 2-13 months 

(median=5) 

Chronic patients: -1-4 

months (median=2.5) 

Functional and locomotion 

capacity: manual muscle test, 

level of locomotive capacity 

(defined as 6 levels; 0= 

wheelchair bound, 5= free 

walking)    

 

- Laufband treadmill training could improve 

locomotion abilities of the SCI individuals and it is 

more effective than conventional therapies. 

Field-Fote E.C.  

(Edelle C Field-

Fote, 2001) 

ASIA class 

C injuries (n=19) 

12–

171months  

- 36 sessions of 1.5 hours 

(including walking and rest) 

in one year; Three 

days/week  

- Training program: BWS 

and FES-assisted treadmill 

walking. 

- Walking speed. 

- Voluntary motor control 

using lower extremity motor 

score out of ASIA score. 

-  Walking speed improved in all participants.  

- No relationship was found between the changes in 

lower extremity motor score and the changes in 

walking speed. 

- iSCI individuals who have some capacity left for 

mobility might benefit more from a locomotion 

training program that combines BWS, FES, and 

treadmill training. 

Wirz M.   

(Wirz et al., 2005) 

ASIA class C or D  

(n= 20) 

 

 

2–17 years Locomotor training using 

robotic- 

Assisted, body-weight–

supported treadmill 

training; 3 -5 times a week 

over 8 weeks. Each session  

45 minutes. 

- 10-meter walk test 

- 6-minute walk test 

- Timed Up & Go test 

- Walking Index for Spinal 

Cord Injury–II tests 

- Lower-extremity motor 

scores (LEMS) and spastic 

motor behaviors to assess 

their effect on motor 

function. 

- There were no significant changes in WISCI II 

scores. 

- Significant increase in over ground gait speed 

(10MWT) 

- Significant improvement of gait endurance 

(6MWT) 

- Significant decrease in time to perform the TUG 

test. 

- Participants who were ambulatory and had less 

locomotion and functional abilities had more 

benefit from the training. 

- There were improvements in LEMS and decreases 

in specific spastic motor behaviors but they did not 

correlate with changes in walking function. 
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Study Participants Time since 

injury 

Protocol of training Examination Result 

Field-Fote E.C.  

(Edelle C. Field-

Fote & Roach, 

2011) 

ASIA class C or D 

(n=74) 
≥ 1 year (RCT)Training five days 

per week for 12 weeks with 

the following locomotion 

training methods: treadmill- 

training with manual 

assistance (TM), treadmill- 

training with stimulation 

(TS), overground training 

with stimulation (OG), and 

treadmill training with 

robotic assistance-Lokomat 

(LR). 

 

- 10MWT for walking speed. 

- 2-minute walk test for 

walking distance. 

 

- Walking speed improved with both treadmill and 

overground training methods but this improvement 

was not statistically significant for LR method. 

- Walking distance capacity improved significantly 

for OG and TS. For the OG the increase in walking 

distance was significantly greater that the other 

treadmill training methods.  

Alexeeva N. 

(Alexeeva et al., 

2011) 

ASIA class C or D 

(n=37) 
1-37 years  (RCT) one hour training 

sessions, 3 days per week 

for 13 weeks with the 

following locomotion 

training methods: BWS 

ambulation on a fixed track 

(TRK), BWS ambulation on 

a treadmill (TM) – these 

two methods were 

compared with a 

comprehensive physical 

therapy (PT) program. 

- 10MWT for walking speed. 

- 2-minute walk test for 

walking distance.(at 3 

speeds) 

- Work capacity was 

measured using body 

maximal graded exercise test 

(GXT) 

- Balance using the Tinetti 

scale. 

- Muscle strength (manual 

muscle test methods) 

-Quality of life and functional 

independence (using 

questionnaires)  

-Walking speed significantly increased after 

training in all three groups and there was no 

difference between the training methods. 

- There were improvements in balance with PT and 

TRK methods. 

- Strength improved in all groups and there was no 

difference between groups. 

- Satisfaction with abilities and well-being 

increased in all 3 groups. 
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Table 2-3 Summary of cycling training and FES cycling studies. 
Study Participants Time since 

injury 

Protocol of training Examination Result 

Murphy RL  

(Murphy, 

Hartkopp, 

Gardiner, Kjaer, & 

Béliveau, 1999) 

AISA class A & 

B (n=3) 

14 years Treatment with salbutamol and 

FES cycling exercise for 2 weeks 

(30-minute training sessions, 2 

times per week).  

- Body weight 

- Leg circumference and 

muscle fiber area 

- Total work output per 

session.  

- Body weight increased in participants as a result of 

treatment. 

- Short-term treatment with salbutamol increased 

muscle mass and total work output in FES sessions. 

- There was an increase in the leg circumference as a 

result of treatments; this finding could only be a result 

of salbutamol treatment.  

 

 Kiser TS (Kiser et 

al., 2004) 

Single case 

study: ASIA 

class B, C7 

13 months Passive motorized bicycle 

training, 1 hour sessions, 5 times 

per week for 13 weeks. 

- Frequency dependent 

soleus H-reflex. 

-Subjective spasticity.  

 

- H-reflex habituation was acquired in 12 weeks of 

training. 

- According to subjective findings, spasticity was 

reduced.  

- There is a need for continuous training as the 

training results attenuated 4 weeks after the end of 

training. 

 

Kakebeeke TH 

(Kakebeeke, 

Lechner, & Knapp, 

2005) 

10 motor 

complete SCI 

(ASIA class A 

& B),  

1-25 years Passive motorize cycling 

training, single 30 minutes 

training sessions, and a control 

session without training.  

- Spasticity measured 

using an Isokinetic 

dynamometer. 

- No reduction in the spasticity was seen as measured 

objectively. 

- Six out of 10 participants estimated less spasticity 

after training.  

- The subjective estimation of less spasticity, as a 

result of training, could be a social placebo effect.  

 

Page SJ  

(Page et al., 2007) 

Single case 

study: T12-

L1incomplete 

SCI 

25 months Electrical stimulation cycling 

(ESC) for 30sessions. 3 visits per 

week for 10 weeks; phase1: 5 

weeks ESC for 30 minutes at 

increasing resistance for 

hamstrings and quads; phase2: 5 

weeks cycling with no electrical 

stimulation at maximum effort 

for the longest duration. 

 

- 10-meter walk test (gait 

velocity, cadence, step 

length, stride length). 

- Walking Index for the 

SCI(WISPI-II) 

 

 

- Diminished edema, new ability to voluntarily step, 

dorsiflex the ankle and flex the toe, and perform 

activities (e.g. transfers). 

- Increased gait velocity. 

- 10-Point WISCI-II increase 

-  Participant could discontinue use of several 

medications after training. 

Liu CW  

(Liu et al., 2007) 

ASIA class B, 

C, and D (n=18) 

1-9 years FES cycling exercises training 

was used for 3 times per week 

for 8 weeks. Each session 30 

minutes with warm-up and cool-

down periods of 3 minutes. 

 

- Thigh and calf girths 

- Body weight, BMI, body 

composition 

- Muscle peak torque of 

knee flexors and knee 

extensors. 

- Training resulted in significant increase in thigh 

muscle mass after a 4-week period and muscle peak 

torque after 8 weeks of training.  

- Participants who had weaker muscles gained more 

strength after the training. 

- Lean body mass increased significantly after 

completion of training.  
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Study Participants Time since 

injury 

Protocol of training Examination Result 

Phadke CP 

(Phadke et al., 

2009) 

ASIA class C or 

D (n=12) 

3 months - 

3 years 

Immediate effect study; two 

days: one day of bicycling and 

one day of BWS treadmill 

locomotion training 

- Walking on the GAIT 

MAT(pre and post 

training)  

- Frequency dependent 

soleus H-reflex  

- EMG of Soleus, tibialis 

anterior, Quadriceps and 

hamstring muscles. 

 

- Walking speed increased significantly after both 

cycling and locomotion training, but the clinical 

significance was higher for locomotion training.  

-  Cycling increases reflex depression and could 

potentially be used as an anti-spasticity therapy. 

Suggested cycling as a complementary treatment. 
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2.8.3  Cycling Training Studies 

Cycling training, as mentioned above, is another typically prescribed training method for 

rehabilitation in individuals with iSCI. Cycling resembles locomotion training in that the passive 

cyclic motion of the hip is speculated to replace and activate the hip proprioception (join position 

sensors) afferent mechanism and help with retraining of walking and stepping movements in 

individuals with iSCI. Also, cycling training includes a rhythmic and cyclic range of motion 

exercise for the lower limbs and has been found to help with reducing spasticity in individuals 

with iSCI (Kakebeeke et al., 2005; Rösche et al., 1997).  Results of selected FES and cycling 

trainig studies are summarized in Table 2-3. 

Beside the locomotion training studies, there are studies that have specifically 

investigated the effect of bicycle training on the recovery of locomotion. Skinner and Reese in 

two studies in 1996 and 2006 (Reese et al., 2006; Skinner, Houle, Reese, Berry, & Garcia-Rill, 

1996), found that pedalling exercise helped to "normalize' the excitability of specific spinal 

reflexes (H-reflex) in spinalized rats. They found that a course of passive cycling training led to 

the normalization of spinal reflexes (as evaluated by high stimulation frequency-dependent 

depression of H-reflexes) and in the animals with the SCI the reflex depression has become 

similar to that measured in a control group of non-injured animals. The reflex modification 

happened as soon as 15
th

 days after the start of passive cycling training.  

Phadke et al. 2009 (Phadke et al., 2009)  compared the immediate effect of one cycling 

session (20 minutes) vs. locomotor training on H-reflex depression (examined by paired pulse 

stimulation-induced soleus H-reflexes) in individuals with motor incomplete SCI injuries. The 

cycling in the Phadke’s study included two connected tandem ergometer bicycles; a lab assistant 

would pedal with the participant to keep the cadence of the cycling. The results of this study 
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showed that after SCI, the reflex depression was significantly decreased compared to non-injured 

participants; however, after single bout of cycling session, the paired H-reflex reflex depression 

was evoked at the 100 milliseconds inter-stimulation interval (100ms between the two 

pulses/stimulations) that is similar to the reflex inhibition pattern in the non-injured participants 

of the same study. The findings of this study were thus similar to the result of the animal studies 

by Reese, Skinner and colleagues (see above). Cycling training was therefore suggested as a 

supplementary training in addition (or even instead of) the conventional treadmill locomotion 

training (Phadke et al., 2009). 

Moreover, Kiser et al. (Kiser et al., 2004) in their case study showed that inhibition of H-

reflexes happened as soon as 10 weeks of passive cycling training in an individual with ASIA B 

iSCI. The extent of inhibition increased post training more significantly for stimulation 

frequencies of 5 and 10 Hz. The results showed that after 13 weeks of passive bicycle  training 

the amplitude of the reflex depression decreased from 76% to 27% and from 65% to 12% for 

stimulation frequencies of 5Hz and 10 Hz, respectively.  

The following is a list of advantages of biking versus locomotion training: 

 Cycling is a relatively rhythmical, constant, repetitive task that leads to consistent 

sensory inputs such as movement-induced muscle sensory feedback, and joint 

angle changes-induced sensory input. 

 Less challenging postural control element is included during the cycling training 

opposed to treadmill training. 

 There is no need for control over hip/knee/ankle movements and foot placement 

as cycling movements do not involve standing and feet are stabilized onto the 

pedals. 
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 The possibility of the continuous training with the bicycle could help with 

reducing spasticity and consequently reduce the need for spasticity medication. 

After reviewing the evidence discussed above, it appears that cycling movements are also 

effective in improving neural function and locomotor recovery similar to locomotor training 

(whether movements are performed actively or passively).   

 

2.9  The Mechano-sensory Rehabilitation Bicycle (MSR) 

As mentioned in the previous sections, cutaneous and proprioceptive feedback may 

regulate the rhythm of walking in spinal cord injured patients and activation of these afferent 

pathways could lead to functional recovery. Researchers at the National Aeronautics and Space 

Administration (NASA) hypothesized that mechanical stimulation on the feet could help restore 

the afferent pathways associated with bipedal loading and that the stimulation enhanced the 

neurophysiological activity of the leg muscles that might improve muscle atrophy of astronauts. 

This has been viewed as especially important for astronauts because they are living in space and 

producing no leg muscle force due to the lack of gravity and eventually show muscle atrophy 

(that makes their return and functioning on Earth difficult). The mechanical simulation applied to 

the sole of the foot has been found to have a positive effect on the leg muscle activity (Layne, 

Forth, & Abercromby, 2005).  

MSR, designed and manufactured in the Biomedical Engineering program of the 

University of Manitoba, is a novel rehabilitation device that was developed to be non-invasive, 

inexpensive, portable and simple to use. It is a rehabilitation device that can be operated by any 

user at home, dramatically increasing the opportunities for potential training time. In order to 
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increase sensory stimulation, this bicycle consists of motorized pedals that mechanically 

stimulate the lateral ridge of the foot sole. The foot sole stimulation is designed to target 

activation of the mechanoreceptors of the feet (Kyparos et al., 2005), while passive pedaling 

should stimulate proprioception. In order to test if the basic concept of MSR combined with the 

mechanical stimulator was also affecting people with SCI, five iSCI individuals completed initial 

testing. In this first study the participants have experienced an overall improvement on the Berg 

Balance Scale after training with this device (Moravati & Moussavi, 2012). That said, the 

outcome was limited to evaluating balance and did not address other functional measures related 

to walking, or the potential neurological basis for the noted improvements. Therefore, this device 

was used in the current study for further and broader neurophysiological and functional 

assessments on people, with and without SCI.   

 

2.10   Specific Hypotheses  

Results of the previous cycling training studies on humans (Kakebeeke et al., 2005; 

Phadke et al., 2009) and rats (Reese et al., 2006; Skinner et al., 1996) showed that this type of 

training either passive (Kakebeeke et al., 2005; Reese et al., 2006; Skinner et al., 1996) or active 

(Phadke et al., 2009) improves habituation of the specific spinal reflexes (i.e. H-reflex) and 

reduces spasticity as a result of SCI. Also, the results of the previous study on eight weeks of 

MSR training (Moravati & Moussavi, 2012) has shown some benefits of using the combined 

cycling and mechanical stimulation training in improving functional balance in people with iSCI 

as measured immediately following the eight week training period. Hence, based on the previous 

research we hypothesized that:    



MECHANO-SENSORY CYCLING TRAINING IN iSCI    

 

31 

1) One bout of training with MSR will modulate the spinal reflex pathways responsible for 

frequency-dependent reflex depression in non-injured individuals as well as individuals with 

iSCI.  

2) Eight weeks of training with MSR will modulate the spinal reflex pathways responsible for 

frequency-dependent reflex depression, and improve functional balance and walking ability 

in individuals with iSCI. 

2.11   Objectives 

The specific objectives were:  

1) To evaluate the acute effect of a single bout of training with MSR on soleus H-reflex 

modulation in: 

  Non-injured adults (the preliminary study; study 1) 

 Individuals with iSCI (study 2) 

2) To evaluate the effects of an eight-week training with MSR in iSCI individuals in (study 3): 

 Different aspects of walking (10-meter and 6-minute walk tests, walking index for 

SCI) 

 Postural control (Berg Balance Scale) 

 Plasticity in spinal reflex pathways (soleus H-reflex assessment) 
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Chapter 3 : Materials and Methods 

Materials and Methods 

 

 

 

3.1  Devices and Assessment Tools 

3.1.1  The Mechano-sensory Rehabilitation Bicycle (MSR) 

MSR (Figure 3-1) consists of motorized pedals that mechanically stimulate the lateral 

ridge of the foot sole and more specifically the head of the fifth metatarsal. The foot sole 

stimulation targets activation of the mechanoreceptors of the foot, (Kyparos et al., 2005) while 

passive pedaling stimulates proprioception.  

Prior to using the bicycle for the present study a few improvements to the preliminary 

design were made including (1) a new adjustable pedal design so that the mechanical stimulation 

were applied exactly on the lateral side of the sole of the foot on the 5
th

 metatarsal head. The 

adjustments of the location of the mechanical stimulus is also repeatable throughout the 

rehabilitation period (Figure 3-2), (2) the plastic/wooden pedals have been replaced with a pair 

of well-cushioned plastic night splints to improve participant comfort (Figure 3-3). 
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Figure 3-1 MSR 

 

   

Figure 3-2 Modified adjustable pedal design for the MSR. 
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Figure 3-3 Modified bicycle  pedals. Inside view (left); lateral view (right). 

 

3.1.2 Outcome Measures 

3.1.2.1  Functional Assessments  

The following functional tests were chosen for assessing and comparing different aspects 

of mobility and balance before and after MSR training period in the iSCI participants of the 

eight-week training study only (Study 3). The six-Minute walk test (6MWT) and ten-meter walk 

test (10MWT) are valid, reliable and responsive tools in assessing locomotion capacity after 

rehabilitation training programs; moreover, the 6MWT also assesses walking endurance (Hardin, 

Kobetic, & Triolo, 2013; Morganti, Scivoletto, Ditunno, Ditunno, & Molinari, 2005). The 

walking index for spinal cord injury (WISCI II) was also included as this allows gradation of 

assistive device or help of a person in case it is necessary for walking . Finally, the Berg Balance 

Scale (BBS) was chosen to assess possible functional balance changes as a result of MSR 

training.  The following section provides details about these functional assessment tools. 

Ten-Meter Walk Test and Walking Index for SCI: 10MWT is a measurement of 

functional capacity for walking. The speed of walking is highly correlated with gait kinetics and 
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kinematics, muscle strength and proprioception. In 10MWT the participants with iSCI walked 

for 14 meters and were timed for walking for 10 meters; we excluded the first and last 2 meters 

of walking in the test so that the acceleration and deceleration mechanism were not included in 

the test (van Hedel, Wirz, & Curt, 2006). This test is valid and reliable and considered to be the 

best choice for assessing walking capacity in individuals with SCI patients (Hardin et al., 2013; 

Hubertus J. van Hedel, Markus Wirz, & Volker Dietz, 2005). Minimal clinically important 

difference (MCID) is the smallest amount of change in an outcome that might be considered 

important by the patient or clinician. Mussleman in 2014 (Musselman, 2007), in her literature 

review presented 0.05m/s as the small meaningful change in the results of the 10MWT for 

individuals with SCI as a result of rehabilitation. 

WISCI II is an index score for the ability of an individual to walk after SCI after 10 

meters of walking. The index score ranges from 0-20 with the most severe impairment (0) to 

least severe impairment (20) based on the use of devices, braces and physical assistance of one 

or more persons (Ditunno & Dittuno, 2001) (Appendix 2). 

Six-Minute walk test: For the six-minute walk test the distance walked within 6 minutes 

was measured. It is a valid and reliable test for measuring the walking endurance in individuals 

with SCI (Hardin et al., 2013; H. J. van Hedel, M. Wirz, & V. Dietz, 2005). Forrest et al. in 2014 

(Forrest et al., 2014), suggested 0.10 m/s as the MCID for 6MWT for assessing the effect of 

locomotion training for people with iSCI.  

In both 6MWT and 10MWT the participants are asked to walk as fast as possible and are 

allowed to use the assistive devices that they usually use for ambulation.  

Berg Balance Scale: BBS is a 14-item scale originally designed to assess fall risk in the 

elderly population (Berg, Wood-Dauphine, Williams, & Gayton, 1989). Scoring includes a five-
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point scale, ranging from 0-4. “0” indicates the lowest level of function and “4” the highest level 

of function. The total score is 56 points (Appendix 3). BBS has shown to be a good tool in 

differentiating iSCI patients with poor, moderate, and advanced balance capability by using tasks 

at different levels of difficulty. For the eight-week study (study 3) the BBS was measured before 

and after training (S. Datta, Lorenz, & Harkema, 2012). The Berg Balance Scale measures 

individuals’ ability to maintain their balance and adjust their posture in response to voluntary 

movements. Each item on the BBS challenges individual’s balance when the body center of mass 

is deviated from the base of support at different levels.  Some of the items are also timed to 

assess the efficiency of the postural adjustment ability (Somnath Datta, Lorenz, Morrison, 

Ardolino, & Harkema, 2009). 

 

3.1.2.2   Neurophysiological Assessments 

3.1.2.2.1  H-reflex 

 In this study, distal tibial nerve stimulation was used to elicit H-reflex in the soleus 

muscle before and after training. Participants were positioned in a semi-reclined position with 

their head and arms supported in rest. The postural orientation and muscle length were consistent 

across the assessment sessions.  

 A 0.5-millisecond square wave pulse was applied to the posterior tibial nerve in the 

popliteal fossa using a constant current stimulator (Digitimer, UK). A half-sphere shaped brass 

electrode (20 mm diameter) was used for stimulation. The most appropriate stimulation site for 

the stimulation electrode was found for each participant and the electrode was fixed with elastic 

knit bands. The anode electrode was a stainless steel plate with 50 mm diameter and was placed 
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over the patella. The soleus muscle on the dominant lower limb was used for the reflex 

assessments in the non-injured group.  

Surface bipolar electromyography (EMG) electrodes were placed over the soleus muscle 

just distal to the gastrocnemius to record the EMG activity. The ground electrode was placed 

over the ankle using a wet conductive band. A Cambridge Electronic Design (CED, Cambridge, 

United Kingdom) amplifier system was used to record the EMG activity (i.e. the reflexes). The 

EMG signals were filtered with a high pass filter with a cut off frequency of 10 Hz and a 60Hz 

notch filter. Signals were recorded at 10kHz sampling rate and stored digitally using the Signal 5 

software (CED, Cambridge, United Kingdom). Signal 5 was also used to trigger the stimulations 

by the Digitimer. A range of stimulation intensities were applied to find the appropriate intensity 

to activate all muscle fibers possible in the soleus based on the stimulation and recording 

electrode configuration (i.e. to acquire maximum M-wave (Mmax) amplitude).  

Test H-reflex was elicited with the peak-to-peak amplitude in the range of 30±10% of the 

Mmax amplitude. Paired reflex depression of the soleus H-Reflex was measured as a main 

outcome measure to monitor the effect of cycling training. The H-reflex depression was induced 

by applying two stimuli in close proximity, that is often called as paired (or double) pulse H-

reflex testing (or also called frequency-dependent H-reflex modulation). Paired stimulations 

were used to elicit H-reflex with 45, 55, 70, 100, and 200 milliseconds of inter-stimulation 

intervals. As mentioned in chapter 2, these different inter-stimulation intervals can assess both 

involvement of different reflex depression mechanisms within the spinal pathways (presynaptic 

and postsynaptic) as well as possible involvement of the supraspinal and corticospinal networks.  

Figure 3-4 demonstrates an example of dual stimulation and the two H-reflexes (and also 

two M-waves). Each of the five inter-stimulation intervals was repeated 10 times for a total of 50 
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trials. The order of application of different inter-stimulus intervals was randomized to minimize 

the effect of possible habituation in the acquired reflex peak-to-peak amplitudes. With this in 

mind, there were 10 seconds of rest between each trial. Matlab 2013 (The Mathworks, Natick, 

MA) and Signal 5 software were used to find the peak and average waveforms amplitudes. The 

reflex depression was the size of the test reflex expressed as percent of the conditioning reflex, 

calculated as follows: 

 

 

 

The second dependent variable was the response latency. The response latency is the time 

intervals between the onsets of nerve stimulation (as identified by the stimulus artifact) and the 

response (H-reflex) resulting from the stimulation. Response latencies were detected visually for 

each inter-stimulation interval out of the average waveform of 10 trials. First, response latencies 

were detected using a Matlab code based on the rectified waveform average of 10 trials for each 

inter-stimulation interval. Then, the results of the Matlab code were checked visually for 

correctness and precision of the code in detecting the onset of the responses at each inter-

stimulation interval. 
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Figure 3-4  Demonstration of double H-reflex depression; first (H1) and second (H2) H-reflexes 

and first (M1) and second (M1) M-waves. Also the peak-to-peak (P-P) amplitudes for each of the 

H-reflexes are depicted.  

 

3.1.2.2.2  Modified Ashworth Scale 

Modified Ashworth Scale is a primary tool to assess the amount of spasticity in different 

muscles groups in individuals with neurological conditions such as SCI. In this test, the examiner 

assesses the amount of resistance about different joints to passive movement at different 

movement velocities. Scores range from 0-4; a score of 0 indicates no resistance and the 

maximum score indicates rigidity. 

In the current study participants who had a score of more than 3 in the muscle groups in 

their lower extremities were excluded from the study.  The study physician (one physiatrist) 

clinically assessed muscle tone, or spasticity, of bilateral major hip and knee muscle groups by 

using the Modified Ashworth Scale (Appendix 4).  
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3.2  STUDY 1: 

 Non-injured Group- Immediate Effect Study: a preliminary study 

3.2.1. Participants 

Ten non-injured young adults including 5 females and 5 males participated in this study (mean 

age 24.0± 2.8 years). The participants had no neurologic or orthopedic impairments in their 

lower extremities that could affect the cycling exercise or acquiring the H-reflex of the soleus 

muscle. The University of Manitoba Biomedical Research Ethics Board approved all the steps 

involved in study 1. 

 

3.2.2  Recruitment 

An advertisement poster (Appendix 5) was used to recruit non-injured participants. 

Posters were installed on boards at the HSC, and Fort Garry campus of University of Manitoba.  

3.2.3  Experimental Procedures 

The short/immediate effect of cycling was assessed in non-injured individuals as a 

preliminary study. Spinal neuronal pathways have shown to be able to encode a local motor 

memory (Meunier et al., 2007); hence, this part of the study was conducted to investigate if this 

specific and novel training method  has a potential to cause any immediate changes on the 

neurological networks in non-injured young adults.  

The protocol included a pre-posttest study design to assess the immediate effect of MSR 

training. The training included only one session of 30 minutes of cycling and mechanical 



MECHANO-SENSORY CYCLING TRAINING IN iSCI    

 

41 

stimulation in the pedals with MSR. Paired H-reflex assessments, as explained below, were 

utilized to monitor changes in spinal neural pathways before and after the training.  

 

3.3  STUDY 2:  

 iSCI Group- Immediate Effect Study: prospective case series 

3.3.1. Participants 

All participants had experienced an iSCI with a diagnosis of an ASIA class C or D, with a 

mean age of 58.8 ± 7.5 years, at least 12 months post-injury to ensure stability of the patient’s 

neurological condition, had range of motion in the lower limb joint sufficient to allow the cycling 

exercise and were discharged from all rehabilitation. Exclusion criteria were impaired mental 

capacity, any medical contradiction to cycling training, significant diagnosed osteoporosis, 

excessive spasticity in the legs as measured by a score of more than 3 on the modified Ashworth 

scale or any spasticity that limits the possibility of cycling exercise or walking, obstructive 

and/or restrictive pulmonary disease, severe spinal and Lower Limb deformities, and decubitus 

ulcer in the area in contact with the bicycle and bicycle’s bed. 

Five participants participated in the short immediate-effect study. Table 3-1 presents the 

demographic information of the participants. The University of Manitoba Biomedical Research 

Ethics Board approved all the steps involved in the study 2. 
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Table 3-1  Characteristics of five participants with an incomplete spinal cord injury.. 

 

Participant Age

(yr) 

Years 

since 

injury 

ASIA 

class 

Diagnosis Neurologic 

level 

Ashworth 

Scale* 

Antispasticity 

medication 

Case 1 55 14 D Fall C7 2 Yes 

Case 2 58 5 D Spinal cyst C5 2 No 

Case 3 49 11 D Auto crash C5 0 No 

Case 4 68 5 D Surgery C4 0 Yes 

Case 5 64 23 D Auto crash C6 0 No 

Mean (SD) 58.8 

(7.5) 

11.6 

(7.5) 

- - - - - 

* Highest score for spasticity on the modified Ashworth scale. SD: standard deviation 

 

3.3.2  Recruitment 

 The participants were recruited at the HSC Rehabilitation Hospital with the help of 

rehabilitation doctors in Physical Medicine. A nurse called the contact number of the patients 

who agreed to receive a call for SCI research studies and also met the inclusion criteria of the 

study according to their files. Moreover, advertisement posters were installed on the boards of 

the Rehab hospital and Office of the Society for Manitobans with Disabilities, and also on the 

Canadian Paraplegic Association (Manitoba) website (Appendix 6).    

By initial screening of the patients’ files at the Rehabilitation Hospital, 22 individuals 

with iSCI were chosen for phone calls, out of which 9 individuals were eligible and agreed to 

participate in this study. Also, one participant was recruited through the advertisement posters 

installed at the HSC. The full report of the iSCI group recruitment is demonstrated in Figure 3-5. 
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Assessment for eligibility

- The study nurse contacted the potential 

participant for the initial screening (n=22)

- Participant contacted through 

advertisement  poster (n=1)

Allocated for intervention (n=10) 

- Received training (n=5) 

- Excluded from analysis (n=5)

Excluded (n=13)

- Not meeting the inclusion criteria (n=2)

- Declined to participate (n=3)

- Could not contact them as the contact 

number was  not in service (n=5) 

- Deceased (n=3)

Excluded for study 3 (n=3)

- They were not able to make 24 sessions 

of bike training. However, they 

participated in the short 2 sessions 

assessment study.

Analyzed for study 2 (n=5)

- Analyzed for the short 2 sessions 

assessment study.

Analyzed for study 3 (n=2)

 - Analyzed for the long 24 sessions training   

study.

Excluded from analysis (n=5)    

- Two participants had other peripheral 

nerve injuries and 1 had a radiculopathy 

that made H-reflex acquisition impossible

 - One participant withdrew from the study 

as he found the test procedure 

uncomfortable

- One participant could not transfer from 

the wheelchair to the bike’s bed so he was 

excluded from the study. 

 
 

Figure 3-5 Report of participant flow for the incomplete spinal cord injured group. 
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3.3.3  Experimental Procedures 

A pre-posttest repeated-measures study design was used to assess the immediate effect of 

MSR with and without using the mechanical stimulators of the pedals. The participants came to 

the lab for a total of two sessions on two different days. Each session included 30 minutes of 

training with MSR, one session with mechanical stimulation from the pedals and the other 

session without the stimulation and only cycling. The order of these two conditions was 

counterbalanced to account for possible order effects. H-reflex assessments were conducted, with 

the same method described above (paired H-reflex testing), before and after the training in each 

session to monitor the immediate effects of the cycling training. The soleus muscle on the more 

affected lower limb was tested in participants with iSCI. The following flow chart demonstrates 

the process of the immediate study (Figure 3-6).  

 

30 minutes 

Cycling training + 

Mechanical 

stimulation

30 minutes 

Cycling training & no 

Mechanical 

stimulation

The order of sessions

 was randomized

 

Figure 3-6  Flow of the immediate effect training experiment. 
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3. 4   STUDY 3:   

iSCI Group – Eight Weeks Training Study: single case report  

3.4.1. Participants and Recruitment 

Two out of five participants from study 2 agreed to complete the eight-week MSR 

training (study 3). Participants were both ASIA level D iSCI. Case1 was a 58 year-old retired 

female with level C5 iSCI and Case 2 was a 55 year-old retired male with level C7 iSCI.  For 

more details on participants’ history see section 4.4.1.1 and 4.4.2.1 in chapter 4. The 

inclusion/exclusion criteria and the recruitment method for study 3 was the same as study 2 (see 

section 3.3.1 and 3.3.2). The University of Manitoba Biomedical Research Ethics board 

approved all the steps involved in study 3.  

 

3.4.2  Experimental Procedures 

The subjects used the entire device including its cycling and stimulation parts in an 

exercise regime. The rehabilitation regime included 8 weeks of exercising, 3 days per week, for 

half an hour each session. The study design was a before-after clinical trial with two baseline 

assessments prior to training, and these baseline assessments were two weeks apart. An 

assessment session took place after 4 weeks of training. Post-training evaluation after 8 weeks of 

training was done as well as a post-training follow-up assessment 8 weeks after a participant’s 

training was complete. Figure 3-7 demonstrates the flow of the eight-week training experiment. 

The same method for soleus paired H-reflex assessments (as explained in section 

3.1.2.2.1) was utilized to monitor changes in spinal neural pathways in the five assessment 
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sessions. The paired H-reflex depression was measured before (at two baseline measurements), 

after 12 sessions, after 24 sessions of MSR training, and also 8 weeks after the end of training 

period. The Modified Ashworth Scale evaluation was conducted at the first assessment session 

and at the assessment session at the end of 8 weeks of training. 

All the functional tests mentioned in section 3.1.2.1, including 6MWT, 10MWT, WISCI 

II, and BBS, were performed to assess and compare the effect of MSR training before (baseline 

measurement 1), after 12 sessions, after 24 sessions, and 8 weeks after the end of training period. 

  

4 weeks of 

rehabilitation bike 

training 

Mid-evaluation 

session after 4 

weeks of training 

Another 4 weeks of 

rehabilitation bike 

training 

Baseline 

Measurement 1

Baseline 

Measurement 2

Post- training 

evaluation session 

1

Post-training 

follow up

evaluation session 

2

Two weeks

Eight  weeks
 

 

Figure 3-7  Flow of the eight-week training experiment. 

 

3.4. Statistical Analysis  

The non-injured group data (study 1) was examined for normality, and paired sample t-

test was used to detect changes in neurophysiological activity before and after MSR training. The 

required level of significance for all tests was set at p < 0.05. 
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As the numbers of the participants with iSCI who completed Study 2 and 3 were too 

small for statistical comparisons, the results are presented and compared using graphs and tables. 
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Chapter 4 : Results 

Results 

 

 

4.1   Results 

In the following section the results are presented in three sections: 1) The results for the 

immediate effect of the rehabilitation cycling training for the non-injured group; 2) The results of 

the immediate effects of MSR training for the iSCI participants reported as a prospective case 

series; and 3) The eight-week training study for the iSCI group as 2 single subject reports.  

 

4.2 STUDY 1: 

 Non-injured Group- Immediate Effect Study: a preliminary study 

4.2.1 Paired H-reflex Depression  

The results of the paired reflex depression for the different inter-stimulus intervals are 

presented in Figure 4-1 and 4-2 for 10 non-injured participants. As shown in Figure 4-1, both 

before and after MSR training the paired H-reflex depression was highest at the shortest (45 ms) 
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inter-stimulation interval (11.3% at pre and 9.9% at post-training) and the lowest at the longest 

(200 ms) inter-stimulation interval (84.8% at pre and 72.6% at post-training); this finding was 

expected and is consistent with the findings of the studies that used similar H-reflex assessment 

method (Meunier et al., 2007; Phadke et al., 2009). Moreover, for all inter-stimulus intervals 

there were modifications in the amount of reflex depression as a result of training with MSR. 

Figure 4-2 demonstrates the average differences of the amount of reflex depression in the post-

training assessment compared to the pre-training assessment. These results showed that at all the 

inter-stimulus intervals the amount of reflex depression was higher after training. The average 

difference was as high as 12.2% at 200 ms inter-stimulus intervals and the smallest modification 

in the reflex depression was at 45 ms inter-stimulus interval (1.4%). Moreover, the pre-post 

differences had an increasing trend from the shortest to the longest inter-stimulus interval (Figure 

4-2). However, the results of the paired t-test did not reveal any significant difference between 

the reflex depression measurements before and after the training session. For detailed results of 

the t-test for each inter-stimulation interval see Table 4-1. 

 

Table 4-1  Results of the paired sample t-test statistics for comparison of paired H-reflex 

depression before and after cycling training in non-injured group for 5 inter-stimulation intervals. 

The required level of significance for all tests was p < 0.05, none of the comparisons showed any 

statistically significant difference; * degrees of freedom. 

 

Inter-stimulation interval (ms) 45 55 70 100 200 

n 10 10 10 10 10 

df 
*
 9 9 9 9 9 

t 1.46 2.24 1.31 1.25 1.73 

Effect size (Eta Square) 0.26 0.36 0.16 0.15 0.25 

p-value 0.196 0.052 0.222 0.241 0.118 
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Figure 4-1  Paired reflex depression results before and after 30 minutes cycling with the 

mechanical stimulation; the error bars represent standard error of the mean (SEM); lower value 

for paired reflex depression indicates greater reflex depression based on the formula. 

 

 

Figure 4-2  Average of the difference (pre-training subtracted by post –training) of paired reflex 

depression before and after 30 minutes cycling with the mechanical stimulation; the error bars 

represent SEM. 
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4.2.2 H-reflex Response Latency 

Table 4-2 summarizes the results for response latencies for the H-reflex assessments 

before and after half an hour of MSR training with mechanical stimulation. There were no 

significant modifications as a result of training in the reflex latencies. 

 

Table 4-2 Results of the H response and peak response latencies before and after cycling training 

with mechanical stimulation for the non-injured group. Results are presented as the average 

latencies for all the participants in milliseconds. The numbers in the parentheses are the standard 

deviation. 

 

 Pre-training Post-training 

H Response latency (ms) 31.5(2.5) 31.6(2.7) 

 

 

4.3   STUDY 2:  

iSCI Group - Immediate Effect Study: prospective case series 

4.3.1 Results of the H-reflex Assessments 

Consistent with study 1, the two main dependent variables, the paired reflex depression 

and time to peak latencies, were assessed pre- and post-training at each of the two training 

sessions to monitor the effect of rehabilitation cycling on 5 iSCI participants.  

 

4.3.1.1 Paired H-reflex Depression  

Figure 4-3 shows the results for paired reflex depression at different inter-stimulus 

intervals, before and after cycling training, with and without mechanical stimulation. The 
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reported results are the mean and standard deviation (SD) for 5 incomplete spinal cord injured 

participants. All the participants came for two sessions of training. Figure 4-3 shows that similar 

to the non-injured group, the highest paired reflex depressions were at the shortest inter-

stimulation interval (45 ms) and lowest at the longest (200 ms), both before and after training 

and in both sessions. The average result for all 5 participants did not show any consistent trend 

for modifications in the paired reflex depression as a result of cycling training either with or 

without mechanical stimulation.  

 

 

Figure 4-3  Paired reflex depression results before and after 30 minutes cycling training in two 

sessions; one session without mechanical stimulation and one with mechanical stimulation; the 

error bars represent the SEM; lower value for paired reflex depression indicates greater reflex 

depression based on the formula. 
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4.3.1.1.1 Paired H-reflex Depression in Spastic vs. Non-spastic Participants 

The participants were then divided into two groups according to their level of spasticity 

according to the Ashworth scale for further analysis.  

According to the modified Ashworth scale two participants showed some spasticity in 

their lower limbs and three showed no spasticity. Figure 4-4 illustrates the difference of the 

amounts of paired reflex depression before and after training with and without mechanical 

stimulation (reflex depression before training subtracted by the amount of reflex depression after 

training). Results are presented separately for the two participants with spasticity at the lower 

extremities (Ashworth 2) and for the 3 participants without any spasticity (Ashworth 0).  

The results for the average differences for participants with spasticity showed that they 

had more paired reflex depression after the training compared to participants who had no 

spasticity. Also, it seems that the mechanical stimulation had its highest (23.3%) impact on the 

paired reflex depression modification only at the highest inter-stimulus interval, which was 

200ms.  

 

4.3.1.2 H-reflex Response Latency  

Table 4-3 summarizes the results for response latencies for the H-reflex assessments 

before and after half an hour of MSR training with and without the mechanical stimulation 

during the training. There are no considerable modifications as a result of cycling training with 

or without mechanical stimulation in the reflex onset or peak latencies. 



MECHANO-SENSORY CYCLING TRAINING IN iSCI    

 

54 

 
 

Figure 4-4  Average of the difference of paired reflex depression before and after 30 minutes 

cycling with and without mechanical stimulation for 5 individuals with iSCI. The results are 

separated according to the presence of spasticity; indicated as Ashworth score 0 or 2, a score of 0 

meaning no spasticity. indicated as Ashworth score 0 or 2, a score of 0 meaning no spasticity; the 

positive values show more reflex depression after the cycling training. 

 

 

 

Table 4-3  Results of the H response latencies before and after cycling training with mechanical 

stimulation. Results are presented as the average latencies for 5 iSCI participants in milliseconds. 

The numbers in the parentheses are the standard deviations. 

 

Cycling training mode With mechanical stimulation Without mechanical stimulation 
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4.4 STUDY 3: 

 iSCI Group-  Eight Weeks Training Study: single case report  

As mentioned in the method section two participants completed the eight-week MSR 

training study. The results of the training assessment are presented as single case studies for 

these two participants in the following sections. 

 

4.4.1 Case 1 

4.4.1.1 Participant History 

The cause of injury in Case 1 was a surgery to remove a spinal cyst near C5 level and 

occurred five years ago. In the baseline measurement modified Ashworth scale was score 1+ to 2 

for her knee and hip flexors and extensors and also hip adductors. There was no spasticity at the 

upper limbs and ankle joint muscles. She was not taking any medication for controlling her 

spasticity for the period of the study. 

She walked with the assistance of two canes and she wore an ankle foot splint on her 

more affected (left) limb.  

Case 1 completed two months, including 24 sessions, of half hour MSR training and she 

also completed the follow-up assessments two months following the completion of her training. 

She was not involved with any other cycling exercises or physical therapy at the time of 

participation.  
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4.4.1.2 Results of the Functional Tests 

Table 4-4 summarizes the results of functional test assessments for Case 1, for the 

baseline measurement, mid-training (after 4 weeks), final (after 8 weeks), and follow-up 

assessments.  

Case 1 used the same assistive device for all the assessments and therefore the results of 

the WISIII were not changed throughout the training. However, the results of the 10 MWT 

showed that she could walk 10 meters 13.6% faster than the baseline at the end of the 24 

sessions. Also, she was able to walk 7% more distance in 6 minutes by the end of her training 

according to the 6MWT. From the scores of the Berg Balance scale, it seems that the 

participant’s balance was improved for 10 points compare to the baseline. The improvement in 

score reflect improvement in the ability to retrieve objects from the floor, standing with one foot 

in front, and standing on one foot; these improvements in BBS was maintained at the follow-up 

measurements after 2 months (Figure 4-5).   

 

Table 4-4 The results of the functional tests for Case 1; at different stages before and after 

training. 

 

 WISCIII 10MWT(seconds) 6MWT(meters) BBS 

Baseline 15 29.5 115 31 

After 4 weeks training 15 27.5 121 38 

After 8 weeks training  15 25.5 123 41 

After 2 months follow-up 15 27.5 113 41 
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Figure 4-5 Comparisons of the BBS scores for Case 1; for all items between baseline and mid-

training and post training assessments. Each item is scored out of 4.  

 

4.4.1.3  Results of the H-reflex Assessments 

Two main variables were assessed at different stages of training to monitor the effect of 

rehabilitation cycling including the paired reflex depression and time to peak latencies.  

4.4.1.3.1 Results of the Paired H-Reflex Depression 

As mentioned in the method section, the paired H-reflex depression was measured before 

and after 12 sessions, and after 24 sessions of MSR training. Different inter-stimulus intervals 

were used to see the possible changes in different spinal and corticospinal tracts. The results are 

3 

4 4 4 

3 3 3 

2 

0 

3 

2 

0 0 0 

3 

4 4 4 

3 3 3 

2 

3 3 

1 

0 

2 

3 3 

4 4 4 

3 

4 4 

2 

1 

4 

2 

1 

3 

2 

3 

4 4 4 

3 

4 4 

3 

1 

4 

2 

0 

3 

2 

0

1

2

3

4

Baseline Mid Final follow up



MECHANO-SENSORY CYCLING TRAINING IN iSCI    

 

58 

presented in Figure 4-6.  The results for the paired H-reflex depression assessment showed that at 

all inter-stimulus intervals there were modifications in the amount of reflex depression as a result 

of training with MSR (see Figure 4-6). However, these lack a consistent pattern and the follow-

up results show that these effects were washed out two months after the last session of training.  

The results of the first baseline measurement are not reported due to technical errors.  

 

Figure 4-6  Comparisons of paired reflex depressions for Case 1. The results are in percent for 

45, 55, 70, 100 and 200 ms inter-stimulus interval at one baseline, after 12 sessions, and after 24 

training sessions with the bicycle . 

 

4.4.1.3.2 Results of the H-Response Latency  

Table 4-5 summarizes the results for response latencies for the H-reflex assessments. 

There is no obvious and consistent pattern of change in the reflex latencies as a result of MSR 

training. 
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Table 4-5 Results of the H response latencies for Case 1 at baselines, after 12 sessions, after 24 

sessions and at 2 months follow-up. Results are presented in milliseconds. 

 

 Baseline 1 Baseline 2 4 weeks 

training 

8 weeks 

training  

2 months 

follow-up 

H Response latency 

(ms) 

37.5 33.0 34.5 33.2 34.0 

 

4.4.2 Case 2 

4.4.2.1 Participant History 

The cause of injury for Case 2 was a fall down the stairs 14 years ago. In the baseline 

measurements the modified Ashworth scale score was 2 for both knee hamstrings and quadriceps 

on his right side and was 1 for his left side. There was no spasticity at the upper limbs and ankle 

joint muscles. He was taking anti-spasticity medications (Baclofen). He was able to walk with 2 

canes. 

Case 2  completed two months, including 24 sessions, of half hour MSR training and he 

also came for the follow-up assessments two months after training sessions finished. He was not 

involved with any other cycling exercises or physical therapy at the time of his participation.  

 

4.4.2.2  Results of the Functional Tests 

Table 4-6 summarizes the results of functional test assessments for Case 2 for one 

baseline measurement, and at weeks 4, weeks 8, and two months follow-up assessment. 

WISCIII scores in Table 4-6 indicate the amount of assistance Case 2 used for walking 

during the functional tests. He walked with 2 canes at 4 weeks assessment session and at the 

follow-up session. However, he used no cane in the baseline session and only used 1 cane at the 

8 weeks assessment session. Hence, the results of the 10MWT and 6MWT should take these 
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differences into account and be interpreted with some caution. The results of these two walking 

tests show that at the 8 weeks assessment session, the participant was able to walk 42% faster 

compared to the baseline measurements; however, he was using one cane at the final assessment 

versus no assistive device at the baseline session. The results of the follow-up session show that 

the improvements in walking speed persisted. 

From the scores on the Berg Balance scale, it seems that the participant’s balance 

improved. These improvements were achieved on more than one item in the scale: the ability to 

place alternate feet on a stool, and standing with one foot in front (Figure 4-7).   

 

 

Table 4-6  The results of the functional tests for Case 2; at different stages before and after 

training. 

 

 WISCIII 10MWT(seconds) 6MWT(meters) BBS 

Baseline 20
*
 19 127.5 48 

After 4 weeks training 16
**

 14 107 45 

After 8 weeks training  19
***

 11 149 50 

After 2 months follow-up 16
**

 11.5 159 53 
* 
No assistive

 
or orthotics device was used; 

**
 two canes were used; 

*** 
one cane was used. 
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Figure 4-7  Comparisons of the BBS scores for Case 2; for all items between baseline and 4 

weeks (mid) and 8 weeks (final) and post training assessments and the 2 months follow-up. Each 

item is scored out of 4. 

 

4.4.2.3 Results of the H-reflex Assessments 

4.4.2.3.1 Results of the Paired H-Reflex Depression 

The results of the paired reflex depression for different inter-stimulus intervals are 

presented in Figure 4-8. The results for the paired H-reflex depression assessment do not show a 

trend in modification in the amount of reflex depression as a result of training with MSR. The 

results of the week 4 assessment session should be taken with caution due to the participant’s 

high degree of fatigue during that session. The results from that specific session are inconsistent 

with the overall trend of reflex modification throughout the assessments sessions.  
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Figure 4-8  Comparisons of paired reflex depressions for Case 2. The results are in percent for 

45, 55, 70, 100 and 200 ms inter-stimulus interval at 2 baselines, after 12 sessions, and after 24 

training sessions with the bicycle . 

 

4.4.2.3.2 Results of the H Response Latency  

Table 4-7 summarizes the results for response latencies for the H-reflex assessments. 

There is no obvious and consistent pattern of changes in the reflex latencies as a result of MSR 

training. 

 

Table 4-7  Results of the H response latencies for Case 2 at baselines, after 12 sessions, after 24 

sessions and at 2 months follow-up. Results are presented in milliseconds. 

 

 Baseline 1 Baseline 2 4 weeks 

training 

8 weeks 

training  

2 months 

follow-up 

H Response latency (ms) 32.5 33.2 32.4 33.2 33.3 
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Chapter 5 : Discussion and Conclusions 

Discussion and Conclusions 

 

SCI is a life-changing injury that may cause loss of two major abilities: bipedal 

locomotion, and balance. MSR used in the present study is designed with the concept of 

stimulation and integration of two sensory inputs that contribute to the regulation and 

enhancement of locomotion, specifically the load receptors of the foot and hip joint position 

sensors (E. Field-Fote, 2009a). Passive cycling is combined with mechanical stimulation at the 

soles of the feet to achieve the combined sensory stimulation. Based on previous studies, the 

sensory feedback associated with this training may be close enough to walking (Kakebeeke et al., 

2005; Morovati & Moussavi; Phadke et al., 2009; Skinner et al., 1996); thus, we hypothesized 

that even a single bout of cycling training with MSR has the potential to modify spinal reflex 

excitability. We anticipated following a long term training protocol (24, 30 minute training 

sessions) both balance and functional ability would improve, and also the spinal reflex 

excitability would be “normalized” – physiologic paired reflex depression that is similar to the 

pattern of depression seen in non-injured human subjects (Norton & Gorassini, 2006). 
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5.1 Major Findings 

The results of the three studies in this thesis revealed that a single bout of passive cycling 

and mechanical stimulation had the potential to modify the H-reflex suppression in non-injured 

participants and people with iSCI who have spasticity. In both non-injured and iSCI groups, the 

largest reflex modifications were seen at the highest inter-stimulation intervals.  Moreover, the 

results of the eight-week training study in two participants have shown that the training with the 

bicycle could help them improve their balance and walking ability as measured with 

standardized functional tests. However, the results of the reflex measurements did not show a 

consistent pattern of modification in the amount of paired reflex depression in different 

assessment points (i.e. before, during, and after the end of the training period). In the following 

sections a more detailed interpretation of the results of the present studies are discussed.   

 

 

5.2 Study 1: The Effects of the MSR Training on the Non-injured Group 

The study on the non-injured participants was conducted as a preliminary part of the 

study to see if training with MSR has the potential to cause any acute and rapid modification in 

the H-reflex frequency-dependent depression. The results indicate that the paired reflex 

depression increased after single bout of training, and this difference was higher as the inter-

stimulation interval increased; however, these differences were not statistically significant 

(p>0.05). The highest cycling training effect was an increase (12.2%) in the paired reflex 

depression for 200 ms inter-stimulus interval. These results were consistent with those of a 

similar study by Phadke et al. (Phadke et al., 2009), who found a trend towards increasing the 
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paired reflex depression at 100 ms of inter-stimulus interval. One difference in Phadke et al. 

study and the present study is that they used an active-assisted cycling training - a tandem 

bicycle ergometer that a second person sat at the bicycle’s back seat and assisted with the 

pedaling to keep the pace of cycling consistent, while in our study the bicycle had a motor to run 

the cycling for the participants. 

As a secondary measurement we also recorded EMG activity of the tibialis anterior, 

soleus and vastus lateralis muscles during the training and the participants showed active and 

rhythmic muscle activation despite the fact that the training was supposed to be passive. Hence, 

MSR training induced some active pedaling besides its passive nature (see Appendix 7 for 

representative samples of EMG activity for healthy and iSCI participants) .  

Meunier et al., (Meunier et al., 2007) studied the frequency dependent changes in soleus 

H-reflex as a results of complex versus simple cycling training (16 minutes) in non-injured 

participants. Active cycling included maintaining a consistent cycling cadence against frequent 

changes in pedal resistance and the simple cycling training included pedaling against consistent 

resistance. In Meunier’s study, active skilled cycling training induced changes (decreased reflex 

excitability) in the synaptic efficacy in non-injured participants as measured by the frequency-

related depression in the soleus H-reflex. The authors explained that these changes were as a 

result of homosynaptic depression (i.e. modulation of the probability of the transmitter release). 

Nevertheless, in Meunier’s study, the group that has conducted the simple cycling task did not 

show any H-reflex depression modulations. The results of our study show some modifications 

(the highest was 12.2% increase in the paired reflex depression for 200 ms inter-stimulus 

interval) by passive cycling. Possible reasons for the inconsistency of results of the two studies 

could be that (1) in Meunier’s study, at the pre-training stage, the group who received simple 



MECHANO-SENSORY CYCLING TRAINING IN iSCI    

 

66 

training already showed higher levels of reflex depression compared to the group that received 

complex training; (2) the inter-stimulation intervals that were used for that study were higher 

than the inter-stimulation intervals of our study; thus, different reflex modulation mechanisms 

could be involved (Taborikova & Sax, 1969). 

Motl et al. (2003) have also assessed the effect of single 20 minute bouts of both passive 

and active cycling on non-injured adults. They found that as a result of both passive and active 

cycling there were changes in the amplitude of the H-reflex. They speculated that as the reflex 

was modulated in both training modules, the voluntary muscle activity and consequently central 

motor commands were not involved in the reflex modulation and only the afferent inputs of the 

mechanoreceptors are responsible for the changes (Robert W. Motl, Knowles, & Dishman, 

2003). The results of this thesis are not consistent with Meunier’s findings; our results show a 

trend toward the idea that even passive cycling may lead to H-reflex modulation.  

In the current study, results of the MSR training on the non-injured group indicate that 

the highest training effect was seen on the modulation (depression) of the H-reflex at the highest 

(200ms) interstimulation interval. One explanation for this finding could be that the 200 ms 

interval is long enough for the supraspinal and also corticospinal networks to become involved in 

the modulation of the reflex (Poon et al., 2008). Hence, the H-reflex modulation at this test 

interval could indicate the possible effects of training in modulation of both spinal and 

supraspinal networks.  

 

5.3 What Does the Cycling Training Affect? 

The results of the current study showed that when non-injured adults completed a short 

bout of training using the MSR with passive cycling and mechanical stimulation there were 
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measurable changes to the frequency-dependent modulation (depression) in the soleus H-reflex. 

The trends toward training related changes could be caused by the GABA mediated presynaptic 

inhibition (H. Hultborn et al., 1996). Alternatively the post-training modulations could be 

decreased synaptic efficacy at the Iα afferents and the soleus motoneurons (Hans Hultborn et al., 

1996; Meunier et al., 2007). These synaptic changes at the level of the motoneuron happen 

presynaptically by modulation of transmitter release and are called homosynaptic depression. 

The effect of the homosynaptic changes is more long lasting (>10s) compared to the classic 

GABAergic presynaptic inhibition of Iα afferents. The GABAergic presynaptic inhibition’s 

effect might only last hundreds of milliseconds, which is consistent with the measurements in the 

current study (100 ms and 200 ms inter-stimulus interval). However, GABAergic presynaptic 

inhibition was not directly measured in the current study; animal studies seem to be necessary to 

directly address the mechanisms underlying post-training spinal reflex modulations. 

Furthermore, a human study with different assessment intervals (including inter-stimulation 

intervals ranging from milliseconds to few seconds) seems helpful to clarify the possible 

involvement of homosynaptic depression or GABAergic presynaptic inhibition mechanisms.  

 

5.5 How Do the Results from the Non-injured Group Apply to the iSCI Group? 

The results from the non-injured group indicate there is a trend toward even one bout of 

training with MSR for a duration as short as 30 minutes may modify (increased paired-reflex 

depression after training) the monosynaptic reflexes as measured by the paired H-reflex 

depression.  

Spasticity below the level of injury is one of the consequences of SCI and measuring the 

H-reflex is an indirect method for assessing the spasticity (Knikou, 2008) that could be seen as 
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decreased frequency dependent depression. In support of the above logic, animal studies have 

shown that passive cycling exercise “normalized “ the frequency-dependent depression in 

spinalized rats. That is, the frequency-dependent depression of the H-reflex was regained (Reese 

et al., 2006; Skinner et al., 1996). Moreover, studies involving human participants show an 

increased H-reflex frequency-dependent depression and reduced spasticity as a result of passive 

and assisted-active cycling training (Kiser et al., 2004; Phadke et al., 2009).  

Based on the above studies, we speculated that MSR training could also induce 

neuroplasticity in people with iSCI and help them with an exercise regimen to reduce the 

spasticity and eventually help them with balance and mobility.  

Apart from potential benefit from the passive cycling training, the mechanical stimulation 

incorporated in the pedals may promote leg muscles activity (Layne et al., 2005), and also 

regulate locomotion by controlling the leg extensors (Dietz & Duysens, 2000). Hence, the next 

step in the current study was assessing the immediate effect of MSR training on individuals with 

iSCI.  

 

5.6 Study 2: Prospective Case Series  

5.6.1 Compiled Results of the Spastic and Non-spastic iSCI Group  

The results of previous studies on both animals and humans indicate that frequency 

dependant depression is significantly lower in subjects with SCI compared to participants with 

no SCI (Calancie et al., 1993; Knikou, 2008; Thompson, Reier, Lucas, & Parmer, 1992). MSR 

training for the iSCI group also led to paired H-reflex depression to just below 10 percent and the 

depression was as high as 23% (at 200 ms inter-stimulus interval) in iSCI participants, who were 
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experiencing spasticity (modified Ashworth score above 2). Hence, it seems that MSR training 

had a considerable effect on the neurophysiologic systems in people with spasticity, and the 

change was toward a normal physiologic pattern.   

Besides the results from the H-reflex study, cycling seems to be an appropriate training 

option for people with iSCI as it does not include the complexity of the postural control and foot 

placement during locomotion training; instead, cycling provides a rhythmic source of sensory 

input that might possibly help with reorganization of the relevant afferents needed for the 

constant and rhythmic activity such as normal walking. Moreover, the mechanical stimulation in 

the pedals of MSR stimulates the load receptors that also have a role in regulation of locomotion 

(E. Field-Fote, 2009a).  Load receptors sensory input along the cycling provides the sensory cues 

needed for the central pattern generator to control and adapt gait. However, according to the 

current study adding the mechanical stimulation to the cycling training did not show any effect 

as measured by paired H-reflex depression in two different training sessions.    

 

5.6.2 Effect of MSR Training on iSCI Group with Spasticity 

In the current study, we found that training with MSR has more capacity for normalizing 

H-reflex (increasing depression) in the two participants who have spasticity as measured by the 

modified Ashworth scale. This finding is consistent with the results of the previous human 

studies on the effect of cycling as a treatment for the spasticity in paraplegia (R. W. Motl, Snook, 

& Hinkle, 2007; Phadke et al., 2009; Rösche et al., 1997). Also, Molt et al. and Rosche et al., in 

two different studies measured the H-relfex and F-wave amplitude modifications (respectively) 

as a result of a single bout of unloaded and passive cycling training. The results of those studies 

have shown that the rhythmic range of motion training with the bicycle has anti-spastic effects 
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for people with spastic paraplegia secondary to multiple sclerosis or SCI. That is, the training 

reduced the reflex excitability represented by reduction in F-wave and H-reflex amplitudes (R. 

W. Motl et al., 2007; Rösche et al., 1997). Phadke et al. (Phadke et al., 2009) also found that 

active assisted cycling has the potential to increase the frequency dependent H-reflex depression. 

In another study Kakebeeke et al. (Kakebeeke et al., 2005), studied the effect of one session of 

passive cycling on individuals with complete SCI and they also found that even one session of 

training exercise had reduced the spasticity in more than 50% of the participants according to the 

subjective assessment. Hence, there are trends to support the idea that MSR training as 

introduced in our study has the capacity to modulate the hyper-excitability of the stretch reflexes 

(as measured by paired H-reflex depression) or spasticity as measured in five iSCI participants. 

So, this bicycle could have the potential to decrease the spasticity and consequently help with 

more voluntary movement control in people with iSCI; besides its aforementioned benefits (i.e. 

multisensory inputs). 

As explained before, one of the mechanisms behind the paired H-reflex depression is 

GABAergic presynaptic inhabitation. Baclofen is a GABA-B receptor agonist that is assumed to 

cause presynaptic inhibition as well as help with controlling stretch reflex hyper-excitability 

(Meythaler, Steers, Tuel, Cross, & Haworth, 1992; Nielsen, Anderson, & Sinkjaer, 2000). Hence, 

the data from the two iSCI participants with spasticity in the present study suggest that cycling 

training may enhance the paired-reflex depression which supports the idea that this training 

could be applied as a complementary and affordable treatment to the anti-spastic medication like 

Baclofen.  
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5.6.3 Effect of MSR Training on iSCI Group Without Spasticity 

The same as iSCI group with spasticity, the iSCI group without spasticity (modified 

Ashworth score 0) showed the highest paired H-reflex modulations (28% for MSR training with 

mechanical stimulation and 39% without mechanical stimulation) as a result of MSR training at 

200 ms inter-stimulus interval. Hence, it seems that in the iSCI group, MSR training overall had 

more effect on the reflex pathways at the highest inter-stimulation intervals. Longer inter-

stimulation intervals increase the chance of having supraspinal and cotricospinal pathways 

involved in the reflex modulation; this finding is consistent with the results of the non-injured 

group. However, the findings of the non-spastic iSCI group indicates that the training is towards 

less reflex depression. One explanation for this finding could be the variability of the participants 

in the spastic versus non-spastic group; that is, one of the three participants in the non-spastic 

group was taking anti-spasticity medication.  The results of reflex modification of this specific 

participant in the 200ms inter-stimulation interval shows that he had about 60% attenuation in his 

reflex depression after MSR training sessions (for both with and without mechanical stimulation 

trainings). Taking the anti-spastic medication (Baclofen) could be responsible for different 

responses of the reflex networks in this participant and/or could have masked the possible effects 

of training with the MSR. 

 

5.7 Study 3: Single Case Report  

5.7.1 Functional Test  

Two participants completed 24 sessions of training in this study. The results of the 

functional tests that assessed balance and walking endurance and speed (BBS, 6MWT, and 



MECHANO-SENSORY CYCLING TRAINING IN iSCI    

 

72 

10MWT) revealed that for both participants balance and walking characteristics improved.  

Results for the walking speed and endurance showed that Case 1 and Case 2 were respectively 

able to walk 0.05 m/s and 0.4 m/s faster (as measured by 10 MWT), and 8 m and 24.5 m longer 

(as measured by 6 MWT) after the 24 session of MSR training. This improvement in the speed of 

walking was more than the MCID(Cook, 2008) for Case 2 and very close to MCID for Case 1 

(MCID> 0.05m/s) as measured by 10MWT (Musselman, 2007). There is no MCID or cut-off 

score defined for SCI population for the BBS; however, comparisons of the baseline and last 

session of training indicate that balance scores for Case 1 improved as much as 10 points from 

score 31 that is a high risk for a fall to score 41 which is above the critical score of 36; however, 

the critical score 36 is defined for the BBS score for older adults; that is, individuals with scores 

below 36 have higher risk of falls (Shumway-Cook, Baldwin, Polissar, & Gruber, 1997). The 

BBS score increased as a result of the 24 sessions of training for Case 2 but this improvement 

was as small as 2 points according to the scale. Both participants showed changes on the later 

items of the BBS including reaching forward with outstretched arm, placing alternative foot on 

stool, standing with one foot in front, and standing on one foot. All these items are related to 

advanced balance functions that involve motion, that are more sensitive to changes in individuals 

with higher functional levels as is the case for the two participants of this study (they are both 

ASIA level D, ambulatory, and active) (Somnath Datta et al., 2009). 

Subjective findings for Case 1 showed that she was pleased with the results of her 

training. She noticed that her balance was improved, her walking was more symmetrical and 

efficient and that she could climb up and down the stairs with more security and control.  

The results of previous studies, using similar functional assessment methods as ours to 

assess the effect of the activity based long training and more specifically locomotion training, 
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have also shown the capacity of this training method to increase the walking capacity in terms of 

speed and distance (Harkema, Schmidt-Read, Lorenz, Edgerton, & Behrman, 2012; Page et al., 

2007; Wirz et al., 2005). 

Another measure that we could have considered was changes within the muscles of lower 

limb in terms of muscle fibre type composition and lower limb muscles’ cross sectional area 

(CSA). Results of studies that utilized BWS locomotion training have indicated that the amount 

of EMG activity in the lower limb muscles in individuals with complete and incomplete SCI 

have increased after training (Dietz et al., 1994; Dietz, Colombo, Jensen, & Baumgartner, 1995).  

Also, Adams et al. (M. M Adams et al., 2006) showed in their study that after BWS treadmill 

training there was an increase in CSA of the vastus lateralis muscle as well as an increase in the 

amount of fatigue resistant muscle fibres within the muscle. In another study on individuals with 

iSCI, a long training period of BWS treadmill training (12 months) led to significantly increased 

whole-body lean mass and CSA of thigh and lower leg muscles (Giangregorio et al., 2006).With 

the MSR training in the present thesis we aimed to stimulate the same sensory inputs stimulated 

during the BWS locomotion training studies (hip joint position sensors and feet mechanical 

receptors). Moreover, we have seen some rhythmic reciprocal lower limb EMG activity during 

the cycling activity (see Appendix 7). Hence, there might have been some changes in the muscle 

composition and CSA of the lower limb muscles of the two participants who completed eight 

weeks of MSR training study. This could also explain improvements in the functional assessment 

results after the training. However, these possible changes in the muscles’ compositions might 

not have been measurable with the H-reflex measurements as conducted in our study (see details 

in the next section).  
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5.7.2 Paired Reflex Depression  

The results of the paired H-reflex depression indicate that there were minimal 

modifications in reflex depression as an effect of training but these changes lack any consistent 

pattern; this makes interpretation of this information inconclusive. We did observe a 

considerable change in the paired reflex depression pattern in Case 1. That is, at all intervals 

there was an increase in the amount of reflex depression at 4 weeks of training compared to the 

baseline (about 7% increase in depression) but this effect was not evident by week 8 of training.  

 Results of previous studies with humans and rats have shown otherwise.  Reese et al. and 

Skinner et al. (Reese et al., 2006; Skinner et al., 1996) conducted two studies on spinalized rats 

using passive cycling long-term training (3 months, 5 days a week each time 1 hour). They found 

that training “normalized” the frequency dependant depression in H-reflexes when compared to 

the pre-training condition and non-injured control rats. Kiser (Kiser et al., 2004), who worked 

with the authors of the previous animal studies, led another experiment on a human participant to 

investigate the effect of the same passive long-term training cycling protocol on a man with iSCI 

and ASIA level B. The results of this study confirmed the results of previous animal studies and 

the participant showed more frequency-dependent H-reflex modulation after 65 sessions of 

passive cycling training.  

There are a few explanations regarding why the participants in the current study did not 

show meaningful changes in their reflexes as a result of MSR training. First of all, compared to 

the aforementioned study on a human participant, the current study’s training protocol included 

only 24 sessions of half an hour cycling training compared to the 65 sessions of one hour cycling 

in Kiser’s protocol. Also, Reese et al. (Reese et al., 2006) showed in their study with rats that a 

greater number of sessions led to more modifications to the reflex modulation towards more 
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frequency-dependant H-reflex depression. Hence, it seems that a longer study with a longer 

duration of training may lead to significant results. Furthermore, the participant in Kiser’s study 

had spasticity but he was not taking any medications for it whereas in our study Case 2 was 

taking Baclofen as an anti-spasticity medication and he was the one who showed the least effect 

of training on reflex depression, but Case1, who showed some reflex modifications after 12 

sessions of training, had spasticity and was not receiving medications similar to Kiser’s study 

participant.  

Moreover, both participants of our study have shown paired H-reflex depression close to 

what was measured for the non-injured participants from the preliminary study. As mentioned 

before, one of the potential effects of passive cycling training is helping with reduction in the 

spasticity which could be indirectly measured with the H-reflex measurements (Kiser et al., 

2004). This fact might justify the lack of changes in the paired reflex depression measurement 

when compared at different stages of training in Case 2 and also that Case 1 showed more 

changes after the training both in reflex depression and functional improvements. This 

explanation is in line with the results of the case series study; that is, the participants who had 

spasticity were more responsive to MSR training.  
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5.8 Conclusions 

The results of the preliminary study on the non-injured group (study 1) showed a trend 

towards modulation of the paired H-reflex depression as a result of training with the MSR. These 

results encouraged us to see the immediate and long term training effects of this specific training 

on individuals with iSCI as well. Results of the immediate effect study (study 2) revealed that 

one session of training with MSR could increase the reflex depression pattern in iSCI 

participants who had spasticity. The results of the eight-week training study (study 3) also 

showed that both participants improved in walking speed, endurance, and functional balance as 

measured with specific standardized functional tests. The results of the neurophysiologic tests for 

this part of the study (eight-week training) do not indicate any consistent or recognizable pattern 

of changes. However, the changes in the participant with spasticity who was not taking any 

medication was in line with the results of the immediate effect study in that there was a trend 

towards increasing the depression of the paired H-reflex as a result of 24 sessions of training.  

Moreover, beside the above findings, passive cycling induces a rhythmic and consistent 

passive range of motion exercise without interference of postural control mechanisms. These 

features make this method of training an ideal complementary method to locomotion training for 

retraining walking and physical therapy or medications for spasticity control. Furthermore, MSR 

is affordable and patients are able to use it independently at home, without the help of a physical 

therapist or with minimal help from a caregiver. Therefore, it may be a highly desired device for 

improving physical activity.  Finally, the results of this study should be used with caution as the 

number of participants was small and it cannot be generalized to all iSCI population.  
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5.9 Limitations of the Study 

The primary limitation of the current study was the limited number of participants. One 

reason was that the inclusion criteria limited the pool of participants only to iSCI ASIA level C 

and D. Also, the participant had to be able to transfer to the bicycle’s bed with minimal help (as 

we did not have a lift available to transfer them). Participants were also taking their regular 

medications at the same time. To reduce the interference of medications with the evaluations we 

tried to do the assessment at the same time of the day so that the medication effects were 

consistent across different conditions, but sometimes participants came late to their appointments 

and the assessment time relative to time of taking medications was not always consistent. 

Moreover, some participants were taking anti-spasticity medications (e.g. Baclofen), so some 

possible effects of the MSR training on H-reflex modulation might have been masked with the 

medication effects.  

Another limitation of this study was that we did not control and monitor the amount of 

physical activity that the participants of the eight-week training study had outside the laboratory 

during the training period. This limitation could be resolved by asking the participants to wear 

acceleration sensors or complete an activity log. Finally, as this study was on humans only, we 

could not use any invasive method to specify the possible mechanisms behind the presynaptic 

inhibition or possible plastic changes that could happen in both non-injured and iSCI groups. 

One limitation of the study 2 was that the assessors and the participants were not blinded about 

the with-mechanical stimulation versus without mechanical stimulation conditions of the MSR 

training.  
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5.10 Future Directions 

There is a need for additional studies to investigate the effect of mechanical stimulation 

alone on both non-injured and people with iSCI to find out if adding this part to the bicycle is 

indeed a valuable part of the training. Also, future studies with a larger number of participants 

could look at the possibility of different effects of training on iSCI individuals with spasticity 

versus without spasticity. 

Moreover, another immediate effect training study that measures H-reflex depression 

before and after 30 minutes of rest seems helpful to clarify that the frequency dependent reflex 

depression modifications seen in the case series study was actually as a result of MSR training.  

Another addition to the immediate effect study would be a reflex examination 20 minutes and 24 

hours after the training to look at the possible mechanisms underlying the increased paired reflex 

depression, that is, if it is for example homosynaptic depression mechanism or classic 

GABAergic presynaptic inhibition. Also, using a wider range of inter stimulation intervals 

(above 200ms) seems to be beneficial to investigate the possible involvement of peripheral 

nerves and muscle tissue beside the spinal and supraspinal pathways.  
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Effects of a Novel Rehabilitation Bike on the Functional 

Recovery of Patients with Incomplete Spinal Cord Injury 

 
Who: Healthy individuals. 
 

What:  1.You will participate in a  sessions of cycling training. 
 

1.2. You will lie down while the bike will do the pedaling (you don’t have 
to pedal the bike). 

 
1.3. There are mechanical stimulators in the pedals which tap the sole 

of your feet while pedaling the bike. The stimulators will feel like 
being tapped by a pen.  

 
2. There will be assessment to measure your neurological changes as a result 

of cycling training. The session will last for 1 to 2 hours and will involve 
assessments of changes in your nerves and brain activity. 

 
 
Why: We are doing this study to see how effective the bike training is as a new, 

cost effect, and accessible rehabilitation device for individuals who have experienced a 
spinal cord injury.  

 
Where: RR309 Rehabilitation Hospital (800/810 Sherbrook St.). 
 
When: Test sessions will be at times most convenient for you (weekdays or 

weekends) 
 
How: Contact Niyousha Mortaza (204) 480-1487, 

niyousha.mortaza@umanitoba.ca for more information. 
 

Appendix 5 
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Appendix 7- Sample EMG data 

 

 


