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Abstract

letraplegia is at least as common as paraplegia in the spinal cord injured popula-
tion. The consequences of a cervical spinal cord injury (SCI). leading to tetraplegia.
are numerous. They include loss of (or greatly reduced) function of the limbs and
organs supplied below the level of the injury. but also health problems, such as an
increased risk of cardiovascular disease. Exercise prescription may be one way of
tackling some of these secondary health issues in tetraplegia, but the current options
are limited. The idea of enabling exercise involving paralysed limbs, through the
use of functional electrical stimulation (FES), has been explored over the past two
decades for use in SCI. The FES-exercise systems produced to date have tended to

recruit muscles of the lower limbs, for FES cycling, treadmill walking or rowing.

In this pilot study, a new avenue for exercise in tetraplegia, involving FES applied to
upper limb muscles, is suggested. The main motivation for developing methods for
FES-assisted arm-cranking exercise is to provide an exercise modality specifically
designed for tetraplegia that might address cardiopulmonary issues, as well as work
with remaining voluntary control of upper body musculature. One primary aim of
this thesis was to determine the feasibility of using these systems in tetraplegia.
To investigate this, standard protocols for exercise training, and incremental and
constant-load exercise testing, were adapted to make them suitable for this popu-
lation and this exercise modality. These novel protocols are described here, and

represent one of the contributions of the thesis.

The implementation of these protocols for an experimental evaluation of the pro-
posed systems for FES-assisted arm-cranking exercise makes up the main part of the
thesis. Five volunteers with tetraplegia participated in this experimental evaluation,
and their data are presented as two main case studies, and additional case reports.
The first outcome of this evaluation 1s that it shows the feasibility of the proposed
methods for FES-assisted arm-cranking exercise training and testing in tetraplegia.
Secondly, benefits of regular use of the systems are illustrated for some individuals
with tetraplegia, based on key indicators of cardiopulmonary fitness and measures of
upper limb strength. Thirdly, the limitations of the current set-up for FES-assisted

arm-cranking exercise in higher level tetraplegia are identified.

In summary, this thesis describes new systems and protocols for FES-assisted arm-
cranking exercise in tetraplegia, and provides a preliminary assessment of these

met hods.
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Thesis Outline

Chapter 1: This thesis begins by identitying the primary and secondary conse-
quences of spinal cord injury (SCI), and illustrating the need for new technology
to tackle secondary health issues in cervical SCI. In particular, the issue ot reduced
cardiopulmonary fitness is emphasised. The principles of exercise testing and train-
ing are then explored, to determine how they may be applied to address problems

of low cardiopulmonary fitness in tetraplegia.

Chapter 2: The few options for voluntary exercise in tetraplegia are given here,
illustrating a possible role for FES-exercise. The principles of FES-exercise, how
it differs from voluntary exercise, and its potential limitations, are also described.

Currently available systems for FES-exercise in SCI are discussed.

Chapter 3: This chapter includes a description of the novel systems and set-up for
FES-assisted arm cranking exercise, for people with C4-C6 SCI. Relevant protocols
for implementing these systems for exercise training, and for assessing their potential
benefits experimentally, are also provided. The testing protocols are for two types

of test: incremental exercise tests and constant-load exercise tests.

Chapters 4 & 5: The main part of the evaluation of the proposed methods for
FES-assisted arm-cranking exercise training and testing i1s presented in the form
of two individual case studies. These case studies detail the experimental results
obtained with two volunteers with C6 SCI who have undertaken a period of exercise
training using the new systems. Changes in upper limb strength are indicated by
changes in the peak power production by the subjects at monthly test points over
the period of participation. Through the analysis of the recorded cardiopulmonary
responses to programmed changes in work rates at these test points, potential car-

diopulmonary benefits of the exercise in tetraplegia are also illustrated.

Chapter 6: The final part of the assessment of these systems is provided using
data and observations from additional case reports with volunteers with a higher

level of injury, allowing the limitations of the systems and set-up to be identified.

Chapter 7: The analyses of the experimental results are brought together and
discussed, to give a balanced preliminary assessment of FES-assisted arm crank

exercise for use in tetraplegia.



Chapter 8: The exercise limitations in tetraplegia are clear from the results of

this work and so. in this chapter, a brief summary of the challenges of exercise

prescription in tetraplegia is provided.

Chapter 9: The main conclusions of the thesis are summarised here.

Contributions

¢ This thesis describes new apparatus and control systems for high precision
work rate control during FES-assisted arm-cranking exercise tests. Such pre-
cision is especially important when testing in populations with severe exercise
limitation (as in tetraplegia), as the working range of power production 1s

typically small.

e New protocols for cardiopulmonary testing to estimate key markers ot car-
diopulmonary status are also described. To apply testing protocols to this
severely physically disabled population and thereby enable a useful evaluation
of the FES-ACE, a number of adaptations to standard protocols were required.
The modified protocols are described here for incremental and constant load

cardiopulmonary exercise tests.

e The indicator of strength used in this study is torque (and power) produced
by the upper limbs at the cranks. This thesis introduces novel software for
presenting and analysing the torque, crank angle and crank velocity data to

monitor changes in upper limb strength.

e By illustrating successtul application of the novel apparatus and training and
testing protocols in an experimental evaluation with tetraplegic subjects, a

key contribution of this thesis i1s proot of feasibility.

e The demonstration of beneficial training effects using the data obtained with
tetraplegic subjects provides evidence for a possible future role of FES-assisted

arm-cranking exercise in rehabilitation and home-training in tetraplegia.

e The limitations ot the present methods are identified. In addition, suggestions
are given for improvements that could be incorporated in future developments.
If these potential improvements can be explored further, they may enable a

wider range of individuals to benefit from the proposed exercise modality.
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Chapter 1

Introduction & Background

1.1 Summary

This chapter provides some background information on spinal cord injury (SCI)
and 1ts classification. This serves to illustrate that those individuals who have the
greatest need for new assistive technology and rehabilitation interventions are those
with higher SCI lesions. Tetraplegia results from cervical SCI, leaving the individual
with vastly reduced function in the upper limbs, lower limbs and many organs of the
body. A technique known as functional electrical stimulation (FES) has been used
over the past few decades in systems designed to tackle some of these functional lim-
itations. The principles of FES, and examples of FES-systems developed for people
with SCI, are therefore described in this chapter. As exciting and necessary as these
developments in functional systems are, solutions to secondary health issues follow-
ing SCI are additionally needed. The health issues facing people with tetraplegia are
described here, and are related to the decreased levels of physical activity that result
from the injury. The idea of overcoming some of these problems through exercise
is introduced. The final section of this chapter describes the principles of exercise

physiology and prescription, to determine how these may be applied in tetraplegia.

1.2 Spinal Cord Injury

Spinal Cord Injury (SCI) is one of a number of causes of paralysis in the human
body. Stroke also leads to paralysis, and is even more prevalent in the western world
than SCI. However, in contrast to stroke, SCI most commonly affects people at a
relatively young age, and hence at a very active stage of their life. Indeed, the ma-
jority of cases of traumatic SCI in the U.K. (and in many developed countries |4])

occur in males of 15-35 years of age. Medical advances over the past few decades

1
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have considerably reduced the rates of mortality and morbidity in the SCI popula-
tion [59]. Nevertheless, even though the extent ot paralysis varies considerably from
one individual with SCI to another, the resulting disability can be devastating. It
is not only the loss of limb function (and loss of sensation) below the level of injury
which affects the individual physically, physiologically and psychologically. Some of
the most difficult consequences of SCI that the person has to deal with are the loss

of (or impaired) control of the bladder and bowel, and of sexual function.

In addition to these primary functional issues, there are a number of secondary
health consequences of SCI. Together with the loss of functional capability comes a
less active lifestyle. This reduced activity often leads to low cardiopulmonary fitness,
which imposes health risks to the SCI population. The problems include elevated
risk of heart disease, blood disorders, loss of bone integrity and skin degradation.

These 1ssues need to be addressed.

1.2.1 Prevalence of SCI

In Britain, there are over 50,000 people with SCI (of whom 3,500 are in Scotland).
Ninety-five new neurological cases of SCI were recorded at the Queen Elizabeth Na-
tional Spinal Injuries Unit [1] for Scotland for the year 2002-2003. Figures provided
by the Spinal Injuries Association' for the UK and Ireland in the year 2000 show
that 633 new patients were admitted in the British Isles. In comparison, the data
for the United States of America, published by the National Spinal Cord Statistical
Center? in 2001, reveal an average of 11 000 new cases per year (equivalent to around

40 cases per million). The estimated number of people in America with spinal cord
injuriles lies between 183,000 and 250,000.

The distribution of causes of SCI in Scotland closely matches that for the U.K.
as a whole, as summarised for 2000-2001 in Table 1.1. Falls are the primary cause.
followed by Road Traffic Accidents (RTA) and then sports injuries. Other causes
include violence and SCI resulting from medical problems (such as viral diseases
or progressive medical conditions). In contrast to the U.K., violence is the second

ereatest source of spinal cord injury in the U.S., after road traffic accidents.

Thttp:/ 7www:.spinal.co.uk / publicai?i_ons /
“http://images.main.uab.edu/spinalcord /pdffiles/factsfig. pdtf
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R_egi(;-l - | Year Causes

Falls | RTA Sports Others
Scotland 2000-01  [42% | 30% | 8% | 20%
U.K. (inc. Scotland) | 2000 42% 37% 12% 9%

US.A. (2001 | 22% 30% | 7% | 32%

Table 1.1: Main causes of SCI in the U.K. and the U.S.

il

1.2.2 Paralysis resulting from SCI

The extent of paralysis aflecting an individual with SCI is dependent on both the

level of the lesion and the completeness of the injury to the spinal cord.

Levels of injury

A lesion to the spinal cord is described as occurring at the cervical (neck), thoracic
(chest), lumbar or sacral region. Within each section of the spine, different levels ot
the lesion (or injury) are defined. The neurological levels at which SCI can occur,
and examples of the muscles innervated at various levels, are illustrated in Figure 1.1.
The extent of impairment increases as the level of the SCI progresses towards the

cranium because the neural supply to a larger part of the body is interrupted.

An injury to the spinal cord is described according to sensory and motor levels.
Furthermore, right and left sides of the body may be scored differently. For the
classification of neurological level of injury, four separate segments may be identi-
fied: Right-sensory (R-sensory), Left-sensory (L-sensory), Right-motor (R-motor)
and Left-motor (L-motor). Where right and left sides are not described separately,
the guidelines from the International Standards Classifications of SCI |68] provide
the following definitions. The sensory level describes ‘the most caudal segment ot
the spinal cord with normal sensory function on both sides of the body’, whilst the

motor level is similarly ‘the most caudal segment of the spinal cord with normal

motor function on both sides of the body’.

Completeness of injury

As well as the level of the spinal cord at which the damage occurs, the extent of this
damage determines the severity of the motor deficit, loss of sensation throughout the
body, and autonomic dystunction. The injury is classified as clinically complete if no

motor or sensory function is preserved in the sacral segments 54-55. However, even
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Figure 1.1: Diagram showing the spinal nerves in the cervical, thoracic, lumbar and sacral

regions (taken from http://www.spinalinjury.net).

with a clinically complete SCI, some pathways may be preserved. The completeness
of the injury is commonly described on a five category scale: the ASIA impairment
scale (see Table 1.2), based on sacral sparing. The ASIA scoring chart is shown in

Figure 1.2.

Spastic and flaccid SCI

Lesions of the upper motoneurone (UMN) lead to spastic paralysis, as the motor,
sensory, and autonomic reflexes remain intact below the level of injury, even though
they are no longer under the command of the brain. However, lesions of the lower
motor neurone (LMN) result in flaccid paralysis and denervation, as central nervous
system (CNS) control of sensorimotor functions is lost. Although this thesis focuses
on spastic SCI, it is important to bear in mind that “injuries to the cord at any
site resulting in damage to the reflex arc can leave a denervated (areflexic) segment

among neighbouring segments that remain spastic” [55].

1.2.3 Tetraplegia

Paraplegia occurs with an injury to the thoracic, lumbar or sacral segments of the
spinal cord. In cases of paraplegia, voluntary control of the upper limbs is main-

tained, but function of the trunk, legs and pelvic organs may be impaired.



CHAPTER 1. INTRODUCTION & BACKGROUND 5

ASIA score| | Definition
I —a |

A Complete No motor or sensory function is preserved in the sacral
segments S4-5S5
B Incomplete | Sensory but not motor function is preserved below the

' neurological level and includes the sacral segments S4- |

5O

C Incomplete | Motor function is preserved below the neurological I

level and more than half of key muscles below the neu-

rological level have a muscle grade less than 3

D Incomplete | Motor function is preserved below the neurological

level, and at least half of key muscles below the neu-

rological level have a muscle grade of 3 or more

E Normal Motor and sensory function are normal

Table 1.2: ASIA Impairment Scale, produced by the American Spinal Injuries Associa-
tion [68].
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Resulting from a higher level of injury, tetraplegia is more debilitating than para-
plegia. Tetraplegia (also reterred to in some literature as ‘quadriplegia’), is defined
as the impairment or loss of motor and/or sensory function in the cervical segments
of the spinal cord due to damage of neural elements within the spinal canal [68].
Function of the arms, legs, trunk and pelvic organs is affected as a result. The
extent of remaining function in the upper limbs of people with tetraplegia depends
on the level of the cervical injury. For example, a person with a C4 (complete)
level injury shows full paralysis of the muscles in the arms and hands. with some
remaining control of shoulder muscles. With a lower level complete C5 or C6 SCI,
elbow flexors, but not elbow extensors, remain under voluntary control. The obvious
implications of tetraplegia are in terms of function: most activities of daily living

require the help of carers, at least with an injury level above C7.

In addition, there are secondary medical complications that arise from SCI [90].
In both paraplegia and tetraplegia, problems with spasticity, pain, endocrine and
metabolic disorders are common. S<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>