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Abstract

Spinal cord injury (SCI) refers to a damage to the spinal cord that affects sensory, motor, or
autonomic functions, with a huge impact on the patient and on the society. Locomotion is one of the
more frequently affected functions after SCI, and therefore his recovery is a high priority for these
subjects.

Upstanding locomotor training exercises are commonly performed to rehabilitate locomotion:
this effect is attributed to the repetitive stimulation of specific motor pathways in combination
with the reception of an appropriate sensory feedback, which helps to restore proper sensorimotor
integration - the coupling between the sensory and motor systems. Unfortunately, these therapies
are tiring for the patient and demanding for the therapists. Furthermore, they cannot be performed
in the first period after the injury, a period of fundamental importance for maximising rehabilitation
outcomes.

On the contrary, leg-cycling is a commonly recommended exercise that activates similar control
networks as locomotion and suitable to be performed early after the lesion or by the most impaired
subjects. However, during leg-cycling, the afferent feedback produced by load receptors and plantar
cutaneous mechanoreceptors is limited.

In this thesis, we consider the opportunity to combine leg-cycling with the delivery of plantar
electrical stimulation that would increase sensory system recruitment. To this account, we compared
the effects of single-bout sessions of cycling and cycling with electrical stimulation, applied to non-
injured subjects and subjects with iSCI. To estimate the early effects of the therapy, we developed
a test of spinal sensorimotor integration, based on the assessment of soleus H-reflex excitability
following a conditioning electrical stimulation delivered to the ipsilateral plantar surface of the
subject. Lastly, we propose a procedure, based on this assessment technique and on the leg cycling
exercise, to perform a deeper examination of spinal sensorimotor integration in subjects with SCI.
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Structure of the document

This dissertation is organised in 7 chapters and an appendix. In order to facilitate the consultation,

a brief description of the content of each chapter is here presented.

Chapter 1 - Introduction to Spinal Cord Injury: this chapter introduces to the reader the definition

of Spinal Cord Injury (SCI) and its consequences, especially considering the socioeconomic

impact and associated clinical complications. The concept of spinal cord plasticity is intro-

duced, and discussed in relation to its potentials for the development of new therapies after

SCI. Traditional rehabilitation techniques are presented and their effects interpreted in light of

Central Nervous System (CNS) neuronal plasticity. Finally, the concept of neuromodulation is

introduced, together with an overview of the principal rehabilitation methods based on it. In

particular, one section is entirely dedicated to the rehabilitation of motor function, because

of its special relevance in this thesis, and a second section focuses on the rehabilitation of

autonomic functions, because of its high impact on the quality of life of people with SCI.

Chapter 2 - Motivation: this chapter introduces the general framework that inspired this thesis and

the problem addressed.

Chapter 3 - Hypotheses and Objectives: this chapter formulates the hypothesis and lists the objec-

tives that are behind the realisation of this thesis.

Chapter 4 - Methodology: this chapter describes the methodology of the research, including the

technical, scientific and logistic aspects behind the realisation of this doctoral work. First, the

chapter presents the technical details of the platform that have been developed for supporting

the studies discussed in this dissertation. Then, it describes the projects and organisations that

provided financial and logistic support to the realisation of this thesis.

Chapter 5 - Results: this chapter presents the three studies at the core of this doctoral work. The

first study is dedicated to the characterization of spinal sensorimotor integration and its

xv
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relation with motor function. Non-injured subjects and subjects with SCI took part in the

experiment. In each group, spinal sensorimotor excitability was compared before and after

a short leg-cycling session and clinically relevant results were obtained. The second study

introduces a novel intervention, based on cycling with plantar electrical stimulation, to train

spinal sensorimotor excitability in subjects with SCI. The effects of a single session of this

exercise on spinal sensorimotor excitability are compared with the effects of a single session of

normal leg-cycling, in both non-injured subjects and subjects with Incomplete Spinal Cord

Injury (iSCI). The results obtained are analysed in relation to the clinical condition of the

subjects. Finally, the third study describes a method for the assessment of spinal sensorimotor

activity in subjects with SCI, which takes advantage of the neural activity observed following

cycling with plantar electrical stimulation to activate the latent spinal networks before neural

assessment, allowing a deep evaluation of the subject’s neural status. The method has been

tested in non-injured subjects and subjects with SCI, with a motor impairment ranging from

mild incomplete to complete SCI.

Chapter 6 - Discussion: this chapter discusses the principal findings of the three studies, the impact

of their results and their limitations. Finally, the second part of the chapter is dedicated to the

discussion of the future work arising from these studies.

Chapter 7 - Conclusions: this chapter presents the conclusions obtained from this doctoral work

and identifies the major contributions to the field.

Appendix A: this appendix lists the principal scientific contributions of the thesis, including journal

articles, book chapters, conference proceedings, organization of international events and

participation to national and international research projects.

xvi



Chapter 1

Introduction

This chapter is partially based on the book chapters

Piazza et al. (2014) and Piazza and Ibáñez (2016)

1.1 Anatomy and Function of the Spinal Cord

The Spinal cord (SC) is a long, thin, tubular bundle of nervous tissue and support cells that extend

from the brain, down to the space between the first and second lumbar vertebrae, terminating in

a fibrous extension known as the filum terminale. It has three major functions: to transfer motor

information from the brain to the periphery, to retrieve afferent information from the periphery to the

brain and to coordinate and balance spinal reflex activity (Brown, 2012). Therefore, SC is essential for

the transmission of the sensory signals to cerebral structures and for the regulation of autonomous

and motor functions (Alcobendas Maestro, 2009). SC body is contained in the spinal canal inside the

vertebral column, which consists of 24 articulating vertebrae, separated by intervertebral discs and 9

fused vertebrae in the sacrum and the coccyx. The SC and its nerves are divided into 8 cervical (C), 12

thoracics (T), 5 lumbar (L), 5 sacral (S) and 1 coccygeal nerve (Fig. 1.1A). SC physical organisation is

similar in all spinal levels. Each segment, except the first, has nerve dorsal roots entering and nerve

ventral roots exiting the SC below their corresponding vertebrae. In adults, the SC is between 42 and

45 cm in length, weights about 35 grams and usually terminates at the level of the intervertebral disk

between L1 and L2 (Dorward, 2003). However, the exact position of the most distal extremity of the

SC, the conus medullaris, may vary between T12 and L3. After the SC terminates, the spinal nerves

continue as a bundle of nerves called the cauda equina.

A cross-section through the SC shows a butterfly-shaped core of grey matter surrounded by white

matter (Brown, 2012) (Fig. 1.1B). Grey matter is made up of neuronal cell bodies, whereas the white

matter is composed of packets of axons, which connect various grey matter areas and carry nerve
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Figure 1.1: Anatomy and neural organization of the SC. (A) representation
of SC levels and innervation areas. (B) tranversal SC section, showing the
principal afferent and efferent beural innervation areas, as well as the areas
where the transmission is bidirectional.
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1.1. Anatomy and Function of the Spinal Cord

impulses between neurones. The grey matter is shaped like a letter “H” or a “butterfly”. The shape

and size of the grey matter vary according to SC level: at the lower levels, the ratio between grey

matter and white matter is greater than at higher levels, mainly because lower levels contain less

ascending and descending nerves fibres. The grey matter has a butterfly shape, in which four main

columns can be distinguished: the dorsal horn, the intermediate column, the lateral horn and the

ventral horn column. The dorsal horn is found at all SC levels and comprises the sensory nuclei,

which receives and processes incoming information. From there, ascending projections emerge to

transmit the sensory information to the midbrain and diencephalon. The intermediate column and

the lateral horn comprise autonomic neurones innervating visceral and pelvic organs and the ventral

horn comprises motor neurones that innervate skeletal muscles.

The SC collects peripheral information from the ascending pathways, constituted by the central

axons of dorsal root ganglion cells entering the SC via the dorsal roots. They either enter the ascending

fibre tract (dorsal column pathways) or terminate in the spinal grey matter. About two-thirds of

these fibres are unmyelinated, slowly conducting C fibres. The myelinated fibre components can

be classified as fast-conducting, large, myelinated Aβ and slower-conducting, thinly myelinated Aδ

fibres. Primary sensory fibres either terminate in the dorsal column nuclei of the medulla or in the

superficial dorsal horn. Thin fibres transmit data related to temperature and pain towards laminae I

and II, whereas coarse fibres terminate in deeper layers (laminae III-V) and in the ventral horn as

well (proprioceptive afferents).

Among the ascending pathways of white matter, all sensitive, we found:

The dorsal column pathways includes the medially located fasciculus gracilis (Goll) and the lat-

erally situated fasciculus cuneatus (Burdach). The fasciculus gracilis contains dorsal root

afferents from the lower limbs and lower part of the body, the fasciculus cuneatus from the

upper limb (UL) and upper part of the trunk. The fibres synapse on neurones of the nucleus

gracilis and nucleus cuneatus, respectively. These pathways play a role in discriminative sen-

sory tasks, such as two-point discrimination, detection of speed and direction of movements

and judging of cutaneous pressure.

The spinothalamic tract is originated from neurones in laminae I, V, VII and VIII. The axons cross

the ventrolateral column and terminate in the ventral posterolateral and in the central lateral

nuclei of the thalamus. Functionally, this tract conveys the accurate localisation of pain and

thermal stimuli. Ventrolateral cordotomies presented evidence that other tracts may also

transmit pain stimuli.

The spinoreticular tract is originated from cells situated bilaterally throughout the spinal grey mat-

ter. The ascending fibres in the ventral and lateral funiculi terminate in several nuclei of the
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reticular formation. Many spinothalamic ascending fibres also give collaterals to reticular

nuclei. This pathway is responsible for carrying a variety of sensory information.

The spinocervicothalamic tract uses an intermediate nucleus in the SC, the lateral cervical nucleus,

which is consistent in lower mammals but often absent in human SCs. Afferent fibres to

this nucleus arise from the ipsilateral lamina IV in all cord segments. Neurones from the

lateral cervical nucleus project to the contralateral thalamus via the medial lemniscus. This

system is involved in tactile conditioned reflexes, tactile and proprioceptive placing and size

discrimination.

The spinocerebellar tracts (dorsal and ventral) carries information primarily arising from the lower

extremities. The dorsal spinocerebellar tract is formed by axons of the ipsilateral nucleus dor-

salis of Clarke (present in T1-L2 segments in humans) and projects to the vermis and the

paravermal regions of the cerebellum. It conveys information from muscle spindles, Golgi

tendon organs, joints and mechanoreceptors of the lower extremities. Axons of cells situated

in laminae V and VII in the lumbosacral SC form the ventral spinocerebellar tract. It projects

to the vermis and paravermal region of the cerebellum and probably carries information

about the interrelationship of different muscle groups. Equivalent information from the upper

extremities is conveyed by the cuneocerebellar and the rostral spinocerebellar tracts of the SC.

Among the descending pathways of white matter, all motor, we found:

The corticospinal tract is most developed in higher primates and presents pronounced differences

between species. The cells bodies are located in the motor cortex and their axons form the

pyramidal tract. In most mammals fibres from neurones in the postcentral gyrus also contribute

to this tract. In humans, the bulk of the fibres cross in the lower medulla and form the lateral

corticospinal tract whereas uncrossed fibres remain in the ventral funiculus and then cross in

the ventral commissure. Functionally, the corticospinal pathway exerts a fine and amplified

motor control by influencing other descending pathways.

The rubrospinal tract is more developed in lower mammals than in humans. Its fibres originate

from the caudal magnocellular part of the red nucleus and project according to a somatotopic

pattern contralaterally to laminae V-VII. In cats, there is a direct rubrospinal connection to

motoneurons. The tract exerts excitatory effects on flexor motoneurons and inhibits extensor

motoneurons.

The vestibulospinal tract is originated from the lateral and medial vestibular nuclei. Both lateral

and medial tract fibres terminate ipsilaterally in laminae VII and VII and form mono- or

polysynaptic inhibitory connections with motoneurons, especially with those of neck and back

muscles.
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1.2. Spinal Cord Injury

The tectospinal tract is originated from the superior colliculus and terminates contralaterally in the

ventral horn of the upper cervical cord where its fibres establish multisynaptic connections

with motoneurons of neck muscles.

The reticulospinal tract is originated from the dorsal and central parts of the medulla and the

pontine tegmentum. The terminal distribution of medial reticulospinal fibres is very dense in

the ventral horn of the enlargements while the lateral reticulospinal tract fibres terminate in

laminae I and V.

1.2 Spinal Cord Injury

Spinal cord injury (SCI) is defined as any alteration of the SC that interrupts the nervous im-

pulse from the brain to the periphery and vice versa, causing alterations in the sensorimotor and

autonomous system under the level at which the lesion is located (Ding et al., 2005; Staas et al., 1998).

It is one of the most devastating clinical circumstances, causing a dramatic loss of independence

of the person. This absence of functionality, coupled with the limited possibilities of spontaneous

recovery and the lack of a cure, makes of SCI a serious social, economic and physical problem. A SCI

immediately injures or kills cells, but it also causes delayed damage and death to cells that survive to

the original trauma (O’Brien, 2006). The biological response to a SCI can be divided into three phases

that follow a distinct but somewhat overlapping temporal sequence: acute, secondary (or sub-acute)

and chronic. The acute phase (seconds to minutes after the injury), is marked by systemic as well as

local events, which comprises rupture of axons, blood vessels and cell membranes. The secondary

phase (minutes to weeks after the injury) features a continuation of some events from the acute phase

electrolyte shifts, oedema and necrotic cell death, as well as novel ones, including the formation of

free radicals, delayed calcium influx, immune system response (inflammation), and apoptotic cell

death. During this phase, the area of injury markedly expands. The chronic phase of SCI settles over

a period of months to years after the injury. This phase is marked by the continued apoptosis (death

of abnormal and defective cells) radiating from the site of injury and by demyelination processes, but

also by the beginning of regenerative processes (O’Brien, 2006). A general overview of these phases is

presented in Table 1.1.

1.2.1 Spinal Cord Injury classification

For almost a quarter of century, the international scientific community has advocated a uniform

measure of SCI severity. Such agreement is needed for the accurate communication between clini-

cians and for comparisons of research results among investigators. The severity of the injury after SCI

is primarily reflected in the extent of paralysis and loss of sensation, and in the inability to perform

ADL. These measurements of impairment and disability serve as the determinants of the clinical

outcome in SCI (Ditunno et al., 1994).
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Table 1.1: The three phases of SCI.

Acute phase Secondary phase Chronic phase

Systematic hypotension and
spinal shock

Continued cell death Continued apoptosis radiating
from site of injury

Hemorrhage Continued edema Alteration of ion channels and
receptors

Cell death from direct insult or
ischemia (disruption of blood
supply)

Continued shifts in electrolytes Formation of fluid-filled cavity

Edema (swelling) Free-radical production Scarring of spinal cord by glia
cells

Vasospasm (reduction in blood
flow)

Lipid peroxidation Demyelination

Shifts in electrolytes Neutrophil and lymphocyte in-
vasion and release of cytokines

Regenerative processes, in-
cluding sprouting by neurons

Accumulation of neurotrans-
mitters

Apoptosis (programmed cell
death)

Altered neurocircuits

Neuron death (contribution to
the losses of sensory, motor
and autonomic functions)

Calcium entry into cells Syringomyelia

The level of injury can be classified as the anatomical level of the SC, which is divided into two:

high injury (cervical) and low injury (thoracic, lumbar or sacral) (Kirshblum et al., 2011). The level of

neurological injury is defined as the most caudal spinal segment that preserves the normal function

(Maynard et al., 1997). Nevertheless, 10-15% of patients with traumatic SCI show differences between

anatomic and neurological injury, which may vary from vascular complications and/or oedema

(Rowland et al., 2008).

The guidelines of the American spinal injury association impairment scale (AIS) (Ditunno et al.,

1994; Kirshblum et al., 2011; Maynard et al., 1997) for the definition and classification of SCI refer to

the term tetraplegia (preferred to ‘quadriplegia’) as the impairment or loss of motor and/or sensory

function in the cervical segments of the SC due to damage of neural elements within the spinal canal.

Tetraplegia results in impairment of function in the arms as well as in the trunk, legs and pelvic organs.

It does not include brachial plexus lesions or injury to peripheral nerves outside the neural canal.

Otherwise, the term paraplegia refers to the impairment or loss of motor and/or sensory function in

the thoracic, lumbar or sacral (but not cervical) segments of the SC, secondary to damage of neural

elements within the spinal canal. With paraplegia, arm functioning is spared, but, depending on

the level of injury, the trunk, legs and pelvic organs may be involved. The term is used in referring

to cauda equina and conus medullaris injuries, but not to lumbosacral plexus lesions or injury to

peripheral nerves outside the neural canal.
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1.2. Spinal Cord Injury

In addition, the AIS (see Table 1.2) defines the severity of the injury as:

Complete injury, when the sensory and motor function is completely interrupted in the lowest

sacral segment.

Incomplete injury, when partial preservation of sensory and/or motor functions is found below the

neurological level and includes the lowest sacral segment.

Table 1.2: The AIS scale.

Score Description

A Complete. No sensory or motor function is preserved in the sacral segments S4-S5.
B Sensory incomplete. Sensory but not motor function is preserved below the neurological

level and includes the sacral segments S4-S5, 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 single 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 (NLI)
have a muscle grade >3.

E Normal. If sensation and motor function as tested with the International Standards for
the Neurological Classification of SCI (ISNCSCI) are graded as normal in all segments
and the patient had prior deficits, then the AIS grade is E. Someone without a SCI does
not receive an AIS grade.

Within the incomplete injury there are specific clinical syndromes (Ditunno et al., 1994) named

below:

Central cord syndrome: a lesion occurring almost exclusively in the cervical region that produces

sacral sensory sparing and greater weakness in the UL than in the lower limbs.

Brown-Sequard syndrome: a lesion that produces relatively greater ipsilateral proprioceptive and

motor loss and contralateral loss of sensitivity to pin and temperature.

Anterior cord syndrome: a lesion that produces variable loss of motor function and of sensitivity to

pin and temperature, while preserving proprioception.

Conus medullaris syndrome: an injury of the sacral cord (conus) and lumbar nerve roots within

the neural canal, which usually results in an areflexic bladder, bowel and lower limbs. Sacral

segments may occasionally show preserved reflexes (e.g., bulbocavernosus and micturition

reflexes).
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Cauda equina syndrome: an injury to the lumbosacral nerve roots within the neural canal resulting

in areflexic bladder, bowel and lower limbs.

In this dissertation, we will refer to motor incomplete SCI lesions with the acronym iSCI, and to

motor complete (both complete and sensory complete) SCI lesions with the acronym cSCI.

1.2.2 Socioeconomic Impact of Spinal Cord Injury

Knowledge of incidence and prevalence of SCI is important both because of their high personal,

bio-psychological impact and because of their short-term as well as long-term high socio-economic

consequences. Incidence rates reflect the level of control of SCI and the possible need for improved

prevention. On the other hand, prevalence rates have an impact on health care and on social and

personal resources (Wyndaele and Wyndaele, 2006). Patients with SCI involuntarily place a heavy

burden on the health care system, not only in the phase of acute care but also in the first years

following injury. Examples of this are the secondary complications that need hospitalisation (e.g.,

urinary tract infection and pressure sores), the need for home care services and for extra physician

treatments, and others health care problems that have greater incidence in people with SCI (e.g.,

psychological disorders).

The worldwide incidence of SCI lies between 10.4 and 83 per million inhabitants per year (Wyn-

daele and Wyndaele, 2006). One-third of patients with SCI is reported to have tetraplegia and 50% of

patients with SCI to have a complete lesion. The sex distribution (men/women) of SCI in recent stud-

ies is 3.8/1, where it used to be 4.8/1. Furthermore, an Australian study (O’Connor, 2005) predicted

that population growth and ageing, and increasing rates of SCI in the elderly will have profound

effects on the expected number of SCI patients and their case mix. It predicted a 143% increase in the

number of cases of incomplete tetraplegia, from 88 cases per annum in 1997 to 214 cases per annum

in 2021.In Spain, incidence varies among 12.1 (Mazaira et al., 1998) and 13.1 (Garcia-Reneses et al.,

1991), with a mean age at the time of injury of 41.8 years and a male/female ratio of 2.6. The most

common cause of SCI in Spain is traffic accidents (52.23%), followed by falls (27.39%) (Garcia-Reneses

et al., 1991). Prevalence of SCI is estimated in 350-380 cases per million of inhabitants (Mazaira et al.,

1998).

The economic cost of SCI is also important, both in terms of lost productivity as well as in terms of

the cost of hospital care and rehabilitation. The mean cost of medical care and adaptation due to SCI

depends on the time since the injury and the injury level. It is estimated that SCI-related cost in the

USA is 9.7 million $ per year. In Spain, a mean hospitalisation cost is estimated in the range of 60.000

to 100.000 € during the first year of injury (Garcia-Altes et al., 2012). This estimation includes medical,

adaptation, material, administrative, policy, firefighters and roadside assistance cost, productivity

losses and sick leave, as well as an estimate of productivity losses of carers and productivity losses
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due to death. Furthermore, it was assumed that all alive SCI discharges would need 4 hours a day

of specialised care (occupational therapy, speech therapy, psychotherapy, physiotherapy, nursing,

etc.). Moreover, the 59% of people with SCI would need external help for performing Activities of

Daily Living (ADL). An estimation of the overall economic cost of SCI (both direct and indirect) for

the Spanish society, based on data from the year 2007, showed that it ranged between EUR 92 million

and 212 million, according to the injury mechanism (Garcia-Altes et al., 2012). These economic costs

are only a hint of the enormously devastating physical, social and emotional burdens that individuals

and their families face after a SCI (O’Brien, 2006).

1.2.3 Clinical Complications of Spinal Cord Injury

It is the very recent past that people with SCI, particularly high-level injuries, died in a high

proportion (Gilbert, 1987). Substantially because of the pioneering work done by the emergency

services, a remarkable improvement in survival and quality of life has occurred. However, most of the

patients with SCI develop at least one clinical complication in their life. The most common direct

consequences of a SCI are the loss of muscular control, sensibility and autonomy function below the

level of injury. These phenomena can lead to a series of complications that may have a strong impact

on patients’ life:

Musculoskeletal: musculoskeletal issues after SCI include overuse syndromes and contracture

development. One particularly common condition is heterotopic ossification, which occurs in

16% to 53% of patients with SCI (Teasell et al., 2010) and commonly affects the shoulders, hips

and knees. Heterotopic ossification can lead to marked limitations in range of motion and is

also associated with deep vein thromboses and unexplained fever.

Skin: a pressure ulcer is an area of localised damage to the skin as a result of prolonged pressure

alone or pressure in combination with shearing forces (Marin et al., 2013). The loss of motor,

sensory and autonomic control associated with a SCI makes pressure ulcer the most common

secondary medical complication associated with such an injury; up to 95% of adults with a

SCI will develop at least one pressure ulcer in their lifetime. Pressure ulcers have a negative

impact on quality of life, contribute towards rehabilitation setbacks and hospitalisation, in

7–8% patients complications that can lead to death and significantly impact on the life-long

care management of SCI patients.

Genitourinary: SCI bladder dysfunction is complex. After upper motor neuron SCI, bladder filling

will cause dyssynergia or reflex co-contraction of both detrusor and sphincter, which can be

a trigger for urinary reflux and autonomic dysreflexia. The goal of management is to main-

tain a low-pressure collection system so as to avoid these phenomena. Approaches include
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chronic indwelling catheterization, reliable intermittent catheterization, or sphincterotomy

(Consortium for Spinal Cord Medicine, 2006).

Gastrointestinal: individuals with SCI tend to have prolonged colonic transit times, increasing from

15±7 hours for the average individual to 42±12 hours after SCI (Krogh et al., 2000). With SCI

above the conus, there is decreased sensation but intact reflex propulsion of stool and a spastic,

continent external anal sphincter.

Other common complications in patients with SCI are the following:

Cardiovascular: resting blood pressure is generally low in patients with SCI because of reduced

sympathetic activity and subsequent reduced vasomotor tone (Gorman, 2011). Orthostatic

hypotension can be a major problem, especially in acute phases. Another cardiovascular issue

is the increased risk factors for ischemia. Individuals living with SCI tend to have lower serum

high-density lipoprotein cholesterol (24% to 40% abnormal compared to 10% in healthy people)

(Bauman and Spungen, 2008). These individuals also have a greater incidence of impaired

glucose tolerance (the patient’s blood glucose was elevated), asymptomatic coronary disease

and an increased percentage of fat mass (Kocina, 1997).

Respiratory: pulmonary function after SCI is highly dependent on the level and completeness of

injury (Gorman, 2011). Patients with SCI may still have respiratory compromise based on

diaphragmatic weakness, lack of accessory musculature and infectious processes.

Neurologic: the most common neurologic symptoms associated with SCI, besides paralysis and

anaesthesia, are spasticity and pain (Teasell et al., 2010), of neuropathic origin.

Psychiatric: SCI is associated with a greater incidence of depression and suicide than in age-matched

controls, especially within the first 5 years postinjury (Hagen et al., 2010). The high incidence

of depression is likely due to the extent of change in physical function and body image.

Endocrinologic: the incidence of impaired glucose tolerance is high after SCI and can contribute to

cardiovascular disease and autonomic dysfunction (Gorman, 2011).

Hematologic: the incidence of deep vein thromboses, is up to 80% higher in the first 3 months after

SCI than in any other acute medical condition (Green, 1991).

Allergic/Immune: reduction in natural killer cells occurs after SCI. Additionally, neutrophil phago-

cytosis is impaired and T-cell function is depressed (Gorman, 2011).

10



1.3. Spinal Cord Plasticity

1.3 Spinal Cord Plasticity

Plasticity in the nervous system is a well-documented phenomenon that has been recognised

since the early studies by Ramón and Cajal (1913) and by many others since that time (Cramer

et al., 2011; Hebb, 1949). Until relatively recently, it was widely thought that such plasticity was

confined exclusively to the brain (Cramer et al., 2011). Many studies have now made it apparent

that activity-dependent plasticity is widespread throughout the entire Central nervous system (CNS)

(Chamberlain et al., 1963; Thompson et al., 2009b; Wang et al., 2006). Recognition of this widespread

plasticity introduces the possibility of many new therapeutic interventions for the rehabilitation

of people disabled by a variety of neurologic diseases or by brain or spinal cord injury. Spinal cord

plasticity, in particular, has been largely unrecognised and its potential uses in rehabilitation still

receive little attention despite substantial evidence that the spinal cord is highly plastic (Wolpaw,

2012). The spinal cord’s unique role as a final common pathway gives it a critical position in the

execution of all behaviours. Its relative simplicity and accessibility encourage exploration of its

plasticity as a potentially beneficial approach in clinical applications.

This section gives a brief overview of current clinical and experimental evidence for activity-

dependent spinal cord plasticity.

1.3.1 A historic overview

The CNS has traditionally been thought to be hardwired and inflexible. The work of recent decades

has shown that the CNS keeps changing throughout life (e.g., using mechanisms such as synaptic

plasticity, neuronal plasticity and glial, vascular and humoral plasticity) and that this plasticity

involves regions from the cortex to the spinal cord (see (Wolpaw, 2010) for a review). Recognition and

understanding of both the plasticity changes that occur after injury and the processes that can be

accessed are essential for interventions that will restore spinal cord function to enable or improve

mobility as well as autonomic functions. The plasticity of the spinal cord, though a potentially fruitful

target for therapeutic rehabilitation approaches, has received little attention. It is only recently that

it has become apparent that the spinal cord participates in an important way in the CNS plasticity

responsible for learning new behaviours.

1.3.2 Evidence of Spinal Cord Plasticity

Spinal cord plasticity accounts for the lasting changes in spinal cord-mediated functions pro-

duced by peripheral and/or descending inputs. This section summarises six major bodies of data that

give evidence for spinal cord plasticity in health and disease. They are based on results from normal

and injured animals and humans. It is important to note here that all six cases cite evidence coming

from the effects of injury or training on locomotion and other voluntary limb movements. Although
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locomotion and other voluntary limb movements are not the focus of this chapter, their prevalence

in such studies is indicative of the emphasis that researchers have placed on these functions.

The first body of evidence for spinal cord plasticity comes from the fact that the spinal cord

changes after injury or disease that disrupts supraspinal control (Hiersemenzel et al., 2000). This

phenomenon was first demonstrated by Anna DiGiorgio in laboratory experiments using anaes-

thetized dogs, rabbits and guinea pigs (DiGiorgio, 1929, 1942). In these experiments, descending

input to the spinal cord was altered by a lesion to one side of the cerebellum. This lesion caused an

immediate asymmetric hindlimb posture (i.e., one leg was flexed and the other was extended). After

a variable delay, the thoracic spinal cord was cut, thereby removing the descending input responsible

for the asymmetry. When the delay was short, the transection eliminated the asymmetric posture. In

contrast, when the delay was longer, the asymmetric posture persisted even though all descending

input had been eliminated. This experiment was the first to show clearly that altered descending

input that lasts for sufficient time produces spinal cord plasticity that persists after the input ceases.

These results were subsequently confirmed in studies with rats (Chamberlain et al., 1963).

The second body of evidence for spinal cord plasticity comes from studies showing that the

isolated adult spinal cord is capable of activity-dependent plasticity (Rossignol et al., 2011; Thompson

et al., 2009b). Treadmill walking is a rehabilitation therapy widely used around the world for people

with SCI (Dietz, 2008). It was first demonstrated by Shurrager and Dykman that spinalized cats (i.e.,

cats with transected spinal cords) can improve locomotion with training (Shurrager and Dykman,

1951). Several research groups have confirmed this phenomenon and have described its major

features (Barbeau et al., 1999; Barbeau and Rossignol, 1987). In the typical protocol, cats were

spinalized at the thoracic level and then began a training regimen (for 30-60 min per day) of walking

with their hindlimbs and with weight support, at the same time that they were electrically stimulated

in the perineum. The result was that the cats’ locomotion improved over days and weeks, that they

walked faster and for longer periods and that eventually they did not need weight support or electrical

stimulation to do so. This work was extended using rats, showing that Electromyography (EMG)

measures from tibialis anterior and soleus muscles follow patterns of activity during the stance and

drag phases after training that are similar to those found prior to injury (Thompson et al., 2009b).

The third body of evidence comes from very recent studies developing methods for inducing

spinal cord plasticity by means of pharmacological and molecular interventions to facilitate axon

regrowth, to replace lost neurones and to reestablish synaptic connections (see (Fouad et al., 2011;

Marsh et al., 2011) for reviews). The rationale beyond these interventions is to suppress the effects

of inhibitory peptides such as chondroitin sulphate (CSPG), neurite outgrowth inhibitor protein A

(NogoA), semaphorins and other proteoglycans, which are generated after SCI at the injury site and

which inhibit axonal regeneration or/and axonal growth. For example, the enzyme chondroitinase
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ABC (ChABC) has been used to promote long distance regrowth of CNS axons across the lesion site by

breaking down CSPGs (Moon et al., 2006). The administration of the enzyme chondroitinase (cABC),

which overcomes the inhibitory effects of NogoA, promotes axonal regeneration and functional

recovery of motor and bladder function (Barritt et al., 2006). Also, neurotrophic growth factors such

as brain-derived neurotrophic factor (BDNF) and neurotrophin 3 (NT-3) promote plasticity in the

spinal cord and brain (Zhou and Shine, 2003). Other promising interventions include implantation

of cells derived from the fetal spinal cord, radiation aimed at the lesion site and transplantation of

olfactory ensheathing glia (OEG) into a lesion site after SCI (Marsh et al., 2011). It is possible that

these methods that enhance plasticity might be combined with traditional rehabilitation therapies to

develop new treatment strategies.

The fourth body of evidence comes from the recognition of the fact that perinatal spinal cord

plasticity is responsible for the acquisition of basic behaviours such as locomotion and withdrawal

from pain, and that normal adult reflex patterns are shaped by descending input during the first

years of life. This phenomenon was demonstrated in a 1999 study by Levinsson et al. (1999). In this

study, three groups of rats (normal neonatal rats, normal adult rats and adult rats with spinal cords

transected just after birth) were given nociceptive stimulation. In normal adult rats, the painful

stimulus excited the appropriate muscles to withdraw the limb from the painful stimulus. In contrast,

the painful stimulus often produced inappropriate muscle contractions in normal neonatal rats,

resulting in limb movement toward the painful stimulus. The adult rats with spinal cords transected

just after birth showed a pattern similar to that of the neonatal rats. This finding demonstrates that the

removal of descending input (by spinal cord transection just after birth) prevents the development

of the adult withdrawal pattern. Analogous effects on locomotion patterns are observed in humans

with cerebral palsy (CP) as a result of the perinatal supraspinal lesions associated with CP (Myklebust

et al., 1986). In normal infants, muscle stretch produces stretch reflexes not only in the stretched

muscles but also in their antagonist’s muscles. The latter stretch reflexes normally disappear during

childhood development to produce normal adult reflex patterns. However, antagonist reflexes persist

in adults with CP presumably because the descending input responsible for the development of

normal adult reflexes has been removed due to the perinatal supraspinal injury associated with CP.

This phenomenon contributes to the motor disability of people with CP, which might be improved by

guiding spinal cord plasticity during childhood.

The fifth body of evidence for spinal cord plasticity comes from the observation that acquisition

of motor skills in adults is associated with changes in spinal reflexes. The spinal reflexes most studied

are the spinal stretch reflex (SSR) and the H-reflex (see (Wolpaw, 2010) for a review). In a 1993 study

by Nielsen et al. (Nielsen et al., 1993), examining the soleus muscle H-reflexes of four groups of people

(sedentary, moderately active, extremely active and professional ballet dancers), H-reflexes were

larger in the moderately active subjects than in the sedentary subjects and even larger in extremely
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active subjects. However, the H-reflex was lowest in the dancers, even though they were the most

active group. The authors suggest that the dancers’ decreased reflexes probably contribute to their

ability to maintain the muscle co-activations needed for acquisition of this athletic skill. It can be

further hypothesised that the induced plasticity in spinal reflex pathways may predict the success of

rehabilitation treatments in restoring function after stroke or other neurological disorders.

The sixth source of evidence is that humans, monkeys, rats and mice can change spinal reflex

pathways by means of an operant conditioning protocol (Wolpaw, 2010). The reflex-conditioning

protocol induces the plasticity in the spinal cord that gradually changes the amplitude of the reflex

(larger or smaller) as a result of the operant conditioning; at the same time, synaptic inputs and

intrinsic properties (such as firing threshold and axonal conduction velocity) of the motor neuron

also change (Carp et al., 2001). Of great interest for locomotor rehabilitation is the observation that

appropriate reflex conditioning can improve locomotion after spinal cord injuries in both rats and

humans (Carp et al., 2001; Thompson et al., 2013). In these and other studies by this group, the

behavioural effect of training was found to depend on multi-site plasticity. At the same time, the

acquisition of the simple new skill (higher or lower H-reflex) also produces compensatory plasticity

to preserve old behaviours (Chen et al., 2011).

Taken together, these data provide evidence of activity-dependent SC plasticity. This plasticity

might be used as the basis for the development of new and effective therapies for people with SCI

or other disorders of the central nervous system. In addition to the potential therapeutic benefits,

a better understanding of spinal cord plasticity is also of interest in modeling the more complex

processes of the CNS because of the spinal cord’s relative simplicity (i.e., its major cell types and

pathways are well known) and because of its accessibility to monitoring, to direct excitation and

to short- or long-term interruption of connection with the brain. Thus, a better understanding of

spinal cord plasticity could help define mechanisms and principles of plasticity that are likely to

apply throughout the CNS.

1.4 Traditional approaches to rehabilitation after SCI

As seen, SCI-related dysfunctions affect multiple body systems, ranging from body movements

to involuntary systems as the cardiovascular and gastrointestinal systems. Many SCI-related dysfunc-

tions, such as spasms, spasticity or neurologic pain, are caused by processes of maladaptive spinal

plasticity (Ferguson et al., 2012), an effect of the reduced influence of the brain on SC functions (Ding

et al., 2005).

In addition to traditional physical and occupational therapy, the most accepted approaches over

the past few decades for the rehabilitation of SC function were based on the functional training of a
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patient to recover his function-specific spinal cord activation patterns. Current gait-rehabilitation

strategies are based on a large body of evidence demonstrating that the adult mammalian spinal

cord has a remarkable capacity for activity-dependent plasticity when trained to walk on a treadmill

(Behrman et al., 2006). Over the past 30 years, the impact of treadmill walking on locomotion has

been widely studied in animal models of SCI (Hodgson et al., 1994; Lovely et al., 1986; Rossignol

et al., 2006) and in people with SCI (Abel et al., 2002; Dietz and Harkema, 2004; Hubli and Dietz, 2013;

Lam et al., 2007; Marsh et al., 2011). Locomotion in spinalized cats following treadmill training has

been shown to be comparable to that in healthy cats and superior to that in spinalized cats without

training (Bélanger et al., 1996; De Leon et al., 1998). Comparable treadmill training in humans with

complete or incomplete SCI has also been evaluated (Dietz, 1997; Field-Fote, 2000; Field-Fote and

Roach, 2011; Harkema and Hurley, 1997; Wernig, 2006; Wernig et al., 1998). Both in animal models

and in humans with SCI, treadmill training-dependent improvement after the lesion persists over

subsequent months and appears to mainly be due to activity-dependent plasticity in the SC (Dunlop,

2008; Goldshmit and Lythgo, 2008; Wolpaw, 2007; Wolpaw and Tennissen, 2001). This conclusion is

based on the induced synchronized patterns of afferent, efferent and interneuronal activity produced

during locomotor training (Dunlop, 2008; Knikou, 2012; Rossignol, 2006).

These traditional approaches to rehabilitation after SCI might be improved with the use of other

complementary technologies such as advanced neurorobotic or neuroprosthetic systems. Current

therapies may have the potential to include complementary methods that target changes to specific

neural pathways. Such targeted neuromodulation requires determining the properties of the impaired

state and the desired neural changes that will produce improvement in the functional outcome of

the person with spinal cord damage. However, these methods cannot be defined without previously

introducing some concepts related to the plastic behaviour of the SC.

1.5 Neurophysiological basis for motor control neuromodulation

During the past several decades, an increasing number of studies have demonstrated unequivo-

cally that changes in the SC and the corticospinal tract (CST) can occur throughout life as a result of

normal development of the individual, in the process of learning new behaviors or following an injury

(Martin et al., 1980; Myklebust et al., 1982; Wolpaw, 2007). Several studies have described significant

differences in the pattern and strengths of corticospinal and spinal connections during post-natal

development and in maturity (Leonard et al., 1995; Martin, 2005). Development encompasses impor-

tant changes in spinal connections including elimination of transient terminations and growth to

new targets. This refinement in the spinal neural connections is driven by supraspinal descending

activity and by afferent feedback arising from sensory receptors located in the limbs (Martin, 2005;

Wolpaw, 2007). The motor control functions of the corticospinal system are not expressed until the

development of connectional specificity with spinal cord neurons and the formation of the cortical
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motor map is complete. This is especially significant in humans, where only reduced motor capacities

in the SC are present immediately after birth in order to carry out the most basic survival behaviours

(e.g., flexion withdrawal and feeding-related behaviours) (Muir, 2000).

In the adult, SC plasticity has also been demonstrated during learning and acquisition of new

motor skills (Makihara et al., 2012; Martin, 2005; Thompson et al., 2009a; Wolpaw, 2012). For example,

professional ballet dancers have smaller soleus H-reflexes (muscles’ reaction to stimulation of the

sensory fibres) than those in non-dancers or even other elite athletes, suggesting an increased cortical

control of lower-limb muscles in the former group (Nielsen et al., 1993). Adult SC plasticity is also seen

in the progressive adaptation of the soleus H-reflex in healthy subjects as a result of daily training of

a non-automated motor task such as backward walking (Schneider and Capaday, 2003), or in the

decrease of soleus H-reflex amplitude associated with skill acquisition in a cycling task with sudden

impedance perturbations (Mazzocchio et al., 2006). Since H-reflexes are largely monosynaptic and

are spinally mediated, the changes observed in these studies appear to represent plasticity within the

SC.

Finally, long-term plastic changes in the SC also occur as a result of injury or disease. It is well

established that the damage or alteration of supraspinal descending modulatory activity due to a SC

injury or disease in the mature individual often causes maladaptive changes leading to increased

reflexes, appearance of mass reflexes and spasticity (Edgerton et al., 2004; Hiersemenzel et al., 2000;

Rossignol and Frigon, 2011; Wolpaw, 2012).

All this evidence of a spatially and temporally distributed plasticity in the CNS indicates that

the SC plays a more complex role than traditionally thought. Rather than operating as a hard-

wired executor of descending influence from the brain, the SC is capable of task-induced plasticity.

Wolpaw (Wolpaw, 2010) describes a state of negotiated equilibrium in which the SC and supraspinal

descending activity maintain spinal neurons and synapses in a state that successfully serves all the

incorporated behaviours. Learning new skills (i.e., new SC behaviours) implies the incorporation

of finely tuned muscle contractions in response to concurrent sensory inputs. As described by

Wolpaw and colleagues (Thompson et al., 2013; Wolpaw, 2010), this process involves the modulation

of supraspinal signals descending from the brain, to adjust spinal pathways to a constantly and

reiteratively revised state of negotiated equilibrium that accommodates newly acquired skills and

those learned previously. For this to happen, ubiquitous activity-dependent plasticity in the CNS is

essential (Wolpaw and Tennissen, 2001).

The study of the mechanisms of SC plasticity offers unique opportunities to answer basic neu-

rological questions regarding behaviour, learning and the consequences of injury, and at the same

time offers new opportunities for rehabilitation after injury in humans. The principal advantage of
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focusing on the SC to study plasticity in the CNS is the relative simplicity of its structure and be-

haviours (especially in the case of spinal reflexes) and the methods available to access and condition

them either through multisensory afferents or through descending pathways. Plasticity produced by

sensory inputs in the isolated spinal cord has been shown to produce short- and long-term effects

(for a review see (Wolpaw and Tennissen, 2001)). Thus both changes in simple reflex arcs (e.g. flexion

withdrawal reflexes and proprioceptive reflexes) (Lloyd, 1949), as well as in functional tasks such as

by training spinalized animals on a treadmill (Bélanger et al., 1996; Shurrager and Dykman, 1951),

have been revealed.

Since the SC connects directly to motor behaviour, it is easier to link learning processes with

visible behavioural changes. The study of SC plasticity is also of significant clinical relevance. The

impact of lesions at different levels of the neural system may severely impair functionally relevant

capacities such as locomotion. The appropriate engagement and guidance of spinal cord plasticity

could play a major role in restoring useful function after spinal cord injuries, stroke or other trauma

or disease.

The SC integrates nondeclarative memory (Squire, 2004) (i.e., memory that does not require

conscious thought). In particular, four principal learning mechanisms can be identified, which are

at the basis of the currently available spinal neuromodulation protocols: habituation, sensitization,

classical conditioning and operant/instrumental conditioning. Since these capacities are intrinsic to

the SC, we present here some examples studied in the isolated SC, where supraspinal input is absent.

When the SC is not in complete isolation, the conditioning input may originate from the brain and

additionally the brain will be influenced by afferents from the lower structures.

1.5.1 Habituation

Habituation is one of the simplest form of learning and is considered a prerequisite for more

complex behaviours. Habituation is defined as a behavioural response decrement that results from

repeated stimulation and does not involve sensory adaptation/sensory fatigue or motor fatigue

(Rankin et al., 2009). Due to this mechanism, non-relevant stimuli are filtered out, allowing the CNS

to focus on the important ones (Rankin et al., 2009). The first observations of the phenomenon of

habituation in the SC of spinally transected dogs (Sherrington, 1906), cats (Durkovic, 1975; Thompson

and Spencer, 1966) and rats (Prosser and Hunter, 1936) indicated that the SC could learn from

repeated activity and demonstrated a form of spinal memory that manifested itself behaviourally. The

absence of observable sensory receptor adaptation in the periphery, or changes in the neuromuscular

junction, suggested that the memory for stimulus training history resided in spinal interneuronal

synapses (Ferguson et al., 2012).

Habituation effects are stronger if the conditioning stimulation is delivered with constant and
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moderate intensity (Dimitrijevic et al., 1972) and at fixed frequencies (Groves et al., 1969). Despite ex-

tensive study of the effects of habituation on the SC, the neural mechanisms driving this phenomenon

are still not completely understood (Rankin et al., 2009).

1.5.2 Sensitization

In contrast to habituation, exposure to a single intense or noxious stimulus has the capacity to in-

crease subsequent responsiveness to a variety of inputs. This is known as sensitization (Baranauskas

and Nistri, 1998). Sensitization is an essential warning mechanism that helps protect an organism

from environmental dangers. It manifests itself both in the peripheral and central nervous systems.

Sensitization is the reduction in threshold and increase in responsiveness of the peripheral ends of

nociceptor neurons that occurs when these are exposed to inflammatory mediators or damaged

tissues (Latremoliere and Woolf, 2009). Central sensitization is an enhancement in the functional

status of neurons and circuits caused by increases in membrane excitability, synaptic efficacy, or a

reduced inhibition. The net effect is a state of facilitation, potentiation or amplification in which

previously subthreshold inputs generate exaggerated neural output (Latremoliere and Woolf, 2009).

Sensitization may produce increased spontaneous activity, a reduction in the threshold for activation

by peripheral stimuli and increased responses to suprathreshold stimulation. Moreover, sensitized

cells may also increase sensitivity to neural inputs which normally are not considered part of the

neuron’s receptive field. For example, when central sensitization is observed in nociceptive path-

ways, spinal neurons can become sensitive to input such as large low-threshold mechanoreceptor

myelinated fibers to produce Aβ fiber-mediated pain (Woolf, 2011).

In the presence of prolonged nociceptive stimulation, for example after an injury, peripheral and

central sensitization produce pain hypersensitivity, a defense mechanism to protect the damaged

tissue. This effect may last even when the tissue is healed, in the form of neuropathic pain. This type of

pain represents an obstacle to rehabilitation and a form of maladaptive plasticity that reduces spinal

learning (Ferguson et al., 2012). Descending brain pathways can exert a protective effect limiting

central sensitization (Grau et al., 2012). However, the alteration or interruption of supraspinal input

following SCI leaves SC plasticity uncontrolled and often leads to the manifestation of neuropathic

pain (Latremoliere and Woolf, 2009).

1.5.3 Classical conditioning

Spinal neurons are responsive to classical (Pavlovian) conditioning protocols. In classical con-

ditioning, after the repeated paired delivery of a conditioned (CS) and an unconditioned stimulus

(US), the relationship between the two stimuli is encoded and learned by the spinal interneurons.

For example in an isolated spinal cord, when weak thigh stimulation (CS) and strong plantar foot

stimulation (US) are presented in paired succession, the thigh stimulation ends by modulating the

flexion withdrawal reflex (Fitzgerald and Thompson, 1967).

18



1.5. Neurophysiological basis for motor control neuromodulation

Simple hind-limb motor responses to cutaneous or electrical stimulation are enhanced in animals

with completely transected spinal cords, for example in spinalized cats with the modulation of flexion

reflex by pairing saphenous nerve stimulation (CS) with superficial peroneal nerve stimulation (US)

(Durkovic, 1985; Hoover and Durkovic, 1989), by stimulating superficial peroneal sensory nerve (CS)

with a stronger electrical stimulus to the ankle skin (US) of the same leg (Beggs et al., 1983), or in

spinal dogs when mechanical or electric stimulation of the tail is combined with shock to the left

hind paw (Shurrager and Culler, 1940).

1.5.4 Operant conditioning

Instrumental conditioning, also known as operant conditioning, is a more sophisticated form

of learning than those discussed thus far. It requires the acquisition of a behaviour in response

to a conditioning stimulus. Evidence that the isolated SC is sensitive to operant conditioning was

provided by Crown et al. (2002) and Jindrich et al. (2009) by training spinally transected rats with a

paradigm that consists in the delivery of a nociceptive stimulation on the hind paw, when the leg was

fully extended. After the training, the rats learned to maintain their leg in a flexed position, displaying

an increase in the duration of a flexion reflex response that minimizes net shock exposure (Crown

et al., 2002). The same effect was not present if the SC was anesthetized with lidocaine, or if a lesion

in the sciatic nerve prevented the afferent information from reaching the SC, indicating that the

process of acquisition of an operant response depends on spinal cord neurons (Crown et al., 2002).

The characteristics of the conditioning stimulus are critical for learning to occur, in particular the

intensity of the stimulation and the accuracy in the instant of delivery. Grau et al. (1998) showed that if

stimulus intensity is too weak, habituation takes place and the stimulus is ignored, but if the stimulus

is intense, a strong impulsive reaction takes place, which manifests mechanically without showing

evidence of an underlying learning process. With regard to the stimulation accuracy, Ferguson

et al. (2006) found that their learning protocol was not effective if the stimulation was not delivered

immediately after the leg reached the target position (controllable stimulation). It was also shown

that the ability of the SC to learn the new behaviour can be temporarily disabled for 24-48 hours, and

impaired for six weeks, after six minutes of stimulation to the leg, when the stimuli were provided

regardless of limb position (uncontrollable stimulation) (Ferguson et al., 2012). It has been proposed

that the uncontrollable stimulation may have promoted central sensitization, which was responsible

for the spinal learning deficit, inhibiting the adaptive spinal plasticity promoted during the delivery

of timely accurate (controllable) stimulations (Ferguson et al., 2012).

It has been suggested that adaptive plasticity mechanisms similar to the ones generated by

operant learning may explain the improvements in functional walking, muscle strength and the

coordination observed in commercially available foot drop devices (Hook and Grau, 2007). These

devices usually rely on external sensors (heel switch or built-in sensors) to trigger the onset of
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electrical stimulation to the ankle’s flexors to elicit flexion during the swing phase of the gait cycle.

In this paradigm, the stimulation is controllable and predictable for the SC and it may promote the

adaptive flexion behaviour in order to avoid the electrical stimulus (Grau et al., 2012; Hook and Grau,

2007). As for foot drop devices, the learning clues on adaptive and maladaptive plasticity provided by

operant conditioning paradigms may be applied to a broader set of available rehabilitation therapies,

to improve adaptive plasticity and reduce the chances of impaired learning from central sensitization

(Ferguson et al., 2012; Grau, 2014; Grau et al., 2012).

1.6 Targeted Modulation for motor recovery

The accessibility and relative simplicity of the SC make it a suitable locus for targeting and

precisely changing specific neural pathways that improve motor function in people with SC injury.

Targeted modulation of SC networks can shift SC structure and function from a malfunctioning

established equilibrium to a new more functional one, for example limiting maladaptive plasticity

effects.

Since these neural rehabilitation strategies can target particular spinal pathways and can either

weaken or strengthen the activity of these pathways, these modulation protocols can be designed to

focus on each patient’s specific deficits and needs (Thompson and Wolpaw, 2015). This flexibility

and specificity are distinctive and desirable features of this new therapeutic approach and they

distinguish it from less focused interventions such as treatment with botulinum toxin or baclofen,

drugs which simply weaken muscles or reflexes and may have undesirable side effects (Thomas and

Simpson, 2012; Ward, 2008).

This section presents two different approaches to facilitate spinal cord rehabilitation based on

targeted modulation of specific and functionally relevant spinal behaviours. First, it reviews the main

alternatives proposed for the modulation of spinal structures based on the induction of peripheral

stimuli. Then, it describes a set of studies demonstrating functionally relevant, activity-dependent

spinal cord changes that are modulated by descending activity from the brain.

1.6.1 Peripheral Modulation

The finding that animals with complete SCI can relearn to walk after intense treadmill training

demonstrates the intrinsic capacity of the SC to integrate incoming proprioceptive and/or cuta-

neous information, interpret it and respond with a functional motor output (Behrman et al., 2006).

Successful afferent inputs can be proprioception, lengthening of muscle, cutaneous feedback, or

load. Peripheral modulation protocols are designed to modulate SC neural circuits without directly

stimulating the brain cortex. In the following text, some examples of the most promising approaches

are presented.
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Stimulation of cutaneous afferent pathways

Afferent input plays an important role in rehabilitation after SCI. For people with SCI, locomotor

training is based on providing sensory cues consistent with normal walking, especially from lower

limb stretch- and load-sensitive mechanoreceptors (Harkema, 2001), although a plethora of other

inputs are also activated during the exercise (Rossignol et al., 2006). In this context, of particular

interest are cutaneous mechanoreceptors from plantar foot afferents because of their accessibility

and simple integration with the functional task.

Plantar cutaneous feedback contributes to maintaining balance and ensuring a stable walking

pattern throughout the step cycle (McCrea, 2001; Panek et al., 2014). This has been shown in animal

models, of cats (Côté et al., 2004) and rats (Smith et al., 2006). In cats, the loss of cutaneous input

does not produce a strong effect on stable walking. Sherrington (1910) observed that, after complete

cutaneous denervation of the hindlimbs, cats were still able to walk in a pattern similar to that

in intact cats. Using gait analyses instrumentation, subsequent studies detected small changes in

limb kinematics and muscle activity (Duysens and Stein, 1978). However, in challenging walking

conditions, such as ladder or incline walking, or when lateral stability was compromised by unex-

pected perturbations, the kinematics and locomotor muscle activity were significantly modified,

with compromised stability (Bolton and Misiaszek, 2009; Bouyer and Rossignol, 2003a). Walking

disruption was even more evident in spinalized cats, suggesting that the remaining intact input of

muscles, joints and other receptors was not sufficient in these animals to compensate for the loss

of cutaneous information (Bouyer and Rossignol, 2003b). In rats, which are plantigrade animals as

are humans, the elimination of cutaneous input by hypothermic anaesthesia modified hindlimb

kinematics to produce less efficient locomotion, with a larger ankle and hip excursion and decreased

distance between the hip and the ground, leading to a significant functional deficit (Varejão et al.,

2007).

As in the animal models, in humans information from plantar cutaneous afferents plays an

important role in postural and walking stabilization. These have been shown to determine postural

responses in ankle muscles, to stabilize stance and gait (Aniss et al., 1992; Panek et al., 2014; Ting and

Macpherson, 2004; Zehr et al., 1998). For example, after a temporary plantar desensitization, motor

activity and ground reaction forces during a balance recovery task were reduced (Taylor et al., 2004;

Thoumie and Do, 1996) and postural adjustments prior to step initiation were compromised in a way

that could not be compensated by other inputs (Lin and Yang, 2011).

Furthermore, Zehr et al. (1997) found that in humans, electrical stimulation of plantar cutaneous

afferents during walking generates withdrawal responses during swing and stabilizing responses dur-

ing stance; this phase-dependent behaviour indicates an integration of cutaneous afferent feedback

into spinal locomotor networks. In fact, the contribution of plantar afferent feedback to locomotion
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is not limited to reactive responses: it extends from the modulation of spinal reflex excitability (Fung

and Barbeau, 1994) to the selection of motor patterns and the alterations of central pattern generator

(CPG) frequency (Rossignol et al., 2006).

After SCI, the loss of descending input from supraspinal structures increases the importance of

sensory feedback from the periphery (Martinez et al., 2009). The processing of sensory input within

the SC is altered (Frigon and Rossignol, 2006) and considerable changes in reflex pathways develop

over time as a consequence of the injury (Côté et al., 2003, 2004). Locomotor training after SCI is

based on the fact that appropriate peripheral sensory input can reactivate and reorganize the spinal

locomotor circuitry (Rossignol and Frigon, 2011).

Critical input comes from proprioceptive signals from the muscles. For example, in incomplete

SCI rats, locomotion rehabilitation based on swimming training improves locomotion (Smith et al.,

2006). However, the therapy is more effective when swimming is potentiated by cutaneous feedback

provided by a matrix of buoyant tubes suspended from the bottom of the pool (Smith et al., 2006).

A similar result was previously observed by Muir and Steeves (1995), using the same protocol to

rehabilitate locomotion of hemisected chicks. In this case, the phasic feedback from cutaneous

plantar receptors was sufficient to permanently increase limb extension during swimming.

Cutaneous input is also critical for the recovery of stepping during walking training on a treadmill.

For example, in cats, the chemical deactivation of the nerves from the low-threshold mechanorecep-

tors of the hind paws consistently decreased coordination between forelimbs and hind limbs and

between left and right legs, reducing walking stability and efficiency (Slawinska et al., 2012).

In humans, some neuromodulation protocols already take advantage of the strong interaction

between feedback from plantar cutaneous afferents and spinal locomotor circuits, to restore a

pathological or absent phase-dependent H-reflex modulation pattern or stimulate plastic changes to

CNS microcircuits following injury (Panek et al., 2014). For example, Fung and Barbeau (1994) applied

electrical impulses to the sole of the foot to decrease the soleus H-reflex, showing that it is possible to

modulate this reflex in both neurologically intact subjects and in subjects with SCI during walking

and standing. These results were extended by Knikou (2010), who used electrical stimuli to enhance

sensory feedback during walking in subjects with SCI, producing phase-dependent normalization of

H-reflex and tibialis anterior flexion reflexes.

Electrical Spinal Cord Stimulation

Electrical Spinal Cord Stimulation (SCS) is an invasive neuromodulation technique that en-

tails the application of minute electrical impulses to the spinal cord to modulate segmental spinal

and/or brain stem/spinal pathways. These techniques have been used to treat motor dysfunction
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associated with several degenerative diseases of the CNS and has been shown to improve a wide

range of functions including motor function, posture, walking and bladder control (Compton et al.,

2012; Waltz et al., 1987). SCS may be applied by epidural electrical stimulation (EES) or intraspinal

microstimulation (ISMS).

EES is applied to the dorsal surface of the spinal cord by surgically implanted electrodes, to

activate the dorsal root entry zones or dorsal columns. Its principal use has been for the treatment of

neurologic pain (Aló et al., 2002; Colombo et al., 2015; Kumar et al., 1991, 1998; Turner et al., 2004).

However, when applied in association with partial body-weight support training, it has the potential

to initiate and sustain locomotion in people with chronic iSCI, even in cases where partial body

weight support alone was not able to achieve functional over-ground ambulation (Carhart et al.,

2004; Herman et al., 2002).

EES, in combination with physical therapy, has also been used in individuals with chronic

complete SCI. For example, Angeli et al. (2014) showed that four subjects with complete SCI (AIS

A or B) were able to recover voluntary movement soon after the implantation of the stimulation

device and their condition improved progressively in the following months with the combination of

EES and body weight supported standing exercises or manual therapist-assisted locomotor training

on a treadmill (Angeli et al., 2014; Harkema et al., 2011). The same therapies performed before the

implantation of the EES device were not able to produce functional recovery in these patients.

Together, these results suggest that EES’s effect on the spinal pathways may enhance the central

excitatory drive to the motor neurons; at the same time, task-specific training may promote force

generation and accuracy (Angeli et al., 2014). In addition, the fact that stimulating specific SC regions

(L2 in humans, L5 in cats and between L2 and S1 in rats (Gerasimenko et al., 2008)) can induce or

facilitate stepping, has been attributed to the activation of central pattern generators circuits (CPG) in

the SC, i.e., neural circuits that generate coordinated alternating flexor-extensor neuromotor patterns

in the absence of supraspinal or sensory modulation (Fong et al., 2009). Nevertheless, it has not yet

been shown whether muscle activity generated with EES will be sufficient in individuals with SCI to

support the body during stepping and what the long-term effects of such a treatment will be (Dietz

and Fouad, 2014).

A similar and more invasive technique is ISMS (Mondello et al., 2014). In this method, arrays of

microwire electrodes are implanted in the spinal cord to target the intermediate and ventral gray

matter for activation of local circuits. ISMS potential for rehabilitation comes from its capacity to

evoke, in the isolated SC, specific functional movements in the hindlimbs and forelimbs. This effect

depends on the level and characteristics of the stimulation. For example, standing and stepping

movements can be evoked by the application of ISMS to the lumbar SC in spinalized cats (Barthélemy
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et al., 2007; Guevremont et al., 2006; Mushahwar and Aoyagi, 2004), while forelimb movements can

be evoked when ISMS is delivered to the cervical spinal cord in non-human primates (Moritz and

Lucas, 2007; Zimmermann et al., 2011).

Since these SCS techniques require the use of implanted electrodes near to (EES) or within (ISMS)

the CNS, complications may arise during and after the surgical implantation (Compton et al., 2012).

Principal intra-operatory complications include direct damage to the neuraxial structures and risks

associated with the anaesthesia and surgery; in the post-operatory interval, principal risks include

pain, seroma, lead migration and hardware failure, and infections (Compton et al., 2012; Kemler and

Vet, 2004; Turner et al., 2004).

A recent review of documented cases of EES stimulation provided an estimation of the risk of

complication associated with EES (Mekhail et al., 2011). Of the 787 patients considered in the review,

those who were initially submitted to the EES initial trial lead placement, 11% reported emergence

of pain at the stimulation site and 4.5% developed documented infections. After the test phase, 200

patients were excluded from the pulse generator implant, with an average implant-to-trial ratio of

75%. For 38.1% of the remaining 512 patients who were implanted with the stimulator, hardware

related complications (lead migration, lead connection failure and lead breakage) occurred.

ISMS has not yet been tested in humans. The principal challenges of ISMS relate to the safety

and durability of the implanted electrodes, since adverse tissue responses are still common following

implantation of currently available electrodes within the CNS (Merrill, 2014).

Electrochemical Spinal Cord Stimulation

Pharmacological treatments have also shown potential for activating locomotor circuits in rats

and mice (Antri et al., 2005; Landry et al., 2006). Thompson et al. (2009b) proposed an alternative

approach to neuromodulation by combining specific pharmacological and electrical stimulation

interventions, together with locomotor training (Thompson et al., 2009b; van den Brand et al., 2012).

Combining injection of serotonin antagonists (5HT1A/2/7), stimulation with EES and locomotor

gait training induced full weight bearing bipedal treadmill locomotion in complete SC-transected

rats. In other studies, (Borton et al., 2014; Wenger et al., 2014), it was shown that by automatically

modulating electrochemical stimulation parameters, it is possible with a closed-loop controller

to precisely control leg kinematics in rats during movement. This method allows the animals to

voluntarily initiate bipedal locomotion from a resting position, to walk for extended periods of time,

to pass obstacles and to climb a staircase. These results inspire hope for future neuroprosthetic

devices as well as for promoting recovery and motor function after severe lesions.

Electrical and pharmacological stimulation of spinal neural networks is still in an experimental
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stage. Despite promising results in animal models, further research is required before widespread

application of these techniques in humans will be possible. Principal concerns are the selection

of the appropriate neuromodulators to be used in humans (Domingo et al., 2012) and the timed

control of pharmacological and electrical stimulation. Moreover, in animals the techniques have

been applied only targeting the hindlimbs. In the future, refinement of animal studies may contribute

to greater translational success (Dietz and Fouad, 2014). Thus, the combination of pharmacological

and epidural stimulation to enhance motor function remains a promising research direction yet to

be fully explored.

1.6.2 Descending Modulation

As noted previously, supraspinal inputs to the spinal cord provide a continual flow of activity in a

variety of pathways (Wolpaw and Tennissen, 2001). This descending activity modulates the spinal

cord behaviour contributing to motor development in childhood and to learning new motor skills

later in life (Martin, 2005; Wolpaw, 2007).

Understanding the mechanisms of brain-modulated spinal cord plasticity and its interactions

with activity-dependent plasticity elsewhere in the CNS is important for explaining normal be-

haviours as well as the complex disabilities produced by neurological disorders and for proposing

new ways to induce spinal changes that will correct pathological motor behaviours. Over the past

several decades, a number of studies have been proposed (using sensitization, classical conditioning

and operant conditioning protocols among others) to induce plastic SC changes with supraspinal

structures having a relevant modulatory role. In some cases, as in the paired associative stimulation

paradigm initially proposed by Stefan et al. (2000) to facilitate cortico-muscular pathways (syn-

chronously stimulating the motor cortex and the peripheral nerves), it was first assumed that the

effects were circumscribed to cortical and subcortical regions. However, later studies demonstrated

additional changes in spinal structures (Meunier et al., 2007). Other experimental protocols have

been designed specifically to modify certain behaviours of the SC or alter the strength of corticospinal

connections (while also acknowledging plastic changes in other spinal and supraspinal areas). The

following text summarizes two specifically relevant lines of research in which supraspinal modula-

tory activity is used to induce spinal cord plasticity to improve motor function in individuals with

neurological damage such as that in SCI.

Operant Conditioning of Spinal Reflexes

Starting in the 1980’s (Wolpaw et al., 1983; Wolpaw and Herchenroder, 1990; Wolpaw et al.,

1989) and continuing to the present (Thompson et al., 2009a, 2013; Thompson and Wolpaw, 2015),

Wolpaw and colleagues have shown that descending supraspinal activity may be used to modulate

specific spinal behaviours. These studies involved the operant conditioning of spinal reflexes. In

the first studies, in monkeys, an operant conditioning protocol was used to train the animals to
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increase or inhibit their spinal stretch reflex or its electrical analogue, the H-reflex (Wolpaw et al.,

1983; Wolpaw and Herchenroder, 1990). The animals were rewarded if they changed the reflex

amplitude in the correct direction over 50 days. Approximately 80-90% of the test animals were able

to successfully modulate the reflex in the desired direction (Wolpaw et al., 1983). Changes were

observable immediately after onset of training and persisted even during inactive periods after

cessation of the reward protocol. The protocol had three key features. First, it required maintenance

of both a certain elbow angle and a certain level of biceps EMG activity as the animal opposed a

constant extension torque in order to generate a stimulus producing the reflex. Second, it based

reward on the size of the recorded reflex. Finally, the reward criterion (i.e., requiring successful up- or

down-conditioning in the animals) remained constant over days and weeks. In sum, the protocol was

designed to induce and maintain a long-term change in descending influence over the spinal arc of

the reflex and to thereby change the spinal cord. Subsequent studies in which the spinal stretch reflex

or H-reflex was conditioned in rats (Chen et al., 2011, 2006), mice (Carp et al., 2006) and humans

(Evatt et al., 1989; Segal and Wolf, 1994) confirmed the first results with monkeys and served to

further elucidate the anatomical, physiological and biochemical mechanisms of this conditioning

(see (Thompson and Wolpaw, 2015) for a review).

Interestingly, in rat studies (Chen et al., 2006), analysis of the effect of soleus H-reflex conditioning

on locomotor kinematics showed that successful conditioning in the intended direction of the reflex

produced changes not only in this reflex, but also in the kinematics of locomotion. However, the

changes did not alter key aspects of locomotion (such as gait speed, gait symmetry or step length)

but rather provoked compensatory changes in other pathways (i.e., the quadriceps reflex) (Chen

et al., 2011). These compensatory changes demonstrated the ubiquity of plastic changes in the SC

and how newly acquired behaviours can cohabitate with existing ones, leaving the latter unaffected

despite the change in the soleus reflex (Chen et al., 2011; Wolpaw, 2010). In addition, Chen et al.

(2006) found that rats with partial SCI undergoing soleus H-reflex up-conditioning could improve

locomotion parameters such as soleus burst and locomotion symmetry, providing the first evidence

of the potential functional impact of this kind of intervention.

The experimental accessibility of the SC, the relative simplicity of the conditioned reflex (largely

monosynaptic), the well-defined descending pathways from the brain and the direct association to a

specific observable behaviour, make H-reflex operant conditioning a unique tool for understanding

the basic mechanisms of spinal cord plasticity and how it changes behavior. Moreover, by taking

advantage of the targeted modulation of specific spinal pathways, it offers the possibility of new

approaches to neurorehabilitative intervention.

An adaptation of the stretch-reflex and H-reflex conditioning paradigm was also tested in humans

(Evatt et al., 1989; Thompson et al., 2009a). Whereas the animal studies included several thousand
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trials per day, 7 days per week, over 50 days of conditioning (Wolpaw et al., 1989), the humans

performed only 225 trials per one-hour session three times per week (Thompson et al., 2009a). For

the human studies, the electrodes used for stimulation and recording were placed on the skin rather

than implanted as in the animal studies. In the animal studies, the animals were rewarded with

food for correct performance; in the human studies, the subjects received visual feedback showing

performance on a computer display. In these human studies, a small number of trials at the beginning

of each session were acquired as control trials: in these trials the subject was not asked to change

the reflex and received no feedback (Thompson et al., 2009a). These control trials served to check

for changes occurring between different sessions, as well as estimating the modulation generated

within each session. As a result, it was observed that 70-90% of non-injured human subjects were

able to modify the conditioned reflex in the correct direction. Over 24 conditioning sessions H-reflex

size increased to an average of 140% of initial value in up-conditioned subjects and decreased to an

average of 69% in down-conditioned subjects. Reflex changes occurred in two phases: they began

(Phase 1) with a rapid small change, in the correct direction, that was attributable to rapid task-

dependent adaptations, and then (Phase 2), over days and weeks, changed gradually further in the

correct direction (long-term change) (Thompson et al., 2009a). Phase 1 appears to reflect rapid mode-

appropriate change in descending influence over the spinal arc of the reflex, while Phase 2 appears to

reflect gradual spinal cord plasticity produced by the chronic continuation of the descending input

responsible for Phase 1 (Thompson et al., 2009a). These bi-phasic results were consistent with the

animal studies previously performed by Wolpaw and O’Keefe (1984).

A more recent study was carried out in people with iSCI (Thompson et al., 2013). The experimental

procedure was similar to the one with healthy subjects. Success rate and magnitude of reflex change

were comparable to those in people with intact SC. As in the previously cited studies of locomotion

in rats, the comparison of functional capacities before and after the conditioning showed that

appropriate H-reflex conditioning (i.e., down-conditioning in this human study) was associated with

faster and more symmetrical locomotion. The improvement was evident both in quantitative testing

as well as reflected by the observations of the subjects, who spontaneously reported improvements

in walking speed, endurance and other aspects of motor function (e.g., balance). Interestingly, the

subjects with SCI showed long-term H-reflex changes that were greater than the changes observed in

healthy subjects (24% vs. 16%). In contrast, task-adaptation changes (i.e., reflex changes observed

within sessions but not maintained between consecutive sessions) were smaller in subjects with

SCI (7% vs. 15%). Another recent study (Manella et al., 2013) also found that appropriate H-reflex

conditioning had beneficial effects on locomotion in people with iSCI.

The smaller long-term changes in healthy subjects as compared to people with SCI suggests

that, in healthy subjects, H-reflex changes are mainly occurring during the experimental sessions.

That is, for healthy subjects, the H-reflex changes are unlikely to provide any beneficial effects
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in terms of functional outcomes outside the experimental sessions (in locomotion for example)

and they may even interfere with the already well-functioning circuits for locomotion and other

behaviours in the intact SC. Therefore, in these healthy subjects, over the conditioning sessions,

additional plasticity may occur to maintain SC equilibrium that ensures that locomotion and other

important behaviours are preserved . On the other hand, as was the case with the SC injured rats

(Chen et al., 2006), appropriate H-reflex conditioning in people with SCI led to improvements in

lower-limb functions (such as locomotion). Since the H-reflex change was beneficial, the SC retained

the neurophysiological change resulting from the experimental protocol. In other words, the injured

SC was guided towards a new and more optimal equilibrium (Thompson and Wolpaw, 2015; Wolpaw,

2010).

Taken together, these animal and human experiments indicate that reflex conditioning protocols

can improve recovery after chronic iSCI and possibly in other neurological and physical disorders.

Electrical Stimulation of the Motor Cortex

As previously described, plasticity in corticospinal pathways occurs during development of

mature motor function (Martin, 2005). Corticospinal descending axons (mostly from the motor

and somatosensory cortical areas) descend through the brainstem down to the spinal grey matter.

Corticospinal axon outgrowth and organization during development or after an injury are guided

by activity-dependent competition between descending axons (Martin et al., 2007; Martin and Lee,

1999). Based on this concept, J. H. Martin and colleagues proposed harnessing the activity-dependent

plasticity induced by electrical stimulation of the brain to promote a competitive advantage of

ipsilateral-spared corticospinal axons in the spinal cord after a neurological injury (Brus-Ramer

et al., 2007; Carmel et al., 2010). This idea originates from the observations of neural reorganization

occurring after injury, where spared corticospinal axons increase their synaptic connections with

neighbouring cells but often to a degree insufficient to restore motor function (Martin, 2005).

In these studies animal models of a lesion affecting the pyramidal tract were used to analyse

the effects of electrically stimulating spared corticospinal axons in the uninjured pyramidal tract

(Brus-Ramer et al., 2007; Carmel et al., 2010). The analyses focused on: 1) the influence of activity and

injury on the corticospinal plasticity, 2) whether continuous stimulation (6 hours/day over 10 days)

can promote the outgrowth of descending projections into the spinal cord; and 3) whether activity-

dependent plasticity combines with injury-driven sprouting of corticospinal axons to reinforce their

connections in the SC.

In one of the first of these studies (Brus-Ramer et al., 2007), the experimental rats were divided

into three groups: 1) animals with transected pyramidal tract, 2) animals undergoing electrical stimu-

lation and 3) animals with both pyramidal transection and electrical stimulation of the contralateral
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pyramidal tract. Results showed that an outgrowth of ipsilateral CS axons and stronger ipsilateral

motor responses were observed in group-1 (reducing the competitive activity from the transected

descending projection) and in group-2 (increasing the activity of ipsilateral corticospinal terminals).

Moreover, it was shown that the combination of injury and stimulation (group-3) produced the

strongest spinal connections and a shift of corticospinal terminations towards the ventral motor

areas of the spinal cord. Importantly, connections in the animals with injury and stimulation were

stronger than after injury alone. These results highlight the relevant interplay between injury and

activity in the spinal cord and suggests that electrical stimulation provides a competitive advantage

of the ipsilateral spared axons, which increased their activity ultimately leading to the development

of stronger connections (Brus-Ramer et al., 2007). Interestingly, ipsilateral motor responses generated

by stimulating the pyramidal tract were comparable to those generated by contralateral stimulation,

although the density of the contralateral axon terminations was much higher. Therefore, these re-

sults suggest that the increased ipsilateral response is mainly caused by an increase in the synaptic

strength.

Subsequent studies along these lines further confirmed the robust outgrowth and strengthening

of ipsilateral CST axon terminations to the impaired side of the spinal cord and demonstrated

functional improvements in injured rats that were stimulated (Carmel et al., 2013, 2014). Stimulated

rats showed full recovery of the affected motor function, and the recovery was maintained beyond

the intervention period (Carmel et al., 2010). Martin and colleagues also demonstrated that: 1)

electrical stimulation can promote recovery of motor function even when applied long after injury;

and 2) this recovery of motor control can be exerted from the ipsilateral motor cortex when the

contralateral cortex becomes nonfunctional. Comparable studies in humans are still required in

order to determine whether the uninjured motor cortex can be targeted for brain stimulation in

people with large unilateral CST lesions and whether this stimulation can improve motor recovery.

1.7 Targeted Modulation for restoring autonomic functions

The studies described in the previous sections indicate that there is a rich history of research

focusing on issues pertaining to gait function after SCI. However, SCI causes loss of other important

functions that are not always directly visible to others. These deficits include bladder, bowel, sexual

and sensory dysfunctions, as well as neuropathic pain and autonomic dysreflexia (malfunction of the

autonomic nervous system due to overstimulation after a SCI). A survey of people with SCI conducted

by Anderson (2004) showed that for people with SCI these functions were between patient’s top

priorities for functional restoration.

Improvement in autonomic functions can be addressed using electrical stimulation. The first

successful application of neuromodulation dates back to the experiments of Brindley (1974), who
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applied electrical currents in the sacral root area of a baboon with overactive bladder syndrome to

inhibit voiding reflexes (Brindley, 1974). Since then, neuromodulation has been increasingly used in

the treatment of bladder and bowel dysfunctions, and there has been interest in using it also for pain

relief (Siegel et al., 2001; Whitmore and Payne, 2003), as well as for the restoration of sexual function

(Jarrett et al., 2005; Pauls et al., 2007). In the present section, each of these areas will be reviewed, and

the neurophysiological processes underlying each function will be discussed.

1.7.1 Neuromodulation Treatment for Bladder and Bowel Dysfunction

Typical treatments for bladder and bowel dysfunction are primarily conservative and may in-

clude dietary and lifestyle advice, drug treatment and biofeedback. However, these treatments do

not guarantee symptom resolution and side effects from drug therapies might not be tolerated.

Although surgery is sometimes considered, it involves significant morbidity and its efficacy is variable

(Benevento and Sipski, 2002).

Neuromodulation is another approach that offers an alternative solution for bladder and bowel

dysfunctions when other approaches are not sufficient (Paris et al., 2011). Neuromodulation tech-

niques are minimally invasive. The two main categories of neuromodulation techniques are sacral

nerve stimulation (SNS) and percutaneous tibial nerve stimulation (PTNS). Low-level chronic elec-

trical stimulation (1-5 V, 1-20 Hz, pulse width 200-210 s ) is applied to spinal circuits to produce a

physiological response in the organ responsible for the impaired function (Banakhar et al., 2012; Brill

and Margolin, 2005).

1.7.1.1 Sacral nerve stimulation

Sacral nerve stimulation (SNS) can simultaneously influence the function of all the structures

involved in urinary and faecal continence and evacuation. SNS is used to treat urinary retention and

the symptoms of overactive bladder, including urinary urge incontinence and significant symptoms

of frequency. Current SNS therapy requires the implantation of a permanent electrode in the sacral

root at the S3 level and a pulse generator in the patient’s buttock (Lombardi and Del Popolo, 2009).

Medium- to long-term beneficial effects have resulted from SNS treatment of people with various

urinary tract symptoms (Lombardi and Del Popolo, 2009), faecal incontinence (Lombardi et al., 2010,

2011), or both (El-Gazzaz et al., 2009; Jarrett et al., 2004). Studies such as that by Lay and Das (2012)

suggest that SNS is successful for the treatment of overactive bladder for 70% of the patients with

the SNS implant. For faecal incontinence, the overall success rate is estimated to be 79% for patients

with a permanent SNS implant (Melenhorst et al., 2007).

Despite the clinical benefits, the precise mechanism of action of SNS is still uncertain and

involves mechanisms at both spinal and supraspinal levels (van der Pal et al., 2006). The influence on
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bladder functions seems related to the facilitation of sacral cord reflexes responsible for keeping the

afferent fibres silent during the filling phase (Mayer and Howard, 2008). In improving bowel function,

SNS appears to affect the somatic pudendal nerves and direct efferent nerves to the pelvic floor

muscles to improve external anal sphincter function (Kenefick, 2006). In addition to the achievement

of adequate sphincter functions, the efficacy of SNS for improving bowel function appears to be

due also to alterations in rectal sensation, colonic and rectal motor activity and stool consistency

(Melenhorst et al., 2007).

Side effects of SNS-based therapies (e.g., pain, lead migration and infection) are associated with

the implantation procedure and with acceptance of the implant by the body. They are reported to

occur in 3-16% of SNS implants (Hassouna et al., 2011; Siddiqui et al., 2010).

1.7.1.2 Percutaneous tibial nerve stimulation

Percutaneous tibial nerve stimulation (PTNS), or posterior tibial nerve stimulation, is a neuro-

modulation technique alternative to SNS, first developed and described in 1983 by McGuire and

colleagues (McGuire et al., 1983). PTNS is based on the same hypothesised mechanism of action than

SNS. However, instead of directly stimulating the spinal cord, PTNS takes advantage of a retrograde

pathway passing through the posterior tibial nerve that is accessed just above the ankle. The key

potential benefit of this approach is that it is less invasive and therefore entails fewer associated

clinical risks and lower costs.

Application of the PTNS device consists of the insertion of a fine needle next to the tibial nerve

and placement of a surface electrode on the foot (Vandoninck et al., 2003). The two electrodes are

then connected to an external low-voltage generator. The stimulation delivered to the tibial nerve

generates a retrograde stimulation of the sacral plexus, thus activating the same circuits as those

activated in SNS (Hotouras et al., 2012). The treatment protocol requires once- or twice-per-week

treatments for 6 to 12 weeks, for 30 minutes per session (Hotouras et al., 2012). People who respond to

treatment may require occasional follow-up treatments (i.e., about once every six months) to sustain

improvements (Hotouras et al., 2012). A recent literature review (Biemans and van Balken, 2012)

reports successful treatment of 36.7-80% of patients with bladder-related disorders and successful

treatment of 53% of patients with faecal incontinence. Although the estimates vary due to differences

in the evaluation scales used, studies generally agree that the method is highly successful Moossdorff-

Steinhauser and Berghmans (2013).

PTNS is considered a low-risk procedure. The most common side effects are temporary and

minor, resulting from the placement of the needle electrode: minor bleeding, mild pain and skin

inflammation Biemans and van Balken (2012). No serious side effects have been reported. It is thus

considered to be a safe, well-tolerated, minimally invasive procedure that appears to be effective in

31



Stefano Piazza

treating patients with urgency and mixed faecal incontinence.

1.7.2 Neuromodulation Treatment for Sexual Dysfunction

The impact of SCI on sexual function includes physical responses such as penile erection in

men or vaginal lubrication in women and subjective responses such as the sensation of pleasure.

Fertility may also be affected. The majority of men with SCI have poor sperm quality and ejaculatory

dysfunction, making sexual reproduction difficult or unlikely (Brackett et al., 1996). In contrast,

women affected by SCI are more likely to preserve their ability to conceive (Charlifue et al., 1992).

Treatments to recover sexual functions include pharmaceutical treatments, mechanical stimula-

tors and more invasive methods such as penile implants, prostheses, or use of a vacuum constriction

device. Kreuter and colleagues maintain that successful SCI rehabilitation of sexual function requires

a holistic approach, taking into account the patient’s physical, psychological and interpersonal cir-

cumstances as well (Kreuter et al., 2010). SNS appears to improve sexual function in people with SCI

(Gill et al., 2011). SNS has achieved significant clinical improvement in men with neurogenic erectile

dysfunction associated with urinary incontinence (Lombardi et al., 2008). Women receiving SNS

for urinary incontinence reported improvement in sexual function measured by a sexual-function

index of arousal and lubrication (Gill et al., 2011; Jarrett et al., 2005; Lombardi and Mondaini, 2008).

The mechanism by which these therapeutic effects are achieved is still unknown. Lombardi et al.

(2008) hypothesizes that the SNS may act directly on sexual function through the stimulation of the

pelvic and pudendal nerves, which innervate S3. The effect on the pudendal afferent pathways may

enhance a person’s consciousness and control of the pelvic floor, which leads to improvement of

both urinary functions and sexual function (Lombardi et al., 2008).

1.7.3 Neuromodulation Treatment for Pain

From its earliest applications in the treatment of bowel and bladder function, neuromodulation

techniques have evolved to increasingly address relief from neuropathic pain, chronic pelvic pain

and chronic pain from trauma to peripheral nerves (Aló et al., 2002; Feler et al., 2003; Mobbs et al.,

2007). The mechanism of action of spinal modulation for the control of pain is still not clear, but

it is assumed to be based on the gate-control theory of Melzack et al. (Melzack and Katz, 2004;

Melzack and Wall, 1967). A review by Mayer and Howard (2008) found that SNS produced significant

alleviation of pelvic pain, with over 50% improvement in most studies. A review by van Balken et al.

(2003) reports lesser but still significant results with the use of PTNS: greater than 50% pain reduction

in 21% of the study population (33 people) for chronic pelvic pain and more than 25% in reduction in

39% of the population. A study by Mobbs et al. (2007), taking into account multiple types of peripheral

nerve stimulation for upper and lower limbs, including PTNS, and using a larger study population

(n=175), presents more encouraging results: 61% of subjects reported greater than 50% relief from

chronic peripheral pain. Such results hold promise for improving long-term outcomes in pain relief,
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as well as for increasing the number of pain conditions that can be treated with neuromodulation

therapy (Kim et al., 2010).

1.8 Conclusion

The SC is a key component of the CNS. An insult to the SC results in a change, either temporary

or permanent, in the cord’s normal motor, sensory, or autonomic function. Patients with SCI usually

have permanent and often devastating neurologic deficits and disability.

Despite the historical reluctance to consider the SC a dynamic and learning entity in the nervous

system, the last decades have witnessed a marked increase in interest in studying it as a key element

in the rehabilitation of people with neurological damage. The SC has the ability to reorganise itself

based on afferent and supraspinal input and to learn new functions. Experiments with animal models

with transected SC confirmed this by showing that, despite the isolation, the SC is still capable of

adaptive plasticity and that it can support simple forms of learning, including stimulus learning

(habituation/sensitization), stimulus association (classical conditioning) and response-outcome

(instrumental/operant conditioning) learning.

The recent recognition of spinal cord plasticity and growing elucidation of its mechanisms now

make it possible to design new therapies based on the modulation of spinal cord function. Targeted

neuromodulation therapies aim to shape the neural response of the SC to specific inputs in the

direction of more functional behaviours. In fact, it has been shown that localised changes in the SC

can, in turn, result in a cascade of further distributed neurophysiological and functional changes

that have the potential to improve the basic voluntary and involuntary functions in subjects with

SCI. Several effective neuromodulation techniques are currently available for the rehabilitation of a

variety of functions ranging from the voluntary to the autonomic level.

However, the impact and dissemination of these targeted neuromodulation interventions in

the SC is still limited and further studies in this research field are therefore needed. In particular,

many neural mechanisms in the SC are still unknown or not completely explained. The complex

interactions between different spinal mechanisms at distributed SC levels should be modelled, as

well as their function in daily activities. Deeper knowledge regarding the precise temporal and spatial

properties of the changes occurring in the SC during acquisition of new behaviours will make it

possible to improve and optimise currently available targeted modulation interventions. In the route

towards this goal, an increasing number of novel protocols and therapies are expected to emerge,

targeting a wider number of functions, that will likely support and increase the effects of more

traditional rehabilitation strategies.
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Chapter 2

Motivation

Spinal cord injury (SCI) refers to a damage to the spinal cord resulting from trauma, disease

or degeneration. SCI consequences include disturbances to normal sensory, motor, or autonomic

functions of the subject and ultimately impacts a patient’s physical, psychological and social well-

being. On the society, SCI places a substantial financial burden on health care systems. Recent data

indicate a worldwide incidence between 10.4 and 83 per million inhabitants per year (Wyndaele

and Wyndaele, 2006), with between 9.2 and 23.5 new cases per million of inhabitants per year in

European countries (Lee et al., 2014; Singh et al., 2014), and a national prevalence estimated between

250 and 906 people per million (Singh et al., 2014). With the increase in life expectancy of SCI-injured

people, the prevalence of SCI is expected to show a growing trend in the years to come (Chamberlain

et al., 2015).

The principal aim of rehabilitation after SCI is to regain a better quality of life. To this extent,

recovery of walking is a high priority for subjects with SCI, irrespective of the characteristics of

the lesion and time of injury (Ditunno et al., 2008). To rehabilitate locomotion after SCI, a deep

understanding of the undergoing neural mechanisms leading to the emergence of functional walking

is needed.

Normally, locomotion emerges from the interaction between central descending signals, inter-

spinal networks activity (Central Pattern Generators, or CPG) and the modulation of muscles activity

to adapt to the specific requirements of the environment. The processing of afferent feedback (e.g.,

from cutaneous receptors, load receptors, muscle spindles, etc...), happening within the CPG and in

supraspinal centres, has a fundamental role in the regulation of locomotion (Rossignol et al., 2006).

After SCI, the depressed functional state of the spinal locomotor circuitries disrupts the spinal ability

to process sensorimotor information and impedes the production of functional locomotor patterns

(Harkema, 2008; Hubli and Dietz, 2013).
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Nevertheless, rather than being inactive, spontaneous neuronal plasticity can be observed after

SCI at the cortical and spinal levels (Jurkiewicz et al., 2007). This neuroplasticity can potentially be

exploited by rehabilitative interventions. However, if not redirected to a functional outcome, it may

also lead to maladaptive phenomena such as pain or inappropriate movement patterns (Dietz, 2010;

Hou et al., 2008; Hubli et al., 2011; Maegele et al., 2002; Thompson et al., 2009b).

To this account, performing functional exercises as overground assisted walking or body-weight

supported training is a common strategy to increase the activity of spinal locomotor circuits and

promote functional neuronal plasticity (Hubli and Dietz, 2013; Winchester et al., 2005). These effects

are attributed to the repetitive stimulation of specific motor pathways in combination with the

reception of an appropriate sensory feedback, during the execution of task-specific training (Cai

et al., 2006; Edgerton et al., 2008; Panek et al., 2014; Rossignol et al., 2006). In particular, the combined

activation of the sensory and motor systems helps to restore proper sensorimotor integration - the

coupling between the sensory and motor systems - that may be lost after SCI (Abbruzzese and

Berardelli, 2003). For instance, Hutchinson et al. (2004) compared the effects of standing training

(prevalently activating the sensory system), swimming training (prevalently activating the motor

system) and treadmill training (activating both the motor and sensory systems) on spinalized rats who

developed allodynia, a painful response to normally non-noxious stimuli. Of the three exercises, only

treadmill training restored normal sensation in the animals, showing that the combined contribute of

both sensory and motor system is fundamental for training sensorimotor integration. Unfortunately,

currently available upstanding locomotor therapies are tiring for the patient and require the constant

supervision of an external assistant. These factors are limiting the dosage of therapy that a patient

can receive, which is a key parameter in rehabilitation (Lohse et al., 2013). Furthermore, upstanding

locomotor training is not recommended in the first period after the injury, until the spinal region

stabilises. Still, exercising in this period is of primary importance for maximising rehabilitation

outcomes.

Leg-cycling training is a commonly recommended exercise, normally performed after SCI to

increase muscle force and cardiovascular parameters, and requires the activation of similar control

networks as locomotion (Zehr et al., 2007). Its limited kinematics and reduced balance control

requirements make of leg cycling a simple and safe task, suitable to be performed early after the lesion

or by the most impaired subjects (Mazzocchio et al., 2008). Moreover, leg-cycling is less physically

demanding for subjects, meaning that each training session can last longer. However, during leg-

cycling, the afferent feedback produced by load receptors and plantar cutaneous mechanoreceptors

is limited.

In this thesis, we consider the opportunity to combine leg-cycling with the delivery of plantar

electrical stimulation that would increase sensory system recruitment. Previously, the provision
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of a peripheral stimulation during physical rehabilitation exercises, by means of mechanical or

afferent electrical stimulation, was shown to improve the functional motor output in humans with

iSCI (Knikou, 2010; Muir and Steeves, 1997; Suzuki et al., 2016). Here, however, rather than directly

observing the effects of the training on the final motor output, which may require participants

to undergo long periods of training with unpredictable final effects, we adopted a more prudent

approach and tested participants after single-bouts training sessions of 10 minutes each. To estimate

the early effects of the therapy, we developed a test to measure spinal sensorimotor integration,

based on the assessment of soleus H-reflex excitability following a conditioning electrical stimulation

delivered to the ipsilateral plantar surface of the subject. Eventually, we also propose a procedure,

based on this assessment technique and on the leg cycling exercise, to perform a deeper examination

of spinal sensorimotor integration in subjects with SCI.
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Chapter 3

Hypotheses and Objectives

This chapter describes the hypotheses and objectives at the basis of this Ph.D. thesis. This

dissertation has the form of a compendium of articles, consisting of three studies published in

indexed international scientific journals with impact factor. Therefore, the hypotheses and objectives

enumerated in this chapter reflect the principal hypothesis and objective of each individual study.

3.1 Hypotheses

The general hypothesis of this thesis is that the delivery of a locomotor-inspired plantar afferent

feedback during the realisation of cycling movements might promote spinal sensorimotor integration

in subjects with iSCI. As a result, the technique may prove useful for rehabilitation and neurological

assessment of subjects with SCI.

The general hypothesis has been deployed into three working hypotheses, each one giving rise to

a dedicated study.

Hypothesis 1: leg-cycling influences spinal sensorimotor integration in subjects with iSCI, and this

effect is dependent on the characteristics of the lesion.

Hypothesis 2: a locomotor-inspired plantar stimulation delivered during leg-cycling increases the

effects of the exercise on spinal sensorimotor integration in subjects with iSCI.

Hypothesis 3: the execution of leg-cycling combined with locomotor-inspired plantar stimulation

after SCI facilitates the emerging of specific spinal sensorimotor integration features associated

with the clinical condition of the subject.
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3.2 Objectives

The principal objective of this PhD thesis is to define and validate effective methods for the

assessment and rehabilitation of spinal sensorimotor integration in subjects with iSCI. This principal

objective has been addressed by three studies, with the following specific objectives:

Objective 1: to characterize the effects of a leg-cycling exercise on spinal sensorimotor integration

in subjects with iSCI.

Objective 2: to increase the effects of leg-cycling on spinal sensorimotor integration in subjects with

iSCI, by applying a locomotor-inspired plantar stimulation during the movement.

Objective 3: to investigate whether preceding reflex assessment by a short session of leg-cycling with

combined locomotor-inspired plantar stimulation may help to identify specific sensorimotor

integration features within a population, that are associated to the functional status of the

subject.
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Chapter 4

Methodology

As the purpose of this doctoral work entails both technical development and clinical validation

of scientific concepts, the methodology followed is based on two fundamental realms:

1. To develop an experimental platform that implements the tests and protocols used in this

thesis. The identified subtasks are:

• Definition of platform hardware and software architecture, and communication flow.

• Development of software libraries for the control of the devices and the processing of the

EMG signal processing to extract the features required.

• Development of a clinical interface to control the execution of the experiment and verify

the quality of the data acquired.

2. To carry on exploratory studies for the analysis of spinal sensorimotor integration in the target

populations. This point entails the following different aspects:

• Review of the state of the art of the available protocols and techniques for spinal neuro-

modulation.

• Design of a case series study in healthy subjects and in patients with iSCI to identify

short-term changes in spinal sensorimotor integration after a short leg cycling session.

• Design of a controlled before-and-after study comparing the effects of cycling and cycling

with plantar-afferent feedback on spinal sensorimotor integration.

• Identification of spinal sensorimotor integration features characterising non-injured

individuals and subjects with SCI and different levels of motor impairment after a short

session of leg-cycling with plantar stimulation.
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4.1 Architecture of the experimental platform

To perform the studies at the core of this dissertation, an experimental platform for the assess-

ment of spinal sensorimotor integration was built, that implements all the necessary clinical tests and

offers to the experimenter a real-time visual representation of the data. In order to use the platform,

subjects must sit on a chair, or a wheelchair, with the feet tied to the pedals by fastening straps.

During the experiments, a clinical interface offers to the experimenter the possibility to control the

execution of all the tests and supervise the quality of the data recorded.

This section presents a description of the hardware, software and communication architecture of

the platform.

4.1.1 Hardware

The experimental platform is composed by a laptop running the control interface, a microcon-

troller (Arduino Uno, Chiasso, Italy) for the real-time control of the different devices, a motorized

ergometer (Reck, Betzenweiler, Germany), two Functional electrical stimulation (FES) devices (IntFES,

Technalia, San Sebastián, Spain) an electromyograph (Cibertec, Madrid, Spain) and a commercial

ADC acquisition board (USB-6008, National Instruments, Austin, Texas, USA). The election of the

microcontroller was based on three parameters: costs, Input/Output (I/O) ports supported and

availability of easily accessible documentation. Devices selection was based on the I/O channels

supported and on their availability in the laboratory at the time of the experiments.

4.1.2 Software

On a software level, two main components are responsible for controlling how the experimental

platform operates: the clinical interface and the real-time control loop. The clinical interface (Fig. 4.1)

is a supervisor of the experiments that runs in the computer of the experimenter. It allows the user

to manage the execution of the protocol, including starting, pausing or resuming a test, configure

the settings for the stimulation devices and show an updated graphical representation of the signals

that have been acquired during execution of the tests. The control interface is also responsible for

data recording and storage. To guarantee a smooth behaviour even under the more demanding I/O

conditions, internally the control interface delegates the principal I/O operations to two separate

threads, one for recording the data from the acquisition card, and another for the communication

with the external microcontroller.

The real time control loop is a software routine that runs on the dedicated microcontroller. Its

principal role is to wait for orders from the control interface and control the electrical stimulators

accordingly. Since real-time control to the millisecond-level is a requirement for this component,

experiment-specific routines were pre-programmed in the microcontroller so that the clinical in-
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terface only needs to select which routine to execute and communicate the required configuration

parameters. The routines implemented were performing the following actions:

• Measuring soleus H-reflex amplitude during cycling, by measuring reflex activity at specific

crank angles.

• Determining flexion reflex excitability at rest, by giving a stimulation at the foot plant between

the first and third metatarsal, and increasing the intensity until the appearance of reflex activity

on the tibialis anterior muscle.

• Measuring sensorimotor integration at rest, by providing a conditioning stimulus to the foot

plant followed by H-reflex testing.

• Delivering plantar afferent Electrical stimulation (ES) at specific cycling phases.

4.1.3 Communication

Devices communication was performed through different channels, depending on the nature

of the information carried. Between the laptop and the microcontroller, the information flow was

bi-directional and with loose time requirements. Therefore, USB-based serial communication was

used, which allows bidirectional communication, high flexibility and can be used to provide power

to the microcontroller. Between the microcontroller and the FES devices, real-time communication

is essential to the correct execution of the tests. For this reason, a CAN bus was used between these

devices. FES activation would also send a trigger to the electromyograph amplifier, for posterior data

synchronisation. However, all FES devices parameters that are typically defined at the beginning of

the experimental session and not modified during the experiment (eg. pulse width, intensity, and

which electrodes to activate) were set by the control interface using a Bluetooth wireless connection.

Finally, EMG data and FES triggers were transmitted with serial analogue communication, and read

by the control interface with the ADC acquisition board.

The protocol of communication used in the serial connection between the control interface and

the microcontroller was optimised to reduce the number of characters transmitted (thus minimising

the risk of band saturation) while assuming the possibility of data loss. The general package structure

was constituted by a start-of-package symbol, ‘$’, and an end-of-package symbol, ‘#’. Between them,

the body of the message was composed by a command identifier, possibly followed by one or more

data fields. Within the body, all fields were separated using ‘,’ as a field delimiter. A detailed description

of the serial communication protocol is presented in Table 4.1
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Figure 4.1: Screenshots from the clinical interface. The program allows to
control the different parameters of the experimental session and modify
them on the fly, when needed. Three neurological tests are supported: the
extraction of the H-reflex recruitment curve (A), the analysis of spinal senso-
rimotor integration (C) and the analysis of flexion reflex excitability. During
test execution, the data from the last adquisition are represented on the
lateral interface, allowing the user to immediately evaluate the quality of
the EMG signal in the different electrodes and the performance of the reflex
identification algorithm during the last acquisition. For each test, a global
overview of the outcomes can be gathered from the graphs presented in a
dedicated window (B and D). Finally, the interface allows to set the parame-
ters for the session of cycling with afferent electrical stimulation (E). In order
to blind the cycling session to the subject, the system will deliver the afferent
stimulation during the first two minutes of cycling even when the afferent
stimulation is deactivated ("Use afferent stimulation" is unchecked).
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Table 4.1: Definition of the serial communication protocol adopted in the

experimental platform, between the clinical interface and the microcon-

troller.

Package Command description Example

$P,F1..N# Defines the cycle phases in which afferent stimula-

tion should be active.

F1..N: Array of ones and zeroes, where each charac-

ter represents a sector: The crank is divided into N

identical sectors, with each character of the array

representing the status of activity (0,1) of the afferent

stimulation in the corresponding sector.

$P,1,1,0,0# Divides the crank

into 4 sectors and activates af-

ferent stimulation on the first

two only.

$A,F1# Activates or deactivates phase-dependent afferent

stimulation during cycling.

F1: Set to 1 to activate, 0 to deactivate.

$A,1# Switches electrical stim-

ulation ON.

$T# Delivers a single 10ms electrical stimulus to the tib-

ial nerve.

$T# Delivers the stimulus.

$H,F1# Stimulates the tibial nerve at a specific crank angle.

F1: Angle in degrees (0-359) at which the stimulus

should be delivered.

$H,90# Stimulates the tibial

nerve at 90º angle.

$U,F1# Delivers a train of 5 conditioning electrical pulses

at 200Hz to the foot sole.

F1: the electrode used for conditioning. Two different

electrodes are currently supported (0,1).

$U,1# delivers the condition-

ing stimulation to the second

plantar electrode.

$C,F1,F2# Delivers a conditioning stimulus on the foot sole

and tests the H-reflex after the specified time.

F1: The time between the conditioning stimulus and

the testing of the H-reflex.

F2: The electrode used for conditioning. Two differ-

ent electrodes are currently supported.

$C,75,0# Tests the H-reflex

75ms after the delivery of the

conditioning stimulus to the

first plantar electrode.

$F# Delivers a train of 5 pulses at 200Hz on the foot sole

to elicit the withdrawal reflex.

$F# Stimulates the foot to pro-

voke a withdrawal reflex.

$V,F1# Activates or de-activates verbose output mode, for

debugging.

F1: 1 to activate verbose output, 0 otherwise.

$V,1# activates verbose out-

put.

Continued on next page...
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Table 4.1 – continued from previous page

Package

structure

Command description Example

$D,F1..N# Data package containing previous crank angle po-

sitions, trigger and timestamp values. Used to send

data from the microcontroller to the clinical inter-

face, for debugging purpose.

F1..N: data values, expressed as a sequence of

comma-separated data representing crank angle (0,

359), trigger value (0, 1) and timestamp (millisec-

onds%999).

$D,15,0,981,16,1,991# Data

package showing 2 times-

tamps (981 and 991) and their

respective crank angles (15,16)

ad trigger values (0,1).

4.2 Financial and Experimental Support

The work presented in this dissertation has been conducted within the framework of the Span-

ish project "HYPER1"(CSD-2009-00067) and has been partially supported by the EU Commission

(FP7-ICT-2013.2.1-611695 - BioMot2). The experimental research would not have been possible

without the constant collaboration and support of the other groups included in the HYPER consor-

tium, and in particular the "Sensorimotor Function Group" of the "National Paraplegics Hospital of

Toledo" (Toledo, Spain).

4.2.1 The project HYPER

HYPER is a Spanish-founded project that intends to represent a breakthrough in the definition

of novel solutions for rehabilitation and functional compensation of motor disorders in activities

of daily living. Innovation is generated within HYPER by the use of cutting-edge technologies as

neurorobotic and motor neuroprosthetic devices working in close cooperation with the human body.

The project focuses its activities on new systems that combine biological and artificial structures in

order to overcome the major limitations of current rehabilitation solutions for the particular case of

Cerebrovascular Accident, Cerebral Palsy and SCI.

The main objectives of the project are to restore motor function through functional compensation

and to promote motor control re-learning in patients by means of an integrated use of the devices

1HYPER project website: http://www.neuralrehabilitation.org/projects/HYPER/index.htm
2BioMot project website: http://www.biomotproject.eu/
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Figure 4.2: The model of motor recovery after a neurological lesion assumed
in HYPER. The graph shows the effects of the application of a more effective
rehabilitation regimen (crossed line), compared to the reference condition
(continuous line). The abscissa represents the time spent from the instant of
the injury, and is divided in phases (below) following the clinical definition
and the definition adopted in HYPER. The ordinate represents functional
recovery, starting from the level observed after the injury. The slope of the
function depends on the intensity of rehabilitation undergone in the corre-
sponding time-frame.∆RT OT represents the overall functional recovery gain
generated by the more effective rehabilitation regimen, in respect to the
reference regimen, whereas ∆RI and ∆RI I represent the gain attributable
to, respectively, Phase I and Phase II.

and paradigms developed within the project. To this account, the project directs its research lines to

three principal areas: the study of the motor control function in humans, the development of novel

rehabilitation devices, and the design and validation of novel neurorehabilitation paradigms.

The project addresses key questions at the frontier of knowledge in various scientific and techno-

logical disciplines. These questions are investigated in six research tracks (biomechanics, neuromotor

control, control technologies, sensors and powering technologies, multimodal brain-machine in-

terfaces, adaptations of hybrid systems to application scenarios), with the common objective of

promoting sensory recovery, motor control rehabilitation and brain plasticity. This will lead to poten-

tial rehabilitation solutions for the addressed populations of patients.

HYPER’s model of motor recovery after SCI

HYPER strategy to improve rehabilitation outcomes is based on a model of the motor recovery

process that follows a neurological accident (Fig. 4.2). The model distinguishes between three tempo-

ral phases after the injury. These phases were defined based on the requirements of the project and
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are not corresponding to the clinical definition of acute, sub-acute and chronic phases (presented in

Table 1.1). Clinicians relied on an analysis of the neurophysiological changes undergoing the post-

injury rehabilitation process to define each phase. Conversely, for the purposes of HYPER project, it

was more important to take into account other aspects of the definition. Specifically, the principal

discriminator was the type of rehabilitation exercise available to the subject in each phase. Based on

this criteria, the following phases were defined:

Phase I It begins with the hospitalisation, shortly after the event, and lasts approximately 3 to 6

months. Clinically, it corresponds to the acute and early sub-acute phase. In this period, an

increase in neural plasticity can be observed throughout the CNS. This effect has a large

potential to be exploited by rehabilitation to promote neural reorganisation and functional

recovery, but can also develop into maladaptive plasticity phenomena as for example spasms,

spasticity or neuropathic pain. In relation to lower limbs motor function rehabilitation, in this

phase the patient is not prepared to sustain upstanding locomotor therapies, and rehabilitation

mostly focuses on preserving force in weak muscles, improving cardiovascular parameters and

reducing maladaptive plasticity-related phenomena.

Phase II This phase starts when the patient can perform upstanding locomotor training, approx-

imately 3 to 6 months after the injury, and continues until the chronic phase, 10-12 months

after the injury. Clinically, it corresponds to the late sub-acute phase. In this phase, neural

reorganisation is still undergoing within the CNS, which implies that the rehabilitation poten-

tials are still high in the patient. In relation to lower limbs motor function rehabilitation, the

possibility to execute upstanding locomotor training exercises allows training the locomotor

function directly, with the aid of assisting devices as robots, treadmills, crutches, etc...

Phase III This phase corresponds to the clinical chronic phase. It starts 12-14 months after the

injury and is characterised by the CNS reaching a novel equilibrium, with the spontaneous

spinal plasticity returned to basal levels. Motor rehabilitation is very limited in this phase, and

the principal objective of rehabilitation for a patient with chronic SCI is represented by the

acquisition of novel strategies to increase independence and quality of life of the subject.

Based on the aforementioned model of motor recovery, different rehabilitation strategies have

been proposed within HYPER for subjects with SCI. In particular, a hybrid wearable robotic device

that combines a robotic and a neuroprosthetic part have been developed, to perform rehabilitation

during Phase II, and assistance in Phase III.

This research complements the efforts of HYPER, by proposing a novel rehabilitation strategy

based on cycling that would allow patients to train neural networks involved in locomotion even if
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not able to sustain upstanding walking, as happens in the Phase I, or during Phase II as a complement

to normal locomotor therapy.

4.2.2 The Neurorehabilitation, Biomechanics and Sensorimotor Function Unit

This thesis represents the first result of the "UNIDAD DE NEUROREHABILITACIÓN, BIOMECÁNICA

Y FUNCIÓN SENSITIVO-MOTORA, (HNP-SESCAM), Unidad Asociada al CSIC", which consists in an

agreement between the Neural Rehabilitation group (Cajal Institute, CSIC, Madrid), the Biomechan-

ics and Technical Aids department of the National Paraplegics Hospital of Toledo (HNP, SESCAM,

Toledo) and the Sensorimotor Function Group (HNP, SESCAM, Toledo). Thanks to this agreement,

these three groups joined their respective expertise in a mutual collaboration, to facilitate and ac-

celerate the research and innovation carried on in the biomedical and translational fields. In the

particular case of the work presented in this thesis, the technical development of the experimental

platform has been conducted in CSIC’s facilities, and the clinical experiments have been performed

in HNP.
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Chapter 5

Results

5.1 Study I

Maintenance of cutaneomuscular neuronal excitability after leg-cycling

predicts lower limb muscle strength after incomplete spinal cord injury
This article has been published in the scientific journal

Clinical Neurophysiology (2016), Volume 127, Issue 6, pp.2402-2409

STEFANO PIAZZA1, JULIO GÓMEZ-SORIANO2,3, ELISABETH BRAVO-ESTEBAN1,2,4,5,

DIEGO TORRICELLI1, GERARDO AVILA-MARTIN2, IRIANA GALAN-ARRIERO2,

JOSÉ LUIS PONS1,6 AND JULIAN TAYLOR2,7,8

Objective: Controlled leg-cycling modulates H-reflex activity after spinal cord injury

(SCI). Preserved cutaneomuscular reflex activity is also essential for recovery of resid-

ual motor function after SCI. Here the effect of a single leg-cycling session was assessed

on cutaneomuscular-conditioned H-reflex excitability in relation to residual lower limb

muscle function after incomplete SCI (iSCI).

Methods: Modulation of soleus H-reflex activity was evaluated following ipsilateral plan-

tar electrical stimulation applied at 25–100 ms Inter-Stimulus Intervals (ISI’s), before and

1Neural Rehabilitation Group, Cajal Institute, Spanish National Research Council, Madrid, Spain.
2Sensorimotor Function Group, Hospital Nacional de Parapléjicos, Toledo 45072, Spain.
3Toledo Physiotherapy Research Group (GIFTO), Nursing and Physiotherapy School, Castilla La Mancha University, Toledo

45072, Spain.
4iPhysio Research Group, San Jorge University Zaragoza, Spain
5Physiotherapy Faculty, Zaragoza University, Zaragoza 50009,Spain.
6Tecnológico de Monterrey, Monterrey, Mexico.
7Stoke Mandeville Spinal Research, National Spinal Injuries Centre, Aylesbury, UK.
8Harris Manchester College, University of Oxford, Oxford, UK.
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after leg-cycling in ten healthy individuals and nine subjects with iSCI.

Results: Leg-cycling in healthy subjects increased cutaneomuscular-conditioned H-reflex

excitability between 25 and 75 ms ISI (p < 0.001), compared to a small loss of excitability

at 75 ms ISI after iSCI (p < 0.05). In addition, change in cutaneomuscular-conditioned

H-reflex excitability at 50 ms and 75 ms ISI in subjects with iSCI after leg-cycling predicted

lower ankle joint hypertonia and higher triceps surae muscle strength, respectively.

Conclusion: Leg-cycling modulates cutaneomuscular-conditioned spinal neuronal ex-

citability in healthy subjects and individuals with iSCI and is related to residual lower

limb muscle function.

Significance: Cutaneomuscular-conditioned H reflex modulation could be used as a surro-

gate biomarker of both central neuroplasticity and lower limb muscle function, and could

benchmark lower-limb rehabilitation programs in subjects with iSCI.

Highlights:

• Rhythmic leg exercise changes spinal neuronal activity after spinal cord injury (SCI).

• Leg-cycling may improve cutaneous sensorimotor function after incomplete SCI.

• Cutaneous sensorimotor function after leg-cycling predicts leg strength after iSCI.

Introduction

Cutaneous sensory processing is essential for the performance of voluntary motor tasks such as

locomotion and balance (Rossignol et al., 2006; Van Wezel et al., 1997; Zehr and Stein, 1999) and the

execution of phasic lower limb movements associated with leg cycling (Zehr et al., 2001). After spinal

cord injury (SCI) experimental studies have also demonstrated that cutaneous afferent information

contributes to the recovery of residual gait function (Panek et al., 2014; Rossignol et al., 2008) and

may represent a central mechanism of neuroplasticity (Frigon et al., 2009). However, the relationship

between activity-based rehabilitation performed by subjects with incomplete SCI (iSCI) and an

improvement in cutaneomuscular spinal processing has not been assessed.

Previously several neurophysiological studies have demonstrated that cutaneous stimuli facilitate

motor function (Panek et al., 2014; Rossignol et al., 2006; Schouenborg, 2003; Wolpaw, 2007). At the

cortical level in man, stimulation of the superficial peroneal, sural (Nielsen et al., 1997) or tibial

nerve (Poon et al., 2008) has been shown to facilitate long-latency motor evoked potentials following

transcranial magnetic stimulation. Furthermore the effect of this conditioning protocol depends

on the integrity of the spinal cord, because facilitation of tibialis anterior motor evoked potentials

following common peroneal nerve stimulation has only been detected in subjects with a less severe

iSCI (Roy et al., 2010). Finally clinical neurophysiological evidence also suggests that cutaneous input

to the subcortical level is also responsible for the facilitation of vestibulospinal-evoked motor activity

in healthy individuals during rest (Lowrey and Bent, 2009). Studies are now required to assess the
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effect of controlled motor activity, associated with rehabilitation tasks such as leg-cycling, on spinal

cutaneomuscular neuronal activity both in healthy subjects and individuals with iSCI.

Cutaneomuscular-conditioned soleus H-reflex modulation has been assessed in healthy non-

injured subjects and persons with SCI to assess the state of spinal neuronal activity and motor control

mechanisms (Knikou, 2007; Sayenko et al., 2009). The demonstration that the soleus H-reflex can be

inhibited following a preceding cutaneous conditioning stimulus has been used to assess the role

of presynaptic (Morita et al., 1998) or postsynaptic modulatory mechanisms (Knikou, 2007) with

inhibitory effects observed between 3 and 90 ms inter-stimulus interval in healthy subjects (Knikou,

2007). Furthermore application of metatarsal non-noxious cutaneous conditioning stimuli applied

at 25 ms (Sayenko et al., 2009) or 45 ms at rest in healthy subjects (Fung and Barbeau, 1994) has been

used to show a loss of soleus H-reflex excitability in individuals with iSCI, indicating sensorimotor

dysfunction. Interestingly, loss of soleus H reflex excitability to cutaneous afferent input following SCI

can be partially reversed following conditioning of the superficial peroneal nerve at ISI’s of between

30 and 190 ms (Levin and Chapman, 1987), which suggests that cutaneomuscular spinal neuronal

activity may also be modulated by activity-based rehabilitation tasks.

Modulation of spinal reflex function has been observed following cycling tasks in healthy subjects

(Mazzocchio et al., 2006; Meunier et al., 2007), where the ability of a healthy subject to follow a target

recumbent cycling speed was associated with a reduction in H-reflex activity, possibly mediated

by an increase in homosynaptic depression. Phadke et al. (2009) also showed that the H-reflex was

further inhibited in individuals with SCI following a single 20-min leg cycling session, similar to

that observed in a subject diagnosed with the SCI spasticity syndrome during a 12-week passive

leg cycling training program (Kiser et al., 2005). Furthermore dynamic, rather than static, exercise

has been shown to induce greater H-reflex modulation in healthy subjects, since isometric muscle

contraction has been shown to be ineffective compared to other dynamic motor tasks (Jessop et al.,

2013). The effect of a single session of leg-cycling on changes in H-reflex modulation induced by

cutaneous conditioning stimuli remains to be characterized.

The hypothesis of this study is that leg-cycling may improve cutaneous spinal neuronal activity

after iSCI which would reflect individual residual motor function and specific signs of the spasticity

syndrome. Therefore, the objective of this study was to determine whether a short single-session of

controlled leg-cycling c.f. (Phadke et al., 2009), would change soleus H-reflex excitability in response

to plantar cutaneomuscular conditioning stimuli. We show here that leg-cycling in healthy subjects

leads to an increase in cutaneomuscular-conditioned H-reflex excitability, compared to a small

loss of excitability in the iSCI group. Furthermore maintenance of cutaneomuscular-conditioned

H-reflex excitability after leg-cycling in subjects with iSCI predicts good-moderate triceps surae

muscle strength and lower ankle joint hypertonia.
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Materials and methods

Subjects

All applicable institutional and governmental regulations concerning the ethical use of human

volunteers were followed during this research. The protocol was approved by the Toledo Hospital

clinical ethical committee (CEIC 07/05/2013, CEIC 15/07/2013 and CEIC 17/1/2012). All recruited

subjects signed the informed consent form before the study commenced. Ten healthy volunteers

were recruited from the hospital staff and nine subjects with iSCI (AIS C-D, neurological level of lesion

between C5 and T10), capable of cycling autonomously were recruited as inpatients during their

rehabilitation at the National Paraplegic Hospital. The exclusion criteria for these subjects included

epilepsy, pregnancy, lower limb musculoskeletal injury or peripheral nervous system disorders.

All subjects were only recruited for this study and received the standard rehabilitation treatment

program administered at the hospital, according to their treating physician.

Clinical outcome measures

Clinical evaluation of the patients with iSCI was performed with the following set of scales:

American Spinal Injury Association Impairment Scale (AIS, (Maynard et al., 1997)) to diagnose the

level and grade of iSCI; Walking index for spinal cord injury (WISCI) II gait function index (Ditunno

and Dittuno, 2001); manual muscle score (0–5) of the quadriceps, hamstring, tibialis anterior and

triceps surae muscles (Medical Research Council of the UK, 1976); the modified Ashworth scale to

measure lower limb muscle hypertonia with knee and ankle joint flexion–extension (Bohannon and

Smith, 1987); Penn spasm scale (Penn et al., 1989); and the Spinal Cord Assessment Tool for Spastic

Reflexes Scale (SCATS) (Benz et al., 2005) to measure the severity of evoked spasms.

Controlled leg cycling task

During the experimental protocol, participants were seated in a static leg ergometer, with the

feet firmly tied to the pedals with velcro straps (Fig. 5.1A). Two ankle–foot orthoses were placed on

each leg to prevent excessive ankle movement during leg-cycling, which is known to influence soleus

H-reflex excitability (Hwang, 2002). Soleus H-reflex activity was tested before and after a 10 min 42

rpm leg-cycling session performed at an intensity that the subject felt moderate and comfortable

(Fig. 5.1D). Soleus H-reflex testing was performed at rest before and after leg-cycling at the 300° crank

position shown in Fig. 5.1(A).

Soleus H-reflex measurement

Soleus H-reflex activity was evoked with a 1 ms electrical stimulus pulse delivered to the right

tibial nerve with a superficial bipolar electrode applied to the popliteal fossa (Fig. 5.1(C), IntFES,

Tecnalia, San Sebastián, Spain) (Malesevic et al., 2012). The stimulation intensity was set to generate
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Figure 5.1: Schematic of the reflex testing procedure used to demonstrate
cutaneomuscular-conditioned soleus H-reflex modulation. (A) Soleus H-
reflex modulation in response to an ipsilateral cutaneomuscular condition-
ing electrical stimulus applied to the plantar surface of the foot at 25, 50, 75
and 100 ms inter-stimulus intervals (ISI’s) was assessed at rest in the 300°
crank pedal position. (B) Soleus H-reflex activity was recorded at a stimulus
intensity necessary to evoke 50% of the maximum H-reflex amplitude, (C)
applied as a single 1 ms stimulus to the tibial nerve at the popliteal fossa.
(D) Change in cutaneomuscular-conditioned soleus H-reflex excitability
was assessed before and after a 10 min leg-cycling session performed in
the non-injured group and subjects with iSCI, at a moderate pedaling re-
sistance according to each individual. (E) Cutaneomuscular-conditioning
of the soleus H-reflex was performed with the application of an electrical
stimulus applied to the metatarsal area of the plantar pad as a train of five
1-ms pulses (100 Hz), at an intensity of 2x motor threshold.

a control soleus H-reflex response that corresponded to 50% of the maximum H-reflex amplitude

(Hmax) (Fig. 5.1B).

To assess cutaneomuscular-conditioned soleus H-reflex modulation, a non-noxious biphasic

plantar skin stimulus (IntFES, Tecnalia) (Malesevic et al., 2012) was delivered between the first and

third metatarsal. The stimulus was applied by a pair of flexible flat surface electrodes (5 cm Fabric

Top circular, Valutrode TM) placed with the anode located proximally and the cathode distally (Fig.

5.1E). The electrical conditioning stimulus consisted of a train of five 1-ms pulses presented at 200

Hz, at an intensity of 2x motor threshold, which was defined as the minimum amplitude necessary to

generate a visible local muscle contraction of the foot, which would not exceed a maximum intensity

of 25 mA. Subjects were asked to report if the stimulus was uncomfortable.

Soleus H-reflex activity was analyzed first without the preceding cutaneomuscular conditioning
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Figure 5.2: Representative soleus H-reflex activity and the effect of the previ-
ous cutaneomuscular conditioning stimulus applied between 25 and 100
ms ISI’s recorded from a healthy non-injured subject and individual with
iSCI group at rest. The electromyographic records show (A) the plantar con-
ditioning stimulus artifact, (B) M-wave and (C) H-reflex response. The H
and M signals were measured as peak-to-peak amplitude.

stimulus and then following conditioning at ISI intervals of 25, 50, 75 or 100 ms (Fig. 5.2). Eight

individual reflex responses were collected for each analyzed reflex response. The ISI interval was

calculated as the time between the end of the conditioning stimulus and the delivery of the H-reflex

test stimulus (Fig. 5.2). Soleus H-reflex measurements were recorded at a minimum test interval of 7s

to reduce possible activation of post-activation depression (Hultborn et al., 1996).

Data analysis and statistics

Differences in clinical and demographic characteristics between groups were analyzed using the

Mann–Whitney U and Pearson’s Chi-squared test, respectively. Reflex test measures were compared

before and after cycling with the Student’s t-test. Linear mixed effects analysis was applied as this

method controlled each subject’s reflex measure variability. R (R Core Team, 2012) and lme4 (Bates

et al., 2014) were used to perform linear mixed effect analysis of H-reflex excitability change with the

cutaneomuscular conditioning stimulus applied at the four different ISI’s before and after cycling,

the dependent variable being the normalized conditioned H-reflex amplitude. As predictors, the ISI

interval was entered into the model as a fixed effect, and subject random intercepts were defined as

random effects. The probability p values were calculated using Satterthwaite’s approximation with a

Bonferroni correction for multiple comparisons.

Change in H-reflex amplitude modulation after cycling was assessed using linear mixed effects
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analysis. The normalized conditioned H-reflex response was defined as the dependent variable and

time of testing (before or after cycling) as the predictor, allowing comparison between the conditioned

H reflexes at each ISI before cycling and the modulatory response recorded after cycling at the same

ISI. As random effects, subject random intercepts were used. The probability values were calculated

using Satterthwaite’s approximation as above.

Multiple linear regression statistics for post-cycling change in cutaneomuscular-conditioned

H-reflex excitability were analyzed by Forward Stepwise Regression analysis to find the model with

the most suitable independent variables which included: tibialis anterior and triceps surae manual

muscle scores, WISCI II score, Total modified Ashworth score during flexion–extension of the ankle

joint, Penn score and SCATS Clonus score (SigmaStat for Windows, Version 11, Systat Software

Inc., USA). Regression models were based on defining one subset of effect terms to adequately

account for the responses. Next, the “best” model of all possible subsets of effect terms was chosen

according to computed statistics that explained the greatest amount of variation of the responses and

maximal information criterion (largest adjusted R2 and Mallows’ Cp). A p value < 0.05 was considered

statistically significant.

Spearman correlation analysis was performed in the iSCI group between cutaneomuscular-

conditioned soleus H-reflex modulation before and after leg-cycling and clinical outcome measures

of lower limb muscle function and the spasticity syndrome. Post hoc analysis of H-reflex excitability

changes after leg-cycling with the Mann–Whitney U-test was also performed by comparing subjects

poor (62) or moderate-good (> 2) triceps surae manual muscle scores after iSCI.

Results

Patient SCI characteristics, residual lower limb motor function and spasticity syndrome

No significant differences observed between the non-injured subjects and individuals with iSCI

in terms of mean age (34±3 vs. 44±5 years, Mann–Whitney test p = 0.513) or gender distribution

(Chi-square test p = 0.79, Table 5.1). Time after SCI was 16 ± 3 weeks for the iSCI group indicating

that the analysis was performed during the subacute rehabilitation phase. Clinical assessment of

the iSCI group revealed a total median muscle score of 12.5 (11–14) with specific triceps surae and

tibialis anterior manual muscle scores of 2 (2–3) and 4 (3–4). The median spasticity symptom scores

for the iSCI group was 1.5 (0–4) for the total ankle joint modified Ashworth scale, 1 (0–2) for the Penn

Spasm frequency scale, 0 (0–0) for the SCATS flexor and extensor spasm subscores, and finally 1 (1–2)

for the SCATS clonus subscore. Individual patient data are presented in Table 5.1.
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Table 5.1: Patient data, incomplete SCI characteristics, residual motor function and spasticity syndrome

symptoms. #n: patient number; SCI: spinal cord injury; GEN: gender; M: male; F: female; Age: Age in Years;

AIS: American Spinal Cord Injury Association Impairment Scale; NEUR LEV: SCI neurological level; C:

cervical; D: dorsal; L: lumbar; Time fr SCI: Time from the lesion, in Weeks; TOT M SCORE: Total manual

muscle score assessed from the tibialis anterior, triceps surae, quadriceps and hamstrings muscles; WISCI

II: walking index for spinal cord injury version II; TOT MAS: total modified Ashworth score during flex-

ion–extension at the knee and ankle joints; SCATS: Spinal Cord Assessment Tool for Spastic Reflexes; FLEX:

flexor spasms subscore; EXT: extensor spasms subscore; CLON: clonus subscore; N.A.: Not Available – data

not collected due to early discharge from hospital.

#n GEN Age

(Y)

AIS NEUR

LEV

Time fr SCI

(w)

TOT M

SCORE

WISCI

II

TOT

MAS

PENN

SCORE

SCATS

FLEX

SCATS

EXT

SCATS

CLON

1 M 26 D D12 18 11 15 8 1 0 1 1

2 M 38 D C3 36 14 20 6 1 1 1 0

3 F 19 D C8 5 11 0 9 2 1 0 3

4 M 49 C L1 5 N.A. N.A. N.A. N.A. N.A. N.A. N.A.

5 F 36 D D3 13 14 16 4 0 0 0 2

6 F 59 D C5 5 13 13 0 0 0 0 0

7 M 55 C C4 22 7 1 7 1 0 0 1

8 M 50 D C5 14 15 16 0 2 0 0 0

9 M 63 D D11 23 12 19 0 1 0 1 1
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Cutaneomuscular-conditioned H-reflex excitability before cycling

Representative soleus H-reflex data from a healthy non-injured subject revealed inhibition and

excitation following cutaneomuscular-conditioning stimulation applied to the ipsilateral plantar foot

surface between 25 and 100 ms ISI’s (Fig. 5.2, left column). More subtle H-reflex modulation after the

cutaneomuscular-conditioning stimulus was observed in the iSCI group, as shown in one subject

(Fig. 5.2, right column).

Quantification of cutaneomuscular-conditioned soleus H-reflex modulation in the non-injured

group revealed a reduction ( 29.9 ± 3.9%) at 25 ms-ISI (p < 0.001), and an increase in excitability

(14.0 ± 3.9%) at 100 ms-ISI when compared to the non-conditioned value (p < 0.001; Fig. 5.3(A), left

graph). In contrast subjects with iSCI showed a moderate inhibition of cutaneomuscular-conditioned

H-reflex excitability at 25 ms ISI ( 11.6 ± 5.6%) and an increase at 75 ms-ISI (12.7 ± 5.5%; Fig. 5.3(C), left

graph). However modulation of H-reflex excitability in the iSCI cohort was not significant following

Bonferroni correction for multiple comparisons.

Change in cutaneomuscular-conditioned H-reflex excitability after leg-cycling

In the non-injured group (Fig. 5.3(A) right graph), the 10 min leg-cycling task increased cutaneomuscular-

conditioned soleus H-reflex excitability at 50 ms (17.3 ± 5.0%, p < 0.001) and 75 ms ISI (16.9 ± 5.0%;

p < 0.001) when compared to the non-conditioned value. In contrast a small inhibition of H-reflex

excitability was observed at 25 ms ISI after leg-cycling in the iSCI group ( 9.1 ± 3.7%, Fig. 5.3(C) right

graph), compared to the non-conditioned control value. However this inhibition was not significant

following Bonferroni correction.

When percentage change in cutaneomuscular-conditioned H-reflex excitability after leg-cycling

was compared to the reflex modulation at rest before cycling in the healthy non-injured group (Fig.

5.3(B)) a highly significant (p < 0.001) increase in excitability was observed at 25 ms (21.1 ± 5.0%), 50

ms (21.9 ± 4.1%) and 75 ms ISI (11.2 ± 3.0%); p < 0.001; Fig. 5.3(B)). In contrast, a small loss of reflex

excitability in response to the cutaneomuscular conditioning stimulus in the iSCI cohort at 75 ms ISI

( 15.3 ± 5.5%; p < 0.05; Fig. 5.3(D)).

Changes in cutaneomuscular-conditioned soleus H-reflex following the leg-cycling task could

equally reflect changes in the test conditions associated with either the mean stimulus intensity

required to evoke the soleus H-reflex at 50% of the M wave (Fig. 5.4(A)), M-wave amplitude (Fig.

5.4(B)) or soleus muscle background electromyographic activity (Fig. 5.4(C)).
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Figure 5.3: Analysis of cutaneomuscular-conditioned soleus H-reflex activity
at 25–100 ms ISI’s, before (left graph in A and C) and after the 10-min leg
cycling session (right graph in A and C, B and D). Mean soleus H-reflex
activity (standard error) are shown as a percentage of the unconditioned
H-reflex response. Statistical analysis was made by comparing the soleus
H-reflex modulation with the unconditioned response (A and C), and with
the pre-cycling cutaneomuscular-conditioned H-reflex modulation at the
respective ISI’s (B and D).

Regression, correlation and post hoc analysis with lower limb muscle function

Before leg-cycling multiple stepwise forward regression between cutaneomuscular-conditioned

H-reflex excitability in the iSCI group was found to predict clinical outcome measures at 25 ms

ISI, specifically with the triceps surae manual muscle score (R2=0.57) and the SCATS Clonus score

(R2=0.80), with a total statistical power of α= 0.90. However Spearman correlation analysis failed to

support this observation, identifying just one positive relationship between H-reflex excitability at 25

and 50 ms ISI with ankle joint hypertonia (Table 5.2). The positive correlations identified between 25

ms ISI H-reflex excitability and the SCATS Flexor subscore should be interpreted with caution due to

the limited range of values recorded from the iSCI cohort (see Table 5.1).

After leg cycling forward multiple regression cutaneomuscular-conditioned H-reflex excitability

measured in the iSCI group was found to predict clinical outcome measures at both 50 and 75 ms

ISI. Specifically H-reflex excitability at 50 ms ISI significantly predicted a linear combination of three
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Figure 5.4: Comparison of the mean soleus H-reflex stimulation intensity
required to evoke an H-reflex response at 50% of the M-wave amplitude (A),
M-wave amplitude (B) and soleus background EMG activity (C) before and
after leg-cycling in the healthy non-injured and iSCI group.

clinical measures: tibialis anterior strength (R2=0.67), ankle joint hypertonia (R2=0.84) and the SCATS

clonus score (R2=0.94), with a total statistical power of α = 0.99. At 75 ms ISI H-reflex excitability

significantly predicted five clinical measures: tibialis anterior muscle strength (R2=0.53), WISCI II gait

score (R2=0.86), triceps surae muscle strength (R2=0.96), ankle joint hypertonia (R2=0.98) and the

Penn score (R2=0.99), with a total statistical power of α= 1.00. No significant regression was observed

between 25 and 100 ms ISI cutaneomuscular-conditioned H-reflex excitability and clinical outcome

measures of lower limb function after leg-cycling.

Spearman correlation analysis supported the regression analysis between cutaneomuscular-

conditioned H-reflex excitability at 50 ms ISI and low total ankle joint hypertonia, and between

H-reflex excitability at 75 ms ISI with triceps surae muscle strength (Table 5.2). Post-hoc analysis of

change in cutaneomuscular-conditioned H-reflex excitability at 75 ms ISI after leg-cycling in subjects

with iSCI with either low (62) or high (P2) triceps surae manual muscle scores (Fig. 5.5) revealed that

subjects with poor muscle strength demonstrated a significant loss of soleus H-reflex excitability
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Table 5.2: Spearman correlation analysis between residual motor function
and spasticity syndrome symptoms with cutaneomuscular-conditioned H-
reflex excitability before and after the 10 min leg-cycling task. Abbreviations:
ISI: Inter-Stimulus Intervals; TS MS: Triceps Surae muscle score; TA MS:
Tibialis Anterior muscle score; 10 M: 10 m walking test; TS MAS: Triceps
Surae modified Ashworth score; Ankle MAS: modified Ashworth score dur-
ing flexion–extension of the ankle joint; SCATS: Spinal Cord Assessment Tool
for Spastic Reflexes; FLEX: flexor spasms subscore; EXT: extensor spasms
subscore; CLON: clonus subscore. *p<0.05, *** p<0.001, #p<0.06. Change in
Cutaneomuscular-conditioned H-reflex excitability after leg-cycling was cal-
culated with the following formula: 100∗ (post −c ycl i ng /pr e −c ycl i ng ).

ISI TS MS TA MS WISCI
II

ANKLE
MAS

PENN SCATS
CLON

SCATS
FLEX

SCATS
EXT

Before leg-cycling – cutaneomuscular-conditioned H-reflex excitability
25ms -0.56 -0.43 -0.13 0.93*** 0.12 0.58 0.76* 0.23
50ms -0.46 -0.26 0.17 0.68# 0.23 0.30 0.76* 0.62
75ms -0.19 0.29 0.25 0.10 0.08 0.00 0.63 0.28
100ms 0.25 0.48 0.61 -0.08 0.00 -0.13 0.25 0.28

After leg-cycling – cutaneomuscular-conditioned H-reflex excitability
25ms 0.27 0.00 0.53 -0.20 0.08 -0.50 -0.38 0.73*
50ms 0.63 0.67 0.18 -0.70* -0.50 -0.10 -0.50 -0.79
75ms 0.79* 0.48 0.13 -0.53 0.00 -0.25 -0.38 -0.51
100ms 0.59 0.35 -0.03 -0.45 -0.08 -0.50 -0.25 -0.28

after exercise (p < 0.05).

Discussion

In this study we have demonstrated that in contrast to an increase in cutaneomuscular-conditioned

H-reflex excitability in healthy subjects after a single short session of leg-cycling, subjects with

iSCI show a small loss of reflex excitability after lower limb exercise. Furthermore maintenance of

cutaneomuscular-conditioned H-reflex excitability after leg-cycling in subjects with iSCI predicts

good to moderate triceps surae muscle strength and lower ankle joint hypertonia. Importantly the

pattern of cutaneomuscular-conditioning of the H-reflex before cycling was similar to a previous

study (Sayenko et al., 2009), and that leg-cycling induced changes in H-reflex excitability was not

due to general changes in reflex threshold, M wave amplitude or background soleus EMG activity.

The demonstration that the maintenance of soleus H-reflex excitability tested with cutaneomuscular

conditioning stimuli after leg-cycling in the iSCI group is necessary for moderate to good residual

triceps surae muscle strength suggests that adequate cutaneous input to control spinal motor control

systems is an important clinical goal during activity-based rehabilitation in the subacute phase. We
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Figure 5.5: Analysis of cutaneomuscular-conditioned soleus H-reflex mod-
ulation at 75 ms ISI in subjects with iSCI with low (≤ 2) and moderate to
high (> 2) triceps surae manual muscle score before and after leg-cycling.
∗p < 0.05 Mann–Whitney U test.

would expect greater exercise-induced modulation of H-reflex activity with longer, repeated training

sessions performed at different work intensities.

Cutaneomuscular-conditioned soleus H-reflex modulation after iSCI

Loss of short-ISI cutaneomuscular-conditioned soleus H-reflex excitability after iSCI when com-

pared to non-injured healthy subjects is in line with results from previous studies (Knikou, 2007;

Sayenko et al., 2009). Delwaide et al. (1981) also showed comparable effects following cutaneous

conditioning stimuli applied to the sural or saphenous nerve stimulation. Short ISI cutaneomuscular-

conditioned soleus H-reflex inhibition in non-injured healthy individuals is presumed to be mediated

by a presynaptic modulatory mechanism (Fung and Barbeau, 1994; Iles, 1996; Knikou, 2007; Morita

et al., 1998; Roby-Brami and Bussel, 1990; Rossi and Mazzocchio, 1988), although other mechanisms

could be mediated by activation of Ib interneurons (Pierrot-Deseilligny et al., 1981) or unidentified

postsynaptic mechanisms (Fung and Barbeau, 1994; Knikou, 2007). Loss of short ISI H-reflex inhibi-

tion after iSCI with the testing protocol may reflect varying degrees of damage to supraspinal motor

control of reflex activity.

In the present study cutaneomuscular-conditioned H-reflex excitability at 100 ms ISI was ob-

served in the healthy non-injured group. Delwaide et al. (1981) found a similar effect on H-reflex

activity in response to cutaneous input in healthy subjects after sural nerve conditioning stimulation.

The loss of cutaneomuscular-conditioned H-reflex excitability following iSCI further suggests that

supraspinal control mechanisms may be damaged (Burke et al., 1991). Specifically loss of long ISI
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H-reflex excitability has been demonstrated following median nerve conditioning stimulation at the

cortical (Nielsen et al., 1997) and subcortical level (Kagamihara et al., 2003), and in response to sural

nerve stimulation (Delwaide et al., 1981). However the relatively short-latency of the long-loop reflex

modulatory responses in these studies may be too short to involve cortical modulatory mechanisms

(Burke et al., 1991; Gibbs et al., 1995; Jenner and Stephens, 1982; Nielsen et al., 1997), suggesting

that the loss of long ISI H-reflex excitability observed in the present study may be mediated at

the brainstem level (Delwaide and Crenna, 1984; Kagamihara et al., 2003) via presynaptic spinal

modulatory mechanisms (Morita et al., 1998). Nevertheless the hypothesis that exercise-induced

modulation of long ISI H-reflex excitability is mediated at the subcortical/brainstem level will require

more precise evaluation of this control mechanism, which at present can only be indirectly assessed

with techniques such as the auditory startle response (Kumru et al., 2008).

Change in cutaneomuscular-conditioned soleus H-reflex excitability after leg-cycling in

subjects with SCI

The major hypothesis of this study was that analysis of cutaneomuscular-conditioned H-reflex

modulation after leg-cycling would provide important information regarding the effect of activity-

based rehabilitation strategies on central neuroplasticity and recovery of residual motor function in

subjects with iSCI (Wolpaw, 2007). The effect of leg-cycling in inducing short-term modulation of

cutaneously-conditioned reflex excitability has not been studied to date, although general changes in

H-reflex modulatory mechanisms in the healthy population has been shown (Mazzocchio et al., 2006;

Meunier et al., 2007). Specifically maintenance of a target speed during recumbent leg-cycling was

shown to reduce H-reflex activity (Mazzocchio et al., 2006) and to increase homosynaptic depression

(Meunier et al., 2007). Furthermore in subjects with iSCI, Phadke et al. (2009) showed that a 20 min

leg-cycling session increased H-reflex excitability at 100 ms ISI, indicating that more prolonged

rhythmic lower limb exercise may promote improved spinal reflex function in longer or repeated

rehabilitation programmes. More interesting however is the observation that cutaneomuscular-

conditioned H-reflex excitability after leg-cycling reflects better lower limb muscle strength and a

lower grade of hypertonia of the distal limb. Previous studies using paired-pulse H-reflex modulation

have also highlighted a correlation with gait or motor function in subjects with iSCI (Levin and

Chapman, 1987; Phadke et al., 2009). In the present study regression and correlation analysis indi-

cating loss of cutaneous-conditioned H-reflex excitability after a short period of lower limb exercise

based rehabilitation suggests that improvement of function could be promoted either by carefully

controlling the duration and intensity of the movement task or by providing additional cutaneous

input during rhythmic movement.

Clinical significance of measuring short-term exercise-induced H-reflex excitability

The present study is novel in identifying short-term modulation of H-reflex excitability evoked by

cutaneous conditioning stimuli after lower limb rhythmic exercise, which had only been previously
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demonstrated for proprioceptive modulatory circuits following SCI (Phadke et al., 2009). Previously

plasticity of sensorimotor function following iSCI has been demonstrated using cutaneomuscular

reflex measures in both experimental (Frigon et al., 2009; Frigon and Rossignol, 2008; Rossignol

et al., 2008) and clinical studies (Dietz et al., 2009; Fung and Barbeau, 1994; Knikou, 2010). The

results of the present study are important as the reflex testing technique presented in this study will

not only demonstrate change in cutaneomuscular modulatory systems after SCI, but will provide

a quantitative method to analyze short-term plasticity of this system in response to controlled

rehabilitation training programmes.

Loss of cutaneomuscular-conditioned soleus H-reflex excitability at 75 ms ISI during leg-cycling

may reflect unidentified neurological processes of "neuronal degradation", which have been hypoth-

esized previously after chronic SCI (Dietz et al., 2009; Hubli et al., 2012). Specifically loss of short-

latency and an increase in long-latency cutaneous reflex activity has been proposed as characteristic

of neuronal degradation (Dietz et al., 2009; Hubli et al., 2012). Furthermore loss of medium-latency

cutaneous-evoked reflex modulation during phase-dependent gait in subjects with iSCI has also

been identified in individuals with poor lower limb motor function, although no clear relationship

was observed with the spasticity syndrome (Jones and Yang, 1994). Future studies should assess the

relationship between abnormal flexor reflex activity identified previously (Dietz et al., 2009; Hubli

et al., 2012) and the change in cutaneomuscular-conditioned H-reflex excitability used in this study

before and after controlled lower limb exercise tasks during the subacute phase of iSCI.

Conclusion

This study shows that after iSCI, maintenance of soleus H-reflex excitability in response to

cutaneous input after controlled lower limb rhythmic exercise is necessary for good triceps surae

muscle strength and a lower grade of muscle hypertonia. As such the hypothesis that leg-cycling can

promote spinal neuronal activity in response to cutaneous input can only be affirmed in subjects

with good residual motor function. Future experiments should now examine other techniques

to maintain or potentiate further cutaneomuscular reflex integration during and after exercise-

based rehabilitation strategies. Better cutaneous input to spinal motor control mechanism could

be promoted either by carefully controlling the duration and intensity of the movement task or by

providing additional cutaneous input during rhythmic movement, with a view to activating adaptive

neuroplasticity and better motor function after iSCI.
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5.2 Study II

Afferent electrical stimulation during cycling improves spinal processing

of sensorimotor function after incomplete spinal cord injury
This article has been accepted for publication in the scientific journal NeuroRehabilitation

STEFANO PIAZZA1, DIEGO SERRANO2, JULIO GÓMEZ-SORIANO2,3, DIEGO TORRICELLI1,

ANTONIO SEGURA-FRAGOSA4, JOSÉ LUIS PONS1,5 AND JULIAN TAYLOR2,6,7

Objective: Appropriate afferent feedback delivery during the execution of motor tasks is

important for rehabilitation after incomplete spinal cord injury (iSCI). However, during

leg-cycling therapy, the plantar afferent feedback is minimal. We hypothesize that the

augmentation of sensory input by combining cycling with a locomotor-like stimulation of

plantar cutaneous innervations (ES-cycling), might help to restore proper spinal process-

ing of sensorimotor function.

Methods: 13 non-injured subjects and 10 subjects with iSCI performed 10 minutes of

cycling and, on another session, of ES-cycling. To assess spinal processing of sensorimotor

function, soleus H-reflex response was tested following a conditioning plantar electrical

stimulation applied at 25-100ms inter-stimulus intervals (ISI´s), measured before and

after the execution of the tasks.

Results: Before tasks execution, the conditioned H-reflex response was modulated in non-

injured subjects, and absent in subjects with iSCI; after cycling, modulation profiles were

unchanged. However, after ES-cycling a significant increase in H-reflex excitability was

observed in the non-injured group at 100ms ISI (p<0.05), and in the iSCI group between

50-75ms ISI (p<0.001).

Conclusion: Before tasks execution, the conditioned H-reflex response was modulated in

non-injured subjects, and absent in subjects with iSCI; after cycling, modulation profiles

were unchanged. However, after ES-cycling a significant increase in H-reflex excitability

was observed in the non-injured group at 100ms ISI (p<0.05), and in the iSCI group be-

tween 50-75ms ISI (p<0.001).

1Neural Rehabilitation Group, Cajal Institute, Spanish National Research Council, Madrid, Spain.
2Sensorimotor Function Group, Hospital Nacional de Parapléjicos, Toledo 45072, Spain.
3Toledo Physiotherapy Research Group (GIFTO), Nursing and Physiotherapy School, Castilla La Mancha University, Toledo

45072, Spain.
4Health Sciences Institute, Avenida de Madrid s/n, Talavera de la Reina, 45600 Toledo, Spain
5Tecnológico de Monterrey, Monterrey, Mexico.
6Stoke Mandeville Spinal Research, National Spinal Injuries Centre, Aylesbury, UK.
7Harris Manchester College, University of Oxford, Oxford, UK.
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Introduction

During voluntary motor activities, afferent feedback interacts with descending input inducing

activity-dependent plasticity in the central nervous system, at both brain and spinal cord level

(Wolpaw, 2007). In particular, plantar cutaneous afferents from the foot sole play an important role

in reflex regulation during the execution of phasic movements such as locomotion (Panek et al., 2014;

Rossignol et al., 2006; Van Wezel et al., 1997) or leg cycling (Yamaguchi et al., 2013; Zehr et al., 2001).

After spinal cord injury (SCI), afferent feedback becomes essential for the reorganization of spinal

circuits below the lesion, lost after the disruption of the descending input (Panek et al., 2014; Rossignol

et al., 2008). For example, during gait therapies as over-ground mobility therapy, treadmill training or

body-weight-supported training, the phasic sensory feedback generated during the movement was

shown to promote spinal plasticity and help patients with incomplete SCI (iSCI) to recover walking

abilities (Dietz et al., 1995; Dobkin et al., 2006; Knikou, 2012; Wernig et al., 1995).

Electrical stimulation of afferent fibers have been previously studied to improve rehabilitation

outcomes. Despite the limited effect obtained from the stimulation of afferent fibers alone (Garcia

et al., 2016), this approach has shown interesting results when delivered in association with functional

movements. For example, during assisted walking, electrical stimulation of the common peroneal

nerve promotes a modulation of the H-reflex reciprocal inhibition in non-injured subjects (Obata

et al., 2015). Similarly, electrical stimulation of the common peroneal nerve during active cycling

induces stronger and longer lasting effects on spinal circuits involved in reciprocal Ia inhibition as

compared with either intervention alone (Yamaguchi et al., 2013). Spinal H-reflex normalization

has also been observed after plantar cutaneomuscular stimulation. For example, Fung and Barbeau

(Fung and Barbeau, 1994) and Knikou (Knikou, 2010) showed that the application of plantar cutaneo-

muscular stimulation during standing and active walking promotes a normalized soleus H-reflex

phase-dependent modulation in subjects with iSCI.

Cutaneous afferent stimulation has also been used to evaluate spinal processing of sensorimotor

function in non-injured subjects and subjects with SCI (Knikou, 2007; Sayenko et al., 2009). The

modulation of soleus H-reflex excitability following a cutaneous conditioning stimulus, applied at a

3-90 ms inter-stimulus interval (ISI), was shown to reflect modulatory mechanisms within the central

nervous system (Knikou, 2007; Morita et al., 1998) that are altered following iSCI (Fung and Barbeau,

1994).

Accordingly, in our previous study H-reflex excitability was evaluated in healthy non-injured sub-

jects and subjects with iSCI, by applying a conditioning stimulation on the foot sole and measuring

the generated modulation in soleus H-reflex amplitude. This parameter was measured immediately

before and after a single cycling session (Piazza et al., 2016a). We observed pronounced reflex modu-
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lation both before and after the exercise in non-injured subjects. However, subjects with iSCI had no

modulation, with minimal changes after cycling. In this study, we discuss the hypothesis that spinal

processing of sensorimotor function could be potentiated by combining exercise execution with

electrical afferent feedback. Specifically, the objective of the study was to verify if the application of

cycling with electrical stimulation (ES) of the plantar cutaneous afferents would promote increased

reflex modulation in subjects with iSCI, compared to the effects generated by cycling without ES.

Materials and Methods

Subjects

Thirteen healthy volunteers (between 23-50 years old) and ten subjects with motor incomplete

SCI (iSCI, AIS C-D, between 34-72 years-old) were recruited to participate in the study (Table 5.3). The

inclusion criteria for subjects with SCI included a neurological level of lesion between C5 and T10,

less than ten months from the injury, and the ability to cycle autonomously. The exclusion criteria

for the participation included epilepsy, pregnancy, lower limb musculoskeletal injury or peripheral

nervous system disorders. All subjects with SCI received the standard rehabilitation program at the

hospital. All applicable institutional and governmental regulations concerning the ethical use of

human volunteers were followed during this research. The protocol was approved by the Toledo

Hospital clinical ethical committee (CEIC 07/05/2013, CEIC 15/07/2013 and CEIC 17/1/2012). All

recruited subjects signed the informed consent form before the study commenced.

Clinical outcome measures

A preliminary clinical evaluation of SCI subjects was performed prior to experiments, and in-

cluded the following scales: AIS Scale to diagnose the level and grade of SCI (Maynard et al., 1997);

WISCI II gait function index (Ditunno and Dittuno, 2001); Penn Scale (Penn et al., 1989) and spinal

cord assessment tool for spastic reflexes Scale (SCATS) (Benz et al., 2005) to quantify the frequency

and severity of evoked spasms; the modified Ashworth Scale (Bohannon and Smith, 1987) to measure

lower limb muscle hypertonia with knee and ankle joint flexion-extension. Finally, muscle testing

was performed on quadriceps, hamstring, tibialis anterior, triceps surae and extensor hallucis longus

muscle (Medical Research Council of the UK, 1976).

Procedures

Each participant performed two experimental sessions, on two different days and with less than

two weeks of separation between them. In one session participants were asked to cycle for 10 minutes

on a static ergometer. In the other session, cycling was performed in combination with afferent ES

applied to the right foot sole. The chronological order of the two sessions was randomly chosen so
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that, for each group, half of the subjects performed cycling after ES-cycling, and vice versa for the

other half of participants.

Reflex modulation was assessed immediately before and after each session, by measuring the

soleus H-reflex modulation profile following ipsilateral plantar conditioning stimulation. This test

required multiple combined stimulation of the medial plantar nerve.

During the protocol, participants were seated on a stationary ergometer, with both feet firmly tied

to the pedals. An ankle-foot orthosis prevented ankle movements, which is known to influence soleus

H-reflex excitability (Hwang, 2002). A movie was presented to entertain and distract the subjects

during the whole protocol, thus reducing the need for movement or changes of position.

Cycling tasks

All cycling sessions were performed at 42 rpm at a comfortable resistance for the subject, and

lasted 10 minutes. Cycling and ES-cycling sessions were identical, except for the afferent electrical

stimulation that was applied to the right foot of the subjects during ES-cycling. To mimic the cuta-

neous feedback perceived during walking, the electrical stimulation was active only in the downstroke

cycling phase (Fig. 5.6C). In facts, soleus H-reflex excitability during downstroke increases similarly

to the stance phase in walking, while during upstroke soleus H-reflexes are inhibited as happens

in stance (Brooke et al., 1997). The electrical stimulus was delivered with a pair of gelled surface

electrodes placed on the right foot sole (Fig. 5.6D). Stimulation consisted in 1ms pulses delivered

at 200Hz, at the maximal intensity just below the generation of visible muscle contraction during

cycling. To blind the study, plantar afferent stimulation was also delivered during the first minute of

cycling, with the same parameters used in ES-cycling.

H-Reflex modulation assessment

The conditioned soleus H-reflex modulation was measured immediately before and after every

cycling and ES-cycling session. Assessment consisted in the delivery of two stimuli to the subject, at

an Inter-Stimulus Interval (ISI) of 25, 50, 75 and 100ms (Fig. 5.6D). Both short-ISI (25-50) and long-ISI

(75-100) intervals were registered, to potentially observe spinal only (short-ISI) and combined spinal

and supraspinal conditioning effects (long-ISI) (Piazza et al., 2016a). The first (conditioning) stimulus

consisted in a train of five non-noxious 1-ms pulses at 200Hz delivered at the plantar skin via a pair

of superficial electrodes (IntFES, Technalia, San Sebastián, Spain). The intensity of this conditioning

stimulation was set to the 80% of the amplitude required to generate reflex activity in TA EMG signal,

to avoid reciprocal inhibition effects during reflex testing. The anode was constituted by a 10mm

cup electrode placed between the first and second metatarsal joints; the cathode was a flexible flat

gelled surface electrode (5cm Fabric Top circular, Valutrode™), placed in the dorsum of the foot, in

correspondence to the anode (Fig. 1C).
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Figure 5.6: Schematic representation of the reflex testing procedure used
to quantify the influence of cycling and ES-cycling tasks in participant’s
conditioned H-reflex excitability. (A) Soleus H-reflex modulation was as-
sessed at rest in the 90º crank pedal position. An ankle-foot orthosis was
applied to avoid ankle movements during the sessions. (B) The experimen-
tal protocol consisted of two sessions, realized on two separate days. Half of
the participants, chosen randomly, performed cycling on the first day, and
ES-cycling on the second; the other half performed ES-cycling on the first
day and cycling on the second. Reflex testing was performed before and
after each exercise. (C) During ES-cycling, plantar stimulation was active
in the downstroke phase of cycling only. Cutaneous stimulation during ES-
cycling was delivered between the metatarsal and medial plantar arch. (D)
During reflex testing, H-reflex conditioning was performed with the applica-
tion of a train of five 1-ms electrical pulses (200 Hz) to the metatarsal area;
Soleus H-reflexes were tested at 25, 50, 75 and 100ms inter-stimulus inter-
vals (ISI´s). In the graphs, representative soleus H-reflex activity is presented,
showing the effect of the previous cutaneomuscular conditioning stimulus
applied 75 ms ISI before the elicitation of the reflex; the samples presented
were recorded from an individual with iSCI before and after ES-cycling task
execution.
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The second stimulus was provided to elicit the soleus H-reflex, and consisted in a 1-ms electrical

pulse delivered to the right tibial nerve by a superficial bipolar electrode applied on the popliteal

fossa (IntFES, Tecnalia, San Sebastián, Spain). The stimulation intensity was set to generate a control

H-reflex of 50% the maximum H-reflex amplitude. Reflex testing was performed with the right pedal

fixed at 90º crank position, with the hip flexed at 70º, the knee flexed at 20º and the ankle fixed in

neutral position at 0º (Fig. 5.6A). Conditioned H-reflexes were recorded 15 times for each condition

(without plantar conditioning and at 25, 50, 75 and 100ms after the plantar conditioning stimulus),

with a minimum test interval of 7s to reduce the possible contribution of post-activation depression

(Hultborn et al., 1996). The M-wave was also monitored to verify the constant activation of the alpha

motoneuron’s fibers.

EMG Recording and Data Collection

EMG signals from the soleus and TA muscles of the right lower limb were recorded using dif-

ferential bipolar gelled surface electrodes (Bagnoli™, Delsys, Natick, U.S.A.), placed longitudinally

according to the SENIAM recommendations. In the iSCI group, residual muscle activity was verified

by instructing the subject to perform a repeated plantarflexion and dorsiflexion movement of the

ankle while observing EMG activity collected online.

The EMG signals were acquired with a conventional amplifier (Cibertec, Madrid, Spain) digitized

at a sampling rate of 2 KHz, and processed with a zero-phase-lag Butterworth second-order bandpass

digital filter (20-400 Hz and 30, 50 and 100Hz notch filter). The H-reflex and M-wave amplitude were

measured as the peak-to-peak values analyzed within a 37-69 and 10-25ms time window, respectively

(Makihara et al., 2012).

Data Analysis and Statistics

Clinical and demographic characteristics were compared between groups using the T-test for

numerical, normally distributed data, and Pearson’s Chi-squared test for categorical data. Mean raw

M-wave amplitudes before and after each task were compared using Paired Student’s T-test, to verify

the stability of the electrical stimulus reaching the tibial nerve. Plantar stimulation intensity during

ES-cycling was also compared between the two groups, using Unpaired Student’s T-test.

A linear mixed-effect model was used to estimate the effects of the conditioning stimulation

on the H-reflex amplitudes during reflex testing. This method of analysis takes into account the

correlated nature of repeated measures of the same subject. The dependent variable of the model

was the normalized conditioned H-reflex amplitude. As predictors, the ISI interval was entered into

the model as a fixed effect, and intercepts for subjects as random effects.

Linear mixed effects analysis was also performed to identify changes in the modulation of H-
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reflex amplitude after each task, compared to the values registered before exercise execution. The

normalized conditioned H-reflex amplitude was defined as the dependent variable and time of

testing (before or after the task) as the predictor, with intercepts for subjects modelled as random

effects. The probability p-values were adjusted with Bonferroni, and the significance level for the

analysis was set to 0.05, 0.01 and 0.001. Statistical analysis was performed using R (R Core Team,

2012).

Results

Demographic and clinical parameters

Age distribution presented a normal distribution (Kolmogorov-Smirnov in non-injured, p=0.5

and in iSCI subjects, p=0.2); Significant differences were found comparing the non-injured (33±2

mean±SEM, years) and iSCI Group (48±4 years, T-test test p=0.005). Gender distribution showed no

differences (46% males in the non-injured group and 60% males in the iSCI, Pearson’s Chi-squared

test p=0.8). Time after SCI was 32±4.5 weeks for the iSCI group. Six subjects had AIS score C and

four had AIS score D. One subject had a C6 lesion level, all the others C4. Clinical assessment of the

iSCI group revealed a total muscle score in the right leg of 13.8±1.9(14, 12, 19, Median, 25th, 75th

percentiles) over a maximum score of 25 (five muscles considered), with a plantarflexors muscle

score of 2.8±0.4 (3, 2, 4) (Table 5.3).

Reflex excitability before tasks execution

In the non-injured group, the analysis of the conditioned soleus H-reflex modulation before

starting the cycling task revealed inhibition at short ISI’s (-18.2±2.6% SEM, P<0.0001 at 25 ms ISI;

and -14.4±2.6%, p<0.0001 at 50 ISI) and excitation at long ISI (10.6±2.6%, p<0.0001 at 75 ms ISI; and

10.6±2.6%, P<0.0001 at 100 ms ISI) (Figure 5.7A). A similar inhibition and excitation pattern was

found before ES-cycling (-10.6±3%, p=0.001 at 25 ms ISI, -7.8±3%, p=0.04 at 50 ms ISI, 10±3%, p=0.004

at 75 ms ISI and 9.4±3%, p=0.008 at 100 ms ISI) (Figure 2E). In iSCI, this modulation was minimal or

statistically absent for all ISI’s before cycling (-3±4.1%, p>0.05 at 25 ms ISI; 5.9±4.1%, p>0.05 at 50 ms

ISI; 9.6±4.1%, p>0.05 at 75 ms ISI; and -2.4±4.1%, p>0.05 at 100 ms ISI.) or ES-cycling task (-9,1±2.9%,

p=0.008 at 25 ms ISI, -0.2±2.9%, p>0.05 at 50 ms ISI, -6±2.9%, p>0.05 at 75 ms ISI and -2.2±2.9%,

p>0.05 at 100 ms ISI) (Fig. 5.7C,G).

Reflex excitability after tasks execution

The intensity of the electrical stimulation applied during ES-cycling was similar between the

two groups (5.3±2.2mA in the non-injured group, and 5.6±2.8 in the iSCI group, p=0.8). Analysis of

changes in the modulation profile between before and after cycling tasks showed, in the non-injured

group, no statistically significant results (Fig. 5.7B). However, after ES-cycling, increased excitation
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Figure 5.7: Analysis of conditioned soleus H-reflex activity (mean and SEM)
at 25-100ms ISI´s, before and after each task for non-injured subjects (A, B,
C, D) and subjects with iSCI (E, F, G, H). Mean H-reflex amplitude before
task execution is shown as a percentage of the unconditioned H-reflex re-
sponse (A, C, E, G). Changes after task execution (B, D, F, H) are presented
as differential distance between the average normalized H-reflex amplitude
registered before and after task execution. Statistical analysis was made with
mixed linear models by comparing soleus H-reflex modulation with the un-
conditioned response. The represented significance values were corrected
with Bonferroni.

73



Table 5.3: Patient data, incomplete SCI characteristics, residual motor function and spasticity syndrome

symptoms. #n: Patient number; GEND: gender; AGE: age in years at the moment of examination; AIS:

American Spinal Injury Association Impairment Scale; M: male; F: female; Neur Lev: SCI neurological level;

C: cervical; D: dorsal; L: lumbar; TIME SCI: weeks from the injury at the moment of examination, QUAD MS:

Manual muscle score assessed from quadriceps; TOT MS: Total manual muscle score assessed from the

quadriceps, hamstring, TA, triceps surae and extensor hallucis longus muscle muscles; WISCI II: walking

index for spinal cord injury version II; TOT MAS: total modified Ashworth score during flexion-extension at

the knee and ankle joints; PENN: Penn Scores; SCATS: Spinal Cord Assessment Tool for Spastic reflexes;

FLEX: flexor spasms subscore; EXT: extensor spasms subscore; CLON: clonus subscore.

#n GEND AGE

(Y)

AIS NEUR

LEV

IME SCI

(W)

QUAD

MS

TOT

MS

WISCI

II

TOT

MAS

PENN SCATS

FLEX

SCATS

EXT

SCATS

CLON

1 F 45 C C4 43 4 19 13 0 3 1 1 3

2 M 52 D C4 25 5 21 0 0 1 1 0 0

3 M 40 C C4 37 2 12 16 1 2 0 0 1

4 M 42 D C4 41 2 10 13 1 1 2 0 1

5 F 34 C C4 22 2 12 0 5 4 3 2 3

6 F 65 C C4 33 3 14 13 1 4 2 1 3

7 M 72 C C4 36 3 13 0 7 2 1 0 0

8 M 38 C C4 58 0 0 0 0 1 0 0 0

9 F 53 D C6 12 3 17 0 2 1 2 0 2

10 M 40 D C4 13 4 20 17 0 0 0 0 1

Mean - 48.1 - - 32 2.8 13.8 7.2 1.7 1.9 1.2 0.4 1.4

SEM - 3.9 - - 4.5 0.4 1.9 2.4 0.8 0.4 0.3 0.2 0.4
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was found at 100 ms ISI only (and 9.8±3.0%, p=0.004, Fig. 5.7F). No changes in the conditioned

H-reflex modulation profile were found after cycling task in the iSCI group (Fig. 5.7D). Nevertheless,

after ES-cycling, increased excitation was found in the iSCI group at 50 and 75 ms ISI (17.5±4.1,

p<0.0001; and 26±4.8, p<0.0001). (Fig. 5.7H).

Discussion

This study demonstrates that cycling combined with afferent electrical stimulation promotes

spinal processing of sensorimotor function in individuals with iSCI more than cycling alone. After a

plantar conditioning stimulation, H-reflexes measured in non-injured subjects presented inhibition

at short-ISI (25-50ms) and excitation at long ISI (75-100ms). This modulation was absent in subjects

with iSCI and remained stable after cycling. However, 10 minutes of ES-cycling strongly increased

H-reflex excitability at 50 and 75ms ISI in the iSCI group, indicating that central sensorimotor

modulatory mechanisms had been activated.

Reflex excitability at rest

Stimulation of the plantar region of the foot induces in non-injured individuals an early inhibition

followed by a substantial reflex facilitation, which is in line with Fung et al. (Fung and Barbeau,

1994) and Piazza et al. (Piazza et al., 2016a). However, similar studies reported no changes (Pierrot-

Deseilligny et al., 1981) or early soleus H-reflex inhibition (Knikou, 2007; Rossi and Mazzocchio,

1988; Sayenko et al., 2009). The strong location-specific organization of plantar cutaneous reflexes

(Nakajima et al., 2006) may explain the different outcomes of similar protocols. Altogether, these

results strongly support the notion that signals from foot mechanoreceptors participate in spinal

reflex circuits modulation.

In contrast, subjects with iSCI had a flatter profile, which wasn’t showing strong signs of excita-

tions or inhibitions. Differences in the modulation profile observed between non-injured subjects

and subjects with SCI confirms our previous results (Piazza et al., 2016a) and are in line with Knikou

et al. (Knikou, 2007) in suggesting that sensorimotor input from cutaneous mechanoreceptors of the

foot sole modulate differently spinal reflex excitability in SCI patients. However, Knikou et al. reported

long-ISI reflex inhibition or absent modulation in non-injured subjects, and excitation in subjects

with iSCI. These contrasting outcomes suggest caution in providing a physiological interpretation of

the results, since a more specific protocol would be required to fully ascribe the spinal mechanisms

responsible for these results.

Reflex excitability after cycling

The H-reflex modulation profile after cycling remained stable in non-injured subjects, showing

only a slight increase of excitation for 100ms ISI. Cycling task didn’t influence H-reflex modulation in
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iSCI subjects either. In a previous study (Piazza et al., 2016a), we observed an increase in H-reflex

excitability at 25-75ms ISI in non-injured subjects and a loss of excitability at 75ms ISI in individuals

with iSCI. Interestingly, the intensity of the conditioning stimulation was different in the two studies.

In our previous study, the afferent stimulus was set to twice the intensity required to generate a visible

contraction on foot sole’s muscles. This threshold was sometimes difficult to determine, especially

in subjects with SCI. For this reason, in the present study the stimulation was set to a percentage of

TA reflex activation threshold. We found that with this protocol the resulting intensities were always

below foot muscles activation threshold. The lower conditioning intensity may explain the reduced

modulation found in the non-injured group. As regards the iSCI group, in our previous study absent

H-reflex inhibition was found after cycling at 75ms ISI, but only in subjects with triceps surae muscle

Score <3. In this study, only 3 out of the 10 participants of the iSCI group were having triceps surae

muscle score <3, which may explain why the inhibition was not present in the grouped data.

Reflex excitability after ES-cycling

After ES-cycling, a significant increase of conditioned reflex excitability was found in the iSCI

group at 50 and 75 ms ISI. This effect was absent in all other trials of this group. Fung et Barbeau (Fung

and Barbeau, 1994) showed that soleus H-reflexes modulation in subjects with iSCI was increased

during walking when a conditioning stimulation, similar to the one used in this study, was applied to

the foot sole. A similar mechanism may have occurred during the execution of ES-cycling, and the

effects of the restored modulation, still present after task execution, originating the increased reflex

excitability observed in our trials. On the contrary, non-injured subjects, who already presented reflex

modulation before task execution, showed an increase of reflex excitability at 100ms after ES-cycling,

which was already significant before the exercise, suggesting that the afferent feedback may have

stronger effects when the spinal network is not fully expressed.

Clinical significance

It has been proposed that the augmentation of task-related sensory input might induce a reorga-

nization of the sensorimotor cortex and spinal cord (Kaas et al., 2008; Knikou, 2010). In support of

this hypothesis, our results suggest that the excitation of plantar cutaneous afferents during a cycling

task might promote spinal processing of sensorimotor function in subjects with iSCI. These findings

are relevant to the design of novel therapies to reeducate spinal networks and prevent processes of

"neuronal degradation" which may appear after chronic SCI (Dietz et al., 2009; Hubli et al., 2012).

Conclusions

This study shows that spinal processing of sensorimotor function, which may be absent or drasti-

cally reduced in subjects with SCI compared to non-injured subjects, can be partially restored by a ten

minutes cycling task, whenever plantar cutaneous mechanoreceptors are activated during movement
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execution. These results remark the importance of cutaneous afferents in the normalization of spinal

cord function after SCI, and have potentials to be applied in the design of neuromodulation-based

interventions. Future experiments will further characterize the application of afferent conditioning

protocols to improve neuroplasticity, and will explore the effects of electrical stimulation, when the

exercise is repeated for multiple sessions on a larger time frame.
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5.3 Study III

Evaluating sensorimotor excitability after spinal cord injury: a

cutaneomuscular reflex testing method based on cycling with afferent

stimulation
This article has been submitted to the European Journal of Applied Physiology

STEFANO PIAZZA1, DIEGO TORRICELLI1, JULIO GÓMEZ-SORIANO2,3,

DIEGO SERRANO2, JOSÉ LUIS PONS1,5 AND JULIAN TAYLOR2,6,7

Background: Defining accurate methods for the assessment of sensorimotor excitability is

crucial for a more precise clinical evaluation of the functional state of subjects with spinal

cord injury (SCI). However, the reduced lower limbs usage after SCI may affect the ability

of the test to correctly identify a patient’s potentials.

Objective: To test the influence of a leg-cycling exercise combined with afferent electrical

stimulation (ES-cycling) in improving spinal sensorimotor excitability assessment in sub-

jects with SCI.

Methods: Spinal sensorimotor excitability was estimated by measuring plantar cutaneous-

conditioned soleus H-reflex excitability at 25-100ms inter-stimulus intervals. Reflexes were

tested before and after a ten-minute session of ES-cycling in 13 non-injured subjects, 6

with motor incomplete SCI (iSCI) and moderately-impaired gait function, 4 with iSCI

with severely-impaired gait function, and 5 with motor complete SCI.

Results: Before ES-cycling, plantar cutaneous-conditioned Soleus H-reflex excitability was

low in all individuals with SCI, compared to non-injured subjects. After 10 minutes of

exercise, reflex excitability increased only in subjects with iSCI and moderately-impaired

gait function.

Conclusions: Performing ES-cycling before reflex assessment allowed individual sensori-

motor features to become measurable. Exercise execution may have favoured the activation

of central sensorimotor mechanisms, allowing a complete assessment of the subjects.

1Neural Rehabilitation Group, Cajal Institute, Spanish National Research Council, Madrid, Spain.
2Sensorimotor Function Group, Hospital Nacional de Parapléjicos, Toledo 45072, Spain.
3Toledo Physiotherapy Research Group (GIFTO), Nursing and Physiotherapy School, Castilla La Mancha University, Toledo

45072, Spain.
5Tecnológico de Monterrey, Monterrey, Mexico.
6Stoke Mandeville Spinal Research, National Spinal Injuries Centre, Aylesbury, UK.
7Harris Manchester College, University of Oxford, Oxford, UK.
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Background

After spinal cord injury (SCI), spinal sensorimotor function is disrupted below the injury and

the physiological spinal-reflexes modulation altered (Dietz, 2002). In the non-injured state, these

mechanisms are essential during the execution of active tasks (Gómez-Soriano et al., 2016; Knikou,

2007; Komiyama and Nakajima, 2012; Rossignol et al., 2004; Zehr and Kido Thompson, 2001) and

become especially important for the recovery of lower limbs motor tasks in people with SCI (Angeli

et al., 2014; Rossignol et al., 2009). A deeper understanding of sensorimotor control mechanisms

responsible for modulating essential motor tasks in humans with SCI may allow a more accurate

clinical diagnosis and the design of more effective neurorehabilitation strategies (Knikou, 2010).

Several neurophysiological techniques are available to quantify cutaneous sensorimotor control

within the spinal cord after SCI. Common clinical methods have focused mainly on mapping skin

areas with rigid filaments to determine the innervation density of specific mechanoreceptors with

quantitative descriptions, as in the case of the Semmes-Weinstein monofilament test and the static

and dynamic 2-point discrimination tests (Bell-Krotoski et al., 1995, 1993; Ferreira et al., 2004).

By examining the neurological response to a given stimulus, it is possible to selectively evaluate

peripheral sensorimotor circuitries, as happens using methods based on the conditioned Soleus

H-reflex activity following a plantar stimulation (Fung and Barbeau, 1994; Knikou, 2010; Sayenko

et al., 2009). This technique allows testing of spinal sensorimotor control mechanisms, which are

themselves modified after SCI (Fung and Barbeau, 1994; Knikou, 2007). However, some previous

literature has indicated that these tests do not reflect the real functional sensorimotor integration

of the measured limb (Almquist and Eeg-Olofsson, 1970; Dellon, 1978; Dellon and Kallman, 1983;

Gelberman et al., 1983; Orgel, 1982), because of the strong inter-relation between central processing

of afferent signals and the excitability of primary sensory areas, which are closely linked to motor

areas in the brain (Avendaño et al., 1992; Dubé and Mercier, 2011; Widener and Cheney, 1997).

Therefore, recent sensorimotor assessment techniques specifically target the interaction between

the sensory and motor systems (Chiu et al., 2009, 2013; Kuhtz-Buschbeck and Ehrsson, 2001; Mercier

et al., 2016; Wheat et al., 2004).

In a previous study, we implemented the plantar-conditioned Soleus H-reflex test in a platform

composed of a static ergometer, similar to the one used in the hospital by patients with SCI, an

electrical stimulator to provide plantar afferent stimulation, and an electromyograph registering of

lower limb muscles activity. This platform setup permitted us to observe the effect of a controlled

leg-cycling exercise on spinal reflex excitability in subjects with incomplete SCI (iSCI) and to assess

whether these changes correlated with the clinical and functional characteristics of the subjects

(Piazza et al., 2016a). In light of these results, we designed a novel electrical stimulation (ES) cycling

exercise to facilitate spinal sensorimotor excitability in people with iSCI (Piazza et al., 2016b). ES-

cycling consisted of delivering plantar electrical stimulation during specific cycling phases. By

79



Stefano Piazza

comparing the effect of cycling and ES-cycling on Soleus H-reflex activity, we showed increased

sensorimotor excitability after ES-cycling (Piazza et al., 2016b).

In this study, we describe the ES-cycling platform, and we propose that ES-cycling may serve not

just as a training exercise, but also allows to perform more complete sensorimotor excitability tests.

Our hypothesis was that the reduced mobility of the subjects with SCI would influence their neural

response to the sensorimotor excitability testing procedure, and that performing ES-cycling before

reflex assessment may reverse these effects, allowing a better assessment. This report addresses these

hypotheses in subjects with complete and iSCI, comparing their reflex excitability according to the

subject’s residual gait function.

Methods

Description of the spinal reflex testing platform

The spinal reflex testing platform is composed of a laptop controlling the interface, a microcon-

troller (Arduino Uno, Chiasso, Italy) for the real time control of the devices, a motorized ergometer

(Reck, Betzenweiler, Germany), two electrical stimulation devices, one for soleus H-reflex testing,

and the other for plantar cutaneous stimulation during reflex conditioning and ES-cycling (IntFES,

Technalia, San Sebastián, Spain) and finally an electromyography amplifier (Cibertec, Madrid, Spain),

to acquire the EMG signals (Fig. 5.8). To use the platform, a subject must sit on a chair, or a wheelchair,

with the feet secured to the pedals of the ergometer. In this position, maximum knee extension is

reached at a 90º crank angle, maximum knee flexion at 270º, maximum hip extension at 140º and

maximum hip flexion at 320º.

Specific communication channels are used depending on the nature of the information processed.

Between the laptop and the microcontroller, the information flow is bidirectional with loose time

constraints. Therefore, USB-based serial communication was used, which allows high flexibility

and as an additional advantage can be used as a power source for the microcontroller. Real time

communication is essential for the microcontroller to appropriately activate ES stimulation. Thus, a

CAN bus was used for the communication between these devices. For ES activation, an analog trigger

is sent to the electromyograph amplifier, for posterior data synchronization. Finally, EMG data and

ES triggers were transmitted with serial analog communication, and read by the control interface

using a commercial ADC acquisition board (NI USB-6008, National Instruments, Austin, Texas, USA).

Two main components are responsible for controlling the platform’s operations: the control

interface and the real-time control loop. The control interface is a Python-based object-oriented

supervisor of the experiments, that runs in the computer of the experimenter. It allows the user to

manage the execution of the protocol, including starting, pausing or resuming the execution of a
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Figure 5.8: Schematic of the experimental platform used for spinal senso-
rimotor excitability testing. The platform implements a clinical and user
interface. During reflex testing, soleus H-reflex activity was elicited with a
stimulus delivered to the right popliteal fossa (H-reflex stimulation), which
was in turn conditioned previously with a train of electrical pulses applied
to the plantar skin surface (Plantar conditioning). H-reflex activity was reg-
istered with a standard electromyography amplifier (H-reflex acquisition).
During ES-cycling, plantar cutaneous stimulation was delivered (ES-cycling
feedback) on the down-stroke of the cycling phase, which was estimated
from the crank position (Crank angle).

test, configuring the settings for the stimulation devices and continuously updating the graphical

representation of the results. The control interface is also responsible for data recording and storage.

The real time control loop is a software routine written in C and running in the microcontroller. Its

principal role is to wait for orders from the control interface, and control the electrical stimulators

accordingly to the available pre-programmed routines.

Participants

Thirteen healthy volunteers (non-injured group) older than eighteen years, six subjects with

motor incomplete SCI who were able to walk without parallel bars (moderately gait-impaired iSCI

group, American Spinal Injury Association Impairment Scale (AIS) C-D, WISCI II > 5), four subjects

with motor incomplete SCI unable to stand or participate to assisted walking (severely gait-impaired

iSCI group, AIS C-D, WISCI II scale = 0), and five subjects with motor complete SCI (cSCI group,

AIS A-B, WISCI II scale = 0) participated in the study (Table 5.4). Inclusion criteria for SCI subjects

included a neurological level of injury between C5 and T10, less than ten months from the time of

SCI, more than eighteen years old at the time and standard rehabilitation performed at the hospital
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(National Paraplegic Hospital of Toledo). Exclusion criteria for all subjects included any evidence

or known history of epilepsy, pregnancy, lower limb musculoskeletal injury or peripheral nervous

system disorders. Data from the non-injured group, and the collected data from the two iSCI groups,

have been analysed in a companion study (Piazza et al., 2016b).

A clinical evaluation of SCI subjects was performed prior to experiments, which included the

WISCI II gait function index (Ditunno and Dittuno, 2001) to assess gait function and the AIS to assess

the neurological severity of the SCI (Maynard et al., 1997). Manual muscle testing was performed

on the right leg, on quadriceps, hamstring, TA, triceps surae and extensor hallucis longus muscle

(Medical Research Council of the UK, 1976).

Table 5.4: GRP: experimental group; G.D.: Gait dysfunction; Mod. Moder-

ate; Sev: Severe; GEND: gender; AIS: American Spinal Injury Association

Impairment Scale; M: male; F: female; NEUR LEV: SCI neurological level;

C: cervical; D: dorsal; RIGHT LEG MS: Right Leg Muscle Score; WISCI II:

walking index for spinal cord injury version II.

GRP GEND AGE

(Y)

AIS NEUR

LEV

TIME

FROM SCI

(W)

RIGHT

LEG MS

WISCI II

Mod.G.D. & iSCI M 40 D C4 13 20 17

Mod.G.D. & iSCI M 40 C C4 37 12 16

Mod.G.D. & iSCI M 42 D C4 41 10 13

Mod.G.D. & iSCI F 45 C C4 43 19 13

Mod.G.D. & iSCI F 65 C C4 33 14 13

Mod.G.D. & iSCI F 34 C C4 22 12 13

Sev.G.D. & iSCI F 53 D C6 12 17 0

Sev.G.D. & iSCI M 52 D C4 25 21 0

Sev.G.D. & iSCI M 72 C C4 36 13 0

Sev.G.D. & iSCI M 38 C C4 58 0 0

Sev.G.D. & cSCI M 59 B C4 26 0 0

Sev.G.D. & cSCI F 49 B D2 41 0 0

Sev.G.D. & cSCI F 65 A D8 36 0 0

Sev.G.D. & cSCI M 40 A D7 28 0 0

Sev.G.D. & cSCI M 27 A D6 24 0 0
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Procedures

During the protocol, participants were seated in the ergometer, with both feet firmly secured

to the pedals. An ankle-foot orthosis was used to prevent ankle movements, which are known to

influence soleus H-reflex excitability (Hwang, 2002). A movie was also presented to entertain and

distract subjects during the whole protocol.

Sensorimotor excitability assessment

Sensorimotor excitability was assessed immediately before and after ES-cycling by measuring

soleus H-reflex amplitude following a plantar conditioning stimulation applied to the medial plantar

surface of the foot. Two stimuli were delivered to the subject, at an Inter-Stimulus Interval (ISI) of 25,

50, 75 or 100m (Fig. 5.9C). The first (conditioning) stimulus consisted of a train of five non-noxious

1-ms pulses at 200 Hz delivered at the plantar skin via a pair of superficial electrodes. The intensity of

this conditioning stimulation was set to the 80% of the amplitude required to generate reflex activity

in TA EMG signal, to avoid reciprocal inhibition of the soleus H-reflex. The anode was constituted

by a 10mm cup electrode placed between the first and second metatarsal joints; the cathode was a

flexible flat gelled surface electrode (5cm Fabric Top circular, Valutrode™), placed on the dorsum of

the foot, corresponding to the anode, to permit localized cutaneous stimulation (Gómez-Soriano

et al., 2016) (Fig. 5.9B). The second stimulus was provided to elicit the soleus H-reflex, and consisted

in a 1-ms electrical pulse delivered to the right tibial nerve by a superficial bipolar electrode applied

on the popliteal fossa (IntFES, Technalia, San Sebastián, Spain). The stimulation intensity was set to

generate a control H-reflex of 50% of the maximum H-reflex amplitude. Reflex testing was performed

with the right pedal fixed at 90º crank position, with the hip flexed at 70º, the knee flexed at 20º

and the ankle fixed in neutral position at 0º. H-reflexes were recorded 15 times for each condition

(without plantar conditioning and at 25, 50, 75 and 100ms after the plantar conditioning stimulus),

with an interval between two consecutive tests chosen randomly within 7s and 9s to reduce the

possible contribution of post-activation depression (Hultborn et al., 1996). The M-wave was also

monitored to verify the constant activation of the alpha motoneuron’s fibers. This protocol has been

used in previous studies (Piazza et al., 2016a,b).

ES-cycling task

Participants were instructed to cycle at 42 rpm for 10 minutes at a resistance that was comfortable

for each subject. Subjects from the cSCI group were assisted by electrical motors during pedaling, at

the same cadence adopted by the iSCI group (42 rpm). While cycling, the right foot was stimulated

by a continuous innocuous 1-ms, 200Hz electrical stimulation at an intensity just below intrinsic

foot muscles motor threshold, which was verified visually. Stimulation was delivered at each cycle
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during the down-stroke phase (Fig. 2B), mimicking the cutaneous feedback perceived in the stance

phase of walking, when plantar cutaneous afferents are stimulated by ground contact. The symmetry

between cycling and walking phases is based on the comparison of the soleus H-reflex modulation

patterns during the execution of the two tasks. Specifically, previous studies showed that soleus

H-reflex excitability in non-injured subjects is increased during the stance phase of walking and

inhibited during the swing phase (Brooke et al., 1997; Capaday and Stein, 1987; Krauss and Misiaszek,

2007; Simonsen and Dyhre-Poulsen, 1999). Similarly, reflex excitability during cycling is stronger in

the down-stroke phase, and reduced in the up-stroke phase (Boorman et al., 1992; Brooke et al., 1997;

Pyndt and Nielsen, 2003). A pair of gelled surface electrodes were placed on the right foot sole to

deliver the ES.

Electromyographic Recordings and Data Collection

EMG signals from the soleus and TA muscles of the right lower limb were recorded using bipolar

gelled surface electrodes (Bagnoli™, Delsys, Natick, U.S.A.), placed longitudinally according to the

SENIAM recommendations (Hermens et al., 2000). To verify residual muscle activity in the moderately

gait-impaired iSCI and severely gait-impaired iSCI groups, subjects were instructed to perform a

repeated plantar and dorsiflexion of the foot and lower limb muscles contractions were observed

with EMG. For the cSCI group, reflex EMG activity was monitored.

EMG signals were digitized at a sampling rate of 2 KHz and processed with a zero-phase-lag

Butterworth second-order bandpass digital filter (20-400 Hz and 30, 50 and 100Hz notch filter). The

H-reflex and M-wave amplitudes were measured as the peak-to-peak values analyzed within a 37-69

and 10-25ms time-window, respectively (Makihara et al., 2012).

Data Analysis and Statistics

Clinical characteristics were compared between groups using the Kruskal-Wallis test, applying

Dunn’s post-hoc test with Bonferroni adjustment, and demographic characteristics using Pearson’s

Chi-squared test. Mean raw M-wave amplitudes before and after each task were compared using

Paired Student’s T-test, to verify the stability of the electrical stimulus reaching the tibial nerve.

Plantar cutaneous-conditioned H-reflex modulation was analysed before and after the cycling

task with linear mixed effects models (Piazza et al., 2016a,b), using R (R Core Team, 2012) and

lme4 (Bates et al., 2014). The normalized conditioned H-reflex amplitude was defined as the depen-

dent variable, and the ISI interval as a fixed effect. By-subject random intercepts were introduced

as random effects. The probability p-values were calculated using Satterthwaite’s approximation,

considering the significance level for the analysis at 0.05, 0.01 and 0.001, with Bonferroni correction.
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Figure 5.9: Schematic of the reflex testing procedure used to evaluate the
effect of ES-cycling on plantar cutaneous-conditioned soleus H-reflex mod-
ulation. (A) Plantar cutaneous-conditioned soleus H-reflex modulation was
tested before and after a 10 minute ES-cycling session. (B) In the ES-cycling
session, an ipsilateral electrical stimulus was delivered to the plantar surface
during the down-stroke cycling phase. The stimulus consisted of 1ms pulses
delivered at 200Hz at an intensity below that required to generate visible
foot muscle contraction. (C) Soleus H-reflex modulation was assessed at rest
in the 90° crank pedal position, with the application of a pre-conditioning
cutaneous stimulus applied to the ipsilateral metatarsal area of the plan-
tar pad as a train of five 1-ms pulses (200 Hz). The conditioning stimulus
was applied at 25, 50, 75 and 100 ms inter-stimulus intervals (ISI’s); sample
EMG signals are presented for one subject with moderately-impaired gait
function and iSCI, before and after ES-cycling session at 75ms ISI.
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Results

Demographic and clinical characteristics

Analysis of the age range for each group demonstrated significant differences (Kruskal-Wallis

test p=0.02). Post-hoc testing showed that the non-injured group (23-50 years old, 33±2 mean±SEM)

had a significantly lower age compared to the severely gait-impaired iSCI group (30-72 years old,

54±7, Dunn’s test p=0.04). However, no differences in age were found between the non-injured and

moderately gait-impaired iSCI groups (34-65 years old, 46±5, Dunn’s test p=0.3) or between the

non-injured and cSCI groups (27-65 years-old, 48±7, Dunn’s test p=0.2). In addition, no differences

were found when comparing the age of the three SCI groups (Dunn’s test=1). Gender distribution

analysis showed no statistically significant differences(Pearson’s Chi-squared test p=0.7) between the

non-injured (46% males), moderately gait-impaired iSCI (50% males), severely gait-impaired iSCI

(75% males) and cSCI groups (60% males).

The time after SCI was similar when compared between the three SCI groups (Kruskal-Wallis

test p=1). The average values of time after SCI were 7.4±2.7 months for the moderately gait-impaired

iSCI group, 7.6±4.6 months for the severely gait-impaired iSCI group and 7.2±1.7 months for the cSCI

group. No significant differences in the right leg muscle score were also found between moderately

and severely gait-impaired iSCI groups (Kruskal-Wallis test p=0.8). Clinical and demographic data of

subjects with SCI are presented in Table 5.4.

Sensorimotor excitability before ES-cycling

Plantar cutaneous-conditioned soleus H-reflex modulation analysis before the ES-cycling task

revealed in the non-injured group reflex inhibition at short ISI’s (-10.6±6%, p=0.001 at 25 ms ISI and

-7.8±3%, p=0.04 at 50 ms ISI) and excitation at long ISI’s (9.9±4%, p=0.004 at 75 ms ISI and 9.4±5%,

p=0.008 at 100 ms ISI, Fig. 5.10A). In moderately gait-impaired subjects, reflex inhibition was found

only at 25ms iSI (-15.2±4%, p<0.001). In participants from the severely gait-impaired iSCI group,

inhibition was absent for all ISI’s before ES-cycling. Finally, in the cSCI group, a significant reflex

inhibition was found at 25ms ISI (-8.4±9%, p<0.01, Fig. 5.10A).

Sensorimotor excitability after ES-cycling

The average M-wave amplitude after ES-cycling, compared to the pre-ES-cycling levels, was

not significantly different in any group. In the non-injured group, plantar cutaneous-conditioned

soleus H-reflex modulation after ES-cycling showed an inhibition at 25ms ISI (-9.3±9%, p=0.009)

and an excitation at long ISI’s (16.1±4%, p<0.001 at 75ms ISI and 19.2±5%, p<0.001 at 100ms ISI).

In the moderately gait-impaired iSCI group, the reflex excitability profile showed significant reflex

excitation at 50 and 75 ms ISI (20.6±23%, p<0.04 at 50ms ISI and 32±28%, p<0.001 at 75ms ISI). Finally,
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Figure 5.10: Plantar cutaneous-conditioned soleus H-reflex modulation
(mean and SEM) before (A) and after (B) the ES-cycling task. A graphical
representation of the effect of ES-cycling effects on spinal excitability is pre-
sented in column (B-A), where the dots represent the difference between the
mean modulation level registered after ES-cycling and the corresponding
value registered before ES-cycling. The error bars represent the difference
between the values registered before and after ES-cycling. Light grey arrows
indicate the regions with larger changes.

no significant modulation was observed after ES-cycling in severely gait-impaired iSCI or the cSCI

group (Fig. 5.10B).

Discussion

The objective of the present study was to evaluate the convenience of performing a short session

of ES-cycling before spinal sensorimotor excitability assessment in subjects with SCI, to improve the

power of the test. To estimate spinal sensorimotor excitability, quantification of plantar cutaneous-

conditioned Soleus H-reflex modulation profile was performed. Before ES-cycling, reflex testing

indicated a similarly flat reflex modulation profile in subjects with SCI, suggesting reduced cuta-

neomuscular spinal processing compared to non-injured subjects. However, after 10 minutes of

ES-cycling, a strong increase in cutaneous-conditioned H-reflex excitability was observed in the

iSCI group with moderate residual gait function at medium and long ISI. The inter-group variabil-

ity also increased in the iSCI groups with either moderate or severe compromise after controlled
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exercise. In contrast, reflex excitability testing to cutaneous input in non-injured subjects showed

a strong but unchanged reflex modulation profile after ES-cycling. Together, these results suggest

that ES-cycling may activate under-expressed sensorimotor circuits in some subjects, depending on

their residual gait function. Therefore, the performance of a 10 minutes ES-cycling exercise before

cutaneous-conditioned reflex testing allows individual spinal excitability profiles to be identified

after SCI, even though these couldn’t be observed before exercise execution.

Depressed sensorimotor excitability in subjects with SCI before ES-cycling

Before ES-cycling, the plantar cutaneous-conditioned H-reflex modulation profile was similar in

subjects with SCI (Fig. 5.10A), with the exception of reflex inhibition at 25ms ISI in the moderately gait-

impaired subjects with iSCI and in the cSCI groups. In comparison, pronounced spinal modulation

was observed in non-injured subjects.

Depressed plantar cutaneous-conditioned H-reflex modulation in subjects with SCI, compared

to reflex modulation in non-injured subjects has been observed previously by Fung and Barbeau

(1994). In their study, participants were divided by their motor impairment level according to gait

function and tested in a static position mimicking the different phases of gait. The authors found

that reflex modulation was observed in non-injured subjects at midstance phase, which correspond

to the 90º crank angle position used in our experiment, while in the SCI groups reflex modulation

was absent in all phases.

Recovery of spinal excitability after ES-cycling

After ES-cycling strong H-reflex excitation emerged at 50 and 75 ms ISI’s in subjects from the

moderately gait-impaired iSCI group, restoring the average H-reflex excitation at 75 ms to levels

similar to what observed in non-injured subjects. The increase of Soleus H-reflex excitability in

subjects with SCI after plantar cutaneous stimulation and active movement is in accord with a

number of published studies (Fung and Barbeau, 1994; Knikou, 2010, 2012). Nevertheless, we found

that in subjects with more severe gait impairment (with either iSCI or cSCI), reflex modulation profile

remained stable after ES-cycling.

H-reflex activity measured after ES-cycling in non-injured subjects demonstrated the same mod-

ulation profile identified before exercise, indicating that ES-cycling itself does not alter sensorimotor

excitability in active spinal networks in the non-injured cord.

Muscular fatigue after cycling may have contributed to the changes in plantar cutaneous-

conditioned H-reflex excitability observed after ES-cycling. To exclude this, in our previous study

we compared the effects of ES-cycling with normal cycling (Piazza et al., 2016b), showing that reflex

excitability is unchanged after cycling without ES in non-injured and iSCi groups.
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Methodological considerations and limitations

Plantar cutaneous-conditioned H-reflex modulation has been measured in static conditions,

either during standing (Fung and Barbeau, 1994) or sitting (Knikou, 2007; Sayenko et al., 2009). Here,

we performed reflex testing in the sitting position, but with the knee partially extended, which we

found was necessary for testing in more severely gait-impaired subjects. Similar to a study of plantar

cutaneous-conditioned H-reflex modulation measured during walking (Knikou, 2010), our reflex

testing method is suitable for subjects with severely motor-impaired functionality, thanks to the

motor assistance option provided during cycling.

The inter-subject variability in the reflex excitability observed after ES-cycling suggests that the

ES-cycling protocol was insufficient to activate depressed sensorimotor networks within the spinal

cord in every subject. In the future, we expect to reduce variability of induced spinal excitability with

the delivery of more effective cutaneous stimulation, which could be achieved primarily by changing

the spatial and temporal parameters of the stimulus. Spatial parameters include the activation of

different areas in the plantar region (Nakajima et al., 2006; Van Wezel et al., 1997; Zehr et al., 2014), or

to other parts of the body (Balter and Zehr, 2006; Nakajima et al., 2016), and temporal parameters

include the stimulation at different cycling phases (Lamont and Zehr, 2006; Suzuki et al., 2015), and

the application of ES-cycling for longer periods of time (eg. more than 10 minutes).

Another limitation of this study was the absence of a follow up examination after ES-cycling;

consequently, we were unable to report whether the changes observed were maintained over time.

This important information deserves further exploration in future trials. Finally, in light of the fact

that this is a pilot study, the sample size was relatively small. Nevertheless, our results may serve

future studies to generate effect sizes, which can be used to power a larger clinical trial aimed to

characterize spinal sensorimotor integration in relation to more specific clinical SCI characteristics.

Conclusions

We present a neurorehabilitation method designed to enhance spinal excitability in subjects with

SCI, by means of combining short controlled leg cycling activity with plantar afferent stimulation.

This method allows profiling of subjects with both incomplete and complete SCI based on the spinal

neuroplasticity induced.

These results suggest that performing dynamic exercises combined with focal cutaneous stimu-

lation of the plantar foot facilitates the spinal response to a cutaneous input, which would in turn

improve the power of the test. The application of this specialised reflex testing method may in the

future permit individual characterization of the clinical and neurological characteristics of the SCI.

Nevertheless, further research is needed to better understand the sensorimotor mechanisms involved

89



Stefano Piazza

and to optimize the testing procedure to provide more accurate results.
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Chapter 6

Discussion

This thesis proposes the application of neuromodulation-based techniques as a complement to

commonly used locomotion neurorehabilitation therapies for people with iSCI. Besides, it shows the

utility of these paradigms for the definition of more sensible assessment tools. Specifically, it presents

a technique to objectively characterise spinal sensorimotor integration in relation to specific clinical

SCI characteristics.

The objective of the first study was to analyse the effects of leg-cycling on spinal sensorimotor

excitability. H-reflex testing performed before leg-cycling task showed significant modulation in

non-injured subjects, with reflex inhibition at short ISI intervals (25ms), and excitation at long ISI

intervals (100ms), and a flat profile in patients with iSCI. After the leg-cycling session, some changes

were observed in both groups’ reflex modulation profiles. In non-injured subjects, the resulting reflex

modulation profile presented excitation at 50-75ms ISI and absent modulation at 25 and 100 ms

ISI. Conversely, the impact of those changes was limited in subjects with iSCI, who preserved a flat

reflex modulation profile after the leg-cycling task. The conclusion of the study was that, despite

the changes induced by leg-cycling on a subject’s reflex modulation profile, the exercise was not

sufficient to improve sensorimotor integration in subjects with iSCI.

For this reason, the idea of the second study was to complement the leg-cycling exercise, com-

monly applied in clinics from the very first stage after the injury, with the application of a timely

afferent feedback resembling the one generated by the interaction with the ground during upstand-

ing locomotor training. Therefore, the aim of the second study was to investigate the effects on

spinal sensorimotor excitability of a plantar electrical feedback delivered in phase with the move-

ment during leg-cycling. To this purpose, the new protocol was built upon the first experiment,

with some parameters modified in order to provide more precise afferent stimulation (eg. smaller

plantar stimulation electrodes) and improved tibial nerve recruitment (eg. extended leg position
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during reflex testing). As result, a strong modulation was observed in non-injured subjects before

leg-cycling, with reflex inhibition at short ISI intervals (25-50ms) and excitation at long ISI intervals

(75-100ms). This profile was maintained after leg-cycling, either with or without the combination of

locomotor-like plantar afferent stimulation. As in the previous study, subjects with iSCI presented a

flat reflex modulation profile before and after leg-cycling. However, after performing cycling with

locomotor-inspired afferent electrical stimulation, these subjects showed a strong increase in reflex

excitability at 50-75ms ISI. This result indicates that the addition of electrical afferent stimulation to

the leg-cycling exercise increased spinal sensorimotor integration in the iSCI group, while not having

a significant influence on non-injured subjects.

The idea to apply sensorimotor stimulation to improve motor recovery after SCI is not new (Muir

and Steeves, 1997). Enhanced peripheral electrical stimulation during motor training has been shown

to improve limb flexion in the swing phase of walking and to restore reflex modulation in patients

(Granat et al., 1993a,b). A more specific stimulation of individual afferent innervations has been

applied in combination with physical therapy to improve the effects of the exercises. For example,

Obata et al. (2015) showed that peripheral stimulation, applied on the common peroneal nerve during

robot-assisted passive ground stepping, modified reciprocal inhibition in non-injured subjects in an

intensity-dependent manner, which may be interesting to improve abnormal muscle activities after

spinal or cerebral lesions. Similar results were found by Yamaguchi et al. (2013), who showed that

common peroneal nerve stimulation during active cycling increases reciprocal inhibition in healthy

subjects, more than cycling or electrical stimulation alone. To this account, plantar stimulation allows

being highly selective in the nerves stimulated, with specific effects depending on the area activated

(Sayenko et al., 2009). This technique has been applied during walking to promote a normal soleus H-

reflex modulation pattern in subjects with SCI (Fung and Barbeau, 1994; Knikou, 2010). Accordingly,

the first two studies presented in this thesis showed for the first time how the application of plantar

stimulation during leg-cycling generates effects that are maintained even after the execution of the

exercise, which supports the possible application of these techniques in rehabilitation.

Inspired by these results, the third study aimed for evaluating the new leg-cycling paradigm

as a tool for the objective evaluation of spinal sensorimotor integration in subjects with iSCI. The

assessment procedure that has been defined for this purpose was based on activating the spinal

sensorimotor processing networks, by means of the cycling-with-electrical-stimulation task, before

reflex assessment, to allow a more sensible analysis of reflex excitability in subjects with SCI and

different clinical conditions. Participants, with a clinical condition ranging from incomplete to

complete SCI, were grouped based on their locomotor abilities (WISCI II scale). Reflex excitability

was measured immediately before and after cycling with locomotor-inspired afferent electrical

stimulation. Reflex analysis before leg cycling showed a similar profile in all groups, characterised

by the absence of reflex modulation. However, after 10 minutes of cycling with combined afferent
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stimulation, a strong cutaneous-conditioned H-reflex excitability emerged at 50 and 75 ms ISI in the

group with iSCI and a moderate residual gait function. The same exercise had no effects on the more

affected groups. These results suggest that cycling with locomotor-inspired afferent stimulation may

be especially effective in promoting spinal sensorimotor integration in those subjects whose residual

gait function is less impaired. Therefore, the performance of a 10 minutes’ session of cycling with

afferent stimulation before reflex testing allows individual spinal excitability profiles to be identified

after SCI, even though the same individuals show similar profiles before the execution of the exercise.

Overall, this thesis shows that neuromodulation techniques based on the delivery of a timely

afferent feedback in couple with the execution of functional movements have a strong potential to be

applied for motor rehabilitation and assessment purpose.

6.1 Limitations

The most evident limitation, common to the three studies included in this dissertation, is the

assumption that a complex function as sensorimotor integration can be analysed by testing a pe-

ripheral and very specific nervous pathway. To obtain a more thorough evaluation of sensorimotor

integration function, multiple afferent receptors should be examined in a subject, along with the

testing of several neural pathways, to estimate the spinal excitability induced at different spinal levels

and among different neural circuitries. Nevertheless, performing such a comprehensive analysis

is beyond the interests of this thesis. On the contrary, here the principal concern was to study the

influence of the proposed paradigm on a very specific neural circuit, as a concept test-bed for the

future application of the paradigm on a larger scale.

A second limitation of this thesis is the reduced number of patients. This is especially relevant

when considering that the target population for the proposed paradigm is people with iSCI. In fact,

a characteristic of the iSCI lesion in respect of others clinical pathologies is the large variability in

patients’ conditions, which is difficult to characterise provided the current impossibility to precisely

define the extent and the severity of the lesion in the medulla of a patient. Therefore, with this

population, it’s complicated not only to predict the functional consequences of the lesion but even to

cluster the patients in homogeneous groups. Consequently, experimental studies on people with iSCI

often present a large variability in the results and their interpretation should be cautious, especially

when not involving numerous participants. To this address, it is important to remark that all the

studies described in this dissertation are exploratory studies addressing a preliminary validation

of the proposed paradigms. Nevertheless, it should be noted that normally in literature the studies

that are observing similar phenomena on people with SCI usually present a sample size similar to

the ones included in this thesis (Boorman et al., 1992; Fung and Barbeau, 1994; Granat et al., 1993b;

Knikou, 2007, 2010; Knikou et al., 2007; Phadke et al., 2007; Thompson et al., 2013).
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Finally, despite the improved sensorimotor integration observed in our second study in response

to the training of leg-cycling with combined afferent stimulation, it should be noted that the final

implications of this effect are still not clear. For example, we cannot predict whether this apparent

increase in spinal excitability would properly translate to an improved functional output. To this

account, larger trials should be realised in the future, with multiple sessions and follow up to better

estimate the intensity of the effects and their duration.

6.2 Future work

To better understand and characterise spinal cutaneous integration, further research will in-

volve the evolution of the current paradigm to obtain a more specific classification of each subject.

In particular, a promising strategy would be to simultaneously recruit different neural pathways

contributing to the regulation of CPG’s activity. A valid contribution may be represented from the

contralateral leg during movement execution (Suzuki et al., 2015) or from interlimb interaction

between the lower limb neural system and the neural circuit of the cutaneous reflex in the upper

limbs (Nakajima et al., 2006).

Another interesting topic of future research is estimating the effects of increasing the intensity of

the exercise. The intensity can be augmented by longer exposition to the conditioning exercise (eg.

longer conditioning sessions), by increasing the intensity of the conditioning stimulus (eg. increasing

the amplitude of the plantar stimulation, using different waveforms, etc...), or by repeating the

exercise multiple times. As indicated, to properly study these effects, post-conditioning and multiple

follow-up tests should be performed, which would allow modelling the evolution of the measured

variables over time.

Also, an interesting line of research that may arise from the results of this thesis may be the study

of sensorimotor integration during the cycling exercise, since it has strong potentials for both the

assessment and rehabilitation fields (Knikou, 2010). Nevertheless, in this thesis we decided not to

embrace this approach, in order to avoid the emerging of possible confounding factors generated by

the combination of afferent stimulation and reflex testing during the realisation of the exercise.

Lastly, future development will involve the integration of the system in an integrated platform

to be used by clinicians. Currently, the platform already has a user-friendly graphical interface and

is constituted by devices to which clinicians are already familiar with. However, the set-up and

testing of all devices is not trivial and requires the assistance of a technician to be performed. Also,

despite the multiple graphical visualisation facilities provided by the platform, data analysis needs

to be performed manually, using external utilities. Therefore, in order to evolve the platform into a

device ready for clinical use, two key aspects will be taken into account in future works. First, on a
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hardware level, the different components will be combined into an integrated device, which will be

easier to transport, install and operate. Second, on a software level, data analysis algorithms will be

integrated into the graphical user interface, to translate the results of the tests into few simple and

comprehensive variables for each subject.
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Chapter 7

Conclusions

In this dissertation, a new quantitative method for the assessment of spinal sensorimotor inte-

gration was proposed. This method was used to demonstrate the possibility of training the spinal

processes responsible for the elaboration of sensorimotor information in people with iSCI, by means

of a novel proposed rehabilitation exercise. Eventually, a technique was presented to promote the

emerging of inhibited neural features contributing to spinal sensorimotor excitability in people with

iSCI, allowing a more thorough examination of the neural status of these subjects.

Conclusion 1: in the first study, the reflexes of non-injured participants were modulated in response

to a plantar conditioning stimulus, indicating processing of sensorimotor information at the

spinal level. This modulation was still present after the execution of a leg-cycling task, sug-

gesting that the exercise does not inhibit sensorimotor integration in non-injured subjects.

Conversely, reflex modulation was absent in the iSCI group, indicating reduced spinal sensori-

motor activity compared to the non-injured subjects. The leg-cycling session was not effective

in promoting spinal sensorimotor processing networks activity since no modulation could be

observed after the exercise either. Finally, the comparison of the conditioned reflex response

before and after the task showed a relation between the maintenance of conditioned reflex

excitability and triceps surae muscle strength.

Conclusion 2: in the second study, an improved method for the analysis of spinal sensorimotor

integration was presented. Its use allowed to confirm the reflex modulation previously observed

in non-injured subjects in response to a plantar stimulation, as well as the absence of reflex

modulation in subjects with iSCI. Accordingly, the limited effects of leg-cycling in promoting

sensorimotor processing activity in non-injured and iSCI groups were also confirmed. Along

with these results, a novel technique for training spinal sensorimotor processing function was

proposed, based on cycling with a locomotor-inspired plantar electrical feedback. After its
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application, sensorimotor integration was found to be improved in subjects with iSCI, despite

the lack of effects observed in non-injured subjects, with relevant implications for the design

of novel activity-based spinal neuromodulation therapies.

Conclusion 3: the third study presented a technique for the analysis of spinal sensorimotor in-

tegration in subjects with SCI. The technique, based on the realisation of a brief session of

leg cycling with combined plantar stimulation before sensorimotor integration assessment,

allowed specific neural features of the subjects to emerge in some subjects, that wouldn’t

be otherwise observable with the test alone. Moreover, a relation was observed between the

emerging of these features and the residual functional abilities of the subjects, which suggests

that this technique may in future be useful for the individual characterization of the clinical

and neurological characteristics of the SCI.
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Dimitrijevic, M. R., Faganel, J., Gregorić, M., Nathan, P. W., and Trontelj, J. K. (1972). Habituation:

effects of regular and stochastic stimulation. Journal of neurology, neurosurgery, and psychiatry,

35(2):234–242.

Ding, Y., Kastin, A. J., and Pan, W. (2005). Neural Plasticity After Spinal Cord Injury. Current pharma-

ceutical design, 11(11):1441–1450.

Ditunno, J., Young, W., Donovan, W., and Creasey, G. (1994). The international standards booklet for

neurological and functional classification of spinal cord injury. Spinal Cord.

Ditunno, P. L. and Dittuno, J. F. (2001). Walking index for spinal cord injury (WISCI II): scale revision.

Spinal cord.

Ditunno, P. L., Patrick, M., Stineman, M., and Ditunno, J. F. (2008). Who wants to walk? Preferences

for recovery after SCI: a longitudinal and cross-sectional study. Spinal cord : the official journal of

the International Medical Society of Paraplegia, 46(7):500–506.

Dobkin, B., Apple, D., Barbeau, H., Basso, M., Behrman, A., Deforge, D., Ditunno, J., Dudley, G.,

Elashoff, R., Fugate, L., Harkema, S., Saulino, M., Scott, M., and Spinal Cord Injury Locomotor

Trial Group (2006). Weight-supported treadmill vs over-ground training for walking after acute

incomplete SCI. Neurology, 66(4):484–492.

Domingo, A., Al-Yahya, A. A., Asiri, Y., Eng, J. J., and Lam, and Spinal Cord Injury Rehabil, T. (2012). A

Systematic Review of the Effects of Pharmacological Agents on Walking Function in People with

Spinal Cord Injury.

Dorward, N. (2003). Spinal Cord Medicine: Principles and Practice, volume 96.

Dubé, J. and Mercier, C. (2011). Effect of pain and pain expectation on primary motor cortex

excitability. Clinical neurophysiology.

105



Stefano Piazza

Dunlop, S. a. (2008). Activity-dependent plasticity: implications for recovery after spinal cord injury.

Trends in Neurosciences, 31(8):410–418.

Durkovic, R. G. (1975). Classical conditioning, sensitization and habituation in the spinal cat. Physi-

ology & behavior, 14(3):297–304.

Durkovic, R. G. (1985). Retention of a classically conditioned reflex response in spinal cat. Behavioral

and neural biology, 43(1):12–20.

Duysens, J. and Stein, R. B. (1978). Reflexes induced by nerve stimulation in walking cats with

implanted cuff electrodes. Experimental brain research, 32(2):213–24.

Edgerton, V., Courtine, G., Gerasimenko, Y. P., Lavrov, I., Ichiyama, R. M., Fong, A. J., Cai, L., Otoshi,

C. K., Tillakaratne, N. J. K., Burdick, J. W., and Roy, R. R. (2008). Training locomotor networks. Brain

research reviews, 57(1):241–54.

Edgerton, V. V., Tillakaratne, N. N. J. K., Bigbee, A. J., de Leon, R. D., and Roy, R. R. (2004). Plasticity of

the spinal neural circuitry after injury. Annual review of neuroscience, 27:145–67.

El-Gazzaz, G., Zutshi, M., Salcedo, L., Hammel, J., Rackley, R., and Hull, T. (2009). Sacral neuro-

modulation for the treatment of fecal incontinence and urinary incontinence in female patients:

long-term follow-up. International journal of colorectal disease, 24(12):1377–81.

Evatt, M. L., Wolf, S. L., and Segal, R. L. (1989). Modification of human spinal stretch reflexes:

preliminary studies. Neuroscience letters, 105(3):350–5.

Feler, C. a., Whitworth, L. a., and Fernandez, J. (2003). Sacral neuromodulation for chronic pain

conditions. Anesthesiology Clinics of North America, 21(4):785–795.

Ferguson, a. R., Crown, E. D., and Grau, J. W. (2006). Nociceptive plasticity inhibits adaptive learning

in the spinal cord. Neuroscience, 141(1):421–431.

Ferguson, A. R., Huie, J. R., Crown, E. D., Baumbauer, K. M., Hook, M. A., Garraway, S. M., Lee, K. H.,

Hoy, K. C., and Grau, J. W. (2012). Maladaptive spinal plasticity opposes spinal learning and

recovery in spinal cord injury. Frontiers in physiology, 3(October):399.

Ferreira, M. C., Rodrigues, L., and Fels, K. (2004). New method for evaluation of cutaneous sensibility

in diabetic feet: preliminary report. Revista do Hospital das Clinicas, 59(5):286–290.

Field-Fote, E. C. (2000). Spinal cord control of movement: implications for locomotor rehabilitation

following spinal cord injury. Physical therapy, 80(5):477–84.

Field-Fote, E. C. and Roach, K. E. (2011). Influence of a locomotor training approach on walking

speed and distance in people with chronic spinal cord injury: a randomized clinical trial. Physical

therapy, 91(1):48–60.

106



Bibliography

Fitzgerald, L. a. and Thompson, R. F. (1967). Classical conditioning of the hindlimb flexion reflex in

the acute spinal cat. Psychon. Sci., 8(5):213–214.

Fong, A. J., Roy, R. R., Ichiyama, R. M., Lavrov, I., Courtine, G., Gerasimenko, Y. P., Tai, Y. C., Burdick, J.,

and Edgerton, V. (2009). Recovery of control of posture and locomotion after a spinal cord injury:

solutions staring us in the face. Progress in brain research, 175(09):393–418.

Fouad, K., Krajacic, A., and Tetzlaff, W. (2011). Spinal cord injury and plasticity: opportunities and

challenges. Brain research bulletin, 84(4-5):337–42.

Frigon, A., Barrière, G., Leblond, H., and Rossignol, S. (2009). Asymmetric changes in cutaneous

reflexes after a partial spinal lesion and retention following spinalization during locomotion in the

cat. Journal of neurophysiology, 102(5):2667–2680.

Frigon, A. and Rossignol, S. (2006). Functional plasticity following spinal cord lesions. Progress in

brain research, 157:231–260.

Frigon, A. and Rossignol, S. (2008). Adaptive changes of the locomotor pattern and cutaneous

reflexes during locomotion studied in the same cats before and after spinalization. J Physiol, 586(Pt

12):2927–2945.

Fung, J. and Barbeau, H. (1994). Effects of conditioning cutaneomuscular stimulation on the soleus

H-reflex in normal and spastic paretic subjects during walking and standing. Journal of neurophys-

iology, 72(5):2090–104.

Garcia, M. A. C., Catunda, J. M. Y., de Souza, M. N., Fontana, A. P., Sperandei, S., and Vargas, C. D.

(2016). Is the Frequency in Somatosensory Electrical Stimulation the Key Parameter in Modulating

the Corticospinal Excitability of Healthy Volunteers and Stroke Patients with Spasticity? Neural

Plasticity, 2016:1–11.

Garcia-Altes, A., Perez, K., Novoa, A., Suelves, J. M., Bernabeu, M., Vidal, J., Arrufat, V., Santamarina-

Rubio, E., Ferrando, J., Cogollos, M., Cantera, C. M., and Luque, J. C. (2012). Spinal cord injury and

traumatic brain injury: A cost-of-illness study. Neuroepidemiology, 39(2):103–108.

Garcia-Reneses, J., Herruzo-Cabrera, R., and Martinez-Moreno, M. (1991). Epidemiological study of

spinal cord injury in Spain 1984-1985. Paraplegia, 29(3):180–190.

Gelberman, R. H., Szabo, R. M., and Williamson, R. V. (1983). Sensibility testing in peripheral-nerve

compression syndromes. An experimental study in humans. J Bone Joint Surg.

Gerasimenko, Y., Roy, R., and Edgerton, V. (2008). Epidural stimulation: comparison of the spinal

circuits that generate and control locomotion in rats, cats and humans. Experimental neurology.

Gibbs, J., Harrison, L. M., and Stephens, J. a. (1995). Cutaneomuscular reflexes recorded from the

lower limb in man during different tasks. The Journal of physiology, 487 ( Pt 1:237–42.

107



Stefano Piazza

Gilbert, J. (1987). Critical care management of the patient with acute spinal cord injury. Critical Care

Clinics, 3:549–67.

Gill, B. C., Swartz, M. A., Firoozi, F., Rackley, R. R., Moore, C. K., Goldman, H. B., and Vasavada,

S. P. (2011). Improved sexual and urinary function in women with sacral nerve stimulation.

Neuromodulation, 14(5):436–43; discussion 443.

Goldshmit, Y. and Lythgo, N. (2008). Treadmill training after spinal cord hemisection in mice promotes

axonal sprouting and synapse formation and improves motor recovery. Journal of . . . .

Gómez-Soriano, J., Bravo-Esteban, E., Pérez-Rizo, E., Ávila-Martín, G., Galán-Arriero, I., Simón-

Martinez, C., and Taylor, J. (2016). Abnormal cutaneous flexor reflex activity during controlled

isometric plantarflexion in human spinal cord injury spasticity syndrome. Spinal cord.

Gorman, P. H. (2011). The review of systems in spinal cord injury and dysfunction.

Granat, M. H., Ferguson, A. C. B., Andrews, B. J., and Delargy, M. (1993a). The role of functional

electrical stimulation in the rehabilitation of patients with incomplete spinal cord injury - observed

benefits during gait studies. Paraplegia, 31:207–215.

Granat, M. H., Heller, B. W., Nicol, D. J., Baxendale, R. H., and Andrews, B. J. (1993b). Improving limb

flexion in FES gait using the flexion withdrawal response for the spinal cord injured person. J

Biomed Eng., 1:51–56.

Grau, J., Barstow, D., and Joynes, R. (1998). Instrumental learning within the spinal cord: I. Behavioral

properties. Behavioral neuroscience.

Grau, J. W. (2014). Learning from the spinal cord: How the study of spinal cord plasticity informs our

view of learning. Neurobiology of Learning and Memory, 108:155–171.

Grau, J. W., Russell Huie, J., Garraway, S. M., Hook, M. A., Crown, E. D., Baumbauer, K. M., Lee, K. H.,

Hoy, K. C., and Ferguson, A. R. (2012). Impact of behavioral control on the processing of nociceptive

stimulation.

Green, D. (1991). Prevention of thromboembolism after spinal cord injury.

Groves, P. M., Lee, D., and Thompson, R. F. (1969). Effects of stimulus frequency and intensity on

habituation and sensitization in acute spinal cat. Physiology & Behavior, 4(3):383–388.

Guevremont, L., Renzi, C. G., Norton, J. A., Kowalczewski, J., Saigal, R., and Mushahwar, V. K. (2006).

Locomotor-related networks in the lumbosacral enlargement of the adult spinal cat: Activation

through intraspinal microstimulation. IEEE Transactions on Neural Systems and Rehabilitation

Engineering, 14:266–272.

108



Bibliography

Hagen, E. M., Lie, S. A., Rekand, T., Gilhus, N. E., and Gronning, M. (2010). Mortality after traumatic

spinal cord injury: 50 years of follow-up. Journal of neurology, neurosurgery, and psychiatry,

81:368–373.

Harkema, S., Gerasimenko, Y., Hodes, J., Burdick, J., Angeli, C. A., Chen, X. Y., Ferreira, C., Willhite,

A., Rejc, E., Grossman, R. G., and Edgerton, V. (2011). Effect of epidural stimulation of the lum-

bosacral spinal cord on voluntary movement, standing, and assisted stepping after motor complete

paraplegia: a case study. Lancet, 377(9781):1938–47.

Harkema, S. and Hurley, S. (1997). Human lumbosacral spinal cord interprets loading during stepping.

Journal of . . . .

Harkema, S. J. (2001). Neural plasticity after human spinal cord injury: application of locomotor

training to the rehabilitation of walking. The Neuroscientist, 7(5):455–68.

Harkema, S. J. (2008). Plasticity of interneuronal networks of the functionally isolated human spinal

cord. Brain research reviews, 57(1):255–64.

Hassouna, M. M., Al-Shaiji, T. F., and Banakhar, M. (2011). Pelvic electrical neuromodulation for the

treatment of overactive bladder symptoms. Advances in Urology, 2011:757454.

Hebb, D. O. (1949). The organization of behavior. The Organization of Behavior, 911(1):335.

Herman, R., He, J., D’Luzansky, S., Willis, W., and Dilli, S. (2002). Spinal cord stimulation facilitates

functional walking in a chronic, incomplete spinal cord injured. Spinal cord, 40(2):65–8.

Hermens, H. J., Freriks, B., Stegeman, D., Blok, J., Rau, G., Disselhorst-Klug, C., and Hagg, G. (2000).

European Recommendations for Surface ElectroMyoGraphy. Technical Report 5.

Hiersemenzel, L. P., Curt, a., and Dietz, V. (2000). From spinal shock to spasticity: neuronal adaptations

to a spinal cord injury. Neurology, 54(8):1574–1582.

Hodgson, J. A., Roy, R. R., de Leon, R. D., Dobkin, B. H., and Edgerton, V. (1994). Can the mammalian

lumbar spinal cord learn a motor task? Medicine and science in sports and exercise, 26:1491–1497.

Hook, M. A. and Grau, J. W. (2007). An animal model of functional electrical stimulation: evidence

that the central nervous system modulates the consequences of training. Spinal cord : the official

journal of the International Medical Society of Paraplegia, 45(11):702–712.

Hoover, J. E. and Durkovic, R. G. (1989). Retention of a backward classically conditioned reflex

response in spinal cat. Experimental brain research, 77(3):621–7.

Hotouras, a., Thaha, M. a., Boyle, D. J., Allison, M. E., Currie, A., Knowles, C. H., and Chan, C. L. H.

(2012). Short-term outcome following percutaneous tibial nerve stimulation for faecal inconti-

nence: a single-centre prospective study. Colorectal disease, 14(9):1101–5.

109



Stefano Piazza

Hou, S., Duale, H., Cameron, A. A., Abshire, S. M., Lyttle, T. S., and Rabchevsky, A. G. (2008). Plasticity

of lumbosacral propriospinal neurons is associated with the development of autonomic dysreflexia

after thoracic spinal cord transection. Journal of Comparative Neurology, 509(4):382–399.

Hubli, M., Bolliger, M., and Dietz, V. (2011). Neuronal dysfunction in chronic spinal cord injury.

Spinal cord, 49(5):582–7.

Hubli, M. and Dietz, V. (2013). The physiological basis of neurorehabilitation–locomotor training

after spinal cord injury. Journal of neuroengineering and rehabilitation, 10:5.

Hubli, M., Dietz, V., and Bolliger, M. (2012). Spinal Reflex Activity: A Marker for Neuronal Functionality

After Spinal Cord Injury. Neurorehabilitation and Neural Repair, 26(2):188–196.

Hultborn, H., Illert, M., Nielsen, J., Paul, A., Ballegaard, M., and Wiese, H. (1996). On the mechanism

of the post-activation depression of the H-reflex in human subjects. Experimental brain research,

108(3):450–62.

Hutchinson, K. J., Gómez-Pinilla, F., Crowe, M. J., Ying, Z., and Basso, D. M. (2004). Three exercise

paradigms differentially improve sensory recovery after spinal cord contusion in rats. Brain,

127(6):1403–1414.

Hwang, I. S. (2002). Assessment of soleus motoneuronal excitability using the joint angle dependent H

reflex in humans. Journal of electromyography and kinesiology : official journal of the International

Society of Electrophysiological Kinesiology, 12(5):361–6.

Iles, J. F. (1996). Evidence for cutaneous and corticospinal modulation of presynaptic inhibition of Ia

afferents from the human lower limb. J Physiol, 491 ( Pt 1:197–207.

Jarrett, M. E. D., Mowatt, G., Glazener, C. M. a., Fraser, C., Nicholls, R. J., Grant, a. M., and Kamm, M. a.

(2004). Systematic review of sacral nerve stimulation for faecal incontinence and constipation.

The British journal of surgery, 91(12):1559–69.

Jarrett, M. E. D., Nicholls, R. J., and Kamm, M. A. (2005). Effect of sacral neuromodulation for faecal

incontinence on sexual activity. Colorectal disease, 7(5):523–5.

Jenner, J. R. and Stephens, J. a. (1982). Cutaneous reflex responses and their central nervous pathways

studied in man. The Journal of physiology, 333(1982):405–419.

Jessop, T., Depaola, A., Casaletto, L., Englard, C., and Knikou, M. (2013). Short-term plasticity of

human spinal inhibitory circuits after isometric and isotonic ankle training. European Journal of

Applied Physiology, 113(2):273–284.

Jindrich, D. L., Joseph, M. S., Otoshi, C. K., Wei, R. Y., Zhong, H., Roy, R. R., Tillakaratne, N. J. K., and

Edgerton, V. (2009). Spinal learning in the adult mouse using the Horridge paradigm. Journal of

Neuroscience Methods, 182(2):250–254.

110



Bibliography

Jones, C. A. and Yang, J. F. (1994). Reflex behavior during walking in incomplete spinal-cord-injured

subjects. Experimental neurology, 128(2):239–48.

Jurkiewicz, M. T., Mikulis, D. J., McIlroy, W. E., Fehlings, M. G., and Verrier, M. C. (2007). Sensori-

motor cortical plasticity during recovery following spinal cord injury: a longitudinal fMRI study.

Neurorehabilitation and neural repair, 21(6):527–538.

Kaas, J. H., Qi, H. X., Burish, M. J., Gharbawie, O. A., Onifer, S. M., and Massey, J. M. (2008). Cortical

and subcortical plasticity in the brains of humans, primates, and rats after damage to sensory

afferents in the dorsal columns of the spinal cord. Experimental Neurology, 209(2):407–416.

Kagamihara, Y., Hayashi, A., Masakado, Y., and Kouno, Y. (2003). Long-loop reflex from arm afferents

to remote muscles in normal man. Experimental brain research, 151(1):136–44.

Kemler, M. and Vet, H. D. (2004). The effect of spinal cord stimulation in patients with chronic reflex

sympathetic dystrophy: Two years’ follow-up of the randomized controlled trial. Annals of . . . .

Kenefick, N. J. (2006). Sacral nerve neuromodulation for the treatment of lower bowel motility

disorders. Annals of the Royal College of Surgeons of England, 88(7):617–23.

Kim, J.-H., Hong, J.-C., Kim, M.-S., and Kim, S.-H. (2010). Sacral nerve stimulation for treatment of

intractable pain associated with cauda equina syndrome. Journal of Korean Neurosurgical Society,

47(6):473–6.

Kirshblum, S. C., Burns, S. P., Biering-Sorensen, F., Donovan, W., Graves, D. E., Jha, A., Johansen, M.,

Jones, L., Krassioukov, A., Mulcahey, M., Schmidt-Read, M., and Waring, W. (2011). International

standards for neurological classification of spinal cord injury (Revised 2011). J Spinal Cord Med,

34(6):535–546.

Kiser, T. S., Reese, N. B., Maresh, T., Hearn, S., Yates, C., Skinner, R. D., Pait, T. G., and Garcia-Rill, E.

(2005). Use of a motorized bicycle exercise trainer to normalize frequency-dependent habituation

of the H-reflex in spinal cord injury. The journal of spinal cord medicine, 28(3):241–5.

Knikou, M. (2007). Plantar cutaneous input modulates differently spinal reflexes in subjects with

intact and injured spinal cord. Spinal cord, 45(1):69–77.

Knikou, M. (2010). Plantar cutaneous afferents normalize the reflex modulation patterns during

stepping in chronic human spinal cord injury. Journal of neurophysiology, 103(3):1304–14.

Knikou, M. (2012). Plasticity of corticospinal neural control after locomotor training in human spinal

cord injury. Neural Plasticity, 2012.

Knikou, M., Kay, E., and Schmit, B. D. (2007). Parallel facilitatory reflex pathways from the foot and hip

to flexors and extensors in the injured human spinal cord. Experimental neurology, 206(1):146–58.

111



Stefano Piazza

Kocina, P. (1997). Body composition of spinal cord injured adults. Sports Medicine, 23(1):48–60.

Komiyama, T. and Nakajima, T. (2012). Reflex modulation during rhythmic limb movements in

humans. The Journal of Physical Fitness and Sports Medicine, 1(1):37–49.

Krauss, E. M. and Misiaszek, J. E. (2007). Phase-specific modulation of the soleus H-reflex as a

function of threat to stability during walking. Experimental Brain Research, 181(4):665–72.

Kreuter, M., Taft, C., Siösteen, A., and Biering-Sørensen, F. (2010). Women’s sexual functioning and

sex life after spinal cord injury. Spinal Cord, 49(1):154–160.

Krogh, K., Mosdal, C., and Laurberg, S. (2000). Gastrointestinal and segmental colonic transit times

in patients with acute and chronic spinal cord lesions. Spinal cord, 38(10):615–21.

Kuhtz-Buschbeck, J. P. and Ehrsson, H. H. (2001). Human brain activity in the control of fine static

precision grip forces: an fMRI study. European Journal of.

Kumar, K., Nath, R., and Wyant, G. (1991). Treatment of chronic pain by epidural spinal cord stimula-

tion: a 10-year experience. Journal of neurosurgery.

Kumar, K., Toth, C., Nath, R., and Laing, P. (1998). Epidural spinal cord stimulation for treatment of

chronic pain—some predictors of success. A 15-year experience. Surgical neurology.

Kumru, H., Vidal, J., Kofler, M., Benito, J., Garcia, A., and Valls-Solé, J. (2008). Exaggerated auditory

startle responses in patients with spinal cord injury. Journal of neurology, 255(5):703–9.

Lam, T., Eng, J. J., Wolfe, D. L., Hsieh, J. T., and Whittaker, M. (2007). A systematic review of the efficacy

of gait rehabilitation strategies for spinal cord injury. Topics in spinal cord injury rehabilitation,

13(1):32–57.

Lamont, E. V. and Zehr, E. P. (2006). Task-specific modulation of cutaneous reflexes expressed

at functionally relevant gait cycle phases during level and incline walking and stair climbing.

Experimental Brain Research, 173(1):185–192.

Landry, E. S., Lapointe, N. P., Rouillard, C., Levesque, D., Hedlund, P. B., and Guertin, P. A. (2006).

Contribution of spinal 5-HT1A and 5-HT7 receptors to locomotor-like movement induced by

8-OH-DPAT in spinal cord-transected mice. European Journal of Neuroscience, 24:535–546.

Latremoliere, A. and Woolf, C. J. (2009). Central sensitization: a generator of pain hypersensitivity

by central neural plasticity. The journal of pain : official journal of the American Pain Society,

10(9):895–926.

Lay, A. H. and Das, A. K. (2012). The role of neuromodulation in patients with neurogenic overactive

bladder. Current urology reports, 13(5):343–7.

112



Bibliography

Lee, B. B., Cripps, R. a., Fitzharris, M., and Wing, P. C. (2014). The global map for traumatic spinal

cord injury epidemiology: update 2011, global incidence rate. Spinal cord, 52(2):110–6.

Leonard, C. T., Matsumoto, T., and Diedrich, P. (1995). Human myotatic reflex development of the

lower extremities. Early Human Development, 43(1):75–93.

Levin, M. and Chapman, C. E. (1987). Inhibitory and facilitatory effects from the peroneal nerve onto

the soleus H-reflex in normal and spinal man. Electroencephalogr Clin Neurophysiol, 67(5):468–478.

Levinsson, a., Luo, X. L., Holmberg, H., and Schouenborg, J. (1999). Developmental tuning in a spinal

nociceptive system: effects of neonatal spinalization. The Journal of neuroscience : the official

journal of the Society for Neuroscience, 19(23):10397–403.

Lin, S. I. and Yang, W. C. (2011). Effect of plantar desensitization on postural adjustments prior to

step initiation. Gait & posture, 34(4):451–6.

Lloyd, D. P. (1949). Post-tetanic potentiation of response in monosynaptic reflex pathways of the

spinal cord. The Journal of General Physiology, 33(2):147–170.

Lohse, K., Shirzad, N., Verster, A., Hodges, N., and Van der Loos, H. F. M. (2013). Video games and

rehabilitation: using design principles to enhance engagement in physical therapy. Journal of

neurologic physical therapy : JNPT, 37(4):166–75.

Lombardi, G. and Del Popolo, G. (2009). Clinical outcome of sacral neuromodulation in incomplete

spinal cord injured patients suffering from neurogenic lower urinary tract symptoms. Spinal cord,

47(6):486–91.

Lombardi, G., Del Popolo, G., Cecconi, F., Surrenti, E., and Macchiarella, A. (2010). Clinical outcome

of sacral neuromodulation in incomplete spinal cord-injured patients suffering from neurogenic

bowel dysfunctions. Spinal cord, 48(2):154–9.

Lombardi, G. and Mondaini, N. (2008). Clinical female sexual outcome after sacral neuromodulation

implant for lower urinary tract symptom (LUTS). The journal of sexual . . . .

Lombardi, G., Mondaini, N., Giubilei, G., Macchiarella, A., Lecconi, F., and Del Popolo, G. (2008).

Sacral neuromodulation for lower urinary tract dysfunction and impact on erectile function. The

journal of sexual medicine, 5(9):2135–40.

Lombardi, G., Nelli, F., Mencarini, M., and Popolo, G. D. (2011). Clinical concomitant benefits on

pelvic floor dysfunctions after sacral neuromodulation in patients with incomplete spinal cord

injury. Spinal cord, 49(5):629–636.

Lovely, R. G., Gregor, R. J., Roy, R. R., and Edgerton, V. (1986). Effects of training on the recovery of

full-weight-bearing stepping in the adult spinal cat. Experimental neurology, 92(2):421–35.

113



Stefano Piazza

Lowrey, C. R. and Bent, L. R. (2009). Modulation of the soleus H-reflex following galvanic vestibular

stimulation and cutaneous stimulation in prone human subjects. Muscle and Nerve, 40(2):213–220.

Maegele, M., Müller, S., Wernig, a., Edgerton, V. R., and Harkema, S. J. (2002). Recruitment of spinal

motor pools during voluntary movements versus stepping after human spinal cord injury. Journal

of neurotrauma, 19(10):1217–29.

Makihara, Y., Segal, R. L., Wolpaw, J. R., and Thompson, A. K. (2012). H-reflex modulation in the

human medial and lateral gastrocnemii during standing and walking. Muscle & nerve, 45(1):116–25.

Malesevic, N. M., Popovic Maneski, L. Z., Ilic, V., Jorgovanovic, N., Bijelic, G., Keller, T., Popovic, D. B.,
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h i g h l i g h t s

� Rhythmic leg exercise changes spinal neuronal activity after spinal cord injury (SCI).
� Leg-cycling may improve cutaneous sensorimotor function after incomplete SCI.
� Cutaneous sensorimotor function after leg-cycling predicts leg strength after iSCI.

a b s t r a c t

Objective: Controlled leg-cycling modulates H-reflex activity after spinal cord injury (SCI). Preserved
cutaneomuscular reflex activity is also essential for recovery of residual motor function after SCI. Here
the effect of a single leg-cycling session was assessed on cutaneomuscular-conditioned H-reflex excitabil-
ity in relation to residual lower limb muscle function after incomplete SCI (iSCI).
Methods: Modulation of Soleus H-reflex activity was evaluated following ipsilateral plantar electrical
stimulation applied at 25–100 ms inter-stimulus intervals (ISI’s), before and after leg-cycling in ten
healthy individuals and nine subjects with iSCI.
Results: Leg-cycling in healthy subjects increased cutaneomuscular-conditioned H-reflex excitability
between 25 and 75 ms ISI (p < 0.001), compared to a small loss of excitability at 75 ms ISI after iSCI
(p < 0.05). In addition, change in cutaneomuscular-conditioned H-reflex excitability at 50 ms and
75 ms ISI in subjects with iSCI after leg-cycling predicted lower ankle joint hypertonia and higher
Triceps Surae muscle strength, respectively.
Conclusion: Leg-cycling modulates cutaneomuscular-conditioned spinal neuronal excitability in healthy
subjects and individuals with iSCI, and is related to residual lower limb muscle function.
Significance: Cutaneomuscular-conditioned H reflex modulation could be used as a surrogate biomarker
of both central neuroplasticity and lower limb muscle function, and could benchmark lower-limb
rehabilitation programs in subjects with iSCI.
� 2016 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

Cutaneous sensory processing is essential for the performance
of voluntary motor tasks such as locomotion and balance (Van
Wezel et al., 1997; Zehr and Stein, 1999; Rossignol et al., 2006)
and the execution of phasic lower limbmovements associated with
leg cycling (Zehr et al., 2001). After spinal cord injury (SCI) exper-
imental studies have also demonstrated that cutaneous afferent
information contributes to the recovery of residual gait function
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Abstract: BACKGROUND: Defining accurate methods for the assessment of sensorimotor
excitability is crucial for a more precise clinical evaluation of the functional state of
subjects with spinal cord injury (SCI). However, the reduced lower limbs usage after
SCI may affect the ability of the test to correctly identify a patient's potentials.
OBJECTIVE: To test the influence of a leg-cycling exercise combined with afferent
electrical stimulation (ES-cycling) in improving spinal sensorimotor excitability
assessment in subjects with SCI.
METHODS: Spinal sensorimotor excitability was estimated by measuring plantar
cutaneous-conditioned soleus H-reflex excitability at 25-100ms inter-stimulus intervals.
Reflexes were tested before and after a ten-minute session of ES-cycling in 13 non-
injured subjects, 6 with motor incomplete SCI (iSCI) and moderately-impaired gait
function, 4 with iSCI with severely-impaired gait function, and 5 with motor complete
SCI.
RESULTS: Before ES-cycling, plantar cutaneous-conditioned Soleus H-reflex
excitability was low in all individuals with SCI, compared to non-injured subjects. After
10 minutes of exercise, reflex excitability increased only in subjects with iSCI and
moderately-impaired gait function.
CONCLUSIONS: Performing ES-cycling before reflex assessment allowed individual
sensorimotor features to become measurable. Exercise execution may have favoured
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