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Abstract

At the beginning of this project it was known that functional electrical stimulation
(FES) rowing was technically feasible, but no studies on health benefits had been
conducted and it was unclear what levels of fitness could be reliably attained by
spinal cord injured (SCI) users. This thesis shows that training with the first-
generation of the FES-rowing system (RowStim II), seven paraplegics achieved
high VO,peak values (21.0 - 27.9 ml-kg"-min') and a significant (10%) increase
in VO,peak. This was also found to significantly improve insulin sensitivity and
leptin levels but it had no significant effect on lipid profiles or body composition,
possibly caused by technological limitations of the RowStim II.

However, training volumes were positively correlated with improvements
in lipid profile and body composition. This motivated further technical
development of the RowStim to enable paraplegics to train harder and longer. The
development included a more stable seat configuration with redesigned trunk
retaining straps, a rigid low friction carriage/brake system, improved leg
stabiliser, improved stimulation control and a gravity-assisted return phase. This
RowStim III has enabled paraplegics to participate in the British (2004, 2005 and
2006) and World Indoor Rowing Championships (2006). The rowers have
achieved higher exercise intensities (26.8 -31.0 mlkg’'-min™') and increased
exercise volumes (1,150 kcal-week”l) with the RowStim III. Such levels of
physical activity, which are difficult to achieve for paraplegics using traditional
exercises, are correlated with significant health benefits in the able-bodied.

Preliminary results suggest that perfusion of the quadriceps muscle during
FES-rowing might limit the exercise time 1 novice rowers. Other preliminary
data from pressure mapping indicate that there 1s a dynamic pattern during FES-
rowing, which might reduce the risk for pressure sores during FES-rowing.

This thesis shows that FES-rowing 1s now a rapidly developing exercise
modality, which has been shown to enable sate and well-tolerated exercise for
individuals with SCI. It can offer unprecedented levels of cardiovascular fitness,

competitive challenges and potentially important health benefits.
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Structure of the thesis and hypotheses

The treatment of spinal cord injury (SCI) has changed significantly in the past
century. Some of the secondary complications of SCI that were almost always
fatal in the beginning of the twentieth century are now no longer life threatening.
However, other medical conditions are now significant threats to the quality and
quantity of life in SCI. The aim of the literature review presented in Chapter 1 is
to explore health in chronic SCI and the role of physical activity in health

promotion for this population. I will address the following questions:

Lit 1 Identitfy threats to the health of persons with chronic SCI and
explore similarities with common health problems in the able-
bodied population.

Lit 2 Identity from able-bodied studies what levels of physical activity
are required to obtain optimal reduction in the risk for common
long-term diseases, such as cardiovascular diseases, non-insulin
dependant diabetes, obesity and osteoporosis.

Lit 3 Assess the validity of adopting these optimal levels of physical
activity to the SCI population.

Lit 4 Explore the compliance to these optimal levels of physical activity

[t will become clear that there is a need for a type of exercise that enables persons
with SCI to exercise effectively and efficiently. Earlier work by Wheeler and co-
workers has suggested that functional electrical stimulation (FES) rowing could
be such an exercise (Wheeler et al., 2002, Laskin et al., 1993, Olenik et al., 199)5).
However the fitness benefits had to be contirmed in a follow up study and no data
was available on potential health benetits of FES-rowing. Therefore the first aim

of this thesis 1s to evaluate the health and fitness benefits of FES-rowing.

X1l



The following hypotheses are central:

H1 FES-rowing is a high intensity exercise and an effective
cardiovascular training for persons with paraplegia.
H2  FES-rowing training will affect cholesterol and blood
lipids in persons with paraplegia.
H3  FES-rowing training will affect leptin levels and insulin
sensitivity in persons with paraplegia.
H4  FES-rowing training will affect body composition in
persons with paraplegia.
HS FES-rowing will affect bone mineral density in the lower

extremities of persons with paraplegia.

These hypotheses form the basis for Chapters 2-6. It will become clear that
although large fitness benefits can be obtained with FES-rowing training, the
health benefits are sub-optimal (see Chapter 7). This could have been caused by
technological shortcomings of the FES-rowing machine, the RowStim II.
Therefore 1 decided to further develop the FES-rowing technology. The aim ot
this development was to develop FES-rowing to such an extent that it could be
used by paraplegic rowers in indoor rowing competitions. This would not only
fully test the technology, but also to motivate the rowers to train for harder and
longer. The resulting RowStim III 1s presented in Chapter 8. This new technology
allowed for testing of the following hypothesis (Chapter 9):

H 6 Introducing a competitive element to FES-rowing will improve
training compliance and enable larger training intensities and

volumes to be achieved.

Chapter 10 1s the overall discussion and Chapter 11 presents the overall

conclusion and suggestions for further research. Chapters 3 - 6, 8 and 9 are all
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structured as scientific publications, which can be read independently from the
other chapters.

The failure to obtain optimal health benefits with the RowStim II came as a
surprise and resulted in a major change in direction of my PhD project. Initially
the focus was going to be on the health benefits of FES-rowing, but the initial
findings implied that the FES-rowing technology was not able to provide such

benetits and more work had to be done on the technological development of FES-

rowing.

This thesis brings together elements of epidemiology, health sciences, exercise
physiology, (bio)engineering and sport sciences. These disciplines work together

in order to realise the aim of this thesis:

‘To develop and evaluate FES-rowing for health, exercise and

sport for persons with spinal cord injury’

Publications and presentation that were formed from the content of this thesis are
listed in Appendix 1, together with a list of organisations that have taken over the

outcomes of this research project.
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calories. For clarity, where necessary (kilo-)calories have been converted
into (kilo-)joule by multiplying by 4.2.

o In this thesis oxygen consumption is preferably expressed in mL-kg"'-min”’
since this controls for body weight, however body weight data 1s not always

available. Therefore L-min"' has also been used.
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Chapter 1

Literature review



1. Literature review

The aims of the literature review are to:

Lit 1 Identify threats to the health of persons with chronic SCI and explore
stmilarities with common health problems in the able-bodied population.

Lit2 Identify from able-bodied studies what levels of physical activity are
required to obtain optimal reduction in the risk for common long-term
diseases, such as cardiovascular diseases, non-insulin dependant diabetes,

obesity and osteoporosis.

Lit3 Assess the validity of adopting these optimal levels of physical activity to
the SCI population.

[Lit4 Explore the compliance to these optimal levels of physical activity in SCI.

Optimal exercise 1s defined here as an exercise protocol that fulfils the minimum
criteria on exercise intensity, exercise volume and type of exercise. The focus will

be on motor complete lesions (ASIA A or B) of the thoracic spinal cord.
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Abstract

Cardiovascular diseases, non-insulin dependant diabetes mellitus, obesity and
osteoporosis are major threats to the quantity and quality of life for persons
with chronic SCI. These diseases have been studied extensively in the able-
bodied population, which has resulted in effective and efficient prevention
programmes. Physical activity plays a key role in the prevention of all these
four diseases, however it appears that optimal risk reduction is only achieved
when minimum criteria on exercise intensity, exercise volume and exercise
type are fulfilled. There is, however, insufficient evidence to establish if
these criteria can be transferred to the SCI population. In the absence of such
evidence, the author suggests that the recommendations for the able-bodied
serve as conservative guidelines to set upper targets for persons with SCI.
However the literature suggests that the majority of the SCI population is not
able to achieve these targets using traditional exercise modalities available to
them. Early work on the feasibility of FES-rowing for SCI suggests that high
exercise intensities are achievable, but a definitive statement cannot be made.
No data 1s available on the potential health benefits of high intensity FES-

rowing training.

1.1 Spinal Cord Injury

In the twentieth century spinal cord injury (SCI) has changed from a condition
that was in most cases fatal within a few weeks to a chronic condition that
restricts life expectancy by only a few years (Go et al., 1995, O'Connor, 2005,
Samsa et al.,, 1993). Other medical conditions now threaten the quality and
quantity of life of those with SCI. Chronic conditions associated with physical
inactivity are one of the main causes of death for the general and the SCI
population (Whiteneck et al., 1992, Samsa et al., 1993). In the general population
physical exercise 1s a key element of public health imitiatives that aim to reduce
the incidence or suffering from the above diseases (American College of Sports

Medicine, 1993, National Heart Lung and Blood Institute, 1998). Since the effects



of a spinal lesion may alter the exercise response of individuals with SCI (Davis,

1993), 1t remains to be determined if these recommendations transfer to SCI.

A lesion in the spinal cord results in a number of direct and indirect changes in the
physiology and anatomy of the human body. The most obvious ones are paresis or
paralysis of muscles below the level of lesion and reduced or absent sensory
feedback from the affected body parts (all sensory systems can be affected: pain,
pressure, hot, cold, fine touch and proprioception). However, alterations to the
autonomic nervous system might have just as far-reaching consequences as the
more visible motor and sensory consequences. One can think of changes in
hormone secretion, the ability to sweat and restrictions in vasoconstriction and
vasodilatation of the blood vessels in the affected body parts. To what extent these
motor, sensory and autonomic symptoms have an impact on the functioning of the
body of an individual with SCI depends first of all on the extent of the damage
and secondly, on the location of the lesion. Complete lesions high in the spinal
cord will result in a more extensive range of symptoms than incomplete lesions

lower 1n the spinal column.

The annual incidence of SCI 1n the Unmited Kingdom 1s about 10 to 15 per million
of the general population (Swain and Grundy, 2002, Gardner and Kluger, 2004).
Reports from other countrnies show a wide range of incidence rates (2.5-57.8 per
million per year), which can probably be explained by differences in record
keeping and data collection (Burt, 2004). Approximately 50% of the spinal breaks
are 1n the thoracic or lumbar region, leading to paraplegia (Burke et al., 2001).
This implies that every year 300-450 persons acquire paraplegia in the United
Kingdom. The vast majority of this group are young males since incidence rates
of SCI are approximately four times higher in men than in women and 59% of the
new patients are 30 years of age or younger at the time of 1njury (Guttmann, 1976,
2000, Burt, 2004). This age and gender distribution can be explained by studying
the causes of injury. The main causes of SCI include road traffic accidents, falls,
sporting accidents (diving, rugby) and 1n certain geographical areas violence (stab
or gunshot wounds) (Burt, 2004). On average, young men take more risks in these

activities and as a result they suffer more often the consequences. A second peak



1n incidence rates for SCI is seen in the elderly since this group is at risk for SCI

due to falls (Burt, 2004).

Violence
26.0% Road traffic
accidents
' ' 37.5%
Other | o
7.9% \{

Sports
7.1% Falls

21.5%

Figure 1.1: Causes of spinal cord injury since 1990 in the United States. Data is from

the National Spinal Cord Injury Statistical Centre, which captures approximately 13%
of the new SCI cases in the US (National Spinal Cord Injury Statistical Centre, 2000).

Death as a direct consequence of SCI has steadily decreased over the years. The
ancient Egyptians described spinal cord injury as "an ailment not to be treated”
and that view remained in place until after the World War I where approximately
90% of the soldiers who sustained a SCI died within one year (Hughes, 1988,
Swain and Grundy, 2002). Significant changes to the treatment and consequently
prognosis of SCI took place after World War II. One of the most important
pioneers of that era was Sir Ludwig Guttmann at Stoke Mandeville Hospital 1n the
United Kingdom. Guttmann was a great advocate of active rehabilitation for
patients with SCI and in combination with a growing body of knowledge on the
pathology of SCI this lead to a much 1mproved outlook for paraplegics and
quadriplegics (Samsa et al., 1993, Swain and Grundy, 2002). Table 1.1 shows the
death rate of veterans with SCI admitted to Stoke Mandeville Hospital. When this

data is corrected for non-SCI related deaths, a considerable decline 1n death rate

due to SCI 1s visible.



Table 1.1: Death rate in 1963 of ex-military personnel with spinal cord injury admitted to
Stoke Mandeville Spinal Unit. Data from Guttmann (1976, p.660).

Number of deceased Deaths as a
veterans in 1963 consequence of SCI

World War I veterans 39 (58.2%) 15 (22.4%)
(n=67)
World War II veterans 125 (26.7%) 103 (22.0%)
(n=468)
Post 1946 veterans 16 (7.3%) 14 (6.4%)
(n=218)

Nowadays the life expectancy for persons with long-term SCI 1s approaching the
life expectancy of the general population (Bracken et al., 1990, DeVivo et al.,
1990, O'Connor, 2005), especially for those with low or incomplete lesions
(Stover and Fine, 1986). Eighty to eighty-five per cent of new SCI patients
surviving three months post injury, will also survive at least 10 years post-injury
(Kurtzke, 1975). And on average this group lives for an additional 39 years after
their injury, which is 85% of the life expectancy of their able-bodied peers of
similar age (Samsa et al., 1993). Interestingly, this study by Samsa et al. (1993)

on long-term survival after SCI found no differences in survival based on level or

completeness of injury

The consequence of this improved long-term survival is that at any one time there
are more persons living with SCL. The UK Spinal Injuries Association estimates
that there are about 40,000 persons with a SCI living in the United Kingdom
(Spinal Injuries Association, 2006). Integration of this large group of persons with
spinal injuries back into society is on the forefront of many governmental and
non-governmental initiatives. In the United Kingdom the Disability
Discrimination Act has given the disabled community the right to be treated
similar to the able-bodied population. This 1s not only for the benefit of
individuals with SCI, but also for society since SCI no longer restricts people
from taking up their responsibilities as a member of society. And to take up this
role it is essential for persons with SCI to be 1in an optimal physical and mental

condition (Noreau and Shephard, 199)5).



Betore this optimal physical and mental condition can be achieved, it is crucial to
fully understand the impact of a spinal lesion on the functioning of a body. The
following sections will go into more detail, but due to wide variation in level and
extent of spinal lesions and the consequences of these lesions, this section will
focus on paraplegia, in particular, those with spastic paraplegia (level of lesion
petween T1 and T12/L.1). The reason for this is that FES-rowing, the central focus
of this thesis, is in particular suitable for individuals with spastic paralysis and

reasonable control of the upper extremities.

1.1.1 Motor and sensory dysfunction in paraplegia

Lesions 1n the thoracic area of the spinal cord result in impaired motor and
sensory function of the lower extremities and the trunk. The extent of this
dystfunction depends on the level of lesion, however, in all complete lesions
between T1 and T12-L.1, muscles groups around the hip, knee and ankle are
completely paralysed. The main difference between an individual with a T1 lesion
and an individual with a T12 lesion 1s the extent to which they are able to stabilise
their trunk and assist their breathing with muscles in the thorax. The intercostal
muscles play an important role 1n particularly heavy breathing and are innervated
at T1-T12. Other muscles in the trunk important for breathing and/or postural
balance are rectus abdominis, transversus abdominis, obliquus internus
abdominis, obliquus externus abdominis, erector spinae and latissimus dorsae.
Except the latissimus dorsae and the upper part of the erector spinae, all these
muscles are innervated between T1 and T12 and thus will determine the level of
motor function in persons with thoracic SCI. The higher thoracic lesions will have

more difficulties with balance and will rely more on diaphragm breathing than

persons with lower thoracic lesions.

Sensory nerves exiting the spinal cord between T1 and T12 innervate the skin
region ranging from roughly the pelvis to the armpits. A thoracic complete lesion
results in complete absence of any sensation in the lower extremities and to some
extent the trunk. Some of these attected sensory systems could have far-reaching

consequences, for example the 1nability to feel pressure increases the risk for



pressure sores. Persons with intact sensory feedback would change their position
1f they feel that they have been sitting to long in one position, however a person
with a complete SCI does not have this input and thus has to make a conscious
decision to change their position regularly. Another sensory system that able-
bodied persons mostly only use at a subconscious level is proprioception; the
ability to know in what position your body is with your eyes closed. Golgi tendon
organs and muscle spindles perceive the amount of stretch and tension in skeletal
muscles and tendons and this information is crucial for postural balance and
movement. Individuals with complete lesions have to rely on eyesight to receive

information on the position of their paralysed body parts.

1.1.2 Autonomic dysfunction in paraplegia

The eftect of a lesion 1n the spinal cord on motor and sensory function 1is
localised, but the impact on the autonomic nervous system will in most cases have
an effect on the body as a whole. This 1s ot particular interest for this thesis as the
exercise response 1n SCI could be very different from able-bodied due to

differences 1n autonomic control.

Complete lesions in the thoracic spinal cord lead to impaired vasoconstriction,
vasodilatation and sweating in the lower extremities and to some extent in the
trunk (depending on level of lesion). The two main consequences of this are an
impaired body temperature regulation system and an 1mpaired blood circulation

control system (Price and Campbell, 2003, Dawson et al., 1994, Theisen et al.,
2001).

An important element of body temperature regulation 1s changing the amount of
blood in the skin, where the blood can radiate energy to the environment. Persons
with paraplegia are not able to do this in their lower body parts, neither are they
able to vasoconstrict their superficial blood vessels to prevent heat loss in cold
circumstances. Consequently, i1t 1s much harder for persons with SCI to cope with

heat stress dunng exercise.



A second consequence of the impaired control over the diameter of blood vessels
and the absence of motor control in the lower extremities is that blood can pool in
the legs. The heart pumps blood to all extremities, but the return of this blood
from the extremities to the heart is supported by contracting skeletal muscles.
This 1s especially important in the legs as the gravitational force makes it harder
for blood to return to the heart. The absence of this muscle pump and the inability
to reduce the diameter of the blood vessels in the lower extremities results in
blood pooling in the lower body. This leads to a decreased preload of the heart
and consequently stroke volume of the heart is limited (as described in the Frank-
Starling law of the heart) (Starling and Vischer, 1927). During exercise there is a
need for more oxygen supply to the active muscle tissue and this is primarily
achieved by increasing cardiac output of the heart. Cardiac output is determined
by stroke volume and heart rate (CO=SV x HR). The increase in cardiac output in
SCI 1s limited due to the restriction in stroke volume and subsequently the

exercise response 1s limited (Hopman et al., 1992, Dela et al., 2003).

The 1nability to regulate blood vessel diameter has another, in some cases very
dangerous, consequence. A noxious stimulus to the paralysed body parts (e.g. a
cut, a full bladder, an electrical impulse, a wound, etc) can imtiate a local
response whereby arteries in the penphery constrict. This (excessive)
vasoconstriction leads to an increase in peripheral resistance in the blood
circulation. Blood pressure 1s determined by the cardiac output and total
peripheral resistance (BP= CO x TPR). Blood pressure will nise due to the
increased peripheral resistance and this 1s detected by the baroreceptors in the
arteries of the neck. When the blood pressure rises outside the normal range, the
brain will send a signal to the heart to decrease heart rate and send a signal to the
periphery to reduce total peripheral resistance by decreasing vasoconstriction.
This ensures that in normal circumstances blood pressure 1s brought back to the
normal range. However in SCI, the signal to the penphery 1s blocked and
vasoconstriction or vasodtlatation cannot be controlled by the higher centres.
Although the heart rate will decrease to reduce blood pressure, in some cases this
might not be enough. Especially 1n persons with a lesion above the sixth vertebrae
the dysregulation 1n blood pressure control could be to a degree that severe

peripheral vasoconstriction cannot be compensated for. This 1s called autonomic



dysreflexia (AD) and in some cases can lead to a very high blood pressure (>200
mm Hg) combined with a very low heart rate. Patients with a severe AD response
should immediately receive adequate medical treatment since high blood pressure
increases the risk for spontaneous bleedings (e.g. stroke). Since electrical
stimulation could be a noxious stimulus able to trigger an AD response, blood
pressure and heart rate should always be closely monitored in the first tew FES

sessions, especially in persons with high thoracic or cervical lesions.
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1.2 The impact of spinal cord injury on health

In the previous section the motor, sensory and autonomic consequences of SCI
have been discussed. The central theme of the following section is the impact of

these consequences on health in SCI.

The World Health Organisation has defined health as: ‘A state of complete
physical, mental and social well-being and not merely the absence of disease or

b,

infirmity.” This thesis will mainly focus on the prevention of secondary
complications after SCI and its effects on physical well-being. However there is
no doubt that mental and social well-being are also positively affected by

preventing secondary complications and optimising physical well-being (Rimmer,

1999).

In the past, urninary tract infections and pressure sores were a major concern to
individuals with SCI. However nowadays, due to improved medical care, these
conditions are.in most cases no longer life threatening (Imai et al., 1996,
Middleton et al., 2004, McColl et al., 2004). A more serious threat to the health of
individuals with SCI, especially those with chronic SCI, comes from obesity
related diseases and conditions such as cardiovascular diseases (CVD) and non-
insulin dependant diabetes mellitus (NIDDM). Survival after SCI has greatly
improved over the past century and this has resulted in an aging SCI population.
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