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Abstract

In humans, sweating is one of the most variable routes of water loss. This thesis investigates

~ sweat volumes and sweat composition during single training sessions. Chapter 4 investigates the
variability of sweat losses and sweat composition between four training sessions. 45 able-bodied
individuals (20 males and 25 females) volunteered for the study and ranged in age from 18 -65
years. Data was collected during the participants normal training sessions, consisting of various
recreational pursuits. Sweat losses were determined by changes in body mass over the training
session, and corrected for any fluid intake and urine losses during training. A sample of
participants’ sweat was obtained via adhesive gauze patches and analysed for sodium, potassium
and chloride concentrations. Sweat samples were obtained from the shoulder, chest, forearm and
thigh. The 95 % confidence intervals determined from this study demonstrated the reliability of
a single training session to estimate an individual’s future hydration to within 2 % of initial body

mass.

There is little published information examining the sweat volume and sweat composition of
disabled athletes. Many disabled athletes follow hydration guidelines set for able-bodied
athletes, which may be inappropriate. Chapter 5 studies the sweat volumes and sweat electrolyte
losses of disabled athletes. The athletes involved participated in wheelchair rugby, wheelchair
basketball and sprint athletics. The participants had both neurological and musculoskeletal
disabilities. Sweat losses and sweat electrolyte compositions; were measured in a manner similar
to those used with able-bodied athletes, except only one training session was used, Sweat rates
were mean+SD 0.60+0.27 Lh-1, a value lower than values previously reported in able-bodied
athletes. Sweat composition was similar to previous values published for able-bodied athletes.

Sweat sodium concentrations ranged from 30-75 mmol.]-L

Total body water and water turnover rates can be determined by the use of an isotopic tracer-
deuterium oxide. Chapters 6 and 7 investigate the water turnover rates and of individuals with a
spinal cord injury. Chapter 6 is concerned with wheelchair rugby players during competition in
the heat whereas, participants in Chapter 7 were undertaking normal activities in a cooler
environment, Results showed total body water relative to body mass was lower than previously
found able-bodied participants, reflecting a higher relative fat mass amongst those with a spinal
cord injury. Water turnover rates tended to be similar to able-bodied participants. Non- renal
losses were lower, but 24 hour urine losses were higher than able-bodied participants. This

indicates a lower sweat loss amongst those with a spinal cord injury. The higher urine volumes

xi



indicating a higher fluid intake amongst those with a spinal cord injury than able-bodied

individuals.

Another population who may have a different water balance from the general healthy able-
bodied population, are individuals who have received a kidney transplant. Prior to kidney
transplantation patients are placed on a strict diet which limits water and sodium intake. It is
unclear whether this strict pre-operation diet continues after transplantation. Chapter 8 studies
water turnover rates of kidney transplant recipients during the British Transplant Gamés. All
participants were participating in events at the Transplant Games. Results showed water
turnover rates and 24 hour urine volumes were at the lower end of the normal range for the
kidney transplant recipients when compared to ranges seen previously in the general
population. Despite this, urine osmolality values indicated the participants were euhydrated
throughout the study. This suggests that following a kidney transplant ,the ingestion of sodium

and water remains low.

Therefore this thesis shows that there are groups for whom water and sodium intakes and

requirements differ from those set out for the genera), healthy, able-bodied, population.

Key Words: Spinal Cord Injury, Kidney Transplantation, Fluid Balance, Sweat Loss, Water
Turnover, Deuterium Oxide
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- Chapter 1: General Introduction



1.1. REASONS AND AIMS FOR THIS THESIS

Fluid balance is important to athletes since both hypohydration and hyperhydration have
been implicated with decreased performance and impaired health. Studies concerning thé
sweat losses and water turnover rates of able-bodied athletes are numerous, but there is a
limited amount of information regarding the fluid balance of athletes with a disability and for
individuals with a kidney transplantation. The British Government suggests that the UK.
population should consume 1.2 litres of water per day and that diets should include no more
than 6 g of salt (NaCl) per day (Food standards Agency, 2008). These guidelines are based on
information taken from studies using the general, healthy, able-bodied, population;
Campaigns to reduce salt (NaCl) intake have received much publicity in the media (‘Sid the

‘Slug’) (Food Standards Agency, 2006). It is possible that there are groups in society for whom
these guidelines and the associated media campaigns are not applicable either because the

targets are already being met, or due to differing nutritional requirements.

Individuals with a disability and those who have received a kidney transplantation may be
groups for whom nutritional requirements are different to the general, healthy, able-bodied,
population. Therefore, this thesis aims to study these populations and assesses whefher their
fluid and salt (NaCl) balance is different to values previously published concerning healthy,

able-bodied, participants.

The two most variable routes of fluid loss between individuals are via sweating and urination.
Both routes of sweat loss also result in the loss of sodium and other electrolytes. Therefore,
this thesis is concerned with these two routes of loss. Firstly, sweat losses during exercise are
studied to determine the potential fluid and electrolyte losses via this route. However, for this
study to be valid, the reliability of a single sweat teéting session needed to be confirmed.
Secondly, to determine the degree to which non-renal losses in the form of sweat loss affect
overall fluid losses, water turnover rates were studied using deuterium oxide. This allowed '
for the calculation of fluid balance, establishing both water intake and losses. By using 24
hour urine volume, water losses could be used to divide daily water losses into renal and non-
renal losses. Knowing the sweat losses of those with a disability helped with the
understanding of non-renal losses. Analysis of 24 hour urine samples allowed the calculation

of 24 hour sodium losses, which is an indicator of sodium intake.



Chapter 4 of this thesis validates the use of a single testing session to determine sweat losses,
particularly sweat volume and sweat composition, of subsequent training sessions. It was
important to ascertain whether results from a single session could be generalised to future
training sessions. If sweat losses were similar between training sessions, then the use of a
single testing session could be used to determine the sweat losses of athletes with a disability.
This was especially important for the purposes of this thesis, due to the time constraints of

the athletes with a disability and their training schedules.

Chapter 5 of this thesis is concerned with the sweat losses of athletes with a disability.
Existing research in this area is limited, with most of the research concentrating on the sweat
losses in controlled laboratory exercise sessions. Unfortunately, these situations do not reflect
athletes’ normal training sessions. Since inappropriate fluid intake in relation to sweat losses
has been shown to be detrimental to performance (ACSM, 2008), combined with the
knowledge that sweat losses are one of the most variable sources of water loss from the body,
information regarding sweat losses during a typical training session is important to an
athlete’s performance. This study used both wheelchair sports and whoele body sport since

not all athletes with a disability compete in a wheelchair,

Fluid balance is concerned with both water losses and the intake of water into the body,
either in the form of water or food. It is possible to determine the rate of water turnover via
the use of deuterium. The total body water and water turnover rates of individuals with a
spinal cord injury were studied in Chapters 6 and 7, whereas Chapter 7 studies total body
water and water turnover rates of individuals who have received a kidney transplantation..
These two groups were studied since it is believed that their fluid balance may be different in
comparison to the general, healthy, able-bodied population due to the nature of their injury/
illness, and the potential effects that they has on the bodies’ ébility to loss body water. Indeed,
it has been shown that individuals with a spinal cord injury are unable to sweat below the
level of the lesion (Theisen and Vanlandewijck, 2002). For individuals who have received a
kidney transplantation, the implications are equally important given that the kidney is
responsible for filtering blood and removing excess salt, water and waste products from the
body. When renal failure occurs, individuals are placed on a strict diet limiting water and salt
intake. Following transplantation, this diet may continue and water turnover rates may be

affected.



This thesis intends to contribute to the understanding of fluid balance amongst individuals

with a spinal cord injury and those who have received a kidney transplant,
Aims

1)} To determine the reliability of a single testing session for the sweat volume losses,
sweat electrolyte losses and fluid intake patterns of future training sessions of a

similar nature.

2) To provide a description of the sweat losses (volume and compesition) and drinking

patterns of athletes with a disability during training,

3) To provide descriptive data on the fluid balance of populations whose fluid intakes

and loss of fluid may differ from the healthy, able-bodied, population.

4) To provide descriptive data on the sodium losses of populations whose sodium

intakes may differ from the healthy, able-bodied, population,



Chapter 2: Literature Review



2.1. Disability Sport

Sport for individuals with a disability is becoming increasingly popular and many elite
athletes with a disability are now able to access funding and support from national sporting
organisations. However, the specific nutritional needs of athletes with a disability are still
unknown with many nutritional recommendations based on data taken from able-bodied
athletes. This tactic may not provide the athletes with a disabiljty with the most accurate

information.

Sir Ludwig Guttmann first conceived the idea of sport for individuals with a disability in 1948
when he organised sports competition at Stoke Mandeville Hospital for individuals with a
spinal cord injury. The first Olympic style gamés did not take place until 1960 in Rome and it
was a further 16 years before other disability groups were added. The Games 1988 Games
held in Seoul marked the first time that the Paralympics were held in the same city as the
Olympics. In 2001, a joint agreement signed between the International Paralympic
Committee (IPC) and the International Paralympic Committee mandated that all future host
cities must agree to host both the Olympic and Paralympic Games. Indeed, London 2012

promoted the Paralympic Games as a major factor in their bid to host the Games,

There are five separate disability groups competing at the Paralympic Games: amputee,
cerebral palsy, visual impairment, spinal cord injury and those who do not fit into any of the
previously mentioned categories- Les Autres. In Athens 2004, 3806 athletes from 136

countries competed at the Paralympics.
Classification of Paralympic Athletes

To allow athletes with different disabilities to compete against each other on a fair basis they
are grouped together depending on their degree of function due to their disability. This
process is called classification (International Paralympic Committee, 2006). Classes are
determined by various assessments of technical and physical capacities which vary across

sports (International Paralympic Committee, 2008).

2.1.1 SPINAL CORD INJURY

Although there are five disability groups represented at the Paralympic Games, athletes with

a spinal cord injury, likely experience the greatest disruption in their ability to



thermoregulate. This disruption causes alterations in their fluid balance and body water

content. These alterations are summarises in Table 2.3.1. and Table 2.3.2.

The spinal cord consists of the spinal tracts, which are areas of white matter surrounded by
central areas of gray matter. The gray matter is organised into segments comprising both

sensory and motor neurons (Maynard et al., 1997).

The spinal cord nerve has 31 segments, which are divided into 5 regions, starting from the

base of the skull, These are:

1. The cervical region which has 8 segments. The nerves exits the spinal column above
C1 and below C1-C7.

2. The thoracic region has 12 segments, Thoracic nerves exit the spinal column below
T1-T12. The sympathetic outflow to the cardiovascular centre is located within this

region.

3. Thelumbar region contains 5 segments. The lumbar nerves exit the spinal column

below L1-L5.

4. Thesacral region has 5 segments, with the sacral nerves exiting the spinal column

below §1-S5.

5. The coccygeal is the base of the spine, which only has 1 segment. The coccygeal

nerves exit the spinal column at the coccyx.

In a medical setting, spinal cord injuries are classified according to the American Spinal Injury
Association classification system (ASIA) (Maynard et al., 1997). Injury to the spinal cord can
result in the complete or partial loss of somatic, sensory and autonomic functions below the

level of the lesion.

Following injury, the sacral parasympathetic outﬂow from the nervous system is generally
affected. This outflow innervates the bladder, colon, rectum and reproductive organs (Tortora
and Grabowski, 2000). Depending on the level and completeness of the lesion, there may be
some disruption of the sympathetic outflow from the thoracolumbar which include the
thoracic and lumbar regions of the spinal cord (Tortora and Grabowski, 2000), The
sympathetic nervous system is responsible for sympathetic tone, and its activity is regulated

by impulses from the hypothalamus, brain stem and parts of central nervous syétem and is



mediated by peripheral feedback. Since vagal parasympathetic stimulation is absent,
alterations in heart rate response to exercise have been obhserved, with maximal heart rate
reduced to approximately 130 beats.min-1in individuals with tetraplegia (Valent et al. 2007).
Autonomic reflexes below the lesion can occur following a spinal cord injury but, they are no
longer well controlled and may be inappropriate (Theisen and Vanlandewijck, 2002). As
innervation of the bladder is disrupted there may be some effect on water turnover rates. As
explained later in this thesis, individuals with a spinal cord injury are at greater risk of

urinary tract infection and this may alter fluid intake.

An individual with a spinal cord injury is classed as either being a tetraplegic (also known as
guadriplegic) or a paraplegic, depending on the level of the lesion. The level of the lesion is
classified according to neurological and sensory levels. When defining a spinal cord injury the
neurological level refers to the most caudal segment of the spinal cord, with normal sensory
and motor function on both sides of the body since function usually differs between sides
following a spinal cord injury (Maynard et al, 1997). Following injury to the spinal cord the
sensory level is the most caudal segment of the spinal cord with normal sensory function on
both sides of the body (Maynard et al,, 1997).

Paraplegics- “Paraplegia is the impairment or loss of motor and or sensory function in the
thoracic, lumbar or sacral segments of the spinal cord secondary to damage of neural
elements within the spinal canal” (Maynard et al,, 1997). Individuals with paraplegia tend to

have full function of their upper limbs, but have some impairment in the lower limbs.

Tetraplegics- “Tetraplegia is the impairment or loss of motor and or sensory function in the
cervical segments of the spinal cord due to damage to neural elements within the spinal

canal” (Maynard et al,, 1997). Injury resulting in tetraplegia has more involved complications
than an injury occurring lower down the spinal column. For example, individuals with a spinal
cord injury above the thoracic 6t vertebra have impaired sympathetic activity to the heart
and stomach region. There is also an inability to activate the sympathetic efferent component
of the baroreceptor reflex. Therefore there is an inability to increase blood pressure resulting
in an increased greater risk of postural hypotension due to blood pooling in the lower limbs

(Mathias and Frankel, 1988).

Therefore injuries above the 6t thoracic vertebrae risk autonomic dysreflexia which is an

uncoordinated spinally mediated reflex response, If this happens then hypertension occurs



and heart rate falls (Schmid et al,, 2001). If this happens during exercise, there is a release of
catecholamines, an increase of heart rate, increased 0, consumption, elevated blood pressure
all combining to potentially result in improved athletic performance (Schmid et al., 2001).
Even though an episode of autonomic dysreflexia has the potential to result in brain damage
or death, some athletes purposely induce autonomic dysreflexia to enhance performance.
Schmid and colleagues (2001) have demonstrated that autonomic dysreflexia can aid
performance and in simulated wheelchair marathon racing with elite racers, with
performance increasing by approximately. Athletes induce these effects of autonomic
dysreflexia by causing an overdistention of the bladder, by sitting on sharp objects or tightly
strapping their legs. This practice is generally referred to as ‘boosting’ and is banned by the
International Paralympic Committee (IPC). All tetraplegics are subject to random blood
pressure testing at any time during IPC sanctioned competitions. If they return a systolic
pressure above 180 mmHg, they are immediately banned from competing (International

Paralympic Committee, 2006a).

Incomplete/complete Injuries - Tetraplegic and paraplegic injuries are further categorised as
being complete or incomplete. In some cases, there can be a partial preservation of sensory
and/ or motor function below the neurclogical level of injury. If this sensation or motor
control continues to the lowest sacral segment, then the injury is considered to be incomplete
(Maynard et al., 1997). However, if no sensation or motor control is present at the lowest

sacral segment, then the injury is defined as being complete (Maynard et al., 1997).
Secondary diseases associated with a spinal cord infury

There is a higher risk of secondary diseases such as urinary tract infections, pressure sores,
hyponatraemia and obesity amongst the spinal cord injured population (Theisen and
Vanlandewijck, 2002; Buchholz and Bugaresti, 2005). Indeed, coronary heart disease is the
major cause of morbidity aﬁd mortality amongst the spinal cord injured population (Theisen
and Vanlandewijck, 2002; Buchholz and Bugaresti, 2005). Both urinary tract infections and
hyponatraemia have been linked to fluid intake (Manz and Wentz, 2005; Soni et al,, 1994).
When combined with the knowledge that obese individuals have lower total body water
relative to body mass than lean individﬁals (Carduas et al.,, 1984), it is argued that these
secondary diseases may affect water turnover rates, levels of hydration and total body water

values for the spinal cord injured populaticn.



In a review of the literature, Buchholz and Bugaresti (2005) found that percent body fat is 8-
18 % greater in individuals with a spinal cord injury when compared to age, height and/or
weight matched controls. Body fat percentage was determined using by dual energy X-ray
absorptiometry (DXA), isotope dilution in a cross sectional study. A decrease in lean mass
accompanies this increase in body fat. Other studies have measured body mass index asa
classification of overweight/ normal weight in groups with spinal cord injury. Values for body
mass index amongst those witlh a spinal cord injury have been reported as 20 to 27 this is
inconsistent with the values reported for percent body fat (Buchholz and Bugaresti, 2005).
The discrepancy between the values for percent body mass and body mass index probably
reflects the difficulties in measuring height in those with a spinal cord injury and the unique
decrease in lean mass. Therefore the use of body mass index to determine obesity is
inappropriate amongst those with a spinal cord injury. There is often an underestimation of

. body fat in men with a spinal cord injury by as much as 9.4 % when using body mass index as
a'measure (Jones et al, 2003). There is also an alteration in the electrolytes - sodium and
potassium - within total body water, accompanied by an alteration in their distribution
within the extracellular and intracellular fluid (Claus-Walker and Halstead, 1981). Following
spinal cord transaction the iﬁtrace]lular potassium concentrations in gastrocnemius muscle
cells have been studied in rats and dogs, with results showing that paralysed cells had a lower
potassium concentration and higher sodium concentrations compared to the muscle cells
prior to transaction (Claus-Walker and Halstead, 1981). Exchangeable sodium is increased
following a spinal cord injury and there is also an increase in the extracellular space but the
increase in the extracellular space is still within the normal physiological range (Claus-Walker

and Halstead, 1981).

Following a spinal cord injury properties of the venous vascular system alter in paralysed
muscles. Hopman et al. {1994) investigéted the differences between venous vascular system
of male paraplegics and male able-bodied controls. They found that venous capacity in the left
calf was significantly lower by approximately 50 % amongst paraplegics than able-bodied
males as measured by a strain gauge occlusion plethysmography (Hopman et al., 1994).
Hopman and colleagues (1994} thus posit that vascular flow resistance was higher amongst
the group with paraplegia than amongst the able-bodied group (Hopman et al, 1994).
Circulating blood volume is further affected by blood pooling in the lower limbs following a
spinal cord injury, Raymond et al. (1997) examined the differences between upper body arm

cranking and electrically stimulated lower body cycling and deduced from differences in VO .

10



and heart rate that their was a decrease in venous return during upper body exercise amongst
paraplegics (T4-T12). Further the pooling of blood in the lower limbs was due to the lack of a
skeletal muscle pump (Raymond et al, 1997). The study Ey Hopman et al. (1994) also
demonstrated greater vascular resistance and atrophy in the lower limbs of individuals with a

spinal cord injury when compared to able-bodied individuals.

2.2 THE IMPORTANCE OF HYDRATION '
Water plays a vital role jn the proper operation of many bodily functions by contributing to

the maintenance of blood volume and acting as a medium for biochemical reactions. These
actions contribute to the proper functioning of all the body’s organs and facilitate osmolar
equilibrium within and between cells. These roles allow for the optimal performance of the
cardiovascular system and contribute to the maintenance of the internal homeostasis (Sawka

and Montain, 2000; Sawka and Pandolf, 1990; Kay and Marino, 2000).

2.2.1 DISTRIBUTION OF Bopy WATER
A healthy human body is composed mainly of water; muscle mass is approximately 75 %

water whereas adipose tissue is only 10 % water (Sawka, 1992). For average healthy male
adult water represents about 60 % of the total body mass. Females generally have a greater
percent of their body mass which is fat mass wiith water contributing 55 % of their body
composition (Sawka, 1992). Therefore, a healthy able-bodied male weighing 75 kg would
contain 45 litres of water, and a healthy 60 kg female would contain 33 litres of water (Sawka,
1992}. Individuals with a spinal cord injury tend to have lower total body water relative to
body mass than those of able-bodied participants (Cardus et al, 1984). This lower total body
water was approximately 10 -15 % for paraplegics and tetraplegics when compared to age
matched controls and has been attributed to both a decrease in muscle mass and a loss of
muscle cells following spinal cord injury (Cardus et al., 1984). Castro et al. (1999) studied the
muscle atrophy of the calf following spinal cord injury from 6 weeks after injury until 24
weeks after injury in 15 men. Between weeks 6 to 24 there was a 20-56 % decline in the cross
sectional area of the type 1, 11a. and 11ax +11x (Castro et al,, 1999). The greatest decrease
came in weeks 6-11 (~22 %) compared to the smaller decrease seen in weeks 11-24 (~10 %)
(Castro et al,, 1999). This decrease tends to stabilise after 12-17 months (Olive et al.,, 2003). At
6 weeks after injury fibre size is approximately 60 % smaller than seen for able-bodied men.
24 weeks after injury fibre size is also reduced to approximately a third of able-bodied

controls matched for age and body mass (Castro et al,, 1999). A year after injury, femoral
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artery cross sectional diameter is approximately 40 % lower than in able-bodied controls and
a difference is still present when differences in muscle mass are accounted for (Olive et al,

2003).

Body water is distributed between the intracellular and extracellular fluid spaces.
Extracellular space contains the interstitial fluid and the plasma. The intracellular space of an
average 75 kg healthy male contains 30 litres of water, while the extracellular space contains
15 litres (Sawka, 1992). A third of total body water is thus, contained within the extracellular
fluid space, and two thirds within the intracellular fluid space. Carduis et al. (1984) predicted
intracellular volumes for tetraplegics (body mass 72.115.7 kg) and paraplegics (70.11+5.6 kg)
by regression equations and then measured by tritium oxide and radiosulfate. They reported
that there was a relative decrease in the volume of the intracellular space with values being
approximately 10 litres lower than predicted values for tetraplegics and 5 litres lower for |
paraplegics. Further, an expansion of the extracellular space was observed, with
corresponding values approximately 5 litres greater than predicted for tetraplegics and
paraplegics (Cardis et al,, 1984). Able-bodied participants (body mass 80.7£12.1 kg} in the
same in the study by Cardus et al. {1984) had extracellular values which were 2 litres greater
than predicted and intracellular values which were 2 litres lower than predicted. Thus
extracellular fluid accounted for 42 % and 45 % of total body water for the paraplegics and
tetraplegics respectfully. Further, intracellular volumes were 58 % and 55 % for paraplegics
and tetraplegics {Cardiis et al,, 1984). It has been theorised that individuals with a spinal cord
injury have an altered membrane function and muscle cells which may allow for an abnormal
amount of electrolytes to accumulate in the extracellular space (mainly sodium), which may
in turn account for the larger extracellular space {Cardus et al,, 1985). To maintain
homeostasis the accumulation of sodium results in an increase in the volume of water within

the extracellular space.

Body water has an ability to redistribute itself within, and between, the extracellular and
intracellular fluid compartments (Mallie et al., 2002). This ability to redistribute water between
the fluid compartments is important when fluid losses resulting in water deficits occur, since
redistribution minimises the effects of dehydration to be minimised (Mallie et al,, 2002). Italso
means that both the intracellular and extracellular spaces can be affected by ény degree of water
loss (Sawka, 1992). When water losses are low, the greatest loss comes from the extracellular

fluid. However, as water deficit increases, the proportion of water that is lost from the
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intracellular fluid is increased (Costill et al,, 1976). Costill et al. (1976} dehydrated 8 healthy
able-bodied male participants by ~2, 4 and 6 % of their body mass (or 3, 6 and 9 % of total body
water) (initial body mass 57.4-80.6 kg) via cycling exercise in the heat (39.5 °C, 25 % relative
humidity). The results showed that plasma provided 10 % of the water loss for each stage of
dehydration. At 2 % dehydration 60 % of the water loss came from the interstitial fluid and 30 %
from the cellular water (Costill et al., 1976). However, at 4 % of body mass dehydration
approximately 10 % was from plasma volume, 38 % from interstitial fluid and 52 % from
intracellular fluid (Costill et al., 1976). At 6% of body mass loss 11 % of the water loss was from
the plasma volume, 39 % from the interstitial waters and 50 % of the water loss came from the
intracellular fluid (Costill etal,, 1976). The body’s ability to redistribute fluid is due to both the
movement of sodium, the major electrolyte of the extracellular fluid and potassium, the major
electrolyte of the intracellular compartment. Therefore, sodium and potassium concentrations

determine both the extracellular and intracellular volumes respectively (Mallie et al., 2002).

2.2.2 Bopy WATER BALANCE
Euhydration occurs when the body is in fluid balance. Under normal conditions, body water is

controlled around this state (Greenleaf, 1992). It has been suggested that when resting in
temperate environments, body water is controlled so that it is maintained within 0.22 % of
euhydration (Greenleaf, 1992). In the average male (75 kg) with total body water of 45 litres,
this would mean that body water is maintained within +£0.10 litres. For this equilibrium to be
maintained, body water losses must equal body water gains. However, this is not always the
case. Sometimes water is lost from the body at a greater rate than it is replaced. The process
of losing body water is known as dehydration and results in hypohydration. When this loss
from normal body water is replaced to restore euhydration, it is called rehydration. The
addition of water to the body above euhydration levels resulting in greater than normal body

water leads to hyperhydration.

The body is able to monitor and control body water by monitoring osmolality and blood
volume. An increase in osmolality and decrease in blood volume results in a secretion of
vasopressin which acts to conserve water via reabsorption in the kidneys. A decrease in
osmolality results in an increased secretion of Atrial Natriuretic Peptide resulting in an

increased excretion of water via urination. This is described in further detail in Section 2.3.3.
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2.3 BoDY WATER LOSSES
The body loses water through a variety of different routes. Insensible water loss includes

the loss of water through the skin as well as respiratory water losses. Insensible water
losses in a healthy able-bodied man are around 0.9 1.d'! (Silverthorn, 2001). This volume
differs depending upon the temperature and humidity of the inspired air. Hall and Klemm
{1963) measured the insensible water losses of clothed subjects at temperatures between
22-32 oC, They found that insensible water losses were only slightly increased (from 21
g.min-to 26.5 g.min-1) between temperatures of 22-26 °C. There was a more marked
increase between temperatures of 26.7-32.2 °C from 26.5 g.min"! to 64 g.min? .Due to the
low ambient vapour pressure at altitude it is assumed the insensible water losses are
incr;eased (Westerp, 2001). Further to this large volumes of water are lost into the
gastrointestinal tract each day, but faecal water losses have been reported to be
approximately 0.1 1.d-! (Silverthorn, 2001), Therefore since faecal losses are low in a healthy
human most of the water lost into the gastrointestinal tract must be reabsorbed further
down the gastrointestinal tract. All of these routes of water loss are passive. However, the
two major routes of water loss from the body are active processes. These routes are urinary '
losses and losses that occur through sweating, both of which are Fontrolled by complex

physiological systems.

2.3.1 BoDY WATER L0sS ViA URINE
When at rest in a temperate environment, urine is the major source of water loss. Under these

conditions, the control of urine loss is responsible for the maintenance of euhydration. The
regulation of urine outputis controlled by the kidney. In a healthy human, the kidney is able
to produce urine ranging in osmolality from less than 50 mosmol.kg! at its most dilute, to

1200 mosmol.kg! at its most concentrated (Silverthorn, 2001).

2.3.2. KIDNEY REGULATION OF URINE OUTPUT
A healthy human has two kidneys which are located in the superior lumbar region. The

kidneys extend from around the level of the twelfth thoracic vertebra out to the third lumbar
vertebra, with the rib cage offering some protection. Individuals who have received a kidney
transplant only have one functioning kidney and it is usually located in the abdomen above
the iliac crest {Danovitch, 2004). On average, a healthy human kidney weighs approximately
150 grams, is 12 ¢m long, 6 cm wide and 3 em thick (Silverthorn, 2001). The lateral surface is

convex, whilst the medial surface is concave, The kidney can be split into two layers: an inner
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medulla and an outer cortex (Johnson and Bryne, 2003). A typical glomerular filtration rate
for the kidneys is approximately 125 ml.min-!; therefore based on this glomerular filtration
rate the total volume of blood that can Ee filtered by the kidneys is around 7.5 L.h-1, or 180 1.d1
(Schrier et al,, 1999).

When considering the implications of kidney functioning for individuals with a spinal cord
injury, findings by Ragnarsson et al. (1981} suggest that tetraplegics appear to have a
significantly lower glomerular filtration rate (Ragnarsson et al., 1981). This is likely due to a
decrease in blood volume and a reduction in renal blood flow. A decrease in glomerular
filtrate rate may result in an altered urine excretion rate, and can cause differences in urine
solute load which is illustrated in Table 2.3.1. Although the reabsorption of water in the
kidney is also controlled by hormonal factors, there is no published literature to date on the

effect of this reduced filtration rate on reabsorption.

A proper functioning kidney removes excess water and waste from the body via urination.
Maximal urinary flow is approximately 1-2 Lh-1(Schrier et al,, 1999), The functions of the
kidney are regulated by the endocrine system, in particular vasopressin (antidiuretic

hormone) and aldosterone alterations.
Nephron

Within the kidney, the nephrons are responsible for filtering the blood. This is the site where

the volume of urine output is controlled.

Within the two kidneys, there are approximately two .million functioning nephrons arranged
in a parallel orientation. Approximately 80 % are located in the renal cortex, called cortical
nephrons. The other 20 % cross into the medulla, and are called juxtamedullary nephrons
(Silverthorn, 2001). Each nephron is an 3-shaped, hollow tube with a membrane wall
composed of highly specialised epithelial cells. The lumens of the nephron are about 20 pm in

diameter and approximately 2 cm long (Seeley et al,, 2003).

Water reabsorption from the kidney is a complex process since it is coupled with the
reabsorption of solutes. Depending on the segment of nephron, this reabsorpticn is either
active or passive. Active transport is primarily facilitated by sodium- and potassium-
activated adenosine triphosphatase {Na*-K+- ATPase) (Knepper and Burg, 1983). Passive

reabsorption occurs down an osmotic gradient, which is dependent on the state of water and
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electrolyte homeostasis within the body. In the initial stages of the nephron sodium, transport
is coupled with the transport of other secondary solutes, but in the final segments of the
nephron the transport of sodium to the maintain homeostasis occurs (Knepper and Burg,
1983). Thus, the nephrons are important in the maintenance of homeostasis with respect to

both water and electrolyte balance.
Renal Corpuscle and the Glomerulus

The flow through the glomerulus is driven by blood pressure which also provides the force
for the ultrafiltration of fluid across the glomerular barrier, into Bowman's capsule and the
renal tubules (Seeley et al,, 2003). The capillary walls of the renal corpuscle are highly
permeable, allowing the filtration of plasma to occur (Seeley et al., 2003). The filtrate flows
from the renal corpuscle into the renal tubules where it is modified and the resultant urine
which is produced that flows via the collecting ducts into the bladder. During this process,
approximately 120 ml.min-! of filtrate can be filtered (Zambraski, 1990). Since daily urine
volumes are not this high, much of the plasma must be reabsorbed in the renal tubules. This

process of reabsorption is termed countercurrent multiplication {(Morgan and Berliner, 1968).

Proximal Tubule

The microvilli characteristics of the proximal tubule section cause it to have an inner surface
area of 25 mz (Silverthorn, 2001). As the filtrate flows through the proximal convoluted
tubules sodium, potassium, glucose and amino acids are actively transported out of the tubule
by transporters on the membrane walls. This reabsorption allows for the reabsor]jtion of
water via osmosis (Imai and Kokko, 1976). Approximately 70% of the filtered water, sodium,
chloride and potassium are reabsorbed in this region (Imai and Kokko, 1976). Reabsorption is
increased by an increase in sympathetic stimulation and is inhibited by the actions of

angiotensin II (Seeley et al,, 2003).
Loop of Henle

From the proximal tubules, the filtered fluid flows into the loop of Henle. The loop of Henle is
the regulating unit of the nephron, and is composed of a hairpin shaped section dipping down
from the cortex into the medulla and then back into the cortex (Silverthorn, 2001). Itis
composed of two limbs, a descending limb and an ascending limb. In isolated rabbit renal

tubules, the descending limb is highly permeable to water but has low permeability to sodium
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(Knepper and Burg, 1983). Therefore, the osmolality of the filtrate increases as it moves along
the descending limb of the loop of Henle. The ascending limb is impermeable to water, but
contains transporters for sodium, chloride, potassium and other electrolytes. Osmolality
decreases as the filtrate moves along the ascending limb of the loop of Henle, osmolality

decreases.

While the actual anatomy of the kidney does not alter in individuals who have received a
kidney transplant, the preceeding anatomy discussion has been provided to give an overview
of urine production since this thesis uses urine samples as a medium to determine electrolyte

losses and total body water.

2.3.3. HORMONAL CONTROL OF URINE
Vasopressin

Vasopressin is also known as anti-diuretic hormone and has been implicated in the
regulation of urine volume. Osmoreceptors situated in the cerebrospinal fluid monitor the
osmolality. An increase in the osmolality stimulates vasopressin transcription from the
paraventricular nucleus and the supraoptic nucleus of the hypothalamus. Vasopressin is
released from the posterior lobe of the pituitary, and circulates in the bloodstream, mainly
affecting the tubules of the kidney. The effect of dehydration on levels of plasma vasopressin
was studied by Geelen et al. (1984). They placed healthy able-bodied participants ona 24
hour fluid restriction which induced mild dehydration. Following this restriction there was an
increase in plasma vasopressin concentration which was associated with an increased plasma
osmolality. Vasopressin release can also be stimulated via a fall in blood volumé detected by
the peripheral baroreceptors which act through afferent pathways on the vasopressin
releasing cells in the hypothalamus. A drop in blood velume of 6 % showed increased plasma
vasopressin concentrations (Antunes-Rodrigues et al.,, 2004). The circulating vasopressin
binds to V2 receptors on the basolateral membranes of the collecting ducts. This binding
causes the aquaporin-2 channels to relocate to the apical membrane thus increasing the
permeability of the collecting ducts to water (Knepper, 1997; Wall et al,, 1992). If vasopressin
concentrations are low, the collecting ducts are relatively impermeable to water, resulting in
the production of large volumes of dilute urine (Silverthorn, 2001). After maximal exercise

there is an increase in plasma vasopressin concentrations (Maresh et al. 1985).
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The Renin-Angiotensin System

The renin-angiotensin system responds to changes in circulating blood volume and body
sodium content. Due to the close relationship between sodium reabsorption and water
reabsorption by osmosis in the kidneys the renin-angiotensin system affects both sodium
homeostasis and fluid balance (Lote, 1994). Renin is stored in the juxtaglomerular apparatus
of the kidney (Lote, 1994). A fall in blood volume as detected by baroreceptors in the carotid
bodies cause renin to be released from the afferent arterioles of the kidneys. This release is
stimulated by increasing sympathetic nerve activity to these vessels (Lote, 1994). Blood
pressure changes in the afferent arterioles of the kidney can also cause the release of renin, an
action likely due to a decreased stretch of the arteriole walls (Lote, 1994). A decrease in the
amount of sodium chloride (NaCl) delivered to the macula densa cells located in the distal

convoluted tubule, stimulates the release of renin (Lote, 1994).

Renin is an enzyme whose actions take place on angiotensin. Angiotensin is a large protein
which is produced in the liver. The action of renin on angiotensin causes the production of
another protein called angiotensin I; Angiotensin I passes through the lungs where
angiotensin converting enzyme convert it into angiotensin I Angiotensin I then acts to
retain water and sodium within the body. These effects are produced both directly and
indirectly. It acts directly on the proximal tubule to increase sodium reabsorption. This also
results in an increased release of aldosterone from the adrenal cortex (Antunes-Rodrigues et
al, 2004). Its actions are further promoted by its stimulaticon of the release of vasopressin,
further leading to an increase in thé retention of body water (Antunes-Rodrigues et al.,, 2004).
In a similar manner to plasma vasopressin there is an increase in the concentration of plasma

renin activity at the end of maximal exercise season (Maresh et al,, 1985).
Aldosterone

Aldosterone is secreted from the adrenal cortex is responsible for increasing sodium
reabsorption from the lumen of the renal tubules (Silverthorn, 2001). Elevated levels of
aldosterone increase the permeability of the renal tubules to sodium via the activity of the

Na*-K*-ATPase pumps located at the basolateral membrane (Silverthorn, 2001).
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Atrial Natriuretic Peptide (ANP})

Unlike the renin angiotensin and vasopressin, ANP acts to reduce an excess of fluid within the
body. It is a hormone that is released from the cells of the atria of the heart. It is released in
response to a stretching of the atrial walls, which occurs due to an increase in blood volume
(Antunes-Rodrigues et al,, 2004; Inoue et al,, 2001). When ANP is released, it acts to increase
the sodium and fluid cutput from the body, achieving this in two ways. Firstly, ANP increases
glomerular filtration rate and kidney blood flow, however, Brenner et al. (1990) caution that
this effect alone may not be great enough to have a significant effect on renal excretion rates
Secondly, it has also been further suggested that ANP may act to reduce the action of

vasopressin in the collecting ducts (Inoue et al,, 2001).

2.3.4 URINE OUTPUT IN SPINAL CoRD INJURED (SCI)
Alterations in the pattern of urinary flow have been observed in those with a spinal cord

injury. There is a similar urinary output during the night (between 22:00 and 08:00 h) as
during the day (08:00- 22:00 h), whereas healthy able-bodied participants tend to
demonstrate a diurnal rhythm for urine volume with volumes decreasing during the night
(Kilinic et al., 1999). In able-bodied participants, there is a significantly higher urine
osmolality at night and an increase in antidiuretic hormone. Conversely, results for those
participants with a spinal cord injury reported no difference between urine osmolalities from
samples obtained during the night and during the day (Killinic et al,, 1999). A possible
explanation for this nocturnal polyuria is an alteration in the blood volume between lying and
sitting, posture changes result in a more pronounced change in blood volume for those with a
spinal cord injdry than healthy able-bodied participants (Wall et al.,, 1993). During the day
blood pools in the lower limbs of individuals with a spinal cord injury due to their lack of a
muscle pump and impaired sympathetic neural pathways. Upon lying down the blood
redistributes and venous return increases. The resulting increase in blood volume is detected
by the aortic baroreceptors.. Given that an increase in blood volume is usually due to an
excessive intake of water, the body reacts to eﬁcrete the water load. Therefore the increased
central blood volume upon lying prevents the normal decrease in vasepressin which is seen
amongst able-bodied participants. This suggests that the diurnal variation for urine outputis

not present in individuals with a spinal cord injury.

The regulation of urine volume is not the only function which is affécted following a spinal

cord injury. Wall et al. (1993) found that following a water load, differences in urine
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osmolality can also be observed. In a group of tetraplegics (C4-C7) placed in an erect position,
urine osmolality did not decrease to levels seen in able-bodied participants following a water
load. This inability to dilute urine to levels typically reported in able-hodied participants
occurred despite a complete suppression of vasopressin (Wall et al,, 1993). [t was concluded
that filtrate delivery to the diluting segments of the renal tubule is reduced, resulting in a
reduction in the volume of fluid présented to the collecting ducts for reabsorption (Wall et al.,-
1993).

20



Table 2.3.1 The Effect of a Spinal Cord Injury On Body Water
Compartments, Electrolytes and Hormones Controlling Water and Sodium

Loss.
.
Healthy Able-bodied Spinal Cord Injured
Total Body Water 45-70 % of body mass Paraplegics 63 %
Tetraplegics 59 %

Sawka, (1992)

Cardis et al. (1984)

Intercellular Volume

67 % of total body water

Sawka, (1992)

Paraplegics 58 % of total body water
Tetraplegics 55 % of total body water

Cardus et al. (1984)

Extracellular Volume

33 % of total body water

Sawka, (1992)

238 mlkgt

Claus- Walker and Halstead, (1981)

Paraplegics 42 % of total body water
Tetraplegics 45 % of total body water
Cardus et al. (1984)

Tetraplegics 3 months to 5 years after
injury
258 mlkg 1

Claus- Walker and Halstead, (1981)

Interstitial Volume

75 % of extracellular fluid

Astrand, (1986)

Plasma Volume

25 % of extracellular fluid

Astrand, (1986)

40 mlkg! (Body mass = 80+£12.1 kg)

Claus- Walker and Halstead, (1981)

Tetraplegics 3 months to 5 years after
injury
42 mlkg1 (Body Mass=59.3 £9.7 kg)

Claus- Walker and Halstead, (1981)

Blood Volume

67 mlkg! |

Claus- Walker and Halstead, (1981)

Tetraplegics 3 months to 5 years after
injury

69 mlkg1

Claus- Walker and Halstead, (1981)
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% Body Fat

Ideally 15 % of body mass

Lohman, (1992)

24 % Sedentary
George et al. (1988)
22 % Athletes

Bulbulian et al. (1987)

Exchangeable Sodium 38.045.2 mmol.kg! Paraplegics= 48.8:6.2 mmeolkg!
Tetraplegics = 47.5+8.4 mmol.kg!
Cardds et al. (1985)
Cardus et al. (1985)
Exchangeable Potassium 47.1+7.3 mmol.kg1 . Paraplegics= 40.249.2 mmol.kg'1
Tetraplegics = 31.849.4 mmol.kg?
Cardis et al. (1985) - Cardis et al. (1985)
Intracellular Potassium 127 mmol.l'1 Paraplegics 106 mmol.l-1

concentration

Cardds et al. (1985)

Tetraplegics 102 mmol.l-1

Cardds et al. (1985)

Plasma Osmolality

Supine 290+ 1.1 mosmol.kg?

Wall et al. (1993)

Tetraplegics (C+-C7)
Supine 284 t 2.0 mosmol.kg!

Wall etal. (1993)*

Urine Osmolality

Supine 843+ 37 mosmol kg

Wall et al. (1993)

Tetraplegics (C+-C7)
556+ 50 mosmol.kg-!

Wall et al. (1993)

Creatinine Clearance
following water load

Supine 12548 ml.min-1
Erect 128+7 ml.min-!

Wall et al. (1993)

Tetraplegics (Cs-C7)
Supine 12748 mi.min-1
Erect 1138 ml.min-1

Wall et al. {1993)
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Plasma Renin Activity

Resting supine 1.04 ng.mLh-1

% change with sitting 63 %

Claus- Walker et al. (1977)

Tetraplegics
Resting supine 3.45 ng.mlh!

% change with Sitting 91 %

Claus- Walker et al. (1977)

Plasma Renin Activity
following a water load

Tetraplegics (Cs-C7)

Supine 0.40+0.10 ng.ml-1.h-1 Supine 1.11+0.30 ng.ml-1.h!
Erect 0.52+0.10 ng.ml-1.h1 Erect 1.75+£0.40 ng.ml-1.h1
Wall et al. (1993) Wall etal, (1993)*
Plasma Aldosterone Tetraplegics
Resting Supine 54 pg..ml'l Resting Supine 94 pg.ml-1

% change with sitting 228 %

Claus- Walker et al. (1977)

9% change with sitting 83%

Claus- Walker et al. (1977)

Plasma Aldosterone
following water load

Resting Supine 5.0 £ 0.9 ngdl-?

Erect 6.7+ 1.7 ng.dl-

Wall etal. (1993)

Tetraplegics (C4+-C7)
Resting Supine 9.8 + 3.7 ng.dl!
Erect 15.1+ 2.5 ng.dl-1

Wall et al. (1993)

Pattern of urinary
Aldosterone excretion

Peak between 08:00 h and 14:00 h

Claus- Walker and Halstead, (1982)

Tetraplegics no peak
Claus- Walker and Halstead (1982}

Urine Volume Pattern
(Night (22:00-08:00h Vs
Day 08:00 - 22:00 h)

At night (22:00-08:00 h)
1 Vasopressin
I} Urine Volume

1 Urine osmolality

Kilinic et al. (1999)

At night (22:00-08:00 h)
¢=»Vasopressin

= Urine Volume

¢= Urine Osmolality

SCI groups- Above and Below T6

Kilinic et al. (1999)

Low sodiutn intake on
plasma renin activity

* Significantly different from healthy able-bodied values

Sitting maximal values 3.30 ng.mlLh-1

Claus- Walker and Halstead, {(1982)

Tetraplegics
Sitting maximal values 4.79 ng.ml.h-1

Claus- Walker and Halstead, (1982)
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Table 2.3.1. shows that there is a difference in the body water distribution and the relative
total body water values for healthy able-bodied individuals and those with a spinal cord
injury. The table also shows that the hormones responsible for regulating fluid balance may
be affected by a spinal cord injury and this may result in an altered pattern of fluid intake and

urine production,
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Table 2.3.2. The Effects of a Spinal Cord Lesion Results from Animal Studies

Variable Species Normal Muscle Paralysed Muscle
Potassium concentrationin  Rat Sciatic nerve transaction, 4 weeks of
the muscle cell paralysis
175 mmol.It
159 mmol.l-1
Claus- Walker and Halstead,
(1981) Claus- Walker and Halstead, {1981)*
Sodium concentration in Rat Sciatic nerve transaction, 4 weeks of
the muscle cell - paralysis
15 mmoll?
23 mmal.l-1
Claus- Walker and Halstead,
(1981) Claus- Walker and Halstead, (1981)*
Cell membrane potential Rat Sciatic nerve transaction, 4 weeks of
paralysis
88 mV
62 mV
Claus- Walker and Halstead,
(1981) Claus- Walker and Halstead, {1981)*
Bloed flow of the Dog Paraplegia 4 weeks after transaction

Gastrocnemius

11.5 mlmin-1,100g1

Claus- Walker and Halstead,
(1981)

28.3 ml.min-1.100g-1

Claus- Walker and Halstead, {1981)

*Significantly different from normal muscle values

Table 2.3.2. shows that in animal species an injury to the spinal cord results in altered -

electrolyte composition within the extracellular and intracellular spaces. The table also

demonstrates the alteration in blood flow following a spinal cord transaction. All of the

experiments were performed on animals as they can be studied before and after a spinal cord
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injury, which is not possible in human subjects. There may be some physiological differences

which mean that these results may be different in humans.

2.4. THERMOREGULATION
Metabolic heat is produced in response to physical activity and unless this increase in core

temperature is attenuated then performance will decrease (Sawka et al,, 1989). Core
temperature increases represent the storage of metabolic heat which is the by-product of the
energy produced to perform skeletal muscle contractions (Sawka et al,, 1989). Metabolic heat
is lost from the body via dry heat exchange and sweat evaporation from the skin surface, The
proportion that each route plays in thermoregulation is dependent on environmental
conditions. In cool environments there is a large skin to ambient temperature gradient
facilitating dry heat loss. Conversely, at higher temperatures sweat evaporation is the main
route of heat loss (Sawka et al,, 1989). There is a strong relationship between metabolic rate
and core temperature for an individual (Sawka et al,, 1989). There is also a large inter subject
variability. It is possible to remove the inter subject variability by using relative exercise

intensities rather than absolute workloads in study designs (Saltin and Hermansen, 1966).

During maximal upper body exercise, VO values are approximately 70 % of the VO,
produced during maximal lower body exercise (Sawka et al,, 1984). If core temperature rises
are determined by relative exercise intensity then core temperature would expect to be
increased by a greater degree for a given metabolic rate than lower body exercise (Sawka et
al,, 1984}, Conversely, if the surface area to mass ratio of the arm is greater than that of the

lower limb and this will aid thermoregulatory responses (Sawka et al,, 1984).

2.4.1. THERMOREGULATION AND SPINAL CORD INJURY
Upon commencing exercise, core temperature increases rapidly and then plateaus as heat loss

equals heat production (Sawka et al., 1989). In those with a spinal cord injury, damage to the
nervous system affects both sweating and the ability to regulate the peripheral vasculature
via vasomotor and sudomotor responses (Sawka et al. 1989). Therefore there may be a
decreased ability to thermoregulate amongst those with a spinal cord injury. The degree of
impairment to the thermoregulatory system is dependent on the level of the lowest intact
part of the sympathetic chain with thermoregulatory responses being proportional to the
lesion level (Normell, 1974; Webborn et al,, 2005). Gerner etal. {1992) exposed tetraplegics

and paraplegics to environmental heat for 15 minutes. The results showed increased core
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temperatures (rectal and oral) and reduced sweat rates amongst the participants with

tetraplegia compared to those with paraplegia.

The skin and core temperatures of individuals with a spinal cord injury are influenced to a greater
extent by the environmental conditions than they are for individuals without a spinal cord injury.
Whilst resting in warm conditions (30 °C, 50 % relative humidity) for 30 minﬁtes, those with a
spinal cord injury had a greater increase in core (aural) temperature than their able-bodied
counterparts (Petrofsky, 1992). The mean temperatures were 37.0°C for all participants atthe
start of the trial and remained at 37.0 oC for the able-bodied controls, but increased to 37.5°C for
paraplegics and 37.6°C for tetraplegics. When exposed to 35 ¢C and 40 oC heat there was a
significantly higher aura! temperature amongst those with a spinal cord injury. Furthermore, this
elevation in core temperature was related to the level of the lesion (Petrofsky, 1992). Similar
findings had been found by Guttmann et al. (1958) who exposed individuals with a complete
lesion causing tetraplegia to cold temperatures individuals with a complete lesion causing
tetraplegia and found that they were unable to shiver when exposed to 18-20 °C. Further,
participants in the study were unable to sweat below the lesion when exposed to 35-37 oC heat.
Amongst those with an injury above T6, a rise in core temperature is necessary for sweating to
occur, since a rise in local skin temperature is insufficient to cause a sweat response. This

requirement is in contrast to the responses of able-bodied participants (Tam et al,, 1978).

The ability to control core temperature is dependent on a balance between metabolic heat
production, environmental temperature, the evaporation of sweat and the loss of heat
through vasodilatation. The lower metabolic heat production seen amongst those with a
spinal cord injury means that during 90 minutes of exercise at 80 % of heart rate peak those
with a spinal cord injury experience no greater thermal strain than able-bodied participants

(Price and Campbell, 1997). However, 80 % of peak heart rate could represent various

percents of VO: peak. This implies‘that despite an inability to sweat, metabolic heat
production amongst those with a spinal cord injury in cool environments is not great enough
to produce a thermal strain greater than reported in able-bodied athletes. Therefore, large
core temperature increases are only likely to be seen in individuals with a spinal cord injury
when they compete or train in hot environments since it is only in such situations, where heat
gain and storage from the environment are likely to be greater than for able-bodied
individuals. This is because the heat gains from the environment are the main contributors to

heat strain amongst the tetraplegic population (Webborn et al,, 2005).
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The ability of an individual with a spinal cord leston to vasodilate is also impaired below the
level of the lesion thus attenuating this route of heat loss (Theisen et al,, 2001). The core
temperature at which the body reacts to increase skin blood flow is increased when there is a
drop in blood volume (Theisen and Vandlandewijk, 2002). Some authors have suggested that
blood pooling occurs in the lower limbs of those with a spinal cord injury (Kooner et al.,, 1988;
Raymond et al,, 1997} due to the lack of a muscle pump and an increased vascular resistance
(Hopman et al,, 1984). If there is blood pooling in the lower limbs and this results in a drop in

blood volume.

Studies looking at the skin temperatures of those with a spinal cord injury have shown

increases from measurements taken on the trunk, forearm and calf during 90 minutes of

exercise at 50 % VO peak (Fitzgerald et al., 1990). In the same study, amongst the able-
bodied participants there was a decrease at these sites. A similar finding was presented by
Price and Campbell (1997} for skin tempera.tures on the calf during 90 minutes of arm
cranking exercise at 80 % peak heart rate. Calf skin temperature increased by 1.4 (2.8} ¢C for
those participants with paraplegia (T3/T4- L1) but decreased by 0.8 (2.0) °C for the able-
bodied participants. The decrease in skin temperature amongst the able-bodied participants
indicates an efficient thermoregulatory response and evaporative heat loss through sweating.
The evaporation of sweat will cool the skin and this will also aid the heat gradient between
the skin and the environment which is required for dry heat exchange. The increase in skin
temperature seen amongst the participants with a spinal cord injury may indicate a transfer
of heat from the core to the periphery by the blood as well as an inefficient dissipation of this
heat due to an impaired sweat response (Fitzgerald et al, 1990). This transfer of heat from
the core to the periphery may be of greater importance to those with a spinal cord injury than
for able-bodied individuals. Sawka et al. (1989) suggested that individuals with a spinal cord
injury need to rely more on dry heat exchange in an attempt to thermoregulate than do able-
bodied participants. For dry heat exchange to occur a temperature gradient between the core
and the skin needs to be present and also a temperature gradient between the skin and the
environment needs to be present. Therefore greater core temperatures seen amongst those
with a spinal cord injury may actually aid this dry heat exchange (Theisen and Vandlandewijk,
2002). The theory of increased dry heat exchanged has also been promoted as a reason for
the lower stcke volﬁmes and higher heart rates seen amongst those with a spinal cord injury

during exercise. The mechanism behind this theory is that a larger volume of blood is diverted
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to the skin. There is therefore a decrease in venous return, meaning that stroke volume is

unable to increase to values seen amongst able-bodied participants (Fitzgerald et al., 1990).

At rest, differences in skin temperature exist with Price and Campbell, (1997) reporting
higher skin temperatures on the upper body of paraplegics when compared to their lower
body skin temperatures. This is in contrast to the results of able-bodied participants for
whom similar temperatures on the upper and lower body were seen (Price and Campbell,
1997). This difference in resting skin temperature may represent the decreased metabolic

heat produced by the lower limbs following a spinal cord injury (Price and Campbel}, 1997).

2.5, BoDY WATER LOSSES VIA SWEATING
Sweating is one of the most variable routes of body water loss, making up the greatest single

contribution to total body water losses during exercise (Cheuvront et al., 2002). Energy
required to perform physical movement also generates heat. The more intense the exercise,
the greater the metabolic energy required and the larger the amount of heat that needs to be
removed from the muscles (Armstrong, 2000). Cycling is the most efficient form of exercise
and is only about 20 % efficient meaning that of the energy produced only 20 % is
transformed into mechanical work. The remaining 80 % of energy is converted to heat
energy which needs to be dissipated from the body (Hopman and Binkhorst, 1997). The
evaporation of sweat from the skin's surface is important for the dissipation of this heat, with
the evaporation of sweat at a rate of 1 Lh-1resulting in a heat loss of 580 kcal.h? (Rehrer and
Burke, 1997). If this evaporation did not occur, then core temperature would increase and
performance would decrease., If this core temperature increase were to continue, an athlete’s
health would ultimately be compromised. Unfortunately, as well as dissipating heat from the
body, sweat secretion also results in the loss of vital fluids that can reduce blood volume. A
loss of fluid from the body which results in hypohydration produces a decreased stoke
volume and so to maintain cardiac output heart rate needs to increase (Montain and Coyle,
1992b). Electrolytes including sodium, chloride and potassium are also lost in sweat, which
can have a negative effect on performance. Therefore, it is necessary to replace both body

water and sodium following exercise (Noakes, 1993).

2.5.1. DETERMINING SWEAT LOSSES
It is commonly assumed that changes in body mass over a short period of time are due to a

loss in body water, and it is generally assumed that 1 litre of sweat equates to 1 kg of body

mass (Shirreffs et al., 2006). However this is not the case as the specific gravity of sweat is
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greater than 1.00 and therefore 1 litre of sweat will have a mass greater than 1.00 kg,
depending on the sweat composition it is likely that 1 litre of sweat will have a mass of 1.001 -
1.008 kg (Lenter, 1981). However, it is argued that this error is less than the precision of the
measurement of body mass in humans and can therefore can be ignored (Maughan et al,
2007). Thus the assumption that 1 litre of sweat equals 1 kg can be used to determine the
sweat losses of athletes during their normal training or in competition. Previous studies
concerning the sweat losses of athletes during their normal activities have employ the
measurement of nude body mass before and after training, followed by correcting for any
fluid consumed or urine produced during the testing/training session in order to calculate
sweat losses (Shirreffs et al.,, 2005; Maughan et al., 2005).

However, this common field technique does not differentiate between eccrine and non-
eccrine fluid loss. Measurement of nude body mass eradicates the problem of sweat beihg
trapped in clothing as sweat losses can become trapped in the athletes clothing (running
vest/ tee-shirt, shorts, socks and shoes). Values of this trapped sweat have been reported to
be 0.27+0.22 kg (range 0.05-0.66 kg) when sweat losses were 2.91+0.73 litres (range 1.49-
3.88 litres) in an environment of warm (30°C). In cool conditions (14°C) trapped sweat was
0.22+0.14 kg (0.03-0.46 kg) when sweat losses were 1.91+0.58 litres (range {1.31-2.94 litres).
These results were obtained from 8 female marathon runners (age 37+4 years) undertaking a
30 km treadmill run at 42 km race pace (Cheuvront et al,, 2002).

“Sweat loss = body mass loss + ingested fluid - substrate oxidation + metabolic water -

respiratory water loss”

Maughan et al. (2007)

Due to the equipment required to determine respiratory losses it is not possible to undertake
such testing in the field. The following equation can be used to estimate respiratory water
losses.
M. = 0.019 VO, (44-Pa)
Ingelstedt, (1956)
M. = Rate of evaporative water loss (g.min1)
VO = Oxygen uptake (Lmin-1)

Pa = Ambient water vapor pressure (mm Hg)
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This equation shows, it is possible to estimate respiratory water losses if the VO; of the

exercise is known but there are flaws in the calculation of respiratory water losses as the
relationship between O uptake and respiratory water loss is not linear above 70 % VO, max

(Mitchell et al,, 1972). The increase in ventilation- VO, ratio at work rates higher than this
results in respiratory water rates greater than estimated by the calculation (Mitchel et al,,
1972).

While the deviation is small up to workloads of 80 % VO3;max and has been shown to be
within 0.25 g.min-t when compared to direct measurements of humidity in the expired air,
Mitchell et al. (1972).

However, the equation relies on the abscolute VO3 of the exercise being performed to

calculate the rate of evaporative respiratory water losses. Furthermore, when absolute VO
values are low respiratory water losses can be overestimated by 1-2 ml.min-! (Mitchell et al,

1972). This is because the relationship between respiratory water loss as a function of oxygen

consumed is not linear (Mitchell et al. 1972). VO, peak has been found to be 2.65 Lmin-! in

international wheelchair basketball players (Goosey-Tolfrey, 2005). This is lower than the
VO; max reported in the study by Mitchell et al. (1972) and as workloads which elicited

VO values of upto 3 L. min-! resulted in a lower respiratory water loss than was estimated by

the equation (Mitchell et al. 1972} it is likely that any estimates for athletes with a disébility
will be an overestimation. Especially as, upper body exercise elicits lower absolute VO,

values (e.g. absolute VO, peak is lower therefore % VO, peak is also lower in absolute

terms) (Hooker et al,, 1993 Pimentel et al,, 1984). Additional difficulties with using this

equation in an applied setting emerge when considering the practicalities of measuring VO..
[t has been reported that the respiratory rate in response to a heat stress at rest for
individuals with a spinal cord injury is not the same as found in able-hodied participants
(Wilsmore et al,, 2006). This increase in breathing frequency may decrease the amount of
water lost per breath (McFadden, 1988) but, the greater number of total breaths taken in
total may result in an increase in respiratory water losses. A theoretical calculation of
respiratory water loss is shown in Chapter 5. Despite this error when calculating sweat losses,
an athlete needs to know all of their water losses and therefore this error is of minimal

significance when determining an athletes fluid needs.
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if a value of 1-2 g.min-! is used as an average respiratory weight loss then it would equate to
60-120 ghour-1, Mean sweat losses calculated from changes in body mass of professional
male footballers have been reported to be 1.3 Lh-1 (Shirreffs et al, 2006) thus suggesting that
respiratory water losses would account 3-6 % of the decrease in body mass. For groups
whose sweat losses are likely to be lower such as those with a spinal cord injury then this
avenue of body mass change will be of greater significance. Indeed in some cases, this amount
of body mass change could equate to all of the water loss implying that the calculations of

electrolyte losses are incorrect.

Itis also possible to estimate the loss of body mass which is due to differences in between CO;

losses and O uptake by using the following equation
m, = 0.53 VO.
Nadel et al,, (1971).

Further, the equations used to calculate the difference between COzlosses and Oz uptake is

based on the moles of both substances being lost and gained by the body during exercise. This

respiratory quotient is dependent on the workload of the exercise and thus the VO:. Inan
applied setting it is not possible to measure the respiratory quotient of the athletes.
Therefore, the equation assumes that the respiratory quotient of the exercise is 1.00 and this

will not be the case during athletic events and games due to different energy sources.

Due to the production of water by the oxidation of carbohydrate and fat during exercise
respiratory water losses tend to be ignored since they are balanced by the increased

metabolic water production {Sawka et al,, 2005; Shirreffs et al., 2006).

The metabolic water production during exercise depends on the substrate and upon the
exercise intensity, Metabolic water production was 1.1, 1.7 and 2.4 g.min-1at 37, 56 and 74 %
of maximum workloads which corresponded to respiratory water losses of 0.7, 1.1, 1.4 g.min!
(Pivarnik et al., 1984). One gram of carbohydrate oxidation results in a net mass loss of 0.40 g

and produces 0.60 g of water, whereas the oxidation of 1 gram of fat increases body mass by

0.13 g and produces 1.17 g of water (Maughan et al,, 2007). During exercise at 30 % of VO,
max carbohydrate contributes 45 % to the substrate metabolism and fat contributes to the

remaining 55 %. This corresponds to an 82 % contribution from carbohydrate and an 18 %

contribution from fat at 80 % VO max this is assuming that protein does not contribute to
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the oxidative metabolism (Maughan et al,, 2007). These proportions are also dependent on
the aerobic fitness and diet prior to exercise (Maughan et al,, 2007}A calculation of the mass

loss associated with substrate metabolism for disabled athletes is shown in Chapter 5.

2.5.2. SWEAT COMPOSITION

Determining the electrolyte composition of sweat during training and matches is important in
order to provide estimates in changes in extracellular fluid, as well as for nutritional
replacement (Patterson et al., 2000). The loss of electrolytes from the body whilst exercising
can also impact on performance and result in injury. Heat-induced muscle cramps have been
linked to sodium losses, but it is argued that the supporting evidence is not strong (Maughan
et al, 2005). Stofan et al. (2005) found that national collegiate American football players who |
were prone to cramping lost almost twice as much sodium in their sweat during training than
team-mates who had not previously suffered from cramping. Further anecdotal evidence of a
link between sodium loss and heat-induced cramping is illustrated by the use of a sodium
supplementation as a method used to alleviate cramp (Stofan et al,, 2005). If there is a link
between sweat sodium losses and cramp exists, then knowledge of sodium losses would be of
importance to an athlete, It is known that sweat sodium concentrations can vary widely
amongst individuals undertaking the same exercise (Maughan et al,, 2005; Shirreffs et al,,
2005) and that sweat sodium concentrations are altered in an individual by acclimatisation

and following changes in training status (Allan and Wilson, 1971; Nadel et al., 1974).

The major electrolyte of sweat is sodium. Other electrolytes present in smaller quantities
within sweat are chloride and potassium (Sawka and Montain, 2000). Generally mean sweat
sodium concentrations equal 35 mmol.l! although this may range from 10-80 mmol.l1 (Sawka
and Montain, 2000). These variations can be attributed to the effects of diet, sweating rate,
hydration status and acclimatization (Sawka and Montain, 2000). Sweat potassium

concentrations average 5 mmol.l, ranging from 3-15 mmol.l'? (Sawka and Montain, 2000]).

Shirreffs and Maughan, (1997) describe a whole-body wash down technique for determining
sweat electrolyte composition during exercise. Although the whole-body wash down
technique can provide accurate and reproducible results with respect to sweat sodium
concentration, it is only really of practical use in a laboratory setting. Patterson et al. (2000)
compared this wash down technique with a regional sweat collection method using adhesive
gauze patches during 90 minutes of cycling. From this study, the following weighted equation

based on the collection of a sweat sample from four sites was proposed:
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‘Mean whole- body concentration = 28.2% chest + 28.2% Scapula + 11,3% forearm + 32.3% thigh’

Patterson et al. (2000).

The use of this equation amongst individuals with a disability may not be practical, especially
for amputees and those with a spinal cord lesion, since they may not sweat over all the sites in
the equation. Since values for the thigh would be zero if there was no sweat produced this
would result in an underestimation in the calculation of whole body sweat electrolyte
concentrations. Strong correlations were evident between the regional mean and whole body
sweat sodium concentrations and sweat chloride concentrations (Patterson et al,, 2000). The
gradient coefficient for the foot was 0.93 (Patterson et al,, 2000}. It is suggested that the sweat
sodium and sweat chloride concentrations of the foot most closely represent the absolute
levels of the whole body. The thigh region was the next best single representation of both
whole body sweat sedium concentration and chloride concentration (Patterson et al,, 2000},
It could therefore be considered that a single site, such as the forearm, thigh or calf could be
used to estimate whole body concentrations due to a high correlation coefficient (Patterson et
al., 2000). Verde et al. (1982) also found that the recovery of the mineraLions by use of a
regional collection method was satisfactory and reproducible. Additionally, they also showed
that the sweating response is symmetrical indicating that patches only need to be placed on
one side of the body (Verde et al,, 1982). Research specific to individuals with a disability
conducted by Unnithan and Wilk, (2005) amongst eight boys with spastic cerebral palsy has
shown a difference in the pattern of sweat loss between dominant and non-dominant
forearms. While a higher sweat gland density was observed, there was a lower drop area on
the non-dominant forearm than for the dominant forearm. Since sweat gland population
density is related to body surface area, the higher density of sweat glands on the non-
dominant arm is probably due to a smaller surface area on this arm compared to the
dominant arm (Unnithan and Bogdan, 2005). Drop area is assumed to be a function of the rate
of sweat production from the sweat gland (Unnithan and Bogdan, 2005). Given that sweat
sodium and sweat chloride concentration are affected by sweat rate, it can be argued that
there may be some differences in sweat electrolyte composition between dominant and non-
dominant sides of the body in those with cerebral palsy. However, despite an increase in
sweat sodium and sweat chloride concentrations for an individual when whole body sweat
rates are increased, differences in sweat rates over regional sites of the body did not result in

different sweat sodium or sweat chloride concentrations between the sites of sweat collection
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(Verde et al, 1982). Itis therefore unlikely that differences in the sweat rate of the glands
between the dominant and non-dominant side of the body will have a significant impact on

the calculation of sweat electrolyte losses.

Despite a good correlation between the regional collection of sweat and whole body sweat
collection, the regional method seems to overestimate sweat sodium losses by 30-40 %
depending on the site of regional sweat collection {Patterson et al,, 2000; Shirreffs and
Maughan, 1997). Theories concerning elevated sweat sodium and chloride values with
regional site collection involve the suppression of sweat evaporation at regional collection
sites. A suppression of sweat evaporation, may lead to elevated local skin temperature, which
in turn may affect the sweat rate (Nadel et al,, 1971; Palacios et al., 2003). This likely accounts
for the greater sodium and chloride concentrations seen from regional site collections
compared to whole-body collections (Patterson et al.; 2001) since within a single person
sodium and chloride concentrations are increased with greater sweat rates within a given
skin region (Sato and Dobson, 1970; Alan and Wilson, 1997). It is therefore uncertain whether
or not regional sites can predict whole-body sweat constituent concentrations at higher sweat
rates induced by alterations in exercise intensity and environmental conditions, (Patterson et
al,, 2000). However, whole-body sweat rates amongst athletes with a disability especially
those with a spinal cord injury are likely to be low. Sweat rates during a wheelchair basketball
match were 0,9 Lh- (Burnham et al., 1999), therefore the use of regional collection sites for

the sweat is a valid method.

2.5.3. SWEAT GLANDS
The human body has 3-4 *10¢ sweat glands (Saga, 2002}. There are two generally recognised

types of sweat glands: appocrine and eccrine. The eccrine sweat glands are important for the
control of body temperature, The sweat gland consists of the secretory and ductal portion.
The secretory coil is 60-80pm in diameter and 2-5mtn long (Saga, 2002). The ductal portion is
composed of a coiled duct, intradermal straight duct and an intraepidermal duct called the
acrosyringium. The coiled duct and the intradermal duct are known as the dermal duct and
are composed of two layers of cells: the basal or outer layer of cells, and the luminal or inner
cells (Saga, 2002). The secretory section of the eccrine sweat gland is composed of three cell
types: the dark secretory cells which line the lumen, clear secretory cells which are believed
to be responsible for the secretion of water and electrolytes, and myoepithelial cells which .

surround the secretory cells (Saga, 2002). The eccrine sweat gland has two major functions;
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firstly it secretes a plasma-like precursor fluid by the secretory coil in response to
acetylcholine. Secondly, the duct acts to reabsorb sodium in excess of water to produce a
hypotonic solution which is secreted onto the skin as sweat (Saga, 2002), When sweat losses

are high, the reabsorption of sodium is important for the maintenance of homeostasis.

2.5.4. NERVOUS CONTROL OF SWEAT GLANDS

The preoptic area and anterior hypothalamus in the brain contain many thermosensitive
neurdns that detect changes in temperature and initiate the responses to secrete sweat
(Boulant, 1981). While core temperature is a major determinant of sweat secretion, skin
temperature via afferent feedback also pléys arelatively minor role in the activation of
sudomotor activity whilst at rest (Nadel et al, 1971). During exercise, it appears that the role
of skin temperature has a greater role to play in sweat rates than when atrest (Tam etal,,
1978). The stimulation to secrete isotonic sweat in the eccrine sweat gland is induced by
cholinergic agonists, alpha-adrenergic agonists and beta-adrenergic agonists, with the
sensitivity to each agonist in a human sweat gland being in the of ratio 5:1:1. In contrast to
ordinary sympathetic innervation, acetylcholine and norepinephrine are the main
neurotransmitters secreted from the sympathetic nerves surrounding eccrine sweat glands,
Large numbers of cholinergic terminals and a few adrenergic terminals innervate the human
sweat gland (Uno, 1977). At the sweat gland Na*-K*-ATPase in the basolateral cell membranes
may be involved in the production of primary sweat. In vitro studies have demonstrated that
cholinergic and alpha-adrenergic stimulation induce the movement of calcium from the
extracellular fluid into the secretory cells, triggering a series of intracellular events for sweat

secretion to occur (Saga, 2002).

The efferent sudomotor pathway for the stimulation of sweat production begins in the
cerebral cortex. From there, it descends through the hypothalamus to the medulla where it
crosses to the lateral horn of the spinal cord to sympathetic ganglia and then to the sweat
glands as postganglionic C fibres (Saga, 2002). For individuals with a spinal cord injury, this
pathway is disrupted at the point of injury and therefore the stimulation for sweat production

does not reach the sweat glands below the lesion.

Secretion from the sweat gland is not continuous at ordinary room temperatures, or at high

temperatures of 35 °C. It has been shown that varying numbers of glands may be activated in
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what appear to be phased discharge over true secretary nerve fibres (Randall, 1946b). Active
sweating of individual glands is usually of very short duration (15 sec or less), but may be

longer under suitable circumstances of stimulation (Randall, 1946b).

2.5.5. ELECTROLYTE MOVEMENT IN THE SWEAT GLAND

Through active transport the sweat gland has the ability to reabsorb some of the sodium from
the primary sweat. As such, sweat secreted onto the skin surface is hypotonic. As sweatrate
increases, the body’s ability to reabsorb sodium does not subsequently increase (Sawka and
Montain, 2000), thus fncreasing sweat sodium and sweat chloride concentrations. Persons
who have acclimatized to heat do however appear to have an improved ability to reabsorb
sodium. This adaptation leads to a lower sweat sodium concentration with a greater than
50% reduction in sweat sodium concentration at any specific sweating rate (Sawka and
Montain, 2000). Kirby and Convertino, (1986) found that following heat acclimation there
was a 59 % decrease in sweat sodium concentration despite a 12 % increase in sweat rate. It
would appear that physical training also affects the secretary activity of the human sweat
gland in that physical training increases secretary activity of the sweat gland {(Buono and
Sjoholm, 1988). The increased ability of sweat glands to secrete sweat following physical
training may not only be the result of an increased peripheral sensitivity to a central
thermoregulatory drive, but may also be intrinsic to the sweat glands themselves (Buono and
Sjoholm, 1998). These findings suggest that the sweat glands respond to chronic exposure to
high sweat losses, resulting in a greater ability to reabsorb electrolytes culminating in more

dilute sweat being secreted onto the skin surface.

2.5.6. SPINAL CORD INJURY AND SWEATING .
For able-bodied persons, sweat evaporation is limited predominantly by ambient water

vapour pressure. In hot and humid environments, the ability to dissipate heat is thus
impaired, limiting exercise capacity in such conditions (Dennis and Noakes, 1999). For
athletes with a spinal cord injury, the level of the lesion is an important factor in determining
the ability to secrete sweat and so dissipate heat as the relative area of skin available for
sweat production is proportional to the level of the spinal cord injury (Theisen and

Vanlandewijck, 2002).
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Observational and anecdotal evidence of an inability to sweat below the lesion amongst war
veteransina hc;spita] setting was reported by Kuhn (1950) who discussed the absence of a
sweat response on the insensate skin. Guttmann (1958) observed a different sweat response
in those individuals with a spinal cord injury when compared to the response seen in healthy
able-bodied individuals. When exposed to heat (35-37°C) individuals with a mid cervical
region injury displayed no sweat response (Guttmann, 1958}, It was later shown that there
may be some sweating below the level of the lesion even if the lesion is complete (Silver et al.
1991). This would suggest that there are some thermoregulatory sudomotor responses of the
isolated cord to intensive heat stimulation. This phenomenon was also seen by Freund et al.
(1984) who studied individuals with spinal cord lesions between the 1st thoracic and the 11t
thoracic vertebrae by passively heating the insensate skin by having participants wear a suit
with circulating water at 47 °C. Results showed that sweat production was low on the upper
body, and minimal on the lower body. The low sweat rate above the lesion level or upper
body represents an inability of the peripheral heat sensors below the lesion to relay the
information about the increase in temperature to the central nervous system for an afferent
response of sweating to occur. This is further highlighted by the large sweating response seen
over the upper body when the whole body was heated (Freund et al,, 1984). The heating of
the whole body is likely more reflective of daily living in that an increase in heat across the
whole body results in a large volume of sweat being produced over the sensate skin. It is
generally accepted that the whole bodied sweat loss of individuals with a spinal cord injury is
lower than that for able-bodied individuals (Petrofsky, 1992). A further complication in those
with a lesion above the 6t thoracic vertebrae invelves a loss of supraspinal control of the
sympathetic nervous system. This results in a decreased catecholamine release, ultimately
reducing catecholamine induced sweat rates in regions above the level of injury (Hagobian et

al, 2004),

While exercising in 10°C at 40 % of peak power is not a thermoregulatory strain for able-
bodied individuals, those with paraplegia below T1 level will experience a loss of body heat
(Hopman and Binkhorst, 1998). At rest, in cool cenditions (22.4£1.1°C and 46.2+8.6 %
relative humidity) no differences were seen between paraplegic {T4/5-T11) and able-bodied
participants with respect to aural temperature (Price and Goosey-Tolfrey, 2008). Similarly,
there were no differences in the skin temperatures of the forehead, upper arm, back, chestor
abdomen between paraplegic and able-bodied groups, Differences were observed when

comparing thigh temperatures, with paraplegics having lower thigh temperatures compared
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to able-bodied participants (28.9£2.5 oC for paraplegics and 31.1+0,7°C for able-bodied). A
similar difference was seen in the skin temperature at the calf (26.4+1.3 °C for paraplegics
and 31.7+0.9 oC for able-bodied) (Price and Goosey-Tolfrey, 2008). Overall, heat exposure
resulted in a greater increase in skin temperatures in the lower limbs for paraplegic
participants when compared to able-bodied parficipants but there was a smaller increase in
aural temperature during the 90 minutes of heat exposure in the paraplegics‘compared to
able-bodied participants (Price and Goosey-Tolfrey, 2008). However, the validity of aural
temperature has been questi;‘Jned and was found to differ significantly from rectal |
temperature (Casa et al, 2007). Although it is noted that for those with a spinal cord injury

rectal temperature may not be a valid measurement (Gass and Camp, 1989).

For able-bodied individuals, whole-body sweat rates increase as environmental temperature
increases. This rate of increase is not as steep, or pronounced, for those with paraplegia
(Price, 2006). For tetraplegics exposed to heat (40 °C), sweat rates were double the sweat
rates observed for able-bodied controls at rest in 30 °C conditions (Petrofsky, 1992). Since
nearly two thirds of the sweat glands were unable to secrete sweat due to the lack of
innervation, it was theorised that local sweat rates amongst those with tetraplegia were
almost six times greater than observed amongst able-bodied controls (Petrofsky, 1992).
However, the value of such an increase in regional sweat rates is somewhat attenuated by‘the
observation that most of the sweat produced ran off the skin surface thereby not promoting a

loss of body temperature (Petrofsky, 1992).

Fitzgerald and colleagues {1990) found that in a group of low level (T9/T12-L3/L4)
paraplegic women, thermoregulatory strain was greater than in able-bodied female controls
during 90 minutes of wheelchair ergometry at 50-55 % VO, peak at 24-25¢C and 38-52 %
relative humidity. This was evidenced by higher oral and skin temperatures amongst the

women with paraplegia compared to able-bodied controls (Fitzgerald et al,, 1990).

Differences between tetraplegics and paraplegics have been demonstrated there is a more
rapid increase in core temperature amongst low level paraplegics (below T7) compared to
high level paraplegics (T1-T6) and tetraplegics (C5/6-C7/8). This probably relates to
differences in the recruitable muscle mass (Pr';ce and Campbell, 2003), As exercise continues

there is greater heat storage amongst tetraplegics undertaking 60 minutes of wheelchair

ergometry at 60 % VO, peak compared to low level paraplegics. (Price and Campbell, 2003).
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This greater increase in heat storage by the tetraplegics was observed during from 30-60
minutes of exercise in conditions of 31.5¢1.7°C, 42.948.0 % relative humidity (Price and

Campbell, 2003).

As well as the disruption of motor output from the spinal cord the afferent information is also
impaired. Freund et al. (1984} demonstrated this by passively heating the insensate skin of
five participants with a spinal cord injury at T1-T11. This heating resulted in only a mild
sweat response over the area above the lesion, with very limited sweating below the lesion.
Further, participants’ forearm blood flow was also only slightly elevated (Freund et al. 1984).
The response seen amongst the spinal cord injured participants was in contrast to that seen
in the able-bodied participants for whom the heating resulted in a large thermoregulatory

response.

Sweat losses during physical activity are usually determined by changes in body mass while
accounting for any fluid consumption or urinary loss. The change in body mass during
exercise is used as an indication of the percentage of dehydration that has occurred over the
training session. Therefore, a reduced whole body sweat rate may mean that during exercise
those with a spinal cord injury may be less likely to suffer from excessive dehydration. This
reduced risk may be even greater than would first appear if the findings of Price and

Campbell (1999) are examined. They found that during 60 minutes of arm cranking at 60 %

VO, peak in cool conditions (21.5£1.7 °C 4717.8 % relative humidity) body mass change and
fluid consumption were similar between paraplegics and able-bodied participants (0.38+0.39
kg and 598+ 433 ml; 0.38+0.31 kg and 403+ 368 ml respectively). However, there was a
greater decrease in plasma volume amongst the able-bodied participants compared to the
paraplegic participants (-9.8+5.8 % and 4.36+4.9 % respectively)} (Price and Campbell, 1999).
Since there are factors which may affect body mass during exercise which will not affect fluid
balance (see Chapter 5) plasma volume may be a better indication of fluid balance. Therefore,
the findings of Price and Campbell (1999) may indicate that there is a smaller disruption of
hydration amongst those with a spinal cord injury than able-bodied participants. It is

cautioned, however, that this hypothesis requires further investigation.

2.6. BLOOD REDISTRIBUTION AND SPINAL CORD INJURY
Individuals with a spinal cord injury have an impaired ability to redistribute blood flow below

the level of the lesion and an impaired ability to produce sweat below the lesion level. As a

result, lower limbs become a potent site for heat storage (Price and Campbell, 1999}, which
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may affect their ability to lose heat since the gradient of temperature between the skin and
the environment is reduced. The ability of the lower limbs to vasodilate during exercise
depends to a certain extent on the level of the lesion. The pathway for lower limb
vasodilatation is at the thoracic 10* vertebra. Amongst paraplegic men, there is an
attenuation of skin blood flow in response to hyperthermia when compared to able-bodied
men (Freund et al., 1984). This route of dissipating excess heat is thus impaired since the
ability to vasodilate at the skin surface of the lower limb is impaired for those with a spinal
cord injury above T10 (Freund et al,, 1984). The impaired thermoregulatory responses
amongst those with a spinal cord injury, both decreased sweat response and an inability to
initiate an appropriate vascular response, is due to deficits of the vasomotor sudomotor
functions over the sympathetically uncontrolled areas and a decrease in the thermoregulatory
effecter drive for a given core temperature, This is likely due to a lack of afferent input into

the hypothalamic control centres (Sawka et al,, 1989).

2.7. Bopy WATER GAINS
Although the mechanisms for thirst and fluid consumption of individuals are not directly

studied in this thesis, the water turnover rates and non-renal losses are calculated and

therefore some understanding of body water gains is required.

Many factors euch as hormonal and habitual habits determine fluid intake. Water intake is
dependent on the volume and composition of foods and drinks consumed as well as the by-
products of metabolic processes. The volume of fluid consumed by an individual is dependant
on the taste of the fluid, its temperature, carbonation, electrolyte concentration and the
feeling it produces in the mouth (Maughan and Murray, 2000). Once fluid has entered the
body, for it to be of any use, it needs to be absorbed from the intestine. Before absorption can
take place, it has to pass through the stomach. The rate of availability of any ingested fluid is
thus dependent on the rate of emptying from the stomach and on the rate of absorption from

the intestine.

2.7.1. THIRST

The body has mechanisms in place to prevent the occurrence of hypohydration and to
encourage water intake. Thirst is ‘the desire to ingest water’ (Nadel, 1992). Thirst is normally
the main driver for fluid intake; however, fluid consumption is also influenced by habit and
social issues rather than by a bhysiological drive to drink (Maughan and Shirreffs, 2004).

Under normal resting conditions, hypohydration is prevented by increased sensations of
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thirst which are strong enough to produce a drive to drink (Greenleaf, 1992). Thirstis
regulated by an increase in the osmotic pressure of the extracellular space. Sensations of
thirst occur when there is an increase in plasma osmolality and decreased blood volume is
detected by osmoreceptors and stretch receptors in the atria (Nadel, 1992). It is possible that
due to blood pooling in the lower limbs of individuals with a spinal cord injury, a constantly

low blood volume may exist, which may have an effect on feelings of thirst.

During exercise, able-bodied athletes can experience involuntary dehydration which occurs
despite an increase in extracellular osmotic pressure, increased blood osmolality and higher
angiotensin 1l (Reid, 1984). Even with unlimited access to fluid, humans do not replace all of
the body water that is lost during prolonged exercise (Noakes, 1993; Armstrong et al., 1997:
Kay and Marino, 2000). It has also been proposed that the rennin-angiotensin I1 aldosterone
system plays a role in the thirst driven drive to drink (Greenleaf, 1983). Blood volume, blood

pressure and hormonal responses may be altered following a spinal cord injury.

Although previous studies have shown that tetraplegics have a greater fluid intake than able-
bodied participants during exercise (Price and Campbell, 2003; Goosey-Tolfrey et al. ,2008),
many factors such as habit can influence fluid intake. Goosey-Tolfrey et al. (2008) found
similar decreases in plasma volume during wheelchair propulsion with and without the effect
of head and neck cooling, Despite these similar decreases in plasma volume, fluid intake
decreased more when participants were cooled than when they were not. This would suggest
that despite the same degree of dehydration, as shown by the change in plasma volume, the
desire to drink (thirst) was decreased by approximately 42 % in the cool trial. This would
indicate that thirst is not the only mechanism responsible for the fluid intakes volume of
those with tetraplegia. It would appear that fluid intake may be related to a psychological
attempt to attenuate rises in core temperature and to aid feelings of thermal comfort.
Conversely, there may be a delay in the emptying of the fluid from the stomach (Gondim et al,,
1999), For further discussion on gastric emptying rates, see Section 2.7.2. To date there has
not been any published research which is specific to those with a spinal cord injury regarding
their sensations of thirst (Sawka and Montain, 2000). Research in this area is merited,
especially when considering the differences in vasopressin and blood volume between those
with a spinal cord injury and able-bodied participants have been reported (Wall et al, 1993;
Kilinic et al. 1999). It is suggested that these factors could influence feelings of thirst amongst

those with a spinal cord injury.
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2.7.2. GASTRIC EMPTYING AND INTESTINAL ABSORPTION OF INGESTED FLUIDS
Gastric emptying is the rate at which fluids passes from the stomach to the smal} intestine and

is considered a limiting factor in fluid replacement. It can be influenced by numerous factors
including volume, carbohydrate concentration, osmolality and temperature, solute acidity,
exercise activity and heat stress (Shi and Gisolfi, 1998). A greater volume of fluid in the
stomach results in a faster rate of gastric emptying. As the volume in the stomach decreases
(as a result of the stomach empting) so does the absolute rate of gastric emptying. Increased
distention and pressure created by increased volume of the stomach are mechanisms which
determine the volume- dependent gastric emptying rate. These mechanisms stimulate
receptors in the gastric musculature to increase the rate of gastric emptying {Shi and Gisolfi,
1998).

Intestinal fluid absorption is governed primarily by luminal osmolality and solute transport.
Solute transport is influenced by the concentration of carbohydrate, type of carbohydrate and

number of transportable carbohydrates in the drink (Shi and Gisolfi, 1998).

Solute transport in carbohydrate electrolyte drinks has been attributed to thg movement of
carbohydrate, sodium and potassium across the wall of the small intestine, Solutes can be
transported against or down a concentration gradient with movement of the solutes affecting
the osmotic gradient and thus also water absorption (Shi and Gisolfi, 1998). Therefore, water
absorption is highly correlated with carbohydrate absorption via the sodium-glucose co-
transporters (Shi and Gisolfi, 1998).

The effects of spinal cord injury on gastric emptying is inconclusive, with differences in age,
gender, time since injury and type of injury all affecting the results (Datz et al,, 1987; Segal et
al, 1995). However, any impairment of the rate of gastric emptying may affect the volumes of
fluid that are consumed by those with a spinal cord lesion. If there is a slower emptying of
fluid then there will be a lag between drinking and becoming adequately hydrated. This may
mean that those with a spinal cord injury may experience the thirst sensation for a longer
period of time {Gondim et al., 1999}.. An impaired rate of gastric emptying at rest amongst
individuals with an injury in the cervical region has been shown {Segal et al,, 1995; Chia-Hung
et al.,, 1999). Since gastric emptying is controlled by parasympathetic and sympathetic
nervous innervation, and that the vagus nerve increases motility, the disruption of these

pathways following injury could have an affect the rate of gastric emptying (Chia-Hung et al,,
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1999). Innervation of the stomach arises from TS-T12 therefore injuries above this level are

likely to have a prolonged gastric emptying time (Chia-Hung et al,, 1999).

2.8. FLuID BALANCE

2.8.1. HYPOHYDRATION
On one side of the water imbalance equation is hypohydration. In the early part of the last

century, many people involved with the production of optimal athletic performance believed
that fluid restriction during endurance events was the best strategy to aid performance (Barr,
1999). The military first recognized the importance of fluid ingestion on physical performance,
when it was identified that many major battles were won or lost based on the availability of
water (Sawka and Pandolf 1990; Kay and Marino, 2000). Towards the end of the 1960s, the
importance of hydration status and fluid consumption on human performance was recognised
(Kay and Marino, 2000). Research provided evidence that dehydration as a result of fluid
restriction had a detrimental effect on endurance type activities. Reductions in performance
appeared to be proportional to the degree of dehydration (Barr, 1999). Indeed, a 1-2 % lbss in
body mass due to dehydration leads to an elevation in core temperature and cardiovascular
strain during exercise (Hoffman et al,, 1994,; Kay and Marino, 2000). A rise of approximately
0.4 °C in rectal temperature has been attributed to each 1 % loss in body mass above a 2 %
body mass loss (Cheuvront and Hayes, 2001). However, it is unlikely that a 1-3% reduction in
body weight will affect strength since losses of up to 5 % can be tolerated without a decrease in
maximal strength (Armstrong, 2000). Acute dehydration equating to 3 % in the cold or 2-4 %
in the heat, or chronic hypohydration which lasts more than 4 hours without rehydration
reduces endurance performance regardless of hyperthermia or environmental temperature

(Armstrong, 2000).

Although all sweat losses need to be replaced between exercise sessions, it is not necessary
for them to be replaced during the training session (Shi and Gisolfi, 1998). Some degree of
fluid deficit is tolerable without having any negative effects on physiological function or
exercise capacity. In fact, some sporting events such as long jump and high jump in which
body mass has to Ibe moved against gravity and small amounts of fluid deficit may be
beneficial to performance in these sports. Inthese situations, athletes’ power is maintained,

but the mass to be moved is reduced (Maughan and Shirreffs, 2004).

2.8.2. HYPERHYDRATION
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On the other side of the water imbalance equation is hyperhydration. If an individual
consumes too much water, hyperhydration can occur. With the low sweat losses observed in
individuals with a spinal cord injury, hyperhydration is more likely to occur than

hypohydration.

Hyperhydration provides no thermoregulatory advantage over euhydration. It does not affect
rectal temperature, oesophageal temperature, mean sweat rate or heart rate responses
(Latzka et al,, 1997). Indeed, some investigators caution against excessive fluid intakes during
physical activity, especially those slower athletes in endurance events where excessive over
consumption of fluids has previously resulted in severe health problems, and in extreme
cases, death (Noakes 2003; Maughan and Shirreffs, 2004).

In fact, for some individuals, excessive intakes of water without the replacement of sodiutn can
lead to hyponatraemia, characterised by a serum sodium concentration below 130 mmol.I'%,
This is especially concerning for the spinal cord injured population, for whom the incidence of

hyponatraemia is higher than that seen in the general population.

2.8.3. HYPONATRAEMIA AND SPINAL CORD INJURY
Hyponatraemia is a condition in which the water-sodium balance is disturbed, resultingin a

dilution of the sodium concentration. This occurs because of an increase in total body water,
or due to a loss of sodium or a combination of these factors. In healthy individuals, normal
serum sodium concentrations are in the range of 135-145 mmol.I'* (Weschler et al., 2005).
However, in the hyponatraemic state serum sodium concentrations fall below 135 mmol.l?,
when corrected for hyperglycemia (Peruzzi et al., 1994). Itis noted that other texts classify
hyponatraemia in individuals with serum sodium concentrations lower than 130 mmol.I1
(Montain, 2001; Soni et al,, 1994). For the purposes of this thesis a value of 135 mmol.l-t will
be used. The lowering of the extracellular sodium concentration results in an inflow of water
to the cells altering cellular volume, which can lead to the damage and death of cells,

particularly in the central nervous system (Peruzzi et al,, 1994; Lin et al., 2005).

The symptoms associated with hyponatraemia are multiple and depend on the type of
hyponatraemia, the speed of the fall in sodium concentration, and the severity of the fall.
When the onset of hyponatraemia is rapid, the symptoms occur at higher sodium
concentrations than when an individual is in a chronic state of hyponatraemia (Weschler et

al,, 2005). In general, the symptoms of hyponatraemia are not seen until serum sodium
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concentrations have fallen below 125 mmol)1 (Adler et al,, 2006). Typically, symptoms
associated with hyponatraemia are mainly neurological in nature and include headaches,
confusion, muscle weakness, vomiting, nausea and/or aphasia, fatigue, irritability and

disorientation (Montain and Wenger, 2001; Adler and Verbalis, 2006; Lin et al.,, 2005).

In the general populatipn of the United States, the prevalence of hyponatraemia is 1% (Lin et
al,, 2005), although this figure varies depending on the criteria used to diagnose
hyponatraemia. In patients with a spinal cord injury, the incidence of hyponatraemia during
the acute phase of injﬁry (< 1 week) was much higher, with 29% suffering some degree of
hyponatraemia (Peruzzi et al, 1994). For this group of hyponatraemic SCI patients, 1%
suffered from severe hyponatraemia in which serum sodium concentration was between 120-
124 mmollt, 20% suffered from moderate hyponatraemia, with serum sodium
concentrations between 125-129 mmol.l'}, and the remaining 79% suffered with mild
hyponatraemia with serum sodium concentrations between 130-134 mmol.l-1. Although
hypoosmolar hyponatraemia is a common problem in the SCI population, its causes have not

been fully explained (Silca and Culpepper, 1990).

While injury level was not associated with occurrence rate of hyponatraemia, Frankel’s
classification of SCI does seem to be related to the occurrence rate of hyponatraemia. During
the acute phase of a spinal cord injury, a large amount of muscle wastage and bone
demineralisation occurs, resulting in the excretion of sodium and a reduction of the body’s
sodium stores. The body must to adapt to these new levels, which may contribute to the
development of hyponatraemia (Peruzzi et al, 1994). If the body does not react appropriately

to these large sodium losses then this may be a mechanism for hyponatraemia.
Chronic Spinal Cord Injury

There also appears to also be a higher incidence of hyponatraemia in the chronic phase of a
spinal cord injury, with a prevalence rate of approximately 5-10% (Soni, et al,, 1994; Leehey
et al,, 1988; Sica et al., 1984; Sica et al,, 1989).

Unlike the acute phase, where injury level did not appear to be related to the occurrence rate
of hyponatraemia, there does appear to be some link in the chronic phase. Tetraplegics, and
those with high level paraplegia, have a greater occurrence rate than low level paraplegic

individuals.
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Leehey et al, (1988) studied 5 hyponatraemic tetraplegics (plasma sodium 129+1.6 mmol.I'1}
compared to age and gender matched healthy controls, they found higher 24 hour urine
volumes amongst the tetraplegics. The higher urine volumes were attributed to higher
habitual fluid intakes. Further to this there is an inability by the tetraplegics to excrete a
water load (20 ml.kg-1). This was believed to be due to a reduction in the delivery of filtrate to
the distal diluting segments of the nephrons (Leehey et al., 1988). Wall et al. {1993} found
that a lower plasma osmolality stimulated the release of vasopressin amongst tetraplegics
when compared to healthy able-bodied participants following a water load in the erect
position. This would mean that water is retained in the body at lower levels of dehydration

amongst tetraplegics in the erect position compared to healthy able-bodied individuals.
Fluid intake

From the literature on able-bodied a_thletes, it is known that drinking excess fluid can lead to
hyponatraemia (Weschler et al,, 2005). Following SCI, there is an emphasis placed on the need
to consume fluid in order to reduce the risk of urinary tract infections and decrease the
likelihood of developing kidney stones and prevent catheter blockages (Burr et al,, 1993;
Kahn 2003) Leehey et al. (1988) found high daily urine volumes {4.454+0.6241} in 5
tetraplegic participants who suffered repeated hyponatraemia. They attributed the high urine
volumes to their large fluid intakes. High fluid intakes of 6-10 litres in this population are
further supported by Silca et al. (1989) who attributed most hyponatraemic incidents in 14
patients with a spinal cord injury to excessive fluid intake. For individuals with a spinal cord
injury, it is possible that the body's ability to handle the excess fluid is impaired, due to
decreases in glomerular filtration rates and the release of vasopressin at lower plasma
osmolalities whilst in the erect position. It is suggested that these mechanisms could, in turn,
lead to an increased risk of hyponatraemia. A further complication of an altered fluid intake
amongst those with a high level spinal cord injury is autonomic dysreflexia in response to an

abnormal water load (Claydon et al. 2006).
Arginine vasopressin dependent mechanisms (AVP)

In humans, the osmotic threshold for the release of AVP is 280-290 mosmol.kg* (Robertson,
1987). When serum osmolality is greater than this threshold, there is a 2-4 fold increase in

AVP for every 1% increase in serum osmolality (Dunn et al,, 1973).

47



As the region responsible for vagal tone, the thoracic 6t (T6) vertebra is the crucial level of

- injury for sympathetic flow to the heart and major cardiovascular systems. Individuals with
lesions above this level are more likely to have blood pressures which are towards the low
end of the normal range when in the seated or upright position, and are therefore at ‘greater
risk of hypotension as a result of tilting (Peruzzi et al., 1994; Soni et al,, 1994). A complication
of this resultant low blood pressure is its potential to act as a stimulus for AVP release via the
activation of the carotid and aortic baroreceptors (Pham et al,, 2006; Peruzzi et al,, 1994). In
this case, water will be conserved even if plasma osmolality is low. [n those with a spinal cord
injury, the interruption of the descending sympathetic pathways and the inability to contract
the leg muscles results in an absence of a pumping action in the leg muscles causing blood to
pool in the lower limbs. This decrease in central blood volume results in an altered
haerhodynamic balance which can act as a stimulus for AVP release, altering the normal
paftern of urine output, which is frequently reduced in the sitting position (Soni et al,, 1994).
A decrease in blood pressure will also have a direct effect on the blood flowing through the

kidney and thus reducing the rate of glomerular filtration.

2.9. DEUTERIUM OXIDE (HEAVY WATER)

First discovered by Harold Urey in 1931, deuterium oxide {D:0) is a stable heavy isotope of
hydrogen and is denoted by the symbols 2H or D. Due to its larger molecular mass, it is
commonly known as heavy water (H20 has molecular weight of 18: D20 heavy water-hasa
molecular of 20). In small quantities, it is a non toxic tracer and is distinguishable from H20 by
its additional neutron (Fjeld et al., 1988). Its physical and chemical properties are somewhat
similar to those of water, H;0 but there are, however, slight alterations in the freezing and
boiling points from H0 (light water). The freezing and boiling points are higher for D0 than
those seen for H20 (3.82°C and 101.4°C respectively) and it is 10.6% denser than normal

water.

2.9.1. ToTAL BopY WATER (TBW)

The interpretation of fluctuations in body weight and changes in the state of hydration
requires knowledge of the total amount of water in a given organism (Schloerb et al., 1950).
An understanding of the amount of water (total body water) is important for the

interpretation of body mass changes over a period of days (Schloerb et al, 1950).
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Deuterium oxide has the ability to diffuse into all of the fluid compartments of the body
within a short time. Evidenced by equal concentrations in blood and urine samples taken
simultaneously, it is not secreted, selectively stored or metabolised in the body (Davis et al,
1987). This means total body water can be determined by measuring the concentration of
deuterium oxide in a sample of blood, urine or saliva (Davis et al,, 1987; Schloerb et al., 1950).
Deuterium oxide (Dz0) has been used to measure total body water (TBW) since Heversey and
Hofer (1934) first reported that an injected volume of deuterium oxide, into human
participants, is able to distribute itself into a volume of water that closely matches total body
water (Westerterp, 1999; Van Marken Lichtenbelt et al., 1994; Solomon et al., 1950). When
using deuterium oxide to measure total body water, the equilibrium is actually being
described. As cautioned by Schloerb and colleagues (1950), this volume may vary to a minor

extent from the actual total body water.

TBW has previously been estimated to be between 51.9% and 75% of body mass in healthy
adult participants (Schloerb et al,, 1950). A summary of previous studies measuring total

body water is shown in Table 2.9.1.

[t is possible to determine the % body fat of an individual by using TBW measurements. Pace
and Rathbun (1945) found that in guinea pigs, body water and electrolyte content bear a
constant relationship to fat free tissue or lean body mass. When applied to humans,
calculation of lean body mass and body fat from TBW is possible by means of the following

formula:
% fat=100- %H;0/0.732
(Schloerb et al, 1950).

The main source of error when using deuterium to measure TBW lies in the exchange of
deuterium atoms with labile hydrogen atoms of organic molecules (Schoenheimer and
Rittenberg, 1935; Smith et al,, 1936). Not only does deuterium exchange with water to form
DHO, the D atoms will also exchange with exchangeable H atoms of organic molecules,
resulting in an overestimation of total body water. These additional exchanges are chiefly
hydrogen in carboxyl, hydroxyl and amino groups where the H atom is not bound to carben
(Schloerb et al., 1950). Owing to these exchanges deuterium will be diluted into a volume
greater than that of Body water alone, resulting in an equilibrium dilution which is lower that

which would be observed if D,0 exchanged only with water.
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According to Westerterp (1999) the dilution space for deuterium is assumed to be 4% larger
than total body water space, Due to this difference a correction factor of 1.04 is used to
correct for this error when determining total body water by deuterium dilution. Deuterium
can be administered orally or via injection. Oral consumption is easier for participants and
provides an opportunity to observe the absorption of water from the alimentary tract. Its
concentration can be measured precisely in small quantities of fluid by infrared spectrometry,

gas chromatography, nuclear magnetic resonance and mass spectrometry.

The doses of deuterium oxide administered to human participants have no toxic
manifestations. However, at doses greater than 10% of body mass some toxic effects are seen.
In mice toxic effects are seen when serum deuterium concentrations reach 25%. Further,
when mice were given 100% deuterium oxide with no other water source available it was

. lethal within a week, Rest assured, such high doses are not required for the measurement of
total body water in humans, as a 100 g dose of deuterium oxide in a human subject produces
a serum concentration of only 0.2%. No ill effects have been observed following D.0
administration to either healthy and sick patients (Schloerb et al,, 1950}. 5g of deuterium is
sufficient to increase the isotopic excess to approximately 500% above background levels
(Battistini et al,, 1995) and 20g of deuterium represents approximately 0.04% of total body
water (Davis et al, 1987)

Serum has long been considered the medium of choice for measuring isotope enrichment
because of the rapid tracer equilibration in this medium (Schoeller et al., 1982). However,
urine or saliva sampling is less burdensome for the subject and allows for participants to

maintain their normal daily activities.

One study has shown that the measurement of isotope enrichment from urine samples was
less reliable than in serum (Schoeller et al., 1980). This discrepancy is may be due to the
longer time period for isotopic equilibration of the bladder contents relative to serum
(Schoeller et al., 1980). This would help to explain why the 2H enrichment values tended to be
lower in urine than in saliva or serum. There were no significant differences in isotope
enrichment between the three media - urine, serum and saliva - over a longer time frame of
2-6 hours UankoWski et al, 2004).There does seem to be some debate in the literature
regarding the optimal time for equilibration of deuterium oxide with all the body fluids;
however it is to ensure that both the timing of the dose administration and sample collection

time are correct (Van Marken Lichtenbelt et al., 1994). Additionally, as discussed by Janowski
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et al. (2004) the méthod of sémple collection will also affect the time required between
deuterium intake and sample collection. Some authors suggest that it takes as little as 2-3
hours between deuterium ingestion and sampling time (Raman et al.,, 2004), Wong et al.
(1989) found that the isotopic enrichment from urine samples collected at 3, 4, 5 and 6 hours
after ingestion of deuterium oxide were within 3% of each other. Westerterp et al. {1995)
found an underestimation of total body water with isotope dilution after 4 hours (a
discrepancy which increases with the size of total body water) and believed thata 10 hour
equilibration time was more accurate, A longer period of time between ingestion and sample
collection is further supported by the findings of some studies in which random results have
been seen from urine samples. in some individuals, when the period between ingestion of
deuterium and sample collection is too short and in some individuals it can take over 6 hours
for 100% equilibration to occur (Wong et al,, 1989; Schoeller et al.,-1980; Van Marken
Lichtenbelt et al., 1994). Further to this Hevesy and Hofer (1934) considered the isotope
concentration in urine after the first day of D.0 ingestion to be identical to body water

. concentration. Due to deuterium'’s exchange with liable hydrogen atoms of organic molecules,
mainly hydrogen in carboxyl, hydroxyl, amino and any other groups where the H atom is not
bound to carbon there is an overestimation of total body water (Schloerb et al.,1950). Hence
a correction factor (1.04) is included in the calculation for total body water (Westerterp,
1999).

Equilibrium time is further influenced by the feeding status of the subject (Van Marken
Lichtenbelt et al., 1994). If the subject is in the fasted state between the intake of deuterium
and the collection of the first sample then the calculated total body water was significantly
lower (at 6 hours post-dose) than when participants were in the fed state and this effect was
even greater if participants were allowed to eat between the time of dose administration and
sample collection Van Marken Lichtenbelt et al. (1994). This is probably due to a slower
equilibration time, given that in the fed state, there may be greater intestinal transport and
absorption through the intestinal wall which speeds the equilibration process (Van Marken
Lichtenbelt et al., 1994). To avoid any contamination or dilution of the sample when
measuring total body water Van Marken Lichtenbelt et al. (1994) suggest that the second
urine sample after ingestion should be used to avoid dilution of the deuterium with the

contents of the bladder.

Previous studies
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Table 2.9.1 summarises previous studies examining total body water. When considering
results relevant to this thesis, these studies s_how that in elite athletes, total body water of
elite athletes was found to be 63.2£1.9 % of body mass and was 60.2+£1.9 % of body mass for
non elite athletes (Battistini et al,, 1995).

2.9.2. WATER TURNOVER RATE (WTR)

Body water turnover refers to the replacement of body water in a day or other given period,
and also shows body water homeostasis {(Shimamoto and Komiya, 2000). In order to measure
Water Turnover Rate (WTR), a bolus of deuterium oxide is consumed, similar to the method

used to measure total body water.

This then equilibrates into all the body’s fluid compartments and is diluted by the body water.
The labelled water is then excreted from the body though all routes of water loss e.g. sweat,
respiratory loss and urine loss, and the deuterium is further diluted over time by water
intake. By collecting samples over a period of time (usually 7 days although some studies have
used different time frames) the time course of labelled water dilution provides a measure of
water turnover (input and output) per unit of time (Fjeld et al., 1988). The calculation of

water intake from deuterium oxide elimination is based on the assumption that:-
1) Deuterium equilibrates uniformly within a single compartment,
- 2) The size of this compartment is constant or changing in a uniform manner,

3} All water regardless of the route of exit carries deuterium in proportion to deuterium in

that single compartment, and
4) Deuterium exits only as water.

The optimal observational interval for the measurement of water turnover rate is one to thee
biological half lives of the isotope (Shimamoto and Komiya, 2000). This can be as short as 3
days for individuals who are undertaking a lot of endurance exercises, to a period up to 40
days for those individuals who are extremely sedentary participants and/or have a low water
intake (Shimamoto and Komiya, 2000). Sweat loss and metabolic water production are
affected by physical activity and therefore activity levels can influence the rate of water

turnover (Van Marken Lichtenbelt et al,, 1994).
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While water content can fluctuate over the course of a day in a healthy adult, consistencies do
occur across days, when measured at the same time of day (Adolph et al,, 1947). Additionally,
even if any fluctuations do occur then they will have only have a minimal effect on the
estimation of water turnover using deuterium (Lifson and McClintock, 1966; Nagy, 1980).
Since this method of analysing water turnover rate does not directly measure water intake,
and given that preformed water intake constitutes only 80-85% of water turnover volume, it
is necessary for values need to be corrected for metabolic water, inspired water and
transcutanecus water which are estimated to constitute 16-18% of water influx volume to
provide accurate results (Raman et al,, 2004). A summary of previous studies concerning

water turnover rates is shown in Table 2.9.1.
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Table 2.9.1. Total Body Water, Water Turnover Rates and Non-Renal Losses Seen

Amongst Healthy Participants, Special Populations and Athletes from Previous

Research.
Study Subject Body mass TBW Relative WTR Relative WTR to Non-renal
. TBW to body mass
Body
mass
{kg) 1} (%) {l.d1) {mikg.d1) {ld)
Fush et al. (1996) 13 healthy participants (11 73.5+10.3 43.17.3 58.6£3.4 4517
males, 2 females),
oo age 30.245.4 years, ataltitude
Raman et al. (2004) 458 healthy participants (251 Males Males
mate, 207 female), 40-4% yrs 3.81+1.24 40-49 yrs 1.61:0.79
50-59 yrs 3.63+0.89 50-59 yrs 1.53+0.74
age40-79y 60-69 yrs 3.5520.92 60-69 yrs 1.00+0.67
70-79yrs 3.5520,78
Females Females
40-49 yrs 3.2610.78 40-49 yrs 1.1120.68
50-59 yrs 3.03£0.77 5059 yrs 0.65£0,43
60-69 yrs 2.8710.66 60-69 yrs 0.49+0,54
Scheeller et al, S males, 4 females age 14.222.1  116.8+15.3 45.5£10.2 389
(1982} ¥
Spinat Cord injury and Controls
Cardis etal. (1984) 12 Healthy Controls B80.7412.1 49.3:7.3 610
Cardds etal. (1984) 22 Paraplegics >3 months after  70,115.6 39.0t4.6 55.6
. infuey
Cardis etal [1984) 23 Tetraplegics >3 months after  72.1:5.7 34.9t7.4 48.4
injury )
Elderly
Leiper etal. (2005) Independent 9 males 13 Summer 67.5 Summer Summer 2.2 (1.3-3.6) Summet 0.39(0.3-
fermnales, aged 75 (69-88) y [43.0-87.5) 27.4(19.4- 1.4)
41.8) Winter 2.1 (1.4-3.6)
surnmer 15 (11-19)*C Winter 65.3 Winter 0.49 {0.15-
wlinter 4(0-7} °C (44.0-86.5) Winter 28.6 0.87}
{20.7-38.8)
Letper etal. (2005) Dependent 4 males, 11 females,  Summer62.1 Summer Summer 1.5 (0.9-2.9) Summmer 0.37 (0.15-
age 83 (72-93)y (39.7-87.0) 28.8(16.8- 0.87
329)
summer 15 {11-19) °C Winter 60.5 Winter 1.6 (1.0-2.8)
winter 4(0-7) °C (38.8-87.9) Winter 27.0 Winter 0.47 (0.11-
[17.1-31.8) 1.11)
Athletes and Controls
Battistini et al, Elite footballers, 82.8:+8.0 52.3:5.0 63.2¢19
(1994)
Battistini et al., Non competitive participants 76.5+6.9 46.114.2 60.2t1.9
(1994)
Leiper et al., 2001 Cyclists 54.3(43.2- 70.1 3.5(2.9-4.9) 1.4(1.1-3.0}
. 62.3} (65.5-
73.9)
Leiper etal,, 2001 contrels 41.4(35.8- 63.5(52.7- 2.3(2.1-3.5) 0.4(0.3-1.5)
49,0) 71.0)
Leiper and Swimmers 4 males, 4 females 67.616.7 38.7£5.6 . 201263 37412 54+18 2.7:1.4
Maughan, (2004) agel17+2y 9.413.0 %
Leiper and Controls males, 4 females 2, age  60.127.7 37.5:8.0 17,514 1.7+1.4 28421 0.9+1.3
_Maughan, (2004) 1742y . 45$3.0%
Stofan et al. {2007) Amerlcan football varsicy 1183420 76.819.1 10.3+2.2 88118 mlkg.dt
players training twice a day (88.6-145.0) (60.5-89.9) (13% TBW)
temperature 19.3-25.6 *C
Stofan et al, (2007) Controls, Injured American 10071107 66.7t9.0 7.041.0 7114 mlkg.dt
football varsity players (86.4-113.6) (60.3-80.9) (10 % TBW)
temperature 19.3-25.6 °C
Fusch etal. {1998) 11 males 4 females; age 71.0+10.4 45.317.3 63.6:4.1 5.7+18 7871175
27.7+2.8 v; 7 day trek across mlkg.d1
the Swiss Alps, 120.5 Km,
altitude 1285-3317 m
Hill and Davies, 37 y maie. Ultra marathon 53.0 6.08

(2001) 14964 km, 63.1 kg




2.10. PRE EXERCISE HYDRATION
Burke (1997) states it is important for an individual to be well hydrated before undertaking

physical activity or exercise. This is supported by Barr’s (1999) findings that dehydration

before exercise also results in a decrease in endurance performance.

Conversely, Maresh et al. (2004) believe that pre-exercise dehydration is primarily respensible
for differences in thirst and thus fluid intake meaning that dehydration before low intensity
exercise in the heat increases thirst-driven drinking. However, this relationship has not been
seen in field studies on football players in cold environments (5.1+0.7 °C, 81 £ 6 % relative
humidity) (Maughan et al., 2005) or in warm environments (24-29 °C, 46-64 % relative
humidity) (Maughan et al., 2004). According to Maresh and his colleagues (2004), this means
that due to the increased fluid intake the negative influences of pre-exercise hypohydration on
plasma volume and fluid regulatory hormonal measures are attenuated. At present, there is no
definite scientific consensus for the assessment of hydration status (Cheuvront and Sawka
2005). Current methods of assessment include the dilution of an ingested isotope, plasma
osmolality, concentrations in the plasma of the hormones that regulate body water e.g.
vasopressin, urine colour, urine osmolality or urine specific gravity (Cheuvront and Sawka,
2005). The use of measures associated with blood sampling means that a trained phlebotomist
and can result in infection, bruising or vein damage (Oppliger and Bartok, 2002). Therefore,
although it provides an accurate measure of hydration status it also carries risks to the athletes/
subjects and also requires specialist investigators and equipment. The use of isotope dilution to
measure body water is time consuming and therefore not practical in the field setting where
speed and efficiency is of importance. Plasma markers of hydration are also impractical in the
field where conditions may be less than hygienic ahd again, the time taken to obtain a blood
sample would delay the testing process. The use of urine osmolality (<800 mosmol.kg1),
specific gravity (1.013-1.029) or urine colour (paleish yellow) is a simple, quick and efficient

"~ method of assessing hydration stafus. It has also been shown that urine markers are reliable for
the assessment of hydration status and thresholds for appropriate hydration levels have been
defined (Armstrong et al., 1994; Bartok et al., 2004; Shirreffs and Maughan, 1998). Other
measures for monitoring hydration include the daily measurement of nude body mass as daily
changes in body mass reflect alterations in fluid volumes, providing calorific intake matches
expenditure (Oppliger and Bartok, 2002). Measuring daily alterations in body mass is a simple
and inexpensive method for measuring daily changes in body mass over a period of time

(Oppliger and Bartok, 2002).
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2.11. F1IELD BASED TESTING VERSUS LABORATORY BASED TESTING

Research can be defined into two categories depending on whether it answers ‘basic’ or
‘applied’ questions (Atkinson and Nevill, 2001). Basic research is often designed to prove or
disprove a theory of underlying mechanisms for a particular phenomenon. This type of research
allows investigators the flexibility to control of other confounding variables (Atkinson and
Nevill, 2001). Conversely, applied research is concerned with ‘real world’ settings and whether
a particular variable, without controlling for other factors, effects performance (Atkinson and
Nevill, 2001). Both types of research are equally valid in research, but it is merely the type of
validity which differs. Basic research is considered to have internal validity whereas applied
research has external validity (Thomas and Nelson, 1996). Therefore, the research question and
aim of the study need to be considered before deciding on the type of research to be

undertaken.

Given that this thesis is concerned with providing descriptive data concerning the ‘normal’
activities of the participants either during exercise or daily living, a more applied type of
research is to be undertaken. Therefore the number of controls placed on the participants is
limited and they are encouraged to continue their training/ days as normal. It is hoped that by
doing this a true description of their drinking behaviour will be obtained. Therefore the studies

in this thesis will have external validity but will lack internal validity.

It would have been possible to prescribe exercise workloads for participants and to control the
conditions to assess sweat losses during exercise, but this does not occur during normal
training sessions. Athletes train and compete at different intensities throughout training and
during matches. By using normal training sessions, it is possible to determine the amount and
composition of the sweat participants lose and to assess the volumes of fluid that they consume.
These values, obtained from normal activities, will provide the greatest value to athletes since
the data is reflective of activities and habits that they do on a regular basis, enabling them to
adjust their behaviours depending on the findings. However, it is not possible to confirm with
absolute certainty why these factors differ between athletes as it could be due to exercise

intensity, disability type or pre-training diet.
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2.12 CoNCLUSION OF LITERATURE REVIEW

As discussed, the kidney is responsible for the maintenance of homeostasis within the body
with respect to fluid and electrolyte balance. When considering ‘special populations’, a logical
question therefore follows: what happens to the habits of those individuals who have had
kidney failure and subsequently receive a kidney transplantation? Does the awareness of the
body's ability to maintain homeostasis and the restrictive diets they are placed on during

kidney failure result in an altered pattern of fluid and sodium intake after transplantation?

The literature review also shows that individuals with a spinal cord injury have impaired
abilities to thermoregulate and thus exhibit differences in the regional and whole body sweat
response. How does this effect sweat losses during a normal training session? If whole body
sweat rates are reduced, but sweat rates on the sensate skin are increased, does this result in an
increased sweat sodium and sweat chloride concentration? As sweat sodium and sweat chloride
concentrations are related to sweat rate (Allan and Willson, 1971). Further, individuals with
spinal cord injuries are not the only impairment group to participate in disability sport.
Research on children with cerebral palsy has shown that they too have an altered sweat
response, which may also mean a difference in sweat composition. Differences in the sweat
rates of disabled athletes may be due to the upper body exercise involved with wheelchair
sports since upper body and lower body exercise can result in altered thermoregulatory
responses (Sawka et al. 1984). Therefore, the inclusion of a whole body type sport will help to

determine if differences exist between wheelchair and whole body exercise.

The literature shows large fluid intakes amongst those with tetraplegia compared to able-
bodied groups (Price and Campbell, 2003). Does tﬁis only occur during exercise? To further
exploi‘e this, the 24 hour fluid balance of those with tetraplegia will be examined. Alteraticns in
vasopressin and the pattern of urine excretion have also been shown amongst hospitalised
patients with spinal cord injuries. Does this remain when individuals with a spinal cord injury
are away from hospital setting and have greater control over their fluid intakes? This will also

be examined in participants with a spinal cord injury during free living.

57



Chapter 3: General Methods
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3.1. ETHICAL APPROVAL

All of the studies presented within this thesis were granted ethical approval by the Ethical
Advisory Committee at Loughborough University. Approval was obtained before the
commencement of any subject recruitment or testing. All potential volunteers were first issued
with an information sheet describing the experimental protocol in detail; this sheet also
outlined any risks involved. Volunteers were free to discuss the testing with their families and
doctors before commencing the studies, volunteers were also encouraged to discuss the testing
with their coaches. All volunteers were free to ask any question regarding the study and
questions were answered before the trials commenced. Pricr to the start of all the studies
participants were asked to provide written consent on an informed consent form and to
complete a health screening questionnaire. All participants were free to withdraw from the
study at any time without providing any reason for their withdrawal. All participants were
informed of this right to withdraw prior to signing the informed consent form. Since a
description of normal free living behaviour was required, trials were not based in the

laboratory, and participants were provided with contact details for the investigator.

3.2, PARTICIPANTS

Details of the subject recruitment methods and specific participant characteristics are described
in detail in each Chapter. At the time of all the studies, the participants self-reported both in
writing and verbally that they were healthy and free from any urinary tract infections. Female
participants in Chapter 6 were not studied during the menses period of menstruation.
Participants were excluded if they were under 16 years of age or over 65 years of age. Research
in 1966 by Dill and colleagues showed no impairment of thermoregulation with age.
Participants were also excluded if they were unable to provide written informed consent due to
mental illness, pregnant women were also excluded. For Chapters 5 and 6 participants were
only included if they had a spinal cord injury and all the participants in Chapter 7 had received a
kidney transplant, |

3.3. EXPERIMENTAL DESIGN

All studies were field based in which no pre-study standardisation took place. The studies in
this thesis were designed to provide descriptive accounts of individuals and athletes during
their normal activities. Therefore, no interference in their normal patterns was desired and no

standardisation was put in place, The data in Chapters 4 and 5 were collected over the
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participants’ normal training session (for Chapter 4 the data was collected over 4 training
sessions). No restraints or interference with the training session was undertaken. Heart rate
and the duration of the training sessions were recorded so this data could be factored into the

analysis.

Chapter 4 was concerned with the variability in pre-training hydration, sweat volume losses
and sweat composition and no dietary restrictions or controls were put on the participants
prior to each exercise session. It is possible that by controlling for dietary factors before each
session, potential variations in one or more of the variables may have been masked,
underestimating pre-training hydration and the true variability of sweat composition. Exercise
intensity and duration, as well as environmental conditions and clathing worn, can all affect
sweat losses and fluid intake patterns. Therefore for an accurate assessment of the degree of
difference in sweat loss and fluid intake between training sessions to be ascertained, these

factors were not controlled for.

The aim of Chapter 5 was to describe the training practises of athletes with a disability. The
parameters measured included pre-training hydration levels, sweat losses, fluid intakes and
sweat composition. Since the practises of a normal training session were of importance,
exercise intensity and duration were not controlled and participants were asked to train as
they normally would. As with methods pertaining to Chapter 4, no dietary controls were put in
place since this may have affected the fluid intakes of the participants, pre-training hydration or

influenced sweat composition.

The data in Chapters 6 and 8 was collected over the course of a multi daiy event away from the
- participants’ normal residence. Participants were free to consume their normal foods and
undertake any physical activity during the course of the study. The physical activities of these
participants was observed by the investigator and also reported by the participants to the
investigator on each morning of the study. The data in Chapter 7 was collected by participants
whilst living at home again no restrictions were placed on the participants regarding their diet
or physical activity patterns. However, participants were asked to refrain from any physical
activity during the period of the study and all participants confirmed verbally to the researcher

that they had adhered to this restriction.

The studies concerning water turnover rates placed no restrictions on diet since the normal

fluid losses of the participants were required to describe the normal activities of the

60



participants. Any restrictions placed on the participants would have affected these results.
Recording dietary intake sometimes results in a change in dietary patterns and so was not
undertaken. Physical activity would affect water turnover rates as it is likely to increase non-
renal losses. As such any restrictions placed on the participants’ normal daily living activities

would have resulted in an alteration of the normal water turnover rates of the participants.

3.4. COLLECTION, HANDLING AND ANALYSIS OF URINE SAMPLES

Urine collection in Chapters 4 and 5 was facilitated by asking the participants to empty their
bladders/catheter bags into a plastic jug and to then pour a sample of approximately 20 ml into
a labelled universal tube. This was done in private and with the remainder of the urine being

discarded.

Urine collection in Chapter 6 involved participants emptying their catheter bags into a large
(2.5 litre) plastic 24 hour urine container (Western Laboratory Services, U.K.) with a screw
top. Participants emptied their catheter bags in the same manner as if they were using the
toilet so catheter bags were emptied whenever they were required to do so. This container

- was weighed every morning by the investigator and the 24 hour urine volume determined
by subtracting the weight of the empty container from the weight each morning. A sample of
approximately 20 ml was retained from each container in a screw top sterile labelled
universal tube. If a subject urinated more than 2.5 litres in a 24 hour period, then they were
provided with an additional 24 hour urine container, Containers were washed with
deionised water and dried between each use. To ensure that containers were not
contaminated by improper cleaning a test was performed on 15 ‘clean’ containers. An
amount of 400 ml of deionised water were added to 15 ‘clean’ 24 hour urine containers and
then analysed for sodium, potassium and chloride concentration in a similar manner to
urine analysis. The resulting concentrations were 01 mmoll-! for sodium, 141 mmol.l'1 for
potassium and 0+0 mmol.l! for chloride. When a sodium chloride standard at the top end of
the range for urinary sodium (150 mmol.l-1) was added to 15 clean containers and then
analysed the sodium concentration was 149+1 mmol.l-! and the chloride concentration was
15141 mmol.lt. When a potassium chloride standard of 150 mmol.I'1 was added to 15 clean
containers and analysed the potassium concentration was 150+0 mmol.l'l. These results
show that urine samples were not contaminated by the 24 hour urine containers in which

they were stored.
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The urine collection in Chapters 7 and 8 was done by asking the participants to urinate/ empty
their catheter bag into a plastic jug. Participants were then asked to pour the urine into a ‘
measuring cylinder (of various sizes) and recorded the volume of urine. For individuals using
catheter bags, participants emptied their bags directly into the measuring cylinder. Participants
were also asked to record the time of urination on a specific recording sheet. This recording
sheet was formatted to have specific columns for time, volume and sample number. Participants
were also asked to pour a sample of approximately 20 ml intc a screw top sterile labelled

universal tube. Catheter bags/ bladders were emptied prior to the commencement of the study.

All of the urine samples were then analysed for osmolality. Osmolality was measured in
duplicate via freezing point depression using an Osmomat 030 (Genotec, YSI, Farnborough, UK).
The urine samples collected in Chapters 4, 5 and 6 were also analysed for sodium, potassium
and chloride concentrations. The sodium and potassium concentrations of the urine samples
were also measured in duplicate and were analysed by flame photometry using a Corning Flame
photometer 410C (Corning, Halstead, Essex, UK). A Corning M805 Dilutor (Corning, Halstead,
Essex, UK) was used to dilute the urine to the correction concentration for the flame
photometer. Urinary chloride concentrations were determined in duplicate by coulometric

titration using a Jenway PCLM 3 Chloride Meter (Jenway Ltd, Gransmore, Essex, UK).

The urine collected in Chapters 6, 7 and 8 was also analysed for deuterium concentration. This
was done in duplicate by infra red spectrometry {Miran-1a, The Foxboro Company, Connecticut,
USA). Urine samples first underwent vacuum sublimation as described by Lukaski and Johnsonn
(1985). This method requires urine samples to be frozen in liquid nitrogen before being placed
in a J-shaped tube and sealed with a rubber bung; a needle attached to the vacuum was then
inserted through the rubber bung removing all the air from the j-shaped tube. The needle was
then removed from the J-shaped tube and the samples were left for the water to sublimate
across the J-shaped tube, separating the water from the solute. The separated water from the
samples was then injected into the infra red spectrometer (Miran-1a, The Foxboro Cdmpany,

Connecticut, USA) and the deuterium concentration was recorded.
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A calibration curve of known standards was determined. From the calibration curve and the
analysis of the urine samples total body water was determined, (correcting for baseline

measures of dguterium) using the equation of Schloerb et al. (1950) as shown below,
V2=C1Vi - CuVy
C:
Where
V2 = the volume of water into which the deuterium has diffused and equilibrated
C: = the concentration of the administered Deuterium
V1 =the volume of Deuterium ingested
C, = the concentration of Deuterium in the baseline urine sample
V.= the volume of water excreted prior to equilibrium
Cz = Urine deuterium concentration at equilibrium

To determine total body water the value of V; was multiplied by a correction factor of 0.96 to
account for non- aqueous exchange of the labile hydrogen with other body constituents
(Schloerb et al,, 1950).

Daily water turnover rates were calculated using the rate of decline of deuterium in the
subsequent urine samples as described by Lifson and McClintock (1966). The deuterium
content of each morning urine sample (the sample which completed a 24 hour collection) was
determined and corrected for baseline levels taken from the urine sample prior to ingestion.
From these samples, a linear regression of deuterium decline is plotted from this the equation
of the linear regression can be determined. This is then used in the equation of Lifson and

McClintock (1966) to determine water turnover rate as shown below:
Water Turnover Rate (1.d-1} = Total Body Water (1) x k
Lifson and McClintock (1966)

K= the slope of the regression line of the natural logarithm for the decline of deuterium in the

morning urine samples after correction for baseline levels.
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Non-renal losses were calculated from the difference between water turnover rate and urinary

losses.
Non-renal loss (1.d-1) = Water turnover rate (1.d-1) - 24 hour urine volume (litres)

The urine samples collected in Chapter 7 were also analysed for creatinine, This analysis was
done to confirm a full 24 hour urine volume. This was done by spectrophotometry (Shimadzu
UV-Visible recording spectrophotometer UV-160, Kyoto, Japan) following the methods
described by Vitro Scient (Hanover, Germany) which are based on the Jaffé reaction (1886),
whereby the rate of dye formation, over 120 s, is directly proportiona! to the creatinine

concentration.
‘Based on the equation

Creatinine + Picric acid Alkaline Ph . Creatinine- picric acid complex

>

3.5. COLLECTION, HANDLING AND ANALYSIS OF SWEAT SAMPLES

Regional sweat samples were collected in Chapters 3 and 4 with the use of sterile adhesive
absorbent patches (Tegaderm, 3M, Loughborough, UK). Patches were 40 mm by 27 mm and
consisted of an absorbent patch in the middle with an adhesive plastic covering. The adhesive
covering was attached to the absorbent patch and analysis was performed with the adhesive
backing attached to the absorbent patch. By adding 1.5 ml of deionised water to 30 unused
patches and placing 15 in temperatures of 21 °C and 15 in 30 °C for 2 hours with measures for
mass taken after 1 hour and 2 hours the patches were found to be permeable to water at a rate
of 0.0148+0.0080 g.h-1 and 0.0200+0.0105 g.h-! for each temperature.

Deionised water was added to 15 unused patches, followed by treatment in a similar
manner to the sweat patches after sweat collection, sealed in a universal tube and deionised
water was added. When analysed for sodium, potassium and chloride the values were 00,
0.020.0 and 0£1 mmol.l! respectively. When known standards at the lower (20 mmol.l1)
and upper end (80 mmol.l'1} of the range for sweat sodium were added to 15 unused
patches and analysed the values obtained for sodium concentration were 20+0 mmol.l'l and
81+1 mmoll-l. When this was repeated using known standards at either end of the same
range for sweat chloride concentrations were 20+1 mmol.]'t and 80+2 mmol.l1. For
potassium, values obtained following the addition of a 5 mmol.l1 standard solution were
5.0+0.2 mmol.I'%.
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The self adhesive patches were positioned on the skin surface and since the position of the
patches differed between the chapters full details of the locations of these patches are described
in Chapters 4 and 5 respectively. In all cases the skin at the site where the patch was to be
placed was first washed with gauze wipes and deionised water in order to remove any cosmetic
products or residual electrolytes on the skin surface. The area was then dried with further
gauze wipes. Sweat patches were then attached to the skin surface ensuring that an air tight seal
with the skin was obtained all around the adhesive plastic backing. The patches remained in
place throughout the training sessions. At the end of training patches were removed with
tweezers which had previously been cleaned with deionised water. Patches were placed in
sterile screw fop labelled universal tubes of known weights, which were airtight. Samples were

then stored for later analysis.

Prior to use a random sample of 15 patches from each pack of 50 patches were weighed
individually with the packaging to determine the mass to the nearest 0.0001 g on an electronic
balance (Mettler AC100, Mettler Instruments, Zurich). The mass of the packaging was
determined following the use of the sweat patches and this was subtracted from the mass of the
patch plus packaging to determine the mass of the patch. Calculation of patch mass was done in
this manner since removing the patch from the packaging prior to use could have lead to the

contamination of the patch.
Mass of Patch (g) = [mass of patch+packaging (g)] - mass of packaging (g).

The mass of the universal tubes used for storing the sweat samples was measured to the
nearest 3.0001 g, on an electronic balance (Mettler AC100, Mettler Instruments, Zurich). These
were then reweighed for mass following sample collection. Assuming that 1 g= 1 ml, the mass
of the storage tube before sample collection and the mass of the sweat patches were subtracted

from the post collection tube mass to determine the volume of sweat on the patches.

Sweat mass (g)=[universal tube mass +patch after use (g)]-[universal tube mass pre use (g)] -

[patch mass (g)]

While it is assumed that the mass of sweat in the tube would be equal to that of the volume of
sweat in the patch (1 g = 1 ml), as described in Chapter 2: Literature Review, it is cautioned that
this assumption is not entirely accurate since 1 ml of sweat is greater than1g [1.06 1-1.008 g).
The sweat sample is then diluted by the addition of 0.75 - 1.5 ml of deionised water, using a

manual pipette, to produce a volume great enough for analysis. Due to the small sample volume
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as well as the concentrations of the electrolytes relative to the sensitivity of the machine only a
small volume of additional water is required to provide an adequate volume for analysis. If

excessive water is added to the sample then the samples become to dilute for analysis.

In order to determine the exact volume of deionised water added to the universal tubes, the
universal tubes were measured as previously discussed. A dilution factor was then calculated by
adding the volume of sweat fo the volume of deionised water and dividing by the volume of
sweat. The sweat and water in the tubes were then mixed thoroughly on an autovortex mixer
(Stuart Scientific Co., UK). Immediately after mixing as much of the sample as possible was

pipetted into eppendorf tubes which were refrigerated until further analysis.

Sodium and potasstum concentrations were determined by flame photometry in the same
manner as for urine sample, except sweat samples were diluted to the correct concentrations
using a Hamilton Microlab 500 automatic pipette (Hamilton Bonaduz AG, Bonaduz,
Switzerland) for the sweat samples obtained in Chapter 4 and a Hamilton Microlab 1000 series
automatic pipette (Hamilton Bonaduz AG, Bonaduz, Switzerland) for sweat samples obtained in
Chapter 5. The samples were analysed for chloride by coulometric titration in exactly the same

manner as for urine samples.

The electrolyte concentrations of the sweat and water mix were then multiplied by the dilution

factor to determine the sweat sodium, potassium and chleride concentrations.

3.6. BoDy Mass

For Chapter 3 and 4 body mass change was used to determine changes in fluid balance. After
correction for fluid intake and any urine loss, it was assumed that the change in body mass was
solely due to sweat loss. Body mass was measured to +20 g on electronic scales {Adams
Equipment Co., Milton Keynes, UK}. Since participants taking part in the studies discussed in
Chapter 5 had impairments which made the use of standard ‘standing scales’ impractical or
impossible, the scale was adapted so that a plastic chair could be securely placed on the scales,
enabling participants to sit on the scale, rather than stand on it. The scale was recalibrated after
the chair had been positioned. The measurement of able-bodied participants prior to and after
the chair had been added resulted in the same body mass being recorded. Prior to measuring of
body mass participants were asked to towel themselves dry and participants were then
weighed in some clothing. The types of clothing worn differed between the chapters details are

provided in Chapter 4 and 5, Participants were permitted to wear clothing during body mass
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measurements as logistical and privacy issues often precluded the measurement of nude body
mass. Cheuvront et al. (2002) found that not correcting body mass for sweat trapped in the
clothing provided an accurate assessment of sweat losses (within 0.2 %) can still be obtained,
even if body mass is not corrected for sweat trapped in the clothing. As described in Chapter 2:
Literature Review, respiratory water losses and substrate oxidation will have an effect on the
calculated volume of sweat losses. However due to the logistical requirements of accurately
measuring the volumes of these water losses/ gains the respiratory water loss and metabolic

water production was not corrected for in these studies.

3.7 STATISTICAL ANALYSIS

Statistical analysis was performed using the SPSS version 7 software package. Details of the

statistical tests for each Chapter are explained in the appropriate methods sections.

All data were first analysed for normative distribution using a Kolomogorov- Smirnov test.
Normally distributed data is described using mean+ standard deviation and data which was not
normally distributed is described as median (range). Differences were deemed to be

significantly different when P<0.05.

3.8 COEFFICIENTS OF VARIATION FOoR THE METHODS USED IN THIS THESIS

The intra-assay coefficient of each method used in this thesis is shown in Table 3.8.1. To
calculate the coefficient of variation the mean and standard deviation of the difference between

the duplicates of 15 samples was used.

The coefficient of variation of the flame photometer is 1.5 % for sodium and potassium at
140 mmol.l'! of sodium and 5 mmol.l? of potassium. The coulometric titration is accurate

to within + 0.08 mmol.l-1,

The mean coefficient of variation for urine osmolality was 1.96 % and the mean urine osmolality
for this thesis was 508 mosmol kg1, It can be assumed that the urine osmolality values presented
in this thesis are within 10 mosmolkg of the correct value. As urine osmolality values can range
from 100 mosmol.kg1 to 1200 mosmol.kg! this coefficient of variation is low and therefore the

results are reliable.

In this thesis the mean coefficient of variation with respect to sweat sodium concentration was
1.71 % and mean sweat sodium concentrations was 58 mmol.l-L. This means that results were

accurate to + 1.0 mmol.l'l, The range for these values was between 36 and 89 mmol.l? therefore
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the coefficient of variation is low. With respect to urinary sodium concentrations the mean
coefficient of variation was 1.78 %, the mean urinary sodium concentration was 92 mmol 1,

therefore the degree of variation is low as it is within 1.6 mmol.l-t.

With respect to sweat potassium the mean concentration was 3.5 mmol.l-'1 with a coefficient of
variation of 2.48 %. Therefore values were within 0.09 mmol.l-1 a small value. The results
presented in this thesis for sweat potassium concentration are reliable. Measurement of urinary
potassium concentration resulted in a mean coefficient of variation of 1.74 % as the mean

- urinary potassium concentration was 54 mmol.l', This would mean that urinary potaésium
concentrations were within 0.9 mmol.l'L. Considering the range of urine potassium
concentrations is 8-138 mmol.l}, this value is small and therefore the results for urinary

potassium concentration are also accurate,

Mean sweat chloride concentration coefficients was 2.5 % and mean sweat chloride concentrations
were 27 mmol.I'\. These values mean that sweat chloride concentrations were measured to within
0.7 mmol.l1 as the range of sweat chloride concentrations was 18-41 mmol.l1 this degree of variance
is small. For urinary chloride concentration the mean value was 66 mmol.l'! with a coefficient of
variation of 2.1 mmol.I'.. This means that the variability between duplicates was 1.4 mmol.l', As the

coulometric titration machine has an accuracy of #3 mg.I-1, This coefficient of variation is low.

Measurement of deuterium concentration via infra-red spectrometry resulted in a mean
coefficient of variation of 2.7 % however the values seen for urine deuterium concentration
resulted in a mean value of 377 p.p.m. Therefore the variability was 10 p.p.m. considering the

values of urine deuterium concentration this variation is small.

The determination of urine creatinine resulted in a coefficient of variation of 1.60 %. The mean value
for urine creatinine is 0.037 mmol.kg-1d-1 with a range of 0.007-0.063 mmol.kg-1d-1. The coefficient of
variation for this assay shows that the variability between duplicate is 0.001 mmol.kg-1day-! which is

small.

68



Table 3.8.1: Mean, Standard Deviations, Range of Samples Used to Determine

Coefficient Of Variation for Assays Employed in Chapters 4, 5, 6, 7 and 8.

Assay Method Mean Stand:;frd Range Coefficient
Deviation of
Yariation
Chapter 4
Urine Osmolality (mosmolkg 1) Freezing Polnt 551 301 84-1141 143
Depression .
Sweat/ water Sodium concentration Flame photometry 18 7 6-29 1.88
(mmol.I-1)
Calculated Sweat Sodium (mmol.l'1) Flame photometry 54 19 18-90 2.45
Sweat/ Water Potassium
Concentration (mmolJ1) Flame photometry 1.8 0.6 0.7-3.0 1.60
Calculated Sweat Potassium (mmol.}1-) Flame Photometry 5.7 1.3 3.2-90 2.47
Sweat/ water chloride concentration Coulometeic titration 23 g 10-41 2.00
{mmol.l'1) :
Calculated Sweat Chloride Coulometric titration 50 16 22-84 3.16
concentration (mmol.l'1)
Chapter 5
Urine Osmolality (mosmolkg) Freezing point 618 282 181-925 2.02
depression
Sweat/ water sodium concentration Flame photometry 12 4 518 144
(mmol.l1) :
Sweat sodium concentration (mmol.l'1) Flame photometry 58 18 35-89 1.70
Sweat/ water potassium concentration Flame photometry 0.9 0.5 0.2-18 250
(mmoll1)
Caleulated svﬁveat potassium Flame photometry 4.5 27 1.0-10.0 2.50
concentration (mmal.l'1}
Sweat/ water chloride concentration o\ - cvic titration 31 8 18-42 2.90
{mmol.l-1)
Calculated sweat chloride Coulometric titration 58 15 31-80 270

concentration {mmol.1'1)
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Chapter 6

Urine Deuterium concentration

Infra red spectrometry 385 248 28-753 299
(p-p-m.)
Calculated urm.ary deuterium Infra red spectrometry 290 55 216-338 1.45
concentration (p.p.m)
Urinary sodium concentration (mmol.l
1 Flame photometry 112 22 39-162 1.89
Urinary Potassium Concentration Flame Photomet 41 17 8.89 1.52
(mmol.1) v '
Urinary chloride concentration Coulometric titration 68 34 10-160 2.52
(mmol.I1)
Urinary Osmolality (mosmol.kg 1) F‘::pz‘r:i‘i’;’:]m 478 217 11:;54 1.92
Chapter 7
Urine Deuterium concentration Infra red spectrometry 226 105 7-414 3.52
(p-p-m.)
Calculated deuterium concentration Infra red spectrometry 231 77 70-245 341
(p-p.m.) ‘
Urinary sodium concentration (mmol.l Flame photometry 66 31 14-150 208
B
Urinéry Potassium Concentrationm Flame Photometry 50 23 13-138 2.30
(mmol.l1)
Urinary chloride concentration Coulometric titration 51 42 8-148 2.17
(mmel.l'1)
Urinary Osmolality (mosmol.kg'1) Freezing point 361 197 117-934 2.77
depression
Chapter 8
Urine Deuterium concentration Infra red spectrometry 519 189  300-973 1.67
(pp.m)
Calculated Urine deuterium Infra red spectrometry 376 231 109-896 141
concentration (p.p.m.) .
Urinary sodium concentration Flame photometry 99 18 30-184 141
(mmol.l1)
Urinary Potassium Concentration Flame Photometry 71 23 15-73 1.18
(mmol.l-1)
Urinary chloride concentration Coulometrictitration 79 26 34-120 1.70
(mmol.l-1)
Urinary Osmolality (mosmol.kg-1) Freezing point 535 91 144-798 1.67
depression
Creatinine Concentration Spectrophotometry 0.037 (0.022 ?)%%73 1.60
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Chapter 4: Variability of Sweat Quantity and Sweat
Electrolyte Concentration during 4 Self Selected Training
Sessions,
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4.1, INTRODUCTION

In a press release, The American College of Sports Medicine (ACSM) (2005) stated that athletes
should know their hourly sweat losses and drink appropriate amounts according to their sweat
losses. Due to the variability in sweat rates and sweat electrolyte composition, individualised fluid
consumption regimes are recommended (ACSM, 2007). The goal of any drinking regime during
training should be to limit excessive dehydration, keeping losses to < 2% of body mass and to
minimise any disturbances in the electrolyte balance (ACSM, 2007). Athletes must drink the correct
volumes of fluid since either drinking too much or drinking too little can have a detrimental effect
on performance. Consuming too much fluid results in an increase in body mass, which can be
detrimental in sports where body mass has to be moved against gravity and could result in a
decreased power output per kilogram of body mass (Coyle, 2004). Conversely, not ingesting enough
fluids can result in dehydration, which has also been known to result in decreased performance.
Ultimately, the magnitude of the detrimental effect on exercise is proportional to the degree of
dehydration (Barr, 1999). However, the question remains: how much do sweat losses change from
session to session? At present, very little published data exists regarding the normal variability of
an individual’s sweat losses, fluid intake volumes, or sweat electrolyte concentrations between
training sessions. This knowledge is crucial given that large variations in sweat losses and or fluid
intakes would require athletes to know the variability of their sweat losses between sessions,
making planning appropriate drinking strategies extremely difficult. If sweat loss quantity and
composition variability between training sessions is low, then one off testing could provide athletes
with useful insights into their future fluid and salt (NaCl) needs during training, making it easier to

successfully plan future drinking strategies.

Many factors alter sweat volume and sweat electrolyte concentration, including the intensity and
duration of the exercise being performed as well as the core body temperature of the athlete which
is dependent on environmental conditions and the work being performed (Adams etal,, 1975}. Itis
gquestionable whether these factors result in significant changes in the volume and composition of
sweat losses between training sessions? At present, nearly all of the field based papers (Table
4.1.1) have been based on a single training session. Zetou et al. {2008) investigated the sweat
losses of 46 elite (had played internationally) and non-elite male volleyball players occurring from
3 beach volleyball games at an official tournament. Unfortunately, all data was pooled and only
group mean+SD values along with the range for the each of the three games was provided with no

data regarding individual players given. Stofan et al. (2005) investigated the sweat losses of

72



national collegiate American footballers during a training camp with 2 a day training sessions, in an
attempt to indentify predictors of cramp. No individual data was provided by Stofan et al. (2005),
but they did show the mean+SD values for the morning and evening session. The results were split
between those players who had a history of heat cramp and those players who had not previously
suffered from cramp. For those who had previously suffered from cramp, the variability of their
sweat losses was low 0.17 Lh! (AM 1.49+0.6 Lh-! and PM 1.66+0.27 Lh-1) between the 2 training
sessions, For those who had not previously suffered from cramp, the difference in the volume of
sweat produced between the morning session and evening session was larger 0.81 Lh-1 (AM
0.99+0.41 Lh-! and PM 1.80+1.48 1.h-). Since the paper was concerned with potential causes of heat
cramp no reasons for the differences between the sweat rate responses to the two sessions of the
groups was postulated by the authors, Providing only mean and standard deviations masks the
individual differences between the two sessions, hence the large standard deviations. The number
of participants in this study was small, with only 5 participants in each group, and there was é wide
range of sweat volumes during the evening training session being recorded amongst the group of
non-crampers as evidenced by the high standard deviation, which masks any individual differences
between the sessions. Individual data concerning sweat volume losses between exercise sessions
has been demonstrated by Adams et al. (1975) who reported the values of a 38 year old male with a
body mass of 70 kg during treadmill running in temperatures of 10, 22 and 35 °C, and a relative
humidity of 28-30 %. Sweat loss was calculated by body mass changes accounting for fluid intake,
blood withdrawn, C032-0; exchange and respiratory water loss (Adams et al. 1975). Each run was
completed on 3 occasions which differed only in duration: once before heat acclimatisation and
twice following heat acclimatisation. The volume of sweat lost per hour before acclimatisation in
the cool conditions (10 °C) ranged from 0.69-0.72 L.h-1 a difference of 0.03 Lh-1 or ~ 4%. In
moderate conditions, the range was 1.21-1.25 Lh-? (difference 0.04 Lh-1; ~ 3 %]}, and in hat
conditions the sweat loss range was 1.91-1.98 Lh-! (difference 0.06 Lh-1; ~ 3%). Following
acclimatisation, sweat losses in the moderate conditions was 1.33-1.35 Lh-! (difference 0.02 Lh-3;
~1 %), and in the hot conditions it was 2.02-2.13 Lh-1, This equates to a difference between the two
runs under these conditions of 0.11 L.h-1, or ~ 5 %. These data tend to suggest that when conditions
are kept constant between the exercise sessions, then differences in sweat rates are low. However,
the effect of environmental temperature could alter the volume of sweat rate by 1.29 Lh-! (i.e.
between the hot and cold trials before acclimatisation) (Adams et al,, 1§75]. Acclimatisation can
also affect sweat rate produced during the same exercise session. For example, (Adams et al, 1975)

found that the difference in sweat volume produced during the run in moderate conditions before
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acclimatisation was ~0.14 Lh-1 a value which was lower than after heat acclimatisation. Given that
athletes do not train under the same conditions for each of their training sessions, the laboratory
based study of Adams and colleagues (1975) may not reflect the consistency or variability of sweat
rates amongst athletes during their normal daily training sessions. Further the study by Adams and
colleagues (1975} had only one participant therefore findings can not be generalised. There is even
less published data regarding differences in sweat electrolyte composition between training
sessions. It is known that the sweat electrolyte composition is variable within an individual since a
variety of factors influence concentrations of the electrolytes; including sweat rate and state of
acclimatisation (Maughan and Nadel, 2001). Yet, the magnitude of the effect these variables will
have on a participants sweat composition is unclear. Additionally since, to this as sweat rate has an
effect on sweat electrolyte composition, all variables which can potentially effect the sweat rate of
an athlete will also have an influence on their sweat electrolyte composition. Stofan et al. (2005}
compared sodium losses of American football players who had a history of heat associated cramp to
players who had not previously suffered from heat cramps by analysing their sweat losses during 2
training sessions. Both sessions were conducted on the same day, and each session lasted 2.5 hours.
In their findings Stofan and colleagues (2005} reported that sodium concentrations in the players -
with cramp were 30£9 mmol.I't during morning practise (sweat rates were 1.49+0.60 Lh'!) and
2817 mmol.i'lduring evening practise (sweat rates were 1.66+0.27 Lh-1). For players who did not
have a history of heat associated cramp, sweat sodium concentrations were 1245 mmol.l'! (sweat
rates were 0.99+0.41 Lh-1) during morning practise, and 16+7 mmoll' during evening practise
(sweat rates were 1.80+1.48 Lh-1). During the morning session the crampers thus lost 5.0%2.6 g of
sodium, and in the evening sessicn they lost 5.3+2.2 g of sodium, a difference of 0.3 g. Conversly,
the non- crampers lost 1.5+0.5 g in the morning session and 3.1+2.0 g in the evening session (Stofan
et al, 2005). The sodium losses for the crampers did not differ by a large amount between morning
and evening training sessions as 0.3 g would equate to approximately 0.75 g of salt (NaCl). These
differences reflect the differences in sweat rates and the larger sodium loss amongst the crampers
is due to the greater sWeat rates. If these athletes are advised to replace the additional sodium
losses based on the first session i.e. they ére advised to replace approximately 5.0 g (advise bases
on individuals losses) after each training session then the difference of 0.3 g would have a minimal
effect on performance. This is because their normal diet of collegiate athletes is likely to contain
2.9+1.3 g of sodium per day (Hinton et al, 2004) However, for the non-crampers, the sodium loss
difference between the morning and evening session was 1.6 g which is approximately 4 g of salt

(NaCl}. It is not known if salt losses were replaced between the morning and afternoon session. The
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amount of variation is greater than the reported intakes of American male collegiate athletes of
2.9£1.3 g (Hinton et al, 2004). This amount is potentially greater than their intakes (if intakes are
at the lower end of the range indicated by Hinton et al. {2004)) and may require athletes to alter
their diet to ensure they ingest enough salt (NaCl) to match these losses, this finding indicates that
there are large differences in salt losses between training sessions and therefore salt intakes may
need to be tailored to each training session. Although, it is cautioned not all athletes will consumne
the same amount of salt and some may already consume sufficient salt in their diet to replace sweat
losses. However, since sweat sodium concentrations for this group were similar, it is argued that
the large variation in sweat loss between the two training sessions accounted for the difference in
the total sodium loss. Unfortunately this study did not provide any individual data and so individual
variability cannot be determined.

The aim of the present study is to determine if there is any significant difference in the sweat loss
and drinking behaviour between 4 freely chosen training sessions amongst healthy able-bodied
recreationally active participants. If findings suggest that variability is minimal then the use of a
single testing session will be considered a valid method to determine sweat losses and sweat
composition of athletes. This information is vital as Chapter 5 requires the use of a single training

session to determine sweat losses,

75



Table 4.1.1. Sweat rates for different groups of Athletes seen in the Previous

Literature
Temperature (°C),
Study Participants Exercise Relative Humidity Sweat Rates
(%)
National Collegiate Cross 26-34,
Godek et al. (2005) country runners, age 19-26 Practice runs 1.77+0.44 1h?
yrs, body mass 71.218.9 kg 36-71
National Collegiate football p 26-34,
Godek et al. {2005) players, age 19-26 yrs, ::::::"“ 2.4£0.53 Lh
body mass 116.616.3 kg g 36-71
Dutch Premier league 51107,
. § 71-1.7
Maughan et al, (2005) footballers, age 2424 yrs, Football training 11310 3;(:1(1(; 71177
Body mass 78.1+6.8 kg 8116 ’
Cycling1hat
19218 (140-265) 22 540.0
Greenhaff and Clough 19 males, age 2742 (20-45)  watis equated to B 0.91+0.08 (0.43-
(1989) yTs, body mass 68.7+1.7 kg 7041 {66-74) % 8540 1.67) Lht
VO 2z max
26 successful professional Pre season 3243,
Shirreffs etal, (2005) footballers, age 2614 yrs,  training lasting 90 1'3422(;']2 f h(j.iZ-
body mass 77+5 kg minutes 2045 ’ ’
24 male footballers at an Pre season lastin 24-29,
Maughan et al. (2004) English Premier league . J 1.36+0.28 Lh?
90 minutes
team 46-64
5 Division 1 National o
collegiate American 2a 'day tralmr.:g
footballers, age 20.2+ 1.6 E:::;"“S d'“"m'_“g 23-26, AM 1.49+0.6 Lh?
and evenin
Stofan et al. (2005) yrs,body mass 113620 kg, o0 Traimngg
’ 72-93 . .27 Lht
hafl sufferefi cramp at least sessions lasted 2.5 PM 1.6610.27 |
5 times during the previous h
season
5 Division 1 National 2 a day training
collegiate American s:sr::lonsdmorm.ng 23-26, AM 0.994£0.44 Lh?
Stofan et al. (2005) footballers, age 19.6£0.6 U > ]34 ""“T evening
yrs, body mass 110£20kg, O M- Training 72-93 PM 1.80+1.48 Lht

no history of cramp

sessions lasted 2.5
h
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4.2, METHOD

Following the approval from the Ethical Advisory Committee at Loughborough University, 45

recreationally active individuals (20 males and 25 females) volunteered to participate in the study.

Full details of the participants’ characteristics are shown in Table 4.2.1. Mean # standard deviation
(SD) body mass prior to the first training session was 71.89+16.60 kg and mean * SD for age was
34415 years. They were all healthy and physically active at the time of the study, either training in
structured or non structured exercise sessions for health and general fitness or for competitive

means, Training took place bath outdoor and indoors,
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Table 4.2.1. MeanSD of the Age (y), Body Mass (kg) Before The First Session And

Before The Fourth Session And Subject Height {cm)

Overall

Male Female
Age (y) 4220 2748 3415
Number of participants in each age group
18-27 16
28-37 4
38-47 4
48-57 6
58+ 15
Body mass pre-training session 1 (kg)‘ 83.1+14.1 64.0+13.6 72.0%16.6
Body mass pre session 4 (kg) 82.6+13.8 64.3+13.3 71.80+£16.2
Height (cm) ‘ 18019 16349 168112

Participants were tested over 4 of their normal training sessions. All data was collected in the UK.

over an 8 month period between the months of May and December. Mean + SD environmental

temperature was 14.3#10.9 °C and mean * SD relative humidity was 58422 %. No more than 6

weeks lapsed between an individual’s first and last sessions, and no participant was tested twice

during a single day. Training sessions lasted between 1-2 hours. Mean+ SD heart rates during

training were 139417 beats.min-t. 27 participants trained in the gym, 2 female participants

undertook basketball training (indoors), 12 males aged 18-27 years performed circuit training

(indoors), 1 male subject aged 18-27 years played football (outdoors), 3 (2 males aged 18-27 and 1

female aged 18-27 years) were long distance runners {outdoors) and 2 males (1 aged 18-27 years

and 1 aged 28-37 years) were triathletes (outdoors).

1
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On each occasion the following procedure was followed:

Before each of these training sessions:

1) Participants were first asked to provide a urine sample, which was later analysed to assess pre-

training hydration status via osmolality (Osmomat 030, Germany).

2) Participants’ drinks containers were weighed before the start of each session and participants

were instructed to only drink from the containers that had been weighed.

3) Participants were weighed for body mass (Adams CE} prior to the start of each session. This was
done in either nude or in minimal clothing (underwear) since some measures were taken in a public

settings making it logistically difficult to obtain nude body mass.

4) The participant’s skin was washed with deionised water and dried before gauze adhesive patches
(3M Health Care, Loughborough, UK.) were attached to the skin surface. Further details are
described in Chapter 3: General Methods of this thesis. The patches were positioned on the front of

the mid thigh, forearm, shoulder and chest. In all cases, this was on the right hand side of the body.

5) A Polar Team heart rate monitor (Polar Electro Oy, Finland) was positioned around the chest and

activated.

Participants were then free to train as they normally would, during the training session and there
was no interference from the investigators. Any further urine produced during the training sessions
was retained by the subject and weighed by the investigator. If additional drinks were required

during the session then these were also weighed.
Upon completion of their training session.

1) The gauze patches were removed with sterile tweezers and stored in labelled sterile sealed
containers of known weights for later analysis.
2) Drinks containers were reweighed.
3) The participants were asked to towel dry before body mass was taken again in the same
clothing as worn prior to training.
The gauze patches were later analysed for sodium and potassium concentration by flame
photometry {Corning, 410, New York, USA) and for chloride concentration by coulometric titration
(lenway PCLM 3, Essex, UK). The method for analysing sweat patches is described in Chapter 2:

General Methods. Sweat losses were calculated from the change in body mass during the training
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session and corrected for fluid intake and urinary losses which took place during the training

session.
Statistical Analysis

All data were tested for normal distributions using a Kolomogorov- Smirnov test. All data were
normally distributed and are presented as mean + standard deviation (SD). A one way ANOVA with
repeated measures was performed with a Bonferri post hoc test to determine any differences in the
means between the 4 training sessions. Statistical significance was set at an alpha level of p<0.05.
The first training session was selected to be the training session by which future training sessions
would be compared since a single sweat testing session would be most similar to this session in that
participants would be unaware of the tesﬁng procedure. To determine the reproducibility of the
sweat testing protocol, 95% confidence intervals were calculated for each individual participant
between session 1 and the other 3 training sessions for each individual subject in accordance with

Bland and Altman (1986).

4.3. RESULTS

The primary finding of this study was the narrow 25% confidence intervals with respect to sweat
volume, sweat sodium concentration, total sweat sodium chloride loss sweat chloride concentration
and fluid intake between the 4 training sessions. Additionally, there were no significant differences
for the group mean between the 4 training sessions with respect to sweat volume (p=0.803), body
mass change (p=0.699), sweat sodium concentration (p=0.629), sweat potassiuni concentration

(p=0.783), sweat chloride concentration (p=0.181) or fluid intake (p=0.803).

80



Sweat loss

Table 4.3.1. Absolute Mean, Standard Deviation, Median, Minimum and
Maximum Sweat Loss (1) Values For Each of the Four Training Sessions.

95 %
95 % Confidence
Training Standard
Mean Median Minimum Maximum Confidence Interval
Session Deviation
Interval relative to
body mass
Q] ] m m M (U (%)
1 0.72 0.43 0.62 0.06 1.29
2 0.68 0.49 0.52 0.10 1.55 0.59 0.58
-3 0.65 0.42 0.53 0.10 1.47 0.46 0.60
4 0.68 0.45 0.51 0.14 1.55 0.50 0.45

- —————————— ]

The mean sweat loss for the four sessions was 0.68+0.43 lifres, the group mean#SD, median (range)
for each of the four training sessions are shown in Table 4.3.1. The lowest individual sweat loss was
0.06 litres, and the greatest individual sweat loss from one session was 1.55 litres. The difference
in sweat loss between session 1 and the other training sessions for each subject are shown in Figure
4.3.1.95 % confidence intervals for the group between the first training session and sessions two,
three and four are also shown in Table 3.3.1. the largest 95 % confidence interval is 0.59 litres.
Differences in sweat loss relative to body mass between the first training session and sessions two,
three and four are shown in Table 3.1.1. the largest 95 % confidence intervals between the first
session and any of the other sessions was 0.60 %. The largest individual difference in sweat loss

relative to body mass was 0.87 %. This was a 0.59 litre difference in sweat loss from session 1.

There was no significant correlation between sweat loss and age (p=0.159, r2= 0.046). There was no
significant difference between the males and female participants with respect to sweat loss
(p=0.296)
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Figure 4.3.1. Difference in Sweat Losses (I) Between Session 1 and the Maximal
and Minimal Values of the Other 3 Sessions.

The mean+SD of the individual differences between session 1 and the subsequent sessions was
0.23%0.15 litres. The greatest absolute individual difference for sweat loss between the first training
session and any subsequent training session was 0.57 litres (sweat losses were 0.58 litres in session
1, which ranged to 1.15 litres in a subsequent training session). Expressed as a percent of body
mass, this difference in sweat loss was 0.63 %. The greatest individual difference in sweat loss
relative to body mass between the first session and a subsequent session was 0.87 %. The 95 %
confidence intervals between session 1 and the other sessions are shown in Table 4.3.2. 95 %
confidence intervals show that sweat loss from the first training session is within 0.59 litres of

future sweat losses.

Calculating 95 % confidence intervals for each subject using training session 1 as the value to which
training sessions 2, 3 and 4 were compared resulted in a mean + 5D 0.26 £0.17 litres median (range)
0.19 (0.04- 0.69) litres. The largest 95 % confidence interval represents 0.78 % of body mass. 95 %
confidence intervals for each subject are shown in Figure 3.3.2. These values relative to body mass
showed a mean * SD 0.36 * 0.20 % and median (range) 0.25 (0.06-0.81) %.

There were significant correlations between session 1 and session 2 (p<0.01, r2=0.795), session 1
and session 3 (p<0.01, r2=0.835) and between session 1 aﬁd session 4 (p<0.01, r2=0. 834). Sweat
loss during training sessions was significantly borrelated to body mass change for session 1
 (p<0.001, r2=0.521}, for session 2 (p<0.001, r2=0.316), for session 3 (p<0.001, r2=0.412) and for

session 4 (p<0.001, r2=0.346). These correlations are shown in Figure 3.3.3.
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There was no significant differences with respect to gender for fluid intake {p=0.218) and there was

no significant correlation between age and fluid intake {(p=0.484, R2= 0.011).

Table 4.3.2. Absolute and Relative (to Body Mass) Mean, Standard Deviation and
Median Differences Between the First Training Session and Sessions Two, Three
and Four with Respect to Sweat Losses (I) During the Training Sessions.

Absolute
Mean SD Median
() { )]
Session1-2  -0.03 0.21 -0.07
Session 1-3 -0.05 0.25 -0.04
Session 1-4 -0.04 0.22 -0.05
Relative
Mean SD Median
(%) (%6) (%)
Session 1-2 -0.04 0.30 01
Session 1-3  -0.08 031 0.05
Session 1-4 -0.05 0.23 0.06
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. Sesslon 1 u Session 2 - Session 3

sesslon 2
R¥*= 0316

session
R*=0.521"

----- session 3
Ri=0.412¢

Q.75 4
0.50

0.25

e
[=3
e

Session 4

- - sesslon 4

R = 0.346*

[, )]
v

=3 =]
v
[=]

BodyMass Change (kg)
e
(9, ]

'
=
[=]
o

-1.25 -

-1.50 -
0.00

0.50

1.00
_ SweatLoss (1)

*indicates a significant (p<0.05) correlation between body mass change (kg} and sweat loss (1).

1.50

2.00

Figure 4.3.3. The Relationship Between Body Mass Change (kg) and Sweat

Loss(l) for the Four Training Sessions.

84



Fluid Intake

For the four training sessions mean + SD fluid intake was 0.35+0.27 litres. The mean#SD for the
difference between the first training session and the other three training sessions was 0.29+0.26 litres.
There were no significant difference for the group mean between the first training session and the
other four training sessions (p=0.803). Individual differences between the first training session and
the other traini-ng sessions with respect to fluid intake are shown in Figure 3.3.4. The 95% confidence

intervals for the group between the training sessions are shown in Table 3.3.3.

The largest individual difference for fluid intake from the first training session compared to any of
the other training sessions was 0.73 litres {0.00 litres was ingested during the first training session
and then in a subsequent session, this individual consumed 0.73 litres of fluid). Individual 95 %

confidence intervals resulted in mean * SD 0.26+0.23 litres, median (range) 0.22 (0.00-0.94) litres.

There was a significant correlation between the first training session and the second training
session (p<0.01, r2=0.706), between the first training session and the third training session (p<0.01,
r2=0.639), and between the first training session and the fourth (p<0.01, r2=0.717). As shown in
Figure 3.3.5,, fluid intake was correlated with sweat loss for session 1 (p<0.001 r2=0.436), session 2
(p<0.001 r?=0.336), session 3 (p=0.006, r2 =0.162) and session 4 (p<0.001, r2=0.407).

Fluid Intake {ml}

Subject

Figure 4.3.4. Fluid Intake Volumes (1) Between Training Session 1 and the
Maximum and Minimum in the Other Sessions.
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Table 4.3.3. Mean, Standard Deviation, Median, Minimum and Maximum and
95 % Confidence Intervals for the Four Training Sessions with Respect to Fluid

Intake (1).
Mean SD Median Minimum Maximum 95 % Confidence
Interval
)] )] )] m )] 0]

Sessionl 0.35 0.30 0.33 0.00 1.18
Session2  0.33 0.32 0.30 0.00 1.25 0.49
Session3 0.38 0.37 0.36 0.00 1.84 0.54
Session4  0.32 0.31 0.25 0.00 1.13 0.51
* sessionl session 2 A session 3 u Session 4 :
sessionl  ---eeeoee- session 2 — — —session 3 —+~-— session4
250 . R¥=0436* R?=0336* R?=0.162* R?=0.407*

Sweat loss (1}

0.00 0.20 0.40

0.60 0.80 1.00 1.20 1.40
Fluid Intake (1) . |

*Denotes a significant correlation (p<0.05) between fluid intake (1) and sweat losses {1).

Figure 4.3.5. Correlation between Fluid Intake (1) and Sweat Loss (I) During the
Four Training Sessions.

86



Body mass change

Body mass at the start of session 1 and session 4 was not significantly different (p=0.706). The
mean * SD absolute body mass change for the group during the four training sessions was -
0.23+0.41 kg. Expressed relative to body mass, this is 0.29+0.66 %. Mean * SD group values

for body mass change during each of the training sessions are shown in Table 4.3.4.

The 95 % confidence intervals for each subject for the relative change in body mass between the
first training session and sessions 2, 3 and 4 resulted in mean+SD 0.65+0.45 % median (range) 0.49
(0.10-1.73) %. ‘

The largest variation from the relative change in body mass which occurred in the first training
session was 1.36 % (% body mass change during the first session was -0.02 % and the largest %

change in body mass was +1.34 %).

Table 4.3.4. Mean, Standard Deviation, Median, Range during Each Session and
95 % Confidence Intervals for % the First Session Body Mass Change.

Mean SD Median Minimum Maximum 95%
Confidence
(%) (%) (%) (%) {%) (%)
Sessionl -0.30 0.69 -0.36 -0.02 . 119
Session2 -0.27 0.69 -0.37 -0.05 1.36 0.62
Session3 -0.21 0.73 -0.29 -0.01 1.35 0.57
Session4  -0.37 0.50 -0.42 -0.04 0.92 0.79

Sweat sodium concentration

The mean #* SD sweat sodium concentration for the group during the four training sessions was
54+16 mmol.l'1, with mean sweat sodium concentrations for each session being shown in Table

4.3.5. 95 % confidence intervals for sweat sodium concentration between the training sessions for
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the group are shown in Table 4.3.5. the greatest 95 % confidence interval between the first training

session and any of the other training sessions was 22 mmol.l'%.

When individual differences between the first training session and the subsequent training sessions were
calculated the mean # SD difference in sweat sodium concentrations was 12+8 mmol.l'tand the median
(range) was 11 (3-28) mmoll -1 The greatest individual difference in sweat sodium concentration betwee
session 1 and any of the other 3 training sessions was 28 mmol.l'! (range 32 mmol.l'! during the first
training session and 60 mmol.I for the highest concentration). Figure 4.3.6. shows the individual
differences for sweat sodium concentrations between session 1 and the other three training sessions. The
largest 95 % confidence interval for an individual subject was 31 mmol.l'l. The mean of the individual 95

confidence intervals was 14+ 7 mmol.l'! and the median (range) was 28 (2-31) mmol.l'L..

There was a significant correlation between the first training session and session two {p<0.01,
r2=0.585), session one and session three (p=0.01, r2=0.463) and between session one and session

four (p=0.02, r2=0.446) with respect to sweat sodium concentrations.
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Sweat Sodium Concentration
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Figure 4.3.6. Individual Difference Between Training Session 1 and the Maximum
and Minimum from the other Three Sessions for Sweat Sodium Concentration

(mmol.l'1).

Table 4.3.5. Mean, Standard Deviation, Median, Minimum and Maximum And
95 % Confidence Intervals with Respect to Sweat Sodium Concentration

(mmol.l'Y) during the Four Training Sessions.

95 %

Confidence

{mmol.l-1)

Session 1

Session 2

14

Session 3

22

Session 4

19

If it is assumed that all sodium losses were in the form of sodium chloride (NaCi}, then sodium

chloride losses can be calculated. Therefore mean+SD Na(l losses were 2.4+1.7 grams and salt

(NaCl) losses for each session were 2.4+1.9, 2.0+1.7, and 2.3+1.7 and 1.6+1.4 g for sessions 1, 2, 3

and 4 respectively, Again, 95% confidence intervals for the group between the sessions for NaCl are

shown in Table 4.3.6.
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The largest range in NaCl loss for an individual between the first session and any of the other 3
training sessions was 1.4 g (3.4 gduring session 1and a lowef salt loss of 1.0 g in a subsequent
session). Individual difference with respect to NaCl loss between the first training session and the
subsequent sessions are shown in Figure 4.3.7. When the individual range between the first training
session and the subsequent training sessions was calculated the mean + SD was 0.620.4 g and the
median (range) for the range was 0.5 (0.0-1.4). Individual 95 % confidence intervals for each subject
are shown in Figure 4.3.8. alongside NaCl loss during the first training session. The mean * SD of the

individual 95 % confidence intervals was 0.6 * 0.5 g, median (range) 0.6 ( 0.1-1.5) g.

There was a significant correlation between session one and session two (p<0.01, r=0.700),
between session one and session two (p<0.01, r2=-0.643) and between session one and session four
(p<0.01, r2=0.550). There was a significant correlation between sweat sodium concentration and
sweat chloride concentration (p=0.004, rz= 0.222) but there was no significant correlation between

sweat sodium concentration and sweat potassium concentration (p=0.703, r2= 0.039).
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Figure 4.3.7. Calculated Sweat Salt (NaCl) Loss During Session 1 and the
Maximum and Lowest Salt Losses (g).’
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Table 4.3.6. Mean, Standard Deviation, Median, Minimum and Maximum and
95 % Confidence Intervals with Respect to Sweat Na(l Loss (g) during the
Training Sessions. ‘

Mean SD Median Minimum Maximum 95 %
Confidence
(e) (g) (8 (8 (8) (8)
Session 2.4 1.9 1.6 0.2 6.9 '
1
Session 2.0 1.7 1.7 0.3 7.5 1.0
2
Session 2.3 1.7 1.3 0.5 5.7 1.1
3
Session 1.6 1.4 1.2 0.4 6.6 0.8
4
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Figure 4.3.8 Calculated Sweat Sodium Chloride Losses (g} from the First Training
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Sweat Potassium and Chloride Concentrations

The mean % SD sweat potassium and sweat chloride concentrations for the group during the four

-training sessions were 5.7£1.3 mmol.lt and 50+16 mmoll! respectively.

The largest individual difference in sweat potassium concentration between the first training session
and any of the other training sessions was 3.1 mmol.l! (range 5.2-8.4 mmol.I-1}. 95 % confidence
intervals with respect to sweat potassium concentration were 1.8 mmol.l? between the first session
and session two, 2.9 mmol.l-! between session one and three and was 3.0 mmol.]-1 between the first and

fourth training session.

With respect to sweat chloride concentration, the 95 % confidence intervals with respect to sweat
chloride concentration were 17 mmol.]-! between session one and two, 18 mmoll-1 between the first
and third session and 21 mmol.l? between the first training session and the fourth training session.

The largest difference between the sessions for an individual was 21 mmol.l'! (range 40-61 mmol.I1).
Pre-training Urine Osmolality

Overall, pre-training urine osmolality was 6074233 mosmol.kg1, The mean values for session 1, 2, 3
and 4 were 5714317, 5914259, 565+279 and 646304 mosmol.kg-1. The 95% confidence intervals

for the group between the training sessions are shown in Table 3.3.7.

The greatest difference in urine osmolality for a single individual between training session 1 and
any of the other sessions was 703 mosmol kg (1089 mosmol.kg! before the first training session,
and 386 mosmol.kg! in a subsequent training session). The individual difference between session 1
and the other 3 training sessions is shown in Figure 4.3.7. the mean+SD was 402+224 mosmol.kg?;
the median (range) was 375 (4-924) mosmol.kg1. The individual 95 % confidence intervals resulted
in amean % SD of 3722191 mosmol.kg! and a median (range) of 357 (70-794) mosmol.kg-1. The
results do show that some participants were hypohydrated prior to their exercise session, despite
this they were allowed to exercise as the study was concerned with their normal behaviour during
exercise. There was a significant correlation between pre-training urine osmolality and fluid intake
(p=0.037, r2=0.081).
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Table 4.3.7. Mean, Standard Deviation, Median, Minimum and 95 %
Confidence Intervals with Respect to Pre-training Urine Osmolality
(mosmol.kg) before the Four Training Sessions.

‘ 95 %
Mean SD Median Min Max Confidence
Interval
(mosmolkgl) (mosmolkgl) (mosmolkgl) (mosmolkgl]) [mosmolkg?) {mosmol.kgt)
Session
1 571 317 609 118 1089
Session 591 259 593 96 1093 590
2
Session 565 279 597 85 1090 630
3
Session
4 646 304 711 95 1140 679

Heart Rate and training time

Mean = SD for each session with respect to heart rate was 142420, 143418, 144+23 and 141427 beats.mi
for sessions 1, 2, 3 and 4 respectively. There was no significant difference between the exercise sessions v
respect to heart rate (p= 0.988). '
Mean#SD training time was 77+24 minutes. There was no significant difference for the group

between the 4 training sessions (p=0.638). Despite this one subject had a difference in training

time of 93 minutes (162 minutes in the first session and 69 minutes in the fourth session for

this individual).
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4.4, DISCUSSION
The first session was used as the session to which all subsequent sessions would be compared as

this session most closely resembles single testing sessions i.e. participants are unfamiliar with

_ testing and therefore will not adapt behaviour according to the testing. This study shows that
there is no significant difference with respect to sweat loss, fluid intake, or sweat sodium losses
between four training sessions for participants undertaking recreational type exercise. Further
to this the 95% confidence intervals demonstrate that the results obtained from the first session
are reproducible and are within a range which is nutritionally not significant. Therefore it is
argued that single testing session results are reliable indicators of an individual's sweat and salt
losses during normal training. Although the 95 % confidence intervals with respect to pre-
training urine osmolality were large more than 50 % of participants were either euhydrated

before all the training sessions or hypohydrated before all training sessions.
Sweat losses

Sweat losses in this study are low compared to those previously reported in a review of the literature
amongst able-bodied sportsmen and women by Broad et al. (1996). This lower sweat loss is likely due
to the number of participants in this study who exercised at very low intensities for short periods of
time, Previous studies concerning sweat loss have mainly focused on elite or professional sportsmen
and women during their training or while in competition. However, the low sweat loss observed in the
present study may more accurately reflect the sweat losses of athletes with a disability when
considering that sweat losses have generally been reported to be lower for disabled people when
compared to their able-bodied counterparts. Burnham et al. (1998) found sweat rates in wheelchair
basketball to be 0.9 Lh, values which are comparable with results from the present study. Thereisa
large variation of 1.49 litres, with a range of sweat loss of 0.06-1.55 litres, a finding which is not
unexpected given that sweat loss is affected by so many factors including training status, acclimation,
type of clothing, genetics, age, training intensity and duration (Benardot, 2006; Godek et al., 2005).
Indeed it is common to see sweat losses varying by 1.5 litres between football players undertaking the
same training session (Maughah et al,, 2005; Shirreffs et al., 2005). Variable sweat losses were
expected in this ‘study, since every participant in this study undertook a different training session in a
variety of environmental conditions. It is acknowledge that this variability in sweat losses were

expected and this variability may contribute to the non-significant differences between the training
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sessions for the group. The mean + SD difference for the group between session 1 and the other
sessions was 0.23%0.15 litres. This difference is lower than the findings of Stofan et al. (2001); whose
study found in a group of American football players had mean sweat rates of 0.99+0.44 litres during a
morning training session, and 1.80+1.48 litres during an evening training session. Therefore the
difference in sweat loss between the two training sessions in the study by Stofan et al. (2001) is
approximately 0.5 litres. As the absolute sweat losses are lower in the present study this may reflect

the lower absolute difference between the sessions in the present study.

A body water deficit of 2 % of body mass marks the level at which dehydration can significantly
affect performancé (Casa et al,, 2006; Cheuvront et al. 2003}, The aim of most fluid intake
strategies during exercise should be to replace sweat losses by consuming a minimum amount of
fluid to ensure that body mass losses do not exceed 2 % of pre-exercise (euhydrated} bedy mass.
Conversely, fluid intake should not be ingested in an excessive amount which exceeds sweat

losses ultimately resulting in a gain of body mass (Casa et al,, 2006).

In order for a single testing session to be a useful tool for designing hydration strategies, it must be
possible for an individual to determine their sweat losses to within 2 % of pre-training body mass.
The 95% confidence intervals for each subject in this study were low, with the largest 95 %

- confidence interval being 0.69 litres (sweat loss in the first session was 0.86 litres). Although this
variability in sweat loss is large 80 % its impact on hydration as'a difference in body mass change is
low. The largest individual 95 % confidence interval relative to body mass represented 0.81 %.
Therefore for the participants in this study future sweat losses could be predicted to within 0.81 % of
initial body mass or, to within 0.69 litres by using the values obtained in the first training session. A
0.81 % decrease in body mass is within the 2 % level recommended by the American College of
Sports Medicine as the greatest level of % body mass loss during exercise (Casa et al., 2006). It is also
within the 1-2 % body mass decrease which Coyle (2004) believed that endurance athletes (exercise
lasting more than 90 minutes) training or competing in temperate environments (20-21°C) can
telerate without a significant effect on performance. Despite this acceptable margin for dehydration,
it is noted that even at 1 % of body mass loss due to water loss there is an effect on the
thermoregulatory responses to exercise (Greenleaf, 1992). Although some authors suggest thata
small decrease in body mass could aid performance especially in sports which require body mass to
be moved against gravity, hypohydration would result in a decrease in body mass without a loss of

power (Maughan and Shirreffs, 2004; Coyle 2004).
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If sweat losses are lower in a future training session than during the testing session, and if an
athlete is advised to consume fluid at a rate which matches the sweat losses in the testing
session, then an increase in body mass of 0.81 % could potentially occur. As a result, the athlete
would be carrying extra mass during exercise and the body would act to excrete the excess fluid,
thus any period of hyperhydration will be short (Freund et al,, 1995). However, it may last for
the duration of the exercise session, because exercise results in a decreased glomerular filtration
rate therefore urine excretion is decreased (ACSM, 2007). Therefore, during exercise which
requires body mass to be moved against gravity, the increase in body mass could resultin a
decreased power output per kilogram of body mass and decrease performance (Coyle, 2004).
However, there is no data to support this theory (Coyle, 2004). Other research would suggest
that time to exhaustion during a treadmill run in the heat (49°C) is increased when
hyperhydrated by 2 litres, although this improved performance was not significant (17.3
minutes versus 16.9 minutes) (Blyth and Burt, 1961). Hyperhydration may delay the onset of
hypohydration and its benefits may lie in this effect. Therefore, hyperhydration may or may not
improve performance and the effects of a 0.81% gain in body mass are likely to be minimal as
this increase is relatively small. This becomes even more salient when considering that the
potential 0.81 % gain represents a similar change in body mass to the normal daily fluctuation in
body mass which was approximately 0.66 % {0.5120.20 kg) amongst 65 males {(body mass
77.15210.80 kg} (Cheuvront et al,, 2004).

Additional support bolstering the reliability of a single testing session in determining sweat
losses across subsequent sessions can be gleaned by comparing the meantSD range between the
sessions for each subject with the values shown for the reproducibility of the whole body wash
down technique. In a more controlled setting, Shirreffs and Maughan (1997) tested the
reproducibility of a whole body wash down technique for measuring sweatloss under controlled

laboratory conditions. Shirreffs and Maughan (1997) controlled the environmental temperature,

relative humidity, exercise type, exercise intensity (60 % VO peak) and exercise duration
during each of the training sessions. Additionally, diet for 24 hours prior to testing was .
controlled. Shirreffs and Maughan (1997) found the mean range for sweat loss was 0.312 litres,
with one individual’s sweat loss varying by 0.480 litres between the testing sessions. Despite the
lack of control placed on the training sessions in.the present studies, the mean * SD range of

sweat loss between the four training sessions was 0.38+0.30 litres, gives credence to the

reproducibility of this type of testing session with respect to sweat loss. Even when comparing

96



the largest range for an individual (0.69 litres) between the first training session and the other
three sessions in the present study, the value is only slightly greater than the largest range seen
for the four participants tested by Shirreffs and Maughan (1997). This larger maximum range in
the present study probably reflects the lack of controls placed on the participants during this
study. However, as the mean (range) was similar to acceptable values for reproducibility with
regard to sweat losses in a controlled laboratory setting, it can be concluded that a single testing

session is a reliable indicator of future sweat losses during training.

Despite the lack of controls imposed on the participants during this study, it emerged from
conversations with the participants post training that they had trained at a similar intensity
(heart rate was 142120, 143+18, 144+23 and 141127 beats.min! for sessions 1,2,3 and 4
respectively). There were no significant differences with respect to training time (p=0.638). Due
to the short time frame between each training session, it is also unlikely that changes in fitness
levels would have altered to such an extent as to have any affect on the sweat loss of an
individual between the training sessions. None of the participants in the study were undergoing
any heat acclimatisation during the period of the study and is therefore unlikely that
acclimatisation would have altered sweat losses. It was also observed qualitatively by the

investigator that the participants tended to train in similar clothing for each session.

All of the data collected during this study suggest that sweat losses can be determined within

1 % of body mass from a single training session. One percent of body mass is a level of
hypchydration which can be tolerated by athletes (Casa et al,, 2006) and is considered to be an
important benchmark level when determining hydration strategies. However, for athletes
undertaking prolonged activities or repeated exercise bouts e.g. wheelchair tennis a difference
of 0.81 % or 0.69 litres may become significant when sweat losses are large and physical activity

last for a prolonged period of time as a chronic effect would occur as dehydration cumulates.

{
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Fluid Intake

The 95% confidence intervals between the first training session and the other three sessions for
fluid intake covered 0.59 litres. This confidence interval is similar to the confidence intervals for
the sweat losses and reflecting a possible relationship between fluid intake and sweat losses.
These finding are further illustrated by the significant correlation between sweat loss and fluid
intake. Given that fluid intakes are under conscious control it is this is a variable which can be
manipulated in order to enhance drinking strategies during training to promote the optimal
level of hydration during training and hopefully improve performance. The variability of fluid
intakes shoivs that the majority of participants appear to be habitually consume the same
volume of fluid during each training session. This supports the views of Burke and Hawley
(1997) who suggest that habit plays a role in the volume of fluid consumed during training.
Despite this habitual intake Barr (1999) believes athletes are able to learn new drinking
strategies by either increasing or decreasing intake to improve performance. Therefore, athletes
who are required to change their drinking strategies based on results of a single training session
can be encouraged to drink more or less. Since variability is low, these behaviours can be
planned in to the training session e.g. increasing or decreasing the number of breaks for

drinking.

The correlations between sweat losses and fluid intakes tend to suggest that when sweat losses
increase, fluid intake does as well. This may be important as it suggests that if athletes are able to
adapt their fluid consumption depending on sweat losses they will therefore be able to minimise any
hypohydration which may occur during training. This finding has not been seen amongst other field
studies investigating the fluid balance (Maughan et al,, 2005; Shirreffs et al., 2005). The reason for
the significant finding in the present study, compared to the lack of a relationship in the studies by
Maughan et al. {2005) and Shirreffs et al. (2005), reflects the larger number of participants in the
present study (n=45). There is also a larger variability of subject characteristics in the present study
when compared to subject numbers (n= 17) and the homogeneity of the football training undertaken
in the study by Maughan et al. {2005) and Shirreffs et al. (2005} in which 26 male football players
undertook the same training session. Further, the between subject variability is greater in the
present study (sweat loss 0.13-2.58 litres; fluid intake 0.00-1.86 litres) when compared to the range
seen by Maughan et al (2005) (sweat loss 1.06-2.65 litres; fluid intake 0.044- 0.951 litres), or by
Shirreffs et al. (2005) (sweat loss 1.67-3.14 litres; fluid intake 0.24-1.72 litres). Previous studies all

result in a mean body mass loss which is within 2 9 of pre-training body mass. As fluid balance is a
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combination of sweat loss and fluid intake and this correlation shows that athletes are able to

regulate their fluid intakes to match differences in sweat losses.

A limitation to the use of mass to determine fluid intake involves the type of drink consumed.
While the assumption that 1 litre of fluid is equal to 1 kg of fluid, is true for water, it is not the
case for all drinks. Therefore one litre of a carbohydrate electrolyte drink does not have a mass
of 1 kg as the specific gravity of such a drink is 1.02 it will increase body mass by 1.02 kg not the
assumed 1,00 kg (Maughan et al,, 2007). However, variability in fluid intake in the present study
is 0.59 litres and a 0.02 difference is unlikely to have a large effect on the results, Further, it is
cautioned that the ingestion of carbohydrate may also affect the relative oxidation of

carbohydrate having implications on body mass changes.
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Sweat Sodium Concentrations

The sweat sodium concentrations observed in each of the sessions is slightly higher than
the mean values reported for soccer training. Sweat sodium concentrations for soccer
players averaged 49+12 mmol.l'}, 42+13 mmol.l?! and 30+19 mmol.]l-! (Maughan et al,,
2004); Maughan et al,, 2005; Shirreffs et al,, 2005). While mean sodium concentration for
each of the sessions in this study is slightly lower than that found by Godek et al. (2006) in
professional ice hockey players (60.9 mmol.l't) during training, some individual values
were higher than the typical 20-80 mmol.It concentration seen for sweat sodium (Maughan
and Murray, 2000). However, values as high as 100 mmol.l'! have previously been reported
by Stofan et al. (2001) amongst male collegiate American Football players. Shirreffs and

- Maughan (1997) reported mean sweat sodium concentrations of 75.3 mmol.l1, with a
standard deviation of 21.9 mmol.lt when comparing the regional sweat loss and whole
body sweat loss, so the values found in some individuals in the present study are not
without precedence. The significant correlation between sweat sodium and sweat chloride
concentration is similar to findings by Maughan and colleagues (2004). This probably
reflects the presence of sodium and chloride in large quantities in the extracellular space
and the loss of these two electrolytes as sodium chloride. [t may also represent the
association between sweat rates and sweat sodium and sweat chloride concentration
shown by Allan and Wilson (1971). The lack of correlation between sweat sodium
concentration and sweat potassium concentration may reflect the low quantities of
potassium in the extracellular fluid and the fact that it is unrelated to sweat rate (Allan and
Wilson, 1971). Maughan and colleagues (2004) also found that there was no significant .

correlation between sweat sodium and sweat potassium concentration.

The mean 95 % confidence interval of a subject showed that sweat sodium
concentration could be predicted within 14 mmol.l1, the range for sweat sodium
concentrations is 20-80 mmol.l1, making the 95 % confidence intervals re.latively small.
However, the mean +SD coefficient of variation for each individual with respect to sweat
sbdium concentration between the four training sessions is low (4.611.6 %). This
compares to a 3.3 % correlation coefficient for sweat sodium concentrations produced
by the whole body wash down technique described by Shirreffs and Maughan (1997).
The higher value in the present study represents the lower levels of control placed on
the participants in this study. Amongst the five participants tested to assess the
reproducibility of the whole body sweat collection technique by Shirreffs and Maughan
(1997), the mean range in sweat sodium concentrations was 22 mmol.l-}, with one

subject having sweat sodium concentrations covering 30 mmol.I'%. In the present study,
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the mean range of sweat sodium concentrations was 12+8 mmolI-1, The largest range in
sweat sodium concentration for a subject in this study is 28 mmol.l-.. The range of
values seen in the present study is therefore similar to those seen by Shirreffs and

 Maughan (1997).

Given that sweat sodium is related to sweat rate (Allan and Wilson, 1971), it is possible
that the variability of the sweat sodium concentrations is in part due to the variability of

- sweat rates, Further to this, an athlete would need to know their total sodium losses and
would replace these losses mainly in the form of NaCl. The results show that sweat
sodium concentrations and sweat chloride concentrations were similar (54 +16 mmol.l1
and 50 16 mmol.l'?) it can be seen that there is a close relationship between sodium and
chloride losses. Assuming that all of the sodium losses were in the form of NaCl, and then
these losses can be calculated. Individual 95% confidence intervals for total NaCl loss
indicate a single testing session will determine the NaCl losses of future training sessions
to within 0.6 g. The largest individual 95 % confidence interval was 1.5 g and the greatest
individual difference between session 1 and any of the other sessions with respect to NaCl
loss is 1.4 g, These differences are similar to those found for a group of American Football
players who had not previously suffered from heat associated cramp, found by Stofan et al.
(2005).

The correlation between session 1 and the other three sessions with respect to NaCl
loss shows that if an individual has a high sweat salt loss during the first training
session then this is likely to occur in all sessions. This will mean that athletes with large
sweat NaCl losses can be identified from a single session and the team nutritionist can
be alerted. These athletes can then be advised and further monitoring can take place if
needed. The mean 95 % confidence interval for each subject in the present study
represent 10 % of the British Government's target intake of 6 g.d-! (Food Standard
Agency, 2006) and only 5 % of the éverage reported intake for males in the UK, which
averages 11 g.d (Hehderson et al, 2003} and represents 8 % of the average daily salt
intake of females in the UK which is reported to be 8 g.d - (Henderson et al,, 2003). As
all sodium losses do not need to be replaced during the training session {Maughan,
2001), a difference of 0.6 g will be replaced with a normal diet following training and

would probably not significantly change advice given to an athlete.

A potential source of error for using regional collection sites to analyse for whole body
sweat sodium losses tends to result in an overestimation of losses by 30-40 %
{Maughan and Shirreffs, 1997; Patterson et al., 2000; Shirreffs et al., 2005). As described
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in Chapter 2: Literature Review for this thesis, theories surrounding the overestimation
generally focus on an increased sweat rate occurring in the microclimate underneath
the sweat patch. This will then have an impact on the sweat electrolyte concentrations
in the sample collected (Sato and Dobson, 1970). Despite this, there is a strong
relationship between whole body and regional sweat collection methods and it is
concluded that the sweat patches are a suitable tool for collecting sweat samples in the
field, where whole body wash down techniques are impractical (Patterson et al,,
2000).The individual 95 % confidence intervals with respect to total salt loss suggest
that a testing salt loss during a single training session provides a reproducible

indication of future losses.
Sweat Potassium and Chloride Concentrations

Sweat chloride and sweat potassium concentrations were also within the typical range

of 20-60 mmol.l-t and 2-8 mmol.l! respectively (Maughan and Murray, 2000).

The individual mean difference between session 1 and the other 3 sessions for sweat
potassium concentration was 3.1 mmol.l!1 and the largest individual range was 6.6
mmol.I1, When these ranges are compared to the normal range for sweat potassium
concentration, which is 2-8 mmol.]! (Maughan and Murray, 2000) a potential difference
between training sessions of 3.1 mmolLl-! is large and covers 50 % of the normal
physiological range. However, due to the low absolute sweat potassium losses it is
unlikely that differences in sweat potassium concentration will have any significant
effect on performance or health. This is especially true if a commercial carbohydrate
electrolyte drink is consumed. With every 100 ml of drink consumed 0.3 mmol of
potassium will be replaced or 1.5 mmol per 500 ml bottle (which represents half of the
potential difference in sweat potassium concentrations). The dietary reference values
for potassium are 2 g.d! (Brouns, 20}')2) therefore a healthy diet would be sufficient to

replace these potassium losses.
Pre-Training Urine Osmolality

Pre-training urine osmolalities in this study show that individuals tend to be well
hydrated before undertaking exercise 607+233 mosmol.kg-l, The mean pre-training
urine osmolality was similar to the mean urine osmolality of first pass of the day found
by Shirreffs and Maughan (1998). The difference in mean osmolalities for the group
between the 4 sessions was only 66 mosmol.kg! demonstrating that the pre-training

urine osmolalities between the sessions for the group was small, which is something
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that has also been seen in adolescent tennis players by Bergeron et al. (2006). Yet, itis

cautioned that this may mask individual differences.

There was a significant although not strong correlation between pre-training
urine osmolality and fluid intake. Armstrong and colleagues, (1997) found that
when participants were dehydrated (-3.620.2 % initial body mass} prior to
exercise and then allowed to drink ad libitum they consumed more water than
when they started exercise euhydrated. It was proposed that the mechanism for
this was an elevated plasma osmolality and an active thirst drive would increase
water intake {Armstrong et al. 1997). [t is possible that the increased urine
osmolality representing hypohydration results in an increased perception of
thirst and thus an increased drive to drink, resulting in the correlation between
pre-training urine osmolality and fluid intake. This is in contrast to ﬁndings of
Maughan et al. (2004) on soccer players during training. The difference may be

due to the larger number of subjects in the present study.

When considering the individual range of urine osmolality for the individual
participants, it is evident that they cover a wide range 402 mosmol.kg 1. The 95 %
confidence intervals also produce a large range of 679 mosmol.kg! and the normal
range of urine osmolalities spans 1200 mosmol.kg-1. These 95% confidence intervals
show that the use of pre-training urine osmolalities is not a reproducible indicator of
future pre-training hydration status. The largest individual variation for urine
osniolality was 924 mosmol.kg! (range 1089 mosmol.kg! before the first training
session and 165 mosmol.kg! before the second training session). Such a large variation
probably reflects differences in the volumes of fluid consumed prior to testing and may
reflect access to fluids. This large variation in urine osmolality is only slightly greater
than that seen by Shirreffs and Maughan (1998), where the first urine sample of the day
ranged between 429-1014 momol.kg-! when participants undertook their normal
activities and consumed foods and fluids without any restriction. However, if a urine
osmolality of 700 mosmol.kg-! is used to indicate a level of euhydration i.e. below 700
mosmolkg! represents euhydration (Shirreffs and Maughan, 1998), then 22 of the
participants were euhydrated according to their pre-training urine osmolality prior to
all four. training sessions, with 7 of the participants being hypohydrated prior to the
commencement of training before all four training sessions. This shows that for the
majority of participants, there was some consistency concerning their pre-training
hydration with 65 % of the participants being consistently euhydrated or hypohydrated

prior to their training. Therefore it may be that the use of urine osmolality to provide an
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indication of hydration status is valid in determining whether an athlete is euhydrated
or hypohydrated, but not reproducible in terms of absolute values of osmolality. As the
relevance of exact values for urine osmolality to an athlete is likely to be minimal, they
need to know if they are adequately hydrated or not, Reasons for the large variability
seen amongst the participants possibly include training at different times of day and
following different activities for example some of the participants were students and so
were unable to consume any fluid prior to their training, whereas other sessions
occurred when the participants were able to consume fluid ad libitum. Further to this, a
vast majority of the participants in this study were students studying Sport and Exercise
Nutrition and were therefore aware of the assessment of pre-training hydration by
urine colour and the impdrtance of being adequately hydrated prior to exercise. Having
urinated into the jug before their first training session they were able to tell whether
they were adequately hydrated or not and then this may have affected future fluid
intakes prior to training. This may have also affected their fluid intakes during the
training session and may have contributed to the significant correlation between pre-

training urine osmolality and fluid intake in the subsequent exercise session.
Limitations

All participants were requested to urinate into a container, so that this water loss could
be incorporated into the data to calculate sweat losses. It is of course possible that some
participants may not have collected all their urine since this was done in private, the
only validation of that all urine was collected is the participants word. Further
information regarding the activities of participants prior to each testing session may
have helped to explain the wide range of urine osmolalities. If participants came for
testing immediately after lecturers they may not have had the same access to fluid as on
days when they had been at home prior to testing. This may also have had an effect on
their sweat losses prior to the testing sessions. There is always the possibility that not
all the fluid in the subject’s containers was consumed and that some spillages could
have occurred despite the fact that participants were questioned about spillages and

told to only drink from their containers).

The use of regional sweat patches to determine sweat electrolyte concentration has
previously been criticised for overestimating sodium and chloride concentrations
(Patterson et al., 2000; Shirreffs et al,, 2007). This overestimation is in the region of 30-
40 9% (Shirreffs et al,, 2007} but, despite this, in mild conditions the use of regional

collection sites is a valid measure of sweat electrolyte composition (Patterson et al,,
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2000). Further, the use of a whole body sweat collection to determine sweat electrolyte

losses would not be feasible in an applied sport setting.

4.5, CONCLUSION

This study illustrates that the sweat testing of athletes over a single training session is a
useful tool in determining water and eiectrolyte losses over the acute term. Therefore,
one off testing is a useful tool for planning nutritional and fluid strategies for athletes.
This study means that the data collected in Chapter 5 represents the typical sweat loss
volumes and sweat electrolyte concentrations of the athletes tested. This is especially
true when the low sweat losses and mean age of the participants in this study are

related to the findings amongst athletes with a disability.

This study also adds a degree of reliability to the regional collection of sweat losses in
the field and provides descriptive data concerning non-elite participants undertaking
recreational exercise. Further research determining the effect of feedback to the
athletes on future drinking strategies and practices may be of benefit in optimising

single session sweat testing.
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Chapter 5: Sweat Rate and Sweat Electrolyte
Composition of Athletes with a Disability During a
Training Session.
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5.1. INTRODUCTION

Exercise can result in large rises in core temperature which can be associated with
reduced exercise performance, The sweating mechanism helps attenuate these rises
(Maughan, 2001). Although the evaporation of sweat aids with thermoregulation it also
means that there is a loss of water and electrolytes which can lead to dehydration and
electrolyte depletion both of which may affect performance. In able-bodied sport it has
been demonstrated that even moderate amounts of dehydration can result in decreased
performance in subsequent endurance running exercise (Armstrong et al, 1985) and
reduced intermittent running exercise (Maxwell et al,, 1999). More severe dehydration
can result in health problems (Kirkendall, 1993). In contrast to hypohydration is
- hyponatraemia, a condition which occurs when serum sodium concentration drops
below 135 mmol.l! (Hsieh et al,, 2002). Hyponatraemia is increasingly being reported in
collapsed athletes (Hsieh, 2004). Theories regarding its aetiology include the loss of
large amounts of sodium in sweat during prolonged exercise (Hiller, 1989) and the
excessive intake of hypotonic fluids which can cause hypovolaemic or dilutional
hyponatraemia (Noakes et al.,, 1985). Hsieh et al. (2002} suggests that hyponatraemia

can be prevented in athletes if appropriate fluid intake strategies are adopted.

There is a vast amount of published research concerning the sweat quantity and
sweat electrolyte composition of athletes without a disability. The research on able-
bodied athletes has been undertaken in both field and laboratory settings. This field
based research has taken place in both training and competitive situations, has covered
a wide variety of sports, in different climatic conditions and used male and female
participants from a wide range of ages as shown in Table 4.1.1, reviews of the sweat
losses of team sports has been covered by Burke and Hawley (1997) and Reher and
Burke (1996).

Sweat rates within team sports vary between players depending on the intensity
of the exercise, which is associated with playing position, an individual’s fitness and

state of acclimatisation (Burke, 1997; Maughan, 2001).

In a review of sweat rates for basketball players, the mean male sweat rate for
able-bodied basketball players was 1.5 Lh-1 (Burke and Hawley, 1997}, although sweat
rates as low as 0.330+0.155 Lh-! have been reported (Burke and Hawley, 1997). Sweat
losses for able-bodied rugby union have been reported to be 1.6-2.2 L.h-t (Reher and
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Burke, 1996). There is less information regarding the sweat losses of sprint athletes. A

summary of previous research is shown in Table 4.1.1.

There is very little information concerning the quantity and composition of sweat
loss and the volume of fluid intake of athletes with a disability in either athletic training
or during competitive activities. The majority of existing published research that has
taken place amongst this population has been performed in controlled laboratory
settings (Price and Campbell, 1997; Price and Campbell, 2003; Petrofsky, 1992). As
discussed in Chapter 2 controlled laboratory based studies lack external validity as they
do not reflect the actual activity patterns of athletes in training or in competition
(Atkinson and Nevill, 2001). Further, of the published research concerning sweat losses
of disability athletes there is no information to date regarding the sweat electrolyte

losses through sweat of athletes with a disability.

Sweating also results in the loss of electrolytes. The major electrolytes in sweat
are sodium and chloride, usually occurring in concentrations of 20-80 mmol.l't and 20-
60 mmol.I't respectively (Maughan, 2001). Although these are the generally accepted
ranges for sweat sodium and sweat chloride concentrations there have been some
reports in the literature of values which lie outside these values. Godek et al. (2006)
reported mean+SD values for sweat sodium concentration of 60.9£31.0 mmol.l? during
training and 67.4+20.5 mmol.l! during ice hockey matches. This indicates that some
individuals had sweat sodium concentrations as high as 91.9 mmol.l'1 and 87.9 mmol.l
during training and matches respectively. Stofan et al. (2001) reported sweat sodium
concentrations of 100 mmol.l'1in one cramp prone subject during 60 minutes of cycling
in the heat. Sweat electrolyte concentrations are effected by numerous factors
including sweat rate (for sodium and chloride but not in the case of potassium
concentration) (Cage and Dobson, 1965), the state of acclimatisation, differences in diet-
and biological differences may also effect the sweat sodium and sweat chloride
concentrations (Maughan, 2001). The loss of electrolytes, especially sodium, has been
linked to the aetiology of muscle cramp (Bergeron, 1996; Stofan, 2003). Sweat
electrolyte losses need to be replaced between training sessions for the complete
restoration of body fluid balance (Takamata et al, 1994; Shirreffs, 2000). At present,

there is no data regarding the sweat electrolyte content for athletes with a disability.

There has been an increase in the number of participants at events such as the
Paralympic Games. This is reflected in participation rates at the Games which have risen
from 400 athletes in Rome 1960 to 3806 athletes at Athens 2004 (International
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Paralympic Committee, 2006a). It has been known since the 1960’s that individuals
with a spinal cord injury have problems thermoregulating due to a decreased ability to
sweat (Randell et al,, 1966). This impaired thermoregulatory response is dependent on
the extent and level of the spinal cord lesion, with individuals who have suffered a
complete lesion being unable to produce any sweat below the level of the lesion. This is
due to the loss of sympathetic regulation following a spinal cord injury (Theisen and
Vanlandewijck, 2002}, The loss of sympathetic activation results in an inability to sweat
below the level of the level of the lesion either during passive heating (Randell et al,,
1966) or during exercise (Price and Campbell, 1999). During 45 minutes of arm
cranking exercise in the heat (35°C and 70% relative humidity) participants without a
disability lost 718 g of sweat whereas those with spinal cord injury at T2-T6, T7-T9 and
T10-T12 only lost 172, 335 and 425 g respectively (Hopman, 1994}, From these results
Hopman (1994) concluded that there is a linear relationship between sweat produced
and the skin surface area above the lesion, reflecting the area available for active sweat
regulation. However, the studies presented in this paragraph were all performed in the
laboratory setting where workload and duration are determined by the investigator.
Normal activities associated with training are more self selecting in the determination

of intensity.

It is important to note that individuals with a spinal cord injuries only make up a
portion of the competitors in disability sport. Other disabilities include cerebral palsy,
spina bifida, amputations, blindness or any other form of physical disability that does
not fit into any of the other categories (les Autres). There is even less information
regarding the sweat volume or sweat cdmposition for athletes with these disabilities. It
was suggested by Maltais et al. (2004) that individuals with cerebral palsy may rely
more on dry heat exchange than able-bodied individuals. If this is the case, then it is
possible that athletes with cerebral palsy have a different sweat loss compared to able-
bodied athletes. Since sweat composition is effected by sweat rate (Cage and Dobson,
1965}, any alteration in sweat rates may result in sweat sodium and sweat chloride
concentrations which are different from those seen in able-bodied populations.
Petrofsky (1992) suggested that sweat rates on the sensate skin of those with a spinal
cord injury were approximately six times greater than those of able-bodied controls.
Given that sweat sodium and sweat chloride concentration increase with sweat rate, it
is possible that the sweat concentrations of these two electrolytes are higher than seen
amongst able-bodied athletes (Allan and Wilson, 1971). At present, nutritional and

drinking strategies for athletes with a disability are based on the data available from
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able-bodied sport. However, if differences in sweat rates and sweat electrolyte
composition do exist, then these guidelines are inappropriate for athletes with a

disability.

When fluid intakes have been ad libitum tetraplegics during exercise have been
shown to be greater during exercise in warm environments than for able-bodied
participants. This could be due to an attempt by the tetraplegics to attenuate feelings of

becoming hot (Price and Campbell, 2003).

Three of the Paralympic sports which participated in this study are wheelchair
basketball, wheelchair rugby and sprint athletics. These sports cover both wheelchair
sports and non-wheelchair sports. Wheelchair basketball is based on the able-bodied
version of basketball, in that it is played on the same court and follows similar rules, It
can be described as a multi-sprint sport and it has been reported that players cover
approximately 5 km over the 40 minutes of the game (Goosey-Tolfrey, 2005)}. Coutts
(1992) found that 10 % of playing time consisted of high intensity intermittent efforts.
Despite this in recent years wheelchair basketball training has become more aerobic
based (Goosey-Tolfrey, 2005). Wheelchair rugby originated as a sport for tetraplegics
who were unable to play wheelchair basketball due to the extent of their injuries. It is
played on an indoor basketball court and consists of two teams of four players playing
four quarters each lasting eight minutes each. The aim the game is to score the most
number of points by crossing the back line between two cones. Paralympic athletics is
similar to its able-bodied equivalent but races are classified into different levels of
disability meaning there could be several races/ field events of the same discipline.
Disability sports all have a classification system which is the method for fair
competition to occur. This classification system organises players/ athletes into classes
defined by the degree of function presented by the disability (International Paralympic
Committee, 2008). These classes are determined by various criteria in different
situations and may include a physical and technical assessment and observation in and
out of competition. The classes are defined by each sport and form part of the sport

rules (International Paralympic Committee, 2008).

In Paralympic team sports, players are given a number of points depending on
their ability to perform certain sports related tasks. The teams are then allowed to have
a maximum number of points on court at one time. In athletics athletes in the same

impairment group with a similar range of mobility compete against each other.
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This study’s primary aim was to collect descriptive data about the sweat rates and
sweat composition of athletes with a disability during training. The study concentrated

on wheelchair rugby, wheelchair basketball and sprint athletics.

5.2. METHOD

Participants were recruited by contacting their respective team coaches either in
person, via e-mail or by telephone. Measurements were made from an international
wheelchair rugby, international sprint athletics squad, a club level wheelchair
basketball team and international wheelchair basketball team. All measurements were
taken during normal training sessions. Ethical approval was obtained from the Research
Ethics Committee of Loughborough University. After the study had been explained, the

following athletes gave written informed consent to participate in this study.
* 17 male and 1 female international wheelchair rugby players,

* 9 maleand 1 female members of an international sprint team for athletes

with a disability training squad,
o 4 maleand 4 female recreational wheelchair basketball players
¢ 6 male international wheelchair basketball players

Full details of participant information are described in Table 5.2.1. All
classifications in each respective sport were represented - wheelchair rugby players
were classified from 0.5-3.5 points ac;:ording to the International Wheelchair and
Amputee Society (IWAS) classification system and the athletes were classified as
according to the International Paralympic Committee Athletics Code for classification
and wheelchair basketball players were classified as 1.0,1.5, 2.0,2.5,3.0 and 4.5
according to the International Wheelchair Basketball Federation (IWBF) classification
system. Disabilities included both neurological impairments- (spinal cord injury, spina

bifida, cerebral palsy and polio} and musculoskeletal injury - (amputation).

111



Table 5.2.1: Participant Characteristics- Participant Numbers (Male

and Female), Classification and Mean+5D Body Mass of the

International Wheelchair Rugby Squad, Sprint Athletics Training
Squad, Club Level Wheelchair Basketball Team and International
Wheelchair Basketball Squad.

Team Numbers (Males, Classes Disability Mean#SD Pre
1class 0.5 1 SCI-C5 complete
1class 1.0
15CI- C5/6 complete
4class 1.5
. 4 5CI-1=C6 complete 3=C6/7 complete,
International 18 (17 male, 1
male, 1 - - ; =
wheelchair Sclass2.0  55CI-3=C6/7 incomplete,2=C6/7 73.30+12.26
female) complete
Rughy
4class 2.5 4 SCI- 2=C6/7 complete,
2= C7 complete
lclass3.0 1 SCI- C5 incomplete
2class3.5 2 SCI- 2 C7 incomplete
4T36 4CP
8 (7 male, 1 2T37
. ; zce 68.30£9.69
Athletics female)
1T42 1 Amputee
4 class 1.0 4 SCI- 2=T4, 1=T4/T5, 1=T5 all
complete
Club 8 (4 male. 4 1class 2.5
male, . .
" ( 15pina Bifida 80.36+ 26.75
Basketball female) 2 class 3.5
2CP
1 class 4.0
1 Amputee
1 class 1.0 1SCI-T5
1class 1.5 1SCI-T5/6
International
Wheelchair 6 male 1class 2.0 15C1-T8 79.52+13.88
Basketball 1class 2.5 1 Spina Bifida
1 class 3.0 1 Polio
1 class 4.5 1 Amputee
Total 40 (34 male, 6 76.74+17.58
female)
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Training sessions
International Wheelchair Rugby

The participants in this study were all training at a British Paralympic wheelchair
rugby training camp. The training session from which the data were obtained was a
morning training session commencing at 10 am following a team breakfast. On the day
of the session, players had already participated in a swim session, which was part of the
training camp. The training session occurred mid season and so most of the players had

played in a tournament 2 days prior to the data collection.

The atmospheric conditions in the hall were a temperate 18.8+0.8°C and
48.5+4.2% relative humidity. Unfortunately due to the nature of the injuries (lack of
sensory feedback} in this group heart rate monitors became dislodge and were not

repositioned, Therefore there is no heart rate data for this group.

Training consisted of a warm up, passing skills and defensive/ attacking play,
match simulation followed by as many laps of a circuit as possible in 12 minutes and a

cool down with stretching. Training lasted 120 minutes.
International Sprint Athletics

The participants in this study were all participating in a U.K. Athletics training camp
for athletes with a disability and were all competing for places on the 2008 British
Paralympic team. The athletics training session lasted 110 minutes during which athletes
participated in a warm up before splitting into smaller groups to practice their individual
events, all of which were sprint events, Training took place indoors and the atmospheric
temperature was 17,9+0.8°C with a relative humidity of 37£49%. Average heart rates for the

session were 114+9 beats.min™ (range 104-133 beats.min™).
Club level wheelchair basketball

The participants in this group were undertaking wheelchair basketball on a
weekly basis and at the time of the study were not members of any Paralympic squad.
Data was collected from two training sessions separated by one week; participants were

different in each session.

The training sessions lasted 114 minutes in the first week (session 1) and 75
minutes for the second week (session 2). Environmental conditions for session 1 were

22.020.8°C and 52.5+3.0%. The conditions for session 2 were atmospheric temperature
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18.8+ 0.7 oC with a relative humidity of 42,1+1.6%. Both training sessions consisted of
skills practice and match play. There were 2 males 2 female players present at session 1
during which mean heart rate during was 129+19 beats.min™ (range 112-162
beats.min™). In session 2 there were 2 males and 2 females, mean heart rate during this

session was 134+25 beats.min-1 (range 114-161 beats.min™1).
International Wheelchair Basketball

All the data was collected during a single training session during which all training tock
place indoors. The training session was part of a training camp for the British wheelchair
basketball squad and all the participants were all members of this squad. The training sessions
both took place in the morning (10 am - 12 pm) following breakfast and formed part of a 3 day
residential training camp. The session from which data was taken lasted 118 minutes. The
mean + SD atmospheric temperature for the session was 21.0 £1.2 oC with a relative humidity
of 26.0+2.6%. During training players warmed up by practising shooting and generally
moving around the hall. This was followed by high intensity sprinting, ball skills and finished
with match play games. Mean # SD heart rate during this session was 125+26 beats.min™

(range 71-186 beats.min™).

~ The actual testing protocol was similar for each of fhe teams (the only exception
being the positioning of the gauze patches to obtain sweat samples and measurement of
body mass with clothing or minimal clothing). Upon arrival at the training session,
participants were first asked to empty their bladders/ catheter bags and to provide a
urine sémple. which was obtained by the participants/ team physiotherapists (for some
individuals who were catheterised and who had limited hand function) in private. This
was used to measure hydration status via urine osmolality as described by Shirreffs
(2000).

Once the players had emptied their bladders, their body mass was measured and
recorded, their drinks bottles were weighed and sweat patches were positioned. These
measures were obtained by a team of researchers in any order to minimise the time

required with the squad prior to the training session.

Body mass was measured on a balance (AE Adam CFW-150, Milton Keynes, UK)
adapted with a chair to allow players to transfer. Body mass was measured to the
nearest 20 g. The international wheelchair rugby and international wheelchair
basketball players were weighed in their training trousers (lightweight tracksuit

bottoms) and shoes (trainers}. This was to protect the dignity of any player who may be
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catheterised and again to minimise the time taken before training to obtain the
measures, thus reducing the impact on the training session. The club level wheelchair
basketball players and the track athletes were weighed in their underwear. After
training players towelled them-selves dry and were reweighed in the same clothing as
pre training. Any player who was catheterised was weighed with their bag before and
after training. Players using prosthetic limbs were weighed with these in place before
and after training, again to limit the time taken to weigh the participants, and to
minimise any disruption to the players’ preparation for the training session. However,
sweat trapped in clothing represents ~ 0.2 % of total sweat losses (Cheuvront et al,,
2002).

Polar Team Heart rate monitors (Polar Electro Oy, Finland} were positioned,
activated and remained in place throughout training to record heart rate every 5

seconds.

Any drinks containers that the players had were weighed and the contents
recorded. To ensure players only drank from their drinks container, containers were
labelled and players were instructed to only drink from their labelled containers and
asked to use the fluid in these containers for drinking only. Players were monitored
during training to ensure they only drank from their containers and that they did not
use their drinks to pour over their heads in an attempt to cool themselves down. Any
additional fluid required during training was also weighed before the players consumed

it. At the end of training all drinks containers were reweighed.

If any participant needed to urinate during training they were asked to collect it in
a urine container which was subsequently weighed. Sweat losses and sweat rates were

calculated from these measures.

Sweat samples were collected during the training session by absorbent 2.5*4 cm
gauze patches with an adhesive waterproof cover 5*7 ¢cm (3M Health Care,
Loughborough, UK} applied to the skin surface on the right hand side of the body. All
patches were placed on the right hand side of the body. These patches were positioned
at three sites at the shoulder, nape of the neck and chest for the wheelchair rugby
players; on the shoulder, chest, forearm and thigh for the sprint athletes; on the chest,
shoulder, lower abdomen and triceps on the club level wheelchair basketball players
and on the forearm, chest and shoulder for the international wheelchair basketball
players. The patches were positioned in areas where it was thought that sweat

production would be sufficient to provide an adequate sample. Despite patches
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previously remaining in place during contact sports such as rugby, it was noticed that
following the testing of the wheelchair basketball players it was noticed that the
majority of patches on the forearm became detached and therefore contaminated.
Following this, it was decided that this site was not acceptable for wheelchair athletes,
hence the alteration in positioning of the patches between the international players and

the club level wheelchair basketball players.

Patches were positioned before the start of training, after the skin site had been
appropriately cleaned and dried and remained in place during the training session.
Patches were removed at the end of training sessions with tweezers and placed in

sealed storage tubes, of known weights.

Storage tubes and patches were then reweighed and the volume of sweat on each
patch was calculated. Sweat volume was calculated by subtracted the pre training
weight of the universal tube plus the patch from the weight of the tube plus the patch
following the training session. Deionised water was then added to the universal tube,
and the tubes were reweighed and mixed before the sweat samples were analysed for
sodium concentration and potassium concentration using flame photome';ry (Corning,
410, New York, USA). Chloride concentration was also measured (Jenway PCLM 3,
Essex, UK).

The urine samples were analysed for osmolality via freezing point depression
{Gonotec Osmomat 030, YSI, Farnborough, UK).

Statistical analysis

Data was collected from 44 athletes. Due to the nature of the sports involved,
resulting in sweat samples becoming contaminated as patches became detached from
the skin surface and the impaired sweat loss in some of these athletes sweat samples
were not collected at some sites in some of the individuals. Therefore there was some
missing data from the sweat concentration calculations. Sweat electrolyte losses for

athletes were calculated using the arithmetical mean using 14 participants.

Firstly data were analysed to determine the normative distribution using the
Kolmogorov-Smirnov test. Where data were normally distributed, regional differences
were determined using a one-way ANOVA and Tukey’s post hoc test. Where data were
not normally distributed differences in regional electrolyte concentrations were
determined by Kruskal-Wallis followed by a Mann-Whitney test. Relationships between

variables were determined using spearman’s rho correlation analysis. All data which
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were not normally distributed is presented as median (range), normative data is
provided as mean # SD. Changes during training pre to poét measures were analysed
using a paired t -test. Differences between teams and between disabilities were
determined using a Krustal-Wallis followed by a Mann-Whitney test. Differences

between those with a spinal cord injury and those with a different disability were

analysed using a Mann-Whitney.
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5.3. RESULTS
Table 5.3.1: Mean, Standard Deviation, Values for Pre Training Body
Mass (kg), Pre Training Urine Osmolality (Mosmol.kg1}), Change in Body
Mass From Pre To Post Training (kg), Body Mass Change (%), Fluid
Intake (1), Sweat Losses(l) and Sweat Rates(L.h1).

Pre Tal Body % Body Fluid R
Team Tralning Urine Osmolality Mass Mass Intake SweatLoss Sweat Rate
Body Mass Change Change
{kg} {mosmol.kg ) {ka) (%) {0 [ {Lh)
Qverall
Mean 74.73 502 0.05 .09 0.84 0.68 0.40
sD 17.16 244 0.69 0.81 0.49 0.66 0.47
Wheelchair Rugby,
Mean 73.77 - 403 0.31 0.45 0.80 0.34 0.25
sD 12.47 148 0.34 0.48 0.24 0.27 0.20
International SorintArhletics
Mean 66.08 511 -0.27 -0.41 0.52 0.70 0.30
SD 7.54 307 0.24 0.36 0.19 0.25 0.20
Club wheelchair baskethall
Mean 80.77 626 0.01 0.02 0.96 095 0.62
sSD 26.98 245 1.21 127 0.74 1.08 0.87
International wheelchair Basketball
Mean 79.52 618 -0.05 0.04 1.37 1.19 0.60
sD 13.88 282 0.35 0.41 0.46 0.53 0.27

Pre-Training hydration - Urine Osmolality

The urine osmolalities for each team and overall values are shown in Table 5.3.1., mean
urine osmolality for the group was 502 mosmol.kg! (range 111-1111 mosmol.kg1). Pre
training osmolality did not differ significantly between the playing classes (p=0.074).
However, there was a significant difference between the teams with respect to urine
osmolality (p=0.029). The difference seems to lie between the wheelchair rugby team and the
club wheelchair basketball team (p=0.03) and between the wheelchair rugby team and the
international wheelchair basketball team (p=0.069). There was no significant difference

between the type of injury and the pre-training urine osmolality (p=0.155).
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Wheelchair Rugby

It is worth noting that all players had catheter bags. The overall mean urine
osmolality was 403+ 148 mosmol.kg! (range 193 -643 mosmol.kg1). Urine osmolalities
were not significantly related to playing class {(p=0.804). The pre-training urine
osmolality was not significantly correlated with the volume of fluid consumed during

the subsequent training session (rz =0.024, p=0.551).
Inteérnational Sprint Athletics

Mean urine osmolality was 511+307 mosmol.kg! (range 146- 1111 mosmol.kg-1).
1 of the athletes started training slightly dehydrated with urine osmolalities greater
than 700 mosmol.kg'l. There was a significant correlation between pre training urine
osmolality and the volume of fluid consumed during training (r2=0.555, p=0.013) but
fluid consumption was not significantly correlated to the amount of sweat lost
(r2=0.218, p=0.243).

Club Wheelchair Basketball

Mean urine osmolality was 6264245 mosmol.kg! (range 111-865 mosmol.kg!}. 1 of the
players started training slightly dehydrated with urine osmolalities greater than 700 mosmol.kg2.
Again pre training hydration measure via osmolality was not significantly correlated to the volume
of fluid consumed during the training session (r2=0.250, p= 0.253) nor was fluid intake correlated

to the subsequent sweat loss during training (r2=0.250, p=0.117).
International Wheelchair Basketball

1 piayer started training mildly hypo hydrated as determined by a urine esmolality of 925
mosmol.kgl. Mean urine osmolality was 618 + 282 rﬁosmol.kg-i (range 181-925 mosmol.kg1).
There was no relationship between initial hydration and sweat rate (r?= 0.157, p=0.483). Pre-
exercise urine osmolality was not correlated with fluid intake (r?= 0.013, p=0.831) or with player

classification (r?=0.267, p=0.294).
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Fluid Balance
Overall

Pre training body mass was not significantly different between the disability
groups {p=0.294) nor was there a significant difference between those with and without
a spinal cord injury (p=0.521). There was no significant difference between the teams

with respect to pre-training body mass (p=0.298).

The body mass changes, fluid consumption and sweat rates for each training session
are shown in Table 5.3.1. There was a mean gain in body mass by the club level wheelchair
basketball squad and the international wheelchair rugby squad but body mass decreased
with the international sprint athletics squad and decreased slightly in the international
‘wheelchair basketball squad. Despite this there was no significant difference between the
teams with respect to percent body mass change (p=0.177). Overall there was a slight
increase in body mass 0.05+0.69 kg (range -3.16-+1.83 kg) or expressed as a percent of
body mass a slight increase of 0.09+0.81 % (range -3.09-+1.75 %). This appears to be a
large variation in body mass change. There were no significant differences between the
playing classes with respect to body mass change during training when expressed as

either an absolute value (p=0.823) or expressed relative to initial body mass (p=0. 673).

There was no significant difference between the different disability groups with
respect to % body mass change (p=0.141). Further to this there was no significant
difference in the % body mass change between those who had a spinal cord injury and
those with a different type of disability (p=0.076). The fluid balance of the athletes

according to their disability is shown in Figure 5.3.1.

Sweat losses were [median (range)] 0.58 litres (0.01-4.02) which meant |
sweat rates were 0.35 L.h-1 (0.00-3.22 1.h-1). Again neither of these factors were
significantly different between the playing classes (p= 0.515 and p=0.905
respectively). There was no significant difference between the sweat rates of each
disability type (p=0.109). Nor was there a significant difference in the sweat rates
between those who had a spinal cord injury and those without a spinal cord injury
(p=0.182).

Fluid intake was not significantly different between the playing classes (p=0.070),
with the median (range} fluid intake being 0.74 litres (0.19-2.48 litres). There was no
significant difference for fluid intake between the different disability types (p=0.057)
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nor between those with a spinal cord injury and those without a spinal cord injury

(p=0.095).

2.5 - Sweat Rate (Lh-1) 01 Fluid intake (1) s 8M change (%)
2 .
15 4.
1 N
1] 1 I3 I
0 i ;_ '] i ‘ z . i 1 5
Spinal Cord njhiry Cerebral Palgy Amputde 4
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1.5 -
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25 - 7 ) Disability Group

Figure 5.3.1. Mean +Standard Deviation for Sweat Rates (L.h1), Fluid
Intake (1) and Relative Body Mass Change (%) for the Spinal Cord
Injured, Cerebral Palsy and Amputee Athletes.

Across the teams, there was a significant difference with respect to fluid intake
(p=0.002). It appears that the significant difference with respect to fluid intake was due
to the difference between the wheelchair rugby squad and the international basketball
squad (p=0.045) and between the athletics squad and the international basketball
(p=0.003) and recreational basketball clubs (p=0.023). Sweat loss was also significantly
different between the teams (p=0.002) with a significant difference between the
wheelchair rugby squad and the international basketball squad (p=0.022) and the
recreational wheelchair basketball squad (p=0.022). There was no significant difference
with respect to sweat rate (p=0.158), change in body mass either absolute (p=0.092)

nor relative (p=0.117) was significantly different between the teams.
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Wheelchair Rugby

Only 4 of the players had a body mass decrease during the training session this
meant that there was a mean increase in body mass during the training session of
0.31+0.34 kg (range -0.34 - +1.75 kg) equating to a 0.4510.48% increase in body mass
during the training session. The change in body mass during the training session was not
correlated to playing classification (r2=0.062, p=0.392). This change in body mass was
the result of a fluid intake during training of 0.8010.24 litres (range 0.40-1.37 litres)
combined with a sweat loss of 0.34+0.27 (range 0.01-1.04 litres). It is evident from the
results that some individuals lost no sweat. These sweat losses equated to sweat rates of
0.25+0.20 L.h-1 (range 0.00-0.77Lh-1). Sweat loss and the volume of fluid consumed
during the training session were not significantly correlated (r2=0.042, p=0.431). Sweat
loss was significantly coi‘related with playing class (r2=0.468, p=0.004) However the
vblume of fluid consumed was not significantly correlated to playing class (r2=0.073,
p=0.313).

International Sprint Athletics

All but one of the athletes lost body mass during the training session. This equated
to a mean body mass change for the squad of -0.27+0.24 kg (range -0.59-+0.10 kg),
which as a percent of body mass equates to -0.41+0.36% (range -0.81-+0.15%]) change.

The change in body mass was not correlated to racing classification (r2=0.04, p=0.574).

During the training session, the athletes consumed 0.52+0.19 litres (range 0.19-
0.75 litres) of fluid. Fluid intake was not significantly correlated to racing classification
(r2=0.330, p=0.630).

Sweat losses during the training session were 0.68+0.24 litres (range 0.39-1.26
litres}, this meant that sweat rates for the training session were 0.3920.13 Lh-! (range
0.21-0.69 1.h-1). Sweat losses were not significantly correlated to racing classification
(r2=0.13, p=0.33).

There was no significant difference between the sweat rates of the sprint athletics

training squad and the wheelchair team (p=0.829).
Club wheelchair basketball

Three of the players lost body mass during the training session, resulting in a
mean change in body mass of 0.01+1.21 kg (range -3.16-+1.83 kg) or 0.0221.27 %

(range -3.09-+1.73%) as a percent from pre-training body mass.
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The fluid intake for the squad was 0.96+0.74 litres (range 0.24-2.48 litres).

Sweat losses for the team were median (range) 0.95 litresr(range 0.19-4.02 litres).

This meant that sweat rates were median (range) 0.37 Lh-? (0.15-3.22 Lh-1).
International wheelchair basketball

Details of body mass change, sweat loss, sweat rate and fluid intake are shown in
Table 4.3.1. Initial body mass of the participants was 79.52+13.88 kg (range 60.63-
90.90 kg) Post -training body mass was 79.54+13.84 kg, this was not a significant
change in body mass from pre-training to post training (p>0.05). Three players gained
weight during the training session and there was a decrease in body mass for three
players. Mean % body mass change was +0.03+0.42% (range -0.41-+0.68%) and was
not affected by classification (r2=0.00, p=0.608).

Mean fluid intake was 1.37+0.46 litres (range 0.74- 1.88 litres). Fluid volume
consumed was not related to sweat loss (r’= 0.206, p=0.369). The volume of fluid
consumed related to blayer classification (r?= 0.039, P=0.848) either. The lowest
classification player, 1.0 (spinal cord injury at T5-6), drank the most ﬂuid.

Sweat losses were 1.1920.53 litres (range 0.72-1.86 litres). Sweat losses were not
related to classification (r?=0.196, p=0.271). The mean sweat rate was 0.603+0.268 L.h-1
(range 0.37-0.95 Lh-1). Sweat rate was greatest in the class 2.0 and 4.5 players (spinal
cord injury and amputee). The lowest sweat rate was seen in the player classified as 1.5,

who had an incomplete spinal cord lesion in the lower theracic region.
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Figure 5.3.2: Mean % Body Mass Change, Fluid Intake (1) and Sweat
Rates (L.h'1) for the Wheelchair Rugby Squad, International
Wheelchair Basketball, Club Wheelchair Basketball and International
Sprint Athletics Squad during Training.
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Table 5.3.2. Sweat Rates (L.h'1) And Sweat Losses Relative to Body

Mass (%) between the Disability Groups.

Disability Mean Sweat Standard Median Sweat Sweat Rate
Rate Deviation Rate Range
(Lh1) (Lh1) (Lh1) (Lh1)
Spinal Cord 0.32 0.21 0.32 0.01-0.95
injury
Cerebral Palsy 0.45 0.13 0.39 0.31-0.69
Amputees 0.87 131 0.33 0.15-3.22
Polio 0.21 - - -
Spina Bifida 0.39 0.39 0.36-0.42
Disability Mean Sweat Standard Median Sweat Sweat Loss
| Loss Relative to Deviation Loss Relative to Relative to
Body Mass Body Mass Body Mass
Range
(%) (%) (%) (%)
Spinal Cord 0.67 0.55 0.56 0.01-2.01
injury
Cerebral Palsy 110 0.36 1.00 0.58-1.73
Amputees 1.28 150 0.71 0.23-3.93
Polio 1.01 - - -
Spina Bifida 0.68 0.68 0.44-0.92

Table 5.3.2. shows the sweat rates for the different disabilities of the participants.

There was no significant difference between the sweat rates of those who had a spinal cord
injury and those who had a different type of disability (p= 0.452). However, excluding the
individual with Polio as there was only one subject with this disability, those with a spinal

cord injury had the lowest mean and median sweat rate. There was no significant
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difference between any of the groups with respect to sweat rate p=0.788. When expressed
relative to body mass there was a significant difference between the sweat loss as a % body

mass for those with a spinal cord injury compared to those without a spinal cord injury
(p=0.028).

Table 5.3.3. Rates of Fluid Intake (1.h'1) For the Different Disability

Groups.
Disability Mean Fluid Standard Median Fluid Fluid Intake
intake Deviation Intake Range
(Lh1} (L) (Lh1) (Lh1}
Spinal Cord 054 0.19 - 0.55 ‘ 0.22-1.01
infury
Cerebral Palsy 0.51 0.55 0.37 0.11-1.99
Amputees 0.38 0.19 0.32 0.19-0.69
Polio 0.57 - - -
Spina Bifida 0.80 0.80 0.36-1.08

There was no significant difference between the different disability groups with
respect to the rate of fluid intake (p=0.125). There was no significant difference
between the fluid intake rates of those with a spinal cord injury and those with a
different type of disability (p=0.085).
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Sweat Electrolytes
International Rugby

Due to the low sweat losses of the wheelchair rugby players sweat potassium and

. sweat sodium concentrations could only be determined for 2 of the players. A class 2.5
player had a sweat sodium concentration of 36 mmol.l'! and a sweat potassium
concentration of 5.1 mmol.lI'!(from the sample taken from the neck) and a 3.5 class
player had sweat sodium concentrations of 62, 49, 75 mmol.l'1 from the shoulder, chest
and neck sites. His sweat potassium concentrations were 5.6, 6.2 and 5.7 mmoll1 again
from the shoulder, chest and neck sites respectively. This meant his mean sweat
sodium concentration was 61+13 mmol.l'! and mean sweat potassium concentration
was 5.9£0.3 mmol.lI't, This meant that the salt loss during training for the class 2.5

player was 0.4 g and for the class 3.5 player was 2.1 g.
International sprint athletes

Again some athletes did not produce enough sweat at all the site for enough sweat to
be collected to be analysed for sweat electrolyte concentrations, Data relates to 6 athletes
and full details of sweat electrolytes from these 8 athletes are described in Table 5.3.2.
Mean sweat sodium concentration was 4616 mmol.l! (range 30-65 mmol.l-1). This
indicates that the mean salt loss was 1.7£0.6 g (range 1.1-2.5 g). Mean sweat potassium
concentration was 3.9+2.8 mmol.l! (range 3.7-8.2 mmol.l'1}. There was insufficient sweat

for sweat chloride concentrations to be determined.
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Table 5.3.4. Shows the Sweat Sodium Concentrations (mmol.I'1}, Sweat
Salt Loss (g) And the Sweat Potassium Concentrations by Each
Classification for the International Sprint Athletics Squad during the

Training Session

Classification Sodium  Saltloss  Potassium
{mmol.l'1} (2) (mmol.l-1)

T13 49 1.1 6.9

T36 32 1.2 8.2

T36 31 1.4 3.9

T37 30 2.2 5.0

T38 66 2.5 3.7

T42 35 1.2 4.9

Meén 44 1.6 5.5

SD 16 0.6 1.6

Recreational Wheelchair Basketball

Again due to the small quantity of sweat produced values for sweat electrolytes could
only be determined for 3 of the players. A class 1.0 player had a sweat sodium
concentration of 66 mmol.l'}, sweat chloride concentration of 53 mmol.l1 and a sweat
potassium concentration of 6.4 mmol.l'2. This meant there was a loss of 0.7g of sodium
and 1.81 g of salt. Sweat chloride values were also determined for a class 2.5 player of

38 mmol.l'! on the upper arm,

International basketball

The mean sweat sodium concentration for the team was 64+13 mmol.l'? (range
42-80 mmol.I't). Sweat sodium concentration was not affected by classification (p>0.05,
r?= 0.01) and neither was it related to sweat loss (r?=0.589, p>0.05). Total sodium losses
were 1.6+0.5g (range 1.2-2.5g). Total sodium losses were not correlated to classification
(r?= 0.622, p>0.05). There was a significant correlation between total sodium loss and
sweat losses (r?=0.742, p<0.05). Mean salt (NaCl) loss was 4.1#+1.2 g (range 3.1-6.4 g).
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Total salt losses were not related to classification (r’=0.446, p>0.05). The mean sweat

chloride concentration was 6613 mmoll? (range 51-79 mmol.l-1). Sweat chloride

concentration was also unaffected by classification (r?= 0.023, p>0.05). Sweat chloride

concentrations are shown in Tahle 5.3.5. The mean sweat potassium concentration was

5.0+2.4 mmol.]'t (range 1.0-8.8 mmol.lI'1), Sweat potassium concentrations were not

correlated to classification of the players (r?=0.225, p>0.05). Sweat Potassium

concentrations are shown in Table 5.3.5.

Table 5.3.5. Showing Sweat Sodium Concentration {(mmol.I'1), Sweat

Potassium Concentration (mmol.I'1) and Sweat Chloride {(mmoll1)

Concentration from an International Wheelchair Basketball Training

Session.

Classification ~ Sodium 15:15[; Potassium  Chloride
(mmolll) (g) (mmoll-l) (mmol.l?t)

1.0 56 3.3 3.0 69

1.5 80 3.6 4.7 62

2.0 42 4.0 5.6 51

2.5 70 38 1.0 73

3.0 75 3.3 9.6 52

45 59 5.6 6.1 79

Mean 64 3.9 4.8 66

SD 14 0.9 25 15
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5.4. DISCUSSION

Urine Osmolality

Shirreffs and Maughan (1998) found that mean urine osmolalities for individuals
in a euhydrated state was 675+232 mosmol.kg-! and mean urine osmolalities for
individuals who were hypohydrated was 924299 mosmolmosmol.kg-1. The first urine
passed each morning was obtained from 11 subjects over 5 who were undertaking
normal activities and drinking ad-libitum. A second group of 10 subjects who had been
hypohydrated by cycling the previous day and who were then been restricted from
replacing these water losses, were assessed as being hypohydrated. Shirreffs and
Maughan (1998} suggested that a urine osmolality of 700 mOsmol.kg! indicated a level
of hypohydration. The results indicate that 12 of the 44 participants in the 4 squads had
a pre training urine osmolality above 675 mosmolkg-1. Further to this, none of the
wheelchair rugby players had a urine osmolality above 675 mosmol.kg-1, These results
indicate that the majority of the athletes/players and all of the wheelchair rugby players
were euhydrated before the start of their respective training sessions. Given that all
training sessions took place in a temperate environment it is unlikely that the mild

hypohydration that was present in some individuals will lead to heat illness.

When considering mean urine osmolality values for each group and collectively they
are lower than those previously reported amongst able-bodied footballers in these
studies in which mean values have been reported as 872+177 mosmol.kg? (Maughan et
al., 2005) This may be due to a greater knowledge of fluid requirements amongst the
disabled athletes especially those with a spinal cord injury who are encouraged to drink
sufficient fluids in an attempt to decrease the risk of urinary tract infection. This is |
highlighted by the fact that none of the rugby players had a pre training urine osmolality
above 675 mosmol.kg! (the wheelchair rugby players all had SCI). It could also be linked
to a lower sweat loss in previous training sessions implying that it is easier for the

athletes with a disability to rehydrate between training sessions.
Fluid Balance
Body mass Change

Mental functioning can be impaired by a 2% decrease in body mass due to

hypohydration (Burke, 1997} and is associated with impaired occupational and athletic
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performance (Kay and Marino, 2000). Only one of the participants in this study lost
more than 2% of their initial body mass, and the 3% loss in body mass that they
achieved may have affected performance. This subject was an amputee and a sweat rate
that was much higher than was seen by the other participants in this study. It has been
_noted in able-bodied sports that sweat rates can cover a large range even when
participants are undertaking the same activities (Maughan et al., 2005). The overall
change in body mass for all the participants together is minimal and would have very
little if any effect on hydration status or performance. No measures of performance
were taken in this study so the impacts of such a decrease in body mass cannot be
concluded. Body mass gain during exercise is not associated with improved
performance or with an improved thermoregulatory response to exercise (Maughan,
2001). Nor does hyperhydration affect heart rate response to exercise {Latzka and
Sawka, 2000}. Drinking too much during training usually results in excess fluid being
. excreted (Maughan, 2001; Freund et al., 1984). Gastrointestinal discomfort can develop
if too much fluid is consumed (Robinson et al,, 1995). Noakes (2003) also cautions
against athletes drinking excess amounts of fluid during exercise, It is not necessary to
replace all sweat losses and that a small degree of dehydration is tolerable without any
adverse effects on performance [Noakes, 2002). This information was ascertained for
able-bodied athletes and its relevance to athletes with a disability who are catheterised
and may have impaired feelings of gastrointestinal discomfort is unclear. Amongst the
wheelchair rugby players there was a meant SD 0.45% 0.34 % increase in body mass.
This contrasts to a body mass loss seen in able-bodied football training (Maughan et al,,
2004; Maughan et al,, 2005; Shirreffs et al., 2005). For players with impaired bladder
control, the inability to control the urge to urinate will cause interruptions to training
sessions and matches, although the effects of different hydration levels amongst athletes
with a disability are unknown. The large increase in body mass seen amongst the
wheelchair rugby squad may be explained by the suggestions of Price and Campbell
(2003) which suggest that individuals with an SCI consume fluid during exercise in an
attempt to attenuate the increased thermal strain. It is believed that consuming fluids

may provide a psychological benefit to those with a SCL

Overall body mass is slightly higher than values previously reported for paraplegic
athletes by Price and Campbell (1999), but the international wheelchair basketball
squad which was comprised of paraplegic athletes is similar. The wheelchair rugby
team which contained only tetraplegics had a higher body mass than has previously

been reported by Cards and colleagues, (1985). Increases in body mass amongst
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wheelchair athletes have previously been reported, a 0.2 kg gain in body mass being
recorded during wheelchair basketball matches a 0.2 kg in which players were allowed
to drink ad-libitum (Burnham et al,, 1998). In this study, only the wheelchair rugby

squad had a mean increase in body mass of this magnitude.
Sweat Rates

The sweat rates of athletes with and without a disability are influenced by many
factors including environmental temperature and relative humidity (Maughan, 2001),
exercise intensity (Greenhaff and Clough, 1989), fitness level (Baum et al,, 1976),
acclimatisation status (Maughan and Shirreffs, 2004), body mass {(Maughan and Burke,
2002) and the clothing being worn (Maughan, 2001). Even if standard conditions are
applied there is a large variation within sweat rate (Maughan, 2001). Further factors
that could affect the sweat rate of athletes with a disability include the severity of the
disability, type of disability, ﬁlaying chair -differences in back height could have resulted
in varying degrees of insulation from the chair thus affecting the thermal strain and
sweat response (Price and Campbell, 2003). Even amongst those with the same
disability, differences in the amount of sweat that they are able to produce can be seen.
For example, amongst the SCI population the level and completeness of the spinal cord
lesion will affect the sweat rate. Since there is a loss of sympathetic stimulation of the
sweat glands below the level of the lesion the sweating capacity of the insensate skin is
impaired (Randell et al,, 1966; Yaggie et al.,, 2002).

Large variations in sweat rates have been reported in previous work conducted
on able-bodied sports men, with Shirreffs et al. (2005) and Maughan et al. (2005)
reporting a range of sweat rates between 1.67-3.14 Lh-! and 1.06-2.65 Lh-! respectively

during football training sessions.

The sweat rate of the wheelchair rugby squad (0.25 Lh-?) is low when compared to
those seen previously in able-bodied forms of rugby (Rehrer and Burke, 1996). This is
explained by the findings of Randell {1966) who found that only 25-30% of the sweat
glands could be activated in people with a high level (cervical region) spinal cord injury.
The wheelchair rugby players also had the lowest sweat rates in the study. This likely
reflects the fact that they all had SCI, and that their injuries were at a high level.
Therefore this group probably had the lowest surface area with the ability to secrete
sweat. When considering that sweat rate was correlated to classification amongst this
squad it further highlights that the higher and more severe the injury, the lower the

sweat rate. This is in line with findings of Price and Campbell (2003).
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The mean sweat rate for both wheelchair basketball squads was less than half of
the mean sweat rates of 1.5 Lh? reported for male basketball players without a
disability (Burke and Hawley, 1997). Despite the mean sweat rate of a basketball player
without a disability being 1.5 Lh1, sweat rates as low as 0.680 Lh'1 have been recorded
in junior elite stand up basketball (Broad, 1996). The sweat rates seen in this study for
the wheelchair basketball players is slightly lower than the 0.9 Lh-1 seen during an
international wheelchair basketball match by Burnham et al. (1998). This is possibly
because matches were played at a higher intensity to the training sessions in this study.
Therefore the mean sweat rates from the 2 squads of wheelchair basketball players in
this study were at the lower end of the sweat rate range for basketball players without a

disability.

When comparing the sweat rates of able-bodied sports such as rugby or
basketball, which require full body movement, to wheelchair basketball or rugby, which
utilise mainly the upper body musculature, the differences in thermoregulatory
response between lower and upper body exercise need to be considered. It is known
that when performing either upper body or lower body exercise at the same relative
intensity, the upper body exercise will result in a smaller thermoregulatory response
due to the lower metabolic heat production associated with upper body exercise (Sawka
et al, 1984). This means that even for players without a spinal cord injury, there is likely
to be a smaller thermoregulatory response and therefore a smaller sweat loss than seen
for their able-bodied counterparts when assuming that both sports are being played at
the same relative intensity. Price (2006) in a review of the literature showed that sweat
rates for those with a spinal cord injury were approximately half the values Seen for
able-bodied athletes. However, when the sweat rates of those competing in the whole
body sprint athletic type events was compared to the wheelchair athletes involved in
basketball and rugby there was no significant difference in the sweat losses. Therefore
the lower sweat rates seen in the athletes with a disability compared to previous results
on able-bodied athletes may be due to a reduced exercise capacity that may be present
in some athletes with a disability due to their reduced muscle mass/ decreased
neurological control of their muscle mass. It may also be the result of the long breaks
that were taken during the athletics training session. This means that the absolute
exercise intensities of those athletes are lower than their able-bodied counterparts,
even though they are working at the same relative intensity (Maltais et al,, 2004). A
reduced sweat rate amongst cerebral palsy participants was seen during walking

exercise by Maltais et al,, (2004) found that despite higher rectal temperatures in the
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group of children with cerebral palsy sweat loss was the same as that of the able-bodied
matched controls thus concluding children with cerebral palsy might rely more on dry
heat exchange than on evaporative sweat loss. Amputees have a smaller surface area for
sweat loss. Given that body mass and body surface area both affect sweat rates
(Maughan and Burke, 2004), it would be expected that this group would have a lower
sweat rate. Therefore even in sports which require the whole body to be moved, there
are factors which would result in a lower sweat rate amongst athletes with a disability.
This makes it difficult to compare the sweat rates of the current studies to previous‘

studies involving players of able-bodied sports.

There was however a significant difference between the participants with a spinal
cord injury and those without in respect to sweat loss when sweat losses were
expressed relative to body mass. Havenith et al. (1995) found that nearly half (~47 %)
of the differences in sweat loss between participants could be attributed to differences

in body mass, with heavier participants excreting more sweat.

The present study showed a significant correlation between the sweat losses and
playing classification for the wheelchair rugby squad. This probably reflects the
difference in the level of lesion which partially determines classification. Previous
studies have shown a linear relationship between sweat loss and the level of spinal cord
injury. Price and Campbell, (2003) fouﬁd that C5-C8 tetraplegics lost less sweat (310 ml)
during 60 minutes of wheelchair ergonometry in 31.5°C heat than low level paraplegics
(below T7) who lost 690 ml of sweat during the same exercise protocol. This may be due
to a reduced capacity for the sweat glands below the lesion to produce sweat or
alternatively it may reflect a reduction in metabolic heat production with higher level
spinal cord lesions due to a smaller muscle mass being utilised, resulting in a smaller rise

in core temperature and therefore a smaller thermoregulatory response.

Despite the reduced capacity to produce sweat amongst those with a spinal cord
injury there was no significant difference in the sweat rates of the participants with a
spinal cord injury and those who had a different type of disability. This may be due to
the different training sessions that those with a spinal cord injury and those without
participated in, with the majority of the participants with a spinal cord injury
participating in wheelchair rugby. Even within a training session players may be
working at different absolute and relative exercise intensities throughout the training
session. Sweat rates amongst able-bodied football players have shown wide variation

even when they are participating in the same training session (Maughan et al,, 2004).
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As the effect of hypohydration and h.yperhydration with respect to both health
and performance have not been studied in detail amongst athletes with a disability it is
difficult to suggest appropriate fluid intakes. Further work looking at changes in core
temperature may provide some information to help determine changes in metabolic

heat production amongst this group.
Fluid Intake

As with the study by Maughan et al. (2004) fluid intake was not correlated with

either pre-exercise urine osmolality or sweat losses.

The volume of was fluid consumed was also unrelated to classification. This varies
from the findings of Price and Campbell (2003) who found that with free access to
water during exercise, those with tetraplegia consume more fluid despite lower sweat
losses. Price and Campbell (2003) believed the thermal strain was higher amongst those
with the highest SCI and they therefore consumed more fluid in an attempt to decrease
the thermal strain. However, in the present study there was no significant difference
between the rate of fluid intake amongst those who had a spinal cord injury and those
with a different type of disability. This is more in line with the findings between those
with a lower level spinal cord injury and the able-bodied participants in the study by
Price and Campbell (2003). This probably reflects the fact that the participants in this
study undertook different training sessions where access to fluids may have been more

freely available during some training sessions than others.

There was a significant difference between the international wheelchair
basketball squad and the recreational basketball squad with respect to fluid intake. This
may be due to a different understanding of fluid intake requirements between the two
teams. The international side are likely to have received information regarding
hydration from team nutritionists. It may also reflect access to fluids which will have
differed between the two teams. This may also be the reason for the significant
difference seen between the international sprint athletes and the international

wheeIchair basketball team.

During exercise body mass losses should be limited to no more than 2 % decrease
of initial body mass and prevent excessive body mass increases (ACSM, 2008).
Therefore when an athlete has determined their sweat losses for a training session they
can then determine future losses (as shown by the previous Chapter) and formulate

drinking strategies with the appropriate drink volumes. This is the case for able-bodied
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athletes but the effect of hypohydration or hyper hydration for disabled athletes is not

known.
Sweat Electrolytes

Even though the sites from which the sweat samples were obtained was different
from the sites used in previous research (Maughan et al.,, 2004) Patterson and
colleagues (2000) showed that individual sites can be used to calculate whole body
sweat electrolyte losses. The sweat sodium concentrations for the teams are within the
range seen in individuals Without a disability, 20-80 mmol.]'1 (Maughan and Burke,
2004). Sweat sodium concentrations were not related to sweat rate. This is in line with
similar studies conducted on soccer players during their training sessions in which
sweat sodium concentrations were not correlated to sweat rates (Maughan et al., 2005).
However as shown in the previous chapter when sweat sodium losses are determined

from a single session this value can be used to determine future sweat sodium losses.

Sweat sodium concentration was not significantly related with classification,
although this may be due to the low subject numbers. The changes in total sedium loss

likely reflect sweat losses.

Salt losses from training need to be replaced. Although replacement during training
may not be a requirement, it is necessary during the recovery period {Maughan, 2001).
The salt losses for the team were lower than the mean salt intake for the UK male
population of 11.0 g.day, calculated from urinary sodium, and 85 % of men in the UK
consume more than 6 grams of salt per day (Henderson et al,, 2003). Due to low sweat
rates ﬁo player exceeded a 6 g salt (NaCl) loss during training. The highest loss was 5.6 g,
and although no dietary analysis was performed, it is likely that their normal diet would
contain sufficient salt to replace this loss. As this training session formed partofa
training camp, where multiple training session were taking place through out the day,
players whose total salt losses were at the higher end of the range need to ensure they

consume sufficient salt in preparation for the next training session.

The mean sweat chloride concentration was within the range seen in athletes
without a disability (20-60 mmol.l't). Sweat chloride concentrations have been reported
as high as 70.4 mmol.l'! from a single site (Shirreffs and Maughan, 1997). One participant
in this study had a mean sweat chloride concentration (79 mmol.}-!) with concentrations
at the chest of 80 mmol.I't and of 78 mmol.l1 at the shoulder. Patterson et al, (2000}

found mean sweat chloride concentrations at the forehead of 53.8+28.6 mmol.l-1
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indicating that some participants had values as high as 80 mmol.I'.. The high sweat
chloride concentration may be due to the sample being contaminated. Contamination
may have occurred dﬁe to inappropriate cleaning of the skin prior to training, or from the
patch becoming temporally partially detached from the skin allowing the evaporation of
some water. However as the sweat sodium values were not elevated above the normal

physiological range it is unlikely that the patch became contaminated.

The mean sweat potassium concentration for the group was the same as
previously found in participants without a disability (Shirreffs and Maughan, 1997).
Only one sample was higher than what is considered the normal concentration range of
4-8 mmol.l4, but Patterson et al. (2000) also found sweat potassium concentrations

greater than 8 mmol.l-%
Heart Rate

The mean heart rate found during the training sessions for the teams was similar
to post match heart rates found by Burnham et al. (1998) of 120 beats.min-1. Changes in
players’ heart rates during training reflect the intermittent nature of the training -
sessions. When using heart rate as a measure of exercise intensity in a group of SCI
- athletes, it needs to be remembered that individuals with a spinal cord lesion above T6

may have a decrease in cardiac performance during exercise as they may have partly
disturbed cardiac sympathetic innervation allowing vagal activity to overrule and so
limit their maximal heart rate (Theisen and Vanlandewijck, 2002). This phenomenon
may affect the heart rate data of athletes with an SCI. Alternatively ratings of perceived
. exertion could be used to measure exercise intensity as this has been shown to be a
valid method of monitoring exercise intensity (Dunbar et al,, 1992). This method would
have been inappropriate during this study as it would have meant asking the players
during the training session and this would have caused disruption to the training
session and may have altered drinking behaviour by reducing the time available to

obtain a drink.
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Limitations.

The heterogeneity of the participants in this study and the differences between
the sports means that the results cannot be generalised to a wider disabled population.
As players were weighed in minimal clothing, rather than weighed for nude body mass
some sweat may have been trapped in the trousers and shoes of the players.
Respiratory water losses and metabolic mass loss were also not measured or factored
into the calculation of sweat losses. However, these losses are small and represent only
a small error (Cheuvront et al, 2002). Even when trapped sweat was not accounted for
total sweat losses could still be closely estimated (Cheuvront et al,, 2002). Unfortunately
it was not possible to record nude body mass of some participants due to constraints

put in place by the coaches of the teams.

All of the training sessions took place under different environmental conditions
and therefore differences in sweat rates may have been affected by environmental
temperature. However, in able-bodied soccer Maughan et al. (2005) shown that sweat
rates (1.82 lin the warm 1.69 1 in the cold conditions) are similar in warm (25 °C) and
cold (5 °C) environments. This is due to differences in the amount and type of clothing
worn (Maughan et al., 2005). Differences in environmental temperature may affect fluid
intake volumes, Soccer players training in warm conditions tend to drink greater

quantities of fluid than those training in cool conditions (Maughan et al., 2005).

The use of heart rate as a measure of exercise intensity may not be applicable to
those with a SCI at or above T6 due to interruptions in the vagal tone, which results in
an altered heart rate response and maximal heart rates are lower than seen for able-
bodied participants. Further to this during exercise cardiac drift can occur, this can

elevate heart rate by 18 beats.min‘1 for the same power output even if the subject
remains euhydrated throughout training (Jeukendrup and Dieman, 1998). Therefore it
may appear that barticipants are working at a higher exercise intensity than they were

actually performing.

As mentioned in Chapter 1 and Chapter 2 of this thesis, not all body mass losses
are due to sweat losses and there is a gain of body water from substrate metabolism, for
athletes with a disability this may be significant and an indication of these losses and

gains is described below:
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Respiratory water loss

Taking the average heart rate of the participants in each sport to be 114 beats.min-1
for athletics (60 % maximum heart rate), 134 beats.min-1 for the club wheelchair
basketball squad (70 % maximum heart rate) and 125 beats.min"1 (70 % maximum heart
rate) for the international basketball squad then an estimation of % VO; can be calculated,

using the calculations of Swain et al. (1994). In this calculation

‘0% Maximum heart rate= (0.643 * % VO, max) +37’

Swain et al. (1994)

This corresponds to a % VO peak of 35 % VO, peak for the athletics group and

50 % for the 2 wheelchair basketball groups. Amongst international wheelchair
basketball players VO, peak = 2.65 Lmin-! which was the mean VO, peak found 'by

Goosey-Tolfrey (2005). Therefore VO, values could be estimated to be 0.93 Lmin-! for
the athletics group and 1.33 L. min-! for both wheelchair basketball groups. The mean
temperature and relative humidity during the training sessions was 17.5°C and 48 %.
This equates to a water vapour Pressure of 8.4 mmHg. Therefore using the equation of

Mitchell et al. (1972) whereby

Respiratory water loss= 0.019 * VO (.min-1) (44-Water Vapour Pressure)

Then Respiratory water losses for the training sessions would equate to a loss of
0.63 g.min-! for the athletics squad and 0.90 g.min? for the 2 wheelchair basketball squads.
Therefore over a the period of the training sessions {110 minutes for international sprint
athletics, 114 minutes for the club basketball and 118 for the international basketball
players) respiratory water losses would be 69, 103 and 106 g respectively. This is of

course a very rough estimation as the absolute VO, is based on values previously

published for a different group of athletes. Further, the calculation of VO. peak from heart
rate responses does not take into account cardiac drift, which would artificially elevate
heart rate. As mentioned in the Literature Review at low absolute VO, values the
equation overestimates the rate of respiratory water loss and this can be by 15-20 %
(Mitchell et al,, 1972). An overestimation by 20 % would mean an overestimation by 14 g
for the international sprint athletics, 21 g for the club basketball players and the

international wheelchair basketball players. Also, the relationship between O uptake and

respiratory water loss is not linear above 70 % VO;max but the deviation is minimal up
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to workloads of 80 % VO3zmax within 0.25 g.min! compared to direct measurements of -
humidity in the expired air, Mitchell et al. (1972). A further complication for those
individuals who have a spinal cord injury ventilatory rate may be altered; this would
therefore affect the respiratory water losses, However, as yet studies concerning the
respiratory rates (increase in the number of breaths per minute) of individuals with a
spinal cord injury have only been conducted in response to heat exposure (Wilsmore et al,
2006). This increase in ventilatory response was almost twice that of able-bodied subjects
and higher amongst those with the highest lesion levels (Wilsmore et al,, 2006). Itis
theorised that this may be an adaptation to aid cooling, if this is the case then the increase
in thermal stress associated with exercise may have a similar effect to passive heating
amongst those with a spinal cord injury. This increase in breathing frequency may
decrease the amount of water lost per breath (McFadden, 1988) however, the greater.

number of breaths taken in total may resultin an increase in respiratory water losses.
Calculation of body mass change due to substrate metabolism

When substrates are oxidised, carbon dioxide is produced and this is then lost
from the body via expiration, water is also pfoduced however this remaiﬁs within the
body. Some of these by products obtain their oxygen from the atmospheric air,
therefore both the amount of oxygen from the atmospheric air; the loss of carbon
dioxide in expired air and the production of water need to be included when
determining body mass changes and hydration changes during exercise. The water and
mass changes from the oxygenation of carbohydrate can be determined from the

stoichiometric equation;

——¥sH1206 + 602 6C0O; + 6H20

At35 % VO. peak 50 % of the energy demands are met from carbohydrate

~ sources and the remaining 50 % from fat sources (Maughan et al,, 2007}, At 50 % VO,
max 60 % of the energy demand comes from carbohydrate and 40 % from fat
(Maughan et al., 2007). This is obviously ignoring any protein metabolism that might
occur although protein oxidation is likely to be minimal, even during endurance events
protein does not contribute more than 5-6 % of the total energy turnover (Lemon,
1991). It has also been shown that obese individuals the relative contribution of fat is
higher than amongst lean individuals, it is known that individuals with a spinal cord
injury tend to have a greater relative fat mass than able-bodied participants. It has been

reported that even physically active individuals with a spinal cord injury have a greater
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proportion of fat mass than their able-bodied counterparts (Konica, 1997). Diet and
aerobic fitness will also affect the relative contributions of fat and carbohydrate for
substrate metabolism (Hargreaves et al., 2004). As no expired air samples were taken
from the participants during training it is not possible to accurately determine the
exact proportion of energy that was derived from carbohydrate or from fat. The mean
body mass of the athletes was 66 kg and was 81 kg for the club level wheelchair
basketball players and 80 kg for the international wheelchair basketball players.
According to Ainsworth et al. (2000) the metabolic equivalent for running is 10 MET
and for wheelchair basket ball is 6.5 MET. This would equate to an energy requirement
of 1210 kcals for the athletics group and 1000 kcals for the club level wheelchair
basketball squad and 1035 kcals for the international wheelchair basketball squad
during their training session. However, the actual energy requirements of the players
will depend on the type of injury, the efficiency with which they propel the wheelchair,
playing position, training intensity and the type of wheelchair therefore the energy
requirement will vary from player to player. Further the MET system is derived from
able-bodied populations and due to the loss of muscle mass in those with a spinal cord
infury, the likelihood is that the use of the MET system to determine energy
requirements for those with a spinal cord injury will result in an overestimation.
However, if an energy requirement of 1210 kcals is assumed for athletics and 1000 is
assumed for the wheelchair basketball squads then that would equate to 610 kcals
(149 g) from carbohydrate and 610 kcals (66 g) from fat for the athletics and 600 kcals
(146g) from carbohydrate and 400 kcals (43 g) from fat for the wheelchair basketball
players. 1 g of carbohydrate oxidation results in a net mass loss of 0.4 g. The net body
mass gain from 1 g of fat oxidation is 0.13 g. Therefore during the their training the
athletes will have lost 60 g of body mass due to carbohydrate oxidation but will have
gained 9 g of body mass from fat oxidation. This results in a net mass loss of 51 g from
sources other than sweat loss. For the wheelchair basketball squads the net mass gain
from carbohydrate oxidation is likely to be 58 g and the body mass gain from fat
oxidation is likely to be 6 g. This is therefore a net body mass loss for the \n;heelchair

basketball players of 52 g from substrate oxidation.

However, when carbohydrate and fat are oxidised for energy, water is also
released for each gram of carboﬁydrate 0.6 g of water are released and for every gram
of fat oxidised 1.13 g of water are released. Therefore the water released due to
substrate metabolism for the athletic group would be 164 g (89.4 g from carbohydrate

oxidation and 74.6 g from fat oxidation). For the wheelchair basketball squad the water
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released due to substrate metabolism would be 87.6 g from carbohydrate sources and

48.6 g from fat oxidation, so total water release due to substrate metabolism is 136.2 g.

Therefore overall from substrate oxidation the athletes would lose 51 g of body
mass unrelated to water losses and gain a further 164 g of water from substrate
oxidation, This would mean that the athletes could lose 215 g of body mass without a
decrease in body water. For the wheelchair basketball players they lost 52 g of body
mass from substrate oxidation and gained 136 g of water therefore they could have a
decrease in body mass of 188 g with no alteration in body water occurring. As muscle
atrophy is associated with spinal cord injuries then differences in metabolic rate will be

present and so this calculation is likely to be incorrect for such groups.
Water release from glycogen stores

Glycogen is stored in the muscles with water wher; glycogen is utilised this water
is released. This release of water means that its loss from body water will not result in
hypohydration (Maughan et al., 2007). During exercise some glycogen will be utilised
from muscle stores and some from liver glycogen stores. It is likely that liver glycogen is
stored with less water than is associated with muscle glycogen (Maughan et al,, 2001). If
it is assumed that for every gram of glycogen that is utilised 3 g of free water are
released then during the two hour training session the release of water from glycogen
stores will be 555 ml. Therefore 555 ml of water can be lost from the body without it

effecting osmolalities/causing hypohydration,
Mass of sweat

Due to the solute content of sweat the assumption that 1 g of sweatis equal to
1 ml is not true, 1 ml of sweat actually has 2 mass of 1.001-1.008 g depending on the
composition of the sweat sample. However, such a small difference in mass is too small

to be detected by the measurement of participant’s body mass.

“Sweat loss = body mass loss + ingested fluid - substrate oxidation + metabolic

water - respiratory water loss”
Maughan et al. (2007}

“Body Water loss = body mass loss- substrate oxidation - metabolic water- water

stored with glycogen + urine and faecal losses”

Maughan et al. (2007)
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Table 5.4.1. Calculated Respiratory Water Losses (g), Net Change in
Body Mass Due to Substrate Oxidation (g), Body Water Gain from
Metabolic Substrate Oxidation (g) and Released from Glycogen Stores
{g) for the Mean Athlete, Club and International Wheelchair
Basketball Player during Training.

Athletics Club Basketball International
Baskethall
(8 _ | (8) (8
Respiratory water 69 103 106
loss
Substrate oxidation- | -51 -52 -52
net body mass
change
Metabolic Water 164 : 136 136
gain '
Water stored with 555 555 555
glycogen
Total change BM 770 743 743
without loss of body | |
water
Sweat loss 700 950 1190
Potential change 110 % 78 % 62 %
without decrease in
body water as % of
sweat loss

If the above assumptions were correct then it is possible that the changes in body
mass that were seen and attributed to sweat loss and therefore as an indication of
dehydration have been overestimated. The values calculated are substantial. Therefore,
it may be the case that % dehydration during training amongst these athletes is even

smaller than seen for body mass changes alone. Further research into these non-eccrine
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water losses and sources of water gain during exercise in the disabled population is
needed in order for a better understanding of the fluid balance of athletes with a
disability. As the lower active muscle mass of those with a spinal cord injury is likely to
mean a lower metabolic rate. The relative proportions of body mass which are lean
mass and fat mass is different between those with a spinal cord injury and able-bodied
participants. Those with a spinal cord injury have a greater relative fat mass than able-
bodied individuals (Kocina, 1997). There are potential differences in ventilatory rates
between able-bodied athletes and those with a spinal cord injury which would affect
respiratory water losses (Wilsmore et al., 2006). Therefore the above data is likely to be
* flawed. Any overestimation of sweat losses will also resultin an overestimation of sweat
electrolyte losses as the concentrations of the electrolytes in the samples obtained are
multiplied by the sweat losses to determine absolute electrolyte loss. Therefore, if an
overestimation of sweat loss occurs an overestimation of sweat electrolyte loss will also

occur.

5.5. CONCLUSION

The heterbgeneity of participants in this study means that it is difficult to tell
whether the sweat response of disabled athletes differs between the classifications. The
results may be due to individual differences. Due to the numerous factors that can effect
sweat loss and therefore subsequent nutritional requirements (with respect to water
and salt) in the disabled athletic population it is best to advise individuals based on

their specific sweat losses.

Overall it ddes appear that sweat rates are lower for athletes with a disability
compared to vélues reported for able-bodied athletes during training (Burke and
Hawley, 1997). Despite this lower sweat rate fluid intakes are similar to those reported
for able-bodied athletes (Burke and Hawley, 1997). Therefore body mass tends to
increase during tfaining. Sweat electrolyte composition with respect to sodium, chloride

and potassium is within the physiological range.

It needs to be considered whether either a player’s performance, or health, will
suffer detrimental effects due to their over drinking, In able-bodied, weight bearing,
slz;orts an increase in body mass has been shown to be detrimental to performance. Up
to a 2% reduction in body mass due to sweating in able-bodied athletes is thought to
have no detrimental effects on performance or health. However, no studies have looked
at the effect of different hydration statuses in a group of athletes with a disability. The

reason for the players drinking during training has been assumed due to an increase in
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core temperature during the training session and subjective feelings of getting hot.
Studies looking at the feelings and thermal comfort of these athletes need to be
undertaken with individuals with a spinal cord injury, especially those with a high level
spinal cord injury so that a better understanding of the reasons for their drinking
behaviour can be ascertained. If those with a spinal cord injury drink large volumes of
fluid during training does this then have implications for the periods when they are not

exercising i.e. is fluid intake low throughout the rest of the day?
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CHAPTER 6: TOTAL BoDY WATER AND WATER TURNOVER
RATES OF A WHEELCHAIR RUGBY SQUAD DURING AN
INTERNATIONAL TOURNAMENT
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6.1 INTRODUCTION

The previous Chapter found that those athletes with a spinal cord injury consumed vast
quantities of fluid during the training session. This Chapter is designed to determine the

daily fluid intake of athletes with a spinal cord injury.

It is known that following a spinal cord lesion there muscle atrophy occurs (Hagerman
et al., 2006; Kocina, 1997; Drummeond et al,, 2008). In some cases this atrophy is
accompanied by functional impairments which limit the ability to train muscle groups
even though they are still innervated by intact nerve flow from the spinal cord e.g. if the
biceps are no longer functioning this may affect the ability of the individual to train the
triceps (Kocina, 1997). These factors mean that individuals who have a spinal cord
lesion have a relatively lower lean mass compared to healthy individuals, especially
healthy able-bodied athletes (Kocina, 1997). Due to the higher proportion water in lean
mass compared to fat mass, a loss of lean mass is associated with a lowered total body
water relative to body mass. However the body water content of individuals with a

spinal cord injury undertaking regular exercise is unknown.

Poor hydration has been linked with an increased risk of urinary tract infection (Manz
and Wentz, 2005). A S5CI puts individuals at greater risk of a urinary tract infection
(Waites et al.,, 1993) they are therefore encouraged to maintain adequate levels of
hydration. On the other hand in those with spinal injuries above Té6 there is a risk of
autonomic dysreflexic attack if too much water is consumed (Schmid et al.,, 2001). This

makes water balance amongst this group highly important.

Sodium citrate is a supplement (an alkalising agent), which has been shown to improve
performance during high intensity activities lasting between 2 and 4 minutes to
improve performance amongst able-bodied cyclists (McNaughton and Cedaro, 1991).

As the active transport of sodium and glucose plays a role in the absorption of water
from the gastrointestinal tract supplementation with sodium citrate may affect the
water turnover rates, 24 hour urine volumes and 24 hour sodium losses. Sodium citrate
is a supplement that is regularly taken by the wheelchair rugby squad in an attempt to
aid performance, as urinary sodium concentrations are to be measured in this Chapter it

is important to note that some players consumed a sodium supplement.

There have been studies performed on able-bodied athletes - cyclists, American

footballers and runners, which have investigated their total body water and water
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turnover rates compared to sedentary able-bodied control participants (Stofan et al,,
2007; Leiper et al., 1996; Leiper et al., 2001). The main differences between the
physically active and the sedentary groups have been attributed to a greater non-renal
loss amongst the athletic groups, probably due to an increased sweat loss in the
athletes. However, very few individuals with a spinal cord lesion are able to sweat
below the level of the lesion. In some high level lesions (tetraplegics) this means that
they are unable to sweat on any part of their body except their heads (Hopman et al,,
1992; Hopman et al,, 1993). This means that sweat losses are low amongst this group of
athletes (the reasons for this are described in Chapter 4). Amongst participants with a
spinal cord injury those with the higher level injuries {C5/C6-C7/C8) consumed the
greatest volumes of fluid (0.764+£0.342 1 versus 0.472+0.252 | for high paraplegics, T1-
T6,and 0.38110.251 1 for low paraplegics, below T7) but had the lowest sweat rates
(0.31£0.42 1 for tetraplegics, 0.71+0.33 1 for high paraplegics, 0.69+0.53 | for low
paraplegics) (Price and Campbell, 2003). The effects of a smaller sweat loss during
exercise and the possible increase in fluid consumption on water turnover rate and

upon non-renal losses have not previously been studied.

Body water can be determined by use of a non radioactive isotope - deuterium oxide
(heavy water, D20). Deuterium oxide is neither metabolised nor produced by the body
therefore if a known quantity is consumed the total body water and the rate of water
turnover can be determined by the initial dilution and the rate of dilution over a period
of time. Measuring the urine volume produced each day, allows non-renal losses can be

calculated.

As the previous Chapter showed high fluid intakes of wheelchair rugby players. The aim
of this study was to describe the 24 hour fluid balance of wheelchair rugby players with

a spinal cord injury during a period of competition.

6.2. METHOD

Ethical approval from Loughborough University was amended through the ethical
advisory committee at Lougﬁborough to allbw samples to be collected in the U.S.A.
Eleven male wheelchair rugby players (all of whom were members of the Canadian
international squad) volunteered and provided written informed consent to participate
in this study. All participants completed a health screening questionnaire and self-

reported to be clear from urinary tract infections during the period of the study. Physical
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characteristics are described in Table 6.2.1. All participants had a spinal cord injury at
the T4 level or above and reported their playing classification as obtained by the
International Wheelchair Iiugby Federation. The study tock place during a training camp
in Florida, U.S.A. in January 2008, mean environmental temperature outside was 27+ 5 °C
and relative humidity was 6815 %. During the study players participated in a
wheelchair rugby tournament, the temperature at the tournament was 21,0£3.3 °C with a
relative humidity of 22+10 %. Temperatures were taken hourly from 07:00-22:00 h for
outdoor temperature and from the time of arrival ~ 09:00 h until the time of departure ~
16:00 h for the indoor competition venue. Players had been at the training camp for at

least a month prior to the study and so were acclimatised to the conditions.

Before retiring to bed on Day 0 players emptied their catheter bags, the mass of this
urine volume was measured and a sample retained from each player. Participants then
consumed an absolute known mass of deuterium oxide mean+SD 10.0013+0.0032 g
(99.9 atom%; Sigma, London, U.K.). Following ingestion the deuterium container (a 20
ml tube) was filled with a fluid of the subject’s choice and again consumed by the
participant, this was repeated several times to ensure all deuterium was drunk. For the
following 6 days, players were provided with labelled 24 hour urine containers into
which they emptied all the contents of their catheter bags each day. Every morning the
mass of the urine container was measured and recorded (this value was used to
calculate 24 hour urine volumes, after correction for the mass of the empty container).
Approximately 20 ml from each 24 hour container was retained for later analysis.
During the study participants were free to consume their normal diet and participate in
their daily activities (which were recorded by the investigator). On Day 1 of the study all
participants took part in 2 wheelchair rugby matches, on Days 2,3 and 4 participants
undertook no formal exercise, Day 5 consisted of 2 wheé]chair rugby matches at a
tournament and on Day 6 participants undertook 3 wheelchair rugby matches as part of

the tournament. Participants were free to consume any food or fluid they required.
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Table 6.2.1: Showing the Physical Characteristics- Body Mass (kg), Age
(v), Spinal Cord Injury Level and Wheelchair Rugby Playing
Classification of Participants.

Player Body Age Injury Flaying
Mass Classification
(kg) ) e
level)

1 77.3 34 C4 0.5

2 63.6 19 C5 1.0

3 65.9 25 Cé 2.0

4 59.6 25 C5-6 1.0

5 66.0 40 C6-7 2.0

6 90.9 41 C6-7 2.0

7 59.1 31 C6-7 2.0

8 91.0 32 C6-7 3.5

9 64.0 28 c7 1.5

10 77.0 27 C7-C8 3.0

11 63.6 31 T4 3.0
Mean 70.7 30
SD 11.6 7
Median 65.9 31
Min 59.1 19
Max 91.0 41

All urine samples were measured for deuterium oxide concentration by infra red

spectrometry using the methods described by Lukaski and Johnsonn (1985) and

described in the general methods section. The urine sample prior to the ingestion of

deuterium oxide were used to determine baseline concentrations of deuterium; no

player had any significant levels of deuterium in their urine at baseline. All the urine

collected during the night of deuterium ingestion was weighed in the morningand a

sample of this urine was used to determine total body water (TBW) using the formula of

Schloerb et al. (1950) after correction for baseline levels. With the assumption that body

water remained stable throughout the period of the study the rate of decline of ZH

concentration in the subsequent morning samples was used to estimate daily water
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turnover rate (Lifson and McClintock, 1966). The difference between the daily water
turnover and 24 hour urine volume was calculated and used to determine daily non-
renal losses. All urine samples were also measured for sodium and potassium
concentration by flame photometry (Corning, 410, New York, USA), chloride
concentration was determined by coulometric titration (Jenway PCLM 3, Essex, UK},
and osmolality via freezing point depression (Gonotec Osmomat 030, YSI, Farnborough,
UK). During the study 5 of the players consumed a sodium citrate supplementation of
0.1 g.kg! of body mass during days 1-3 and 6 of the players consumed this
supplementation on days 4-6. The sodium citrate was dissolved into the players drink

and consumed with breakfast.
Statistical Analysis

All data were tested by a Shapiro Wilk test for normal distribution. Where data were
norma]iy distributed it is provided as mean+SD. Data that was not normally distributed
the median (range) is provided. Data that were not normatively distributed were tested
using a Friedman test to measure for significant differences. To ascertain between
which days the difference laid a Wilcoxon signed-rank test with a Bonferronni
correction was used. In all cases the initial a level of p<0.05 was used for significance,
corrections for post hoc tests meant that the significance level was p<0.05/number of
comparisons performed. Correlations between water turnover rate and playing

classification were calculated using a Spearman’s rank test.

6.3. RESULTS

The median 24 hour urine volume was 1.53 litres (range 0.26-5.77 litres). The median
(range) 24 hour urine volumes for the players during each day of the study are shown in
Figure 6.3.1.

Figure 6.3.1 shows that median urine volumes tended to be greater on match days than
non-match days, however, due to the small number of participants in this study and the
large variation between the participants meant that this trend was not significant
(p>0.05).
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Figure 6.3.1: Median (Range) 24 Hour Urine Volumes (1) For a Group
of Wheelchair Rugby Players on Match Days and Non Match Days
during an International Tournament,

All participants had a day to day variation in urine volume of over 1 litre. Expressed relative
to body mass median 24 hour urine volume was 22.7 mlkg.d-! (range 10.6-90.2 mlkg.d1).
The results showed that 4.6% of TBW was lost via urinary output per day (range 2.1-16.8 %).

With sodium citrate suppi]ementation 24 hour urine volumes were 1.7 (0.3-5.8) litres
and without supplementation they were 1.4 (0.3-4.0} litres. There was no significant
difference between the days with supplementation and the days with no
supplementation, although the trend towards higher urinary volumes with sodium

citrate supplementation neared significance (p=0.052).
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Figure 6.3.2.: Median (Range) 24 Hour Urine Volume (1) for Each
Subject with and Without Sodium Citrate Supplements

Total Body Water (TBW)

Median total body water for the squad was 33.8 litres (range 24.6- 50.8 litres). When
expressed as a percent of body mass, TBW made up (median) 53.11 % of the players
body mass (range 36.88-61.83 %). Total body water was significantly correlated to

body mass (r?=0.629, p=0.0385). There was a significant relationship between playing
classification and the % of body mass that was water, as shown by Figure 6.3.3. This was

significant (p=0.012, r2=0.524),
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Figure 6.3.3: Correlation between TBW as a % Body Mass and Playing
Classification for a Squad of Wheelchair Rugby Players.

Water turnover rate (WTR}

The median water turnover rate for the squad was 2.23 1.d? (range 1.04-4.23 litres.day1).
Expressed relative to body mass median daily water turnover rate was 27.5 ml.kg.d-!
(range 8.02-100.78 mlkg.d-1), Expressed relative to TBW the median (range) water
turnover per day was 5.6% of total body water (0.7-18.7%). During the days when the
participants ingested sodium citrate water turnover rates were 2.32 (0.81-6.45) l.d-1.
There was no significant difference between match days and non-match days with respect
to water turnover rate although there was a tendency for higher water turnover rates on
match days (p=0.088). However, when the players were not ingesting the sodium citrate
water turnover rates were 1.75 (0.23-4.21} L.d-1. The difference between days consuming
sodium citrate and days not consuming sodium citrate were not significantly different
(p=0.729). Water turnover rate was significantly correlated to daily urine volume
(r2=0.777, p=0.005).

The difference between water turnover rates and 24 hour urine volumes meant that the
median non-renal loss for the squad was 0.39 litres (range 0.10-3.35 litres). Non-renal
losses were not significantly correlated with playing classification (r2=-0.264, p<0.05).

The relationship between TBW, WTR and non-renal loss is shown in Figure 6.3.4.
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Figure 6.3.4. The Median (Range) Daily Water Turnover Rate (L.d1),
Daily 24 Hour Urine Volume (I} and Daily Non-Renal Losses (I} of a
Wheelchair Rugby Squad.

Urinary Electrolytes

Mean 24 hour urine sodium concentration was 115+17 mmol.l'! (range 40-200 mmol.l-1)
therefore mean 24 hour sodium losses via urine were 191198 mmol.24h1 or 4.442.3 g (0.7-

10.1g) and 5o mean salt loss via the urine was 11.245.8 g (range 1.8-31.8 g).

Whilst taking sodium citrate median (range) 24 hour urinary sodium losses were 5.08
(0.71-9.56) g. When not consuming the sodium citrate supplementation median (range)
urinary sodium losses per 24 hours were 3.14 (0.80-12.50) g. This was not a significant

difference between supplementation and no supplementation p=0.086.
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Figure 6.3.5. Median (Range) 24 Hour Urinary Sodium Losses (g) with
Sodium Citrate Supplementation and Without Sodium Citrate
Supplementation.

24 hour urinary sodium concentrations were not significantly correlated with TBW,
when expressed either as an absolute value or relative to body mass (p>0.05, r2=0.003).
24 hour urinary sodium losses were not significantly correlated with urine osmolality
(p=0.218, r*= 0.03). However, 24 hour urinary sodium loss was correlated to 24 hour

urine volume (p<0.01, r2=0.513) and water turnover rate (p<0.001, rz2= 0.282)

Mean urine potassium concentration was 41+6 mmol.l? (range 8-89 mmol.I'1} this
meant that 24 hour potassium loss was 83+59 mmol or 1.6+1.1 g. 24 hour urine
potassium concentrations was not correlated to absolute or relative TBW (p>0.05,

rz=0.003; p>0.05, r2=-0.032), nor was it correlated to playing class (p>0.05, r2=0.041).

Mean 24 hour urinary chloride concentration was 68+16 mmol.l! (range 10-159 mmol.l1).
Again 24 hour urinary chloride concentration was not significantly correlated with absolute or

relative TBW or playing class (p=0.832, r2=0.005; p=0.555, r2=0.04; p=0.956, r2=0.000).
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Urine Osmolality

The 24 hour urine samples showed that mean urine osmolality was 478+73 mosmol.kg1. With
only 4 of the sarhples possessing a urine osmolality greater than 700 mosmolkg,all 4 of these

values were reported in the same player.

With sodium citrate supplementation urine osmolality was 479 (175-1104) mosmol kg!
whereas during the days with no sodium citrate supplementation urine osmolality was 460
(232-946) mosmolkg1. This difference between days with supplementation and no

supplementation was not significantly different (p>0.05).

Urine osmolality was not correlated to absolute TBW (p= 0.631, r2=0.026), or TBW
relative to body mass (p= 0.401, r2= 0.079), neither was it significantly correlated to
water turnover rate (p=0.306, rz=0.019), nor was it significantly correlated with urine
volume (p=0.068, r2=0.055).

6.4. DISCUSSION

This is the first study undertaken to look at the fluid balance of tetraplegics during
sporting activities. Following a spinal cord injury muscle atrophy occurs below the level
of the injury this is because this region is no longer innervated by the spinal cord, thus
the amount of lean mass decreases (Kocina, 1997). All the participants in this study had
some form of impairment in their arm function. The functional impairment and the
resultant decrease in muscle mass from the spinal cord injury on functional capacity
will be feﬂected by the playing classification of the participants. Players with a lower

playing classification will have the greatest degree of functional impairment.

As shown in Figure 6.3.3. there appears to be a positive relationship between the
percent of body mass which is water and playing classification, this would imply that
those players with a greater functional capacity (lower lesion level) also have a higher
percent of lean muscle mass. Even though this group‘ of rugby players were quite
homogenous all were tetraplegics, and all had a complete lesion there is still a marked
change in total body water. This probably reflects the relative amount of muscle mass
that is still innervated by the spinal cord. Higher level lesions will result in a greater
proportion of the muscle mass which cannot be innervated. This would lead to a greater
relative loss of muscle mass, as muscles which cannot be innervated become atrophied.
Amongst able-bodied participants there is a tendency for total body water relative to
body mass to be lower amongst sedentary populations than athletes reflecting the

differences in lean mass (Leiper and Maughan, 2004). Values for TBW relative to body
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mass for able-bodied swimmers have been reported as 20.1£6.3 % compared to age
matched controls which had relative TBW of 17.5+1.4 % (Leiper and Maughan, 2004).

The absolute TBW values amongst the wheelchair rugby players in this study [33.8 litres
(range 24.6-50.8 litres)] are similar to mean values previously seen amongst tetraplegics
(34.9£7 4 litres). Values are slightly lower than paraplegic men (39.0£4.6 litres) (Cardiis et
al,, 1984). These values are lower than those found by Leiper et al. (2001) for active
trained cyclists, where median values of 54.3 litres (43.2-62.3 litres) were found, and their
control participants for whom median TBW was 41.4 litres (35.8- 49.0 litres). Therefore
absolute TBW of wheelchair rugby players is similar to that previously reported for
Tetraplegics (Cardis et al., 1984) but lower than values for paraplegics and able-bodied
groups (Cardﬂs et al,, 1984; Leiper et al., 2001). This would reflect the decreased muscle

function and muscle atrophy that occurs following a SCI.

As with absolute total body water, when total body water is expressed relative to body mass
the median values seen for the wheelchair rugby players [53.1 % (range 36.9-61.8 %)] were
lower than those seen for able-bodied cyclists (Leiper et al., 2001). However, relative total
body water values tend to be lower amongst well trained sports men than individuals who
are recfeationally active or sec_lentary (Leiper et al,, 2001; Battistini et al., 1994; Shimamoto
and Komiya, 2003). However, comparing the values against previous findings for healthy
males shows that the % of body mass that is water in the wheelchair rugby players is
smaller than the mean values (meanSD 61.8+3.5 %) seen by Schloerb et al. (1950).
Comparing the values to the data of Cardis et al. (1984} showed that the wheelchair rugby
players had lower total body water relative to body mass than paraplegics (63 %) and
tetraplegics (58 %) who were in the hospital rehabilitation phase following spinal cord
injury. This is probably due to the longer time since injury in the present study as muscle

atrophy becomes greater with time {Castro et al.,, 1999).
Water Turnover Rate and Non-Renal losses

Leiper and Maughan (2004) reported greater water turnover rates amongst swimmers
than amongst aged matched controls. This faster WTR was due to the swimmers
ingesting a larger volume of water during the study and was unrelated to a higher
exercise induced sweat volume loss. The median daily WTR for the wheelchair rugby
squad is similar to values previously reported for sedentary controls by Leiper et al.
(2001) and Leiper and Maughan (2004). Leiper et al. (2001) found median non-renal
losses to be 0.4 litres.day-! (0.3-1.5 litres.day-!) and Leiper and Maughan (2004) found

meanzSD non-renal losses to be 0.921.3 litres.day-, in the present study median non-
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renal losses were lower 0.2 litres.day-1 {0.1-3.5 litres.day-1). It is known that following a
spinal cord injury there is a decreased capacity for sweat production below the level of
the lesion. This would account for the lower median values for non-renal losses seen in
this study and for the very low values which are similar to the lowest values seen for
elderly participants (Leiper et al,, 2005 }. This reduction in sweat production is more
pronounced when non-renal losses for the current study are compared to non-renal
losses of able-bodied athletes. Mean values of 2.7+1.4 litres.day-* have been found in
swimmers by Leiper and Maughan, (2004) and median values of 1.4 litres.day! (range
1.1-3.0 litres.day-1) in cyclists (Leiper et al. 2001). Comparing the values of non-renal
losses for cyclists with the wheelchair rugby players shows that the median non-renal
losses of the cyclists was over a litre greater than the median value for the wheelchair
rugby players. When the non-renal losses are expressed relative to body mass or to
TBW the values are lower for the wheelchair rugby players, than those seen in either
able-bodied swimmers or cyclists (Leiper and Maughan, 2004; Leiper et al, 2001).
Expressed relative to both body.mass and TBW the non-renal losses are smaller in the
wheelchair rugby players than reported for sedentary able body participants (Leiper
and Maughan, 2004; Leiper et al,, 2001). The values seen for the wheelchair rugby
players are similar to values seen in elderly participants (over 75 years old) (Leiper et
al., 2005). The low values seen in the elderly were attributed to an age related decrease
in transdermal and respiratory loss and a decreased sweat production (Leiper et al.,
2005). It is likely that the sweat loss in the elderly was greater than the rate of sweat
loss in some of the wheelchair rugby players. Therefore, the low non-renal losses seen
for the wheelchair rugby players in the present study may represent an inability to
produce sweat on the insensate skin. Indicating that similar water turnover rates
between able-bodied participants and those with a spinal cord injury is due to a larger
fluid intake amongst those with a spinal cord injury. If the water turnover rate was due

to a large fluid intake then it would be expected that urine volumes would be high.
Urine Volumes

Median daily urinary volume for the wheelchair rugby players is higher than the mean
urinary loses seen by Leiper and Maughan (2004) for active swimmers (0.92+0.4 1.d-1)
but lower than the median values seen by Leiper et al. (2001) in trained cyclists. Again
when expressed relative to body mass the median daily urinary volume of the
wheelchair rugby players is higher than values previously reported for able-bodied
swimmers (Leiper et al,, 2001} but lower than values seen in trained cyclists (Leiper

and Maughan 2004). As already mentioned there may be a large volume of fluid drunk
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during exercise by this group of individuals in an attempt to attenuate the thermal
strain (Price and Campbell, 2003). In cool environments the metabolic heat produced
from upper body exercise is not great enough to induce a thermoregul'atory strain.
When exercising in the heat, individuals with a spinal cord injury gain heat from the
environment. As they are unable to thermoregulate efficiently and therefore there isan
increased thermoregulatory strain amongst this group (Petrofsky, 1992). Therefore
under the conditions of the study it is possible that fluid was consumed in an attempt to
reduce the thermoregulatory strain. Also it is possible that the raised levels of activity
(two ~three matches per day) could increase energy intake (food) and water intake.
This occurs because there is a relationship between energy intake and water intake.
Food intake would increase to meet the energy demands of exercise, and with larger
volumes of food in the gastreintestinal tract fluid intake may be enhanced (Leiper and
Maughan, 2004). ‘

A significant aspect of health care for individuals with a spinal cord injury and an
indwelling catheter is the constant consumption of sufficient quantities of fluid to
promote urinary output and minimise the risk of urinary tract infection (Sand et al.,,
1973). Although there is no clear evidence that increasing fluid consumption above
euhydration levels reduces the risk of urinary tract infections compared to euhydration
(Manz and Wentz, 2005).

It is possible that fluid intakes were elevated in this study due to the warm
environmental conditions throughout the period of the study. As the participants felt
hot because of the climate they increased their fluid consumption to try to feel cooller.
This may have been a factor in the non-significant difference between match days and

non-match days with respect to water turnover rate or 24 hour urine volume.
24 hour urinary electrolyte losses

24 hour urine collection and analysis for electrolytes is believed to be one of the best
methods for determining electrolyte intake in free living individuals (Schachter et al.,, 1980).
Intakes can be determined in healthy individuals as sodium intakes match losses. If large
sweat losses occur then this may affect the results due to sodium losses in the sweat. This is
due to an underreporting and errors associated with dietary analysis of intakes. Previous
studies have shown a good correlation between the analysis of sodium intake through
dietary analysis of weighed food intakes and urinary excretion analysis for sodium and
potassium (Schachter et al.,, 1980). The values for 24 hour urinary sodium excretion by the

wheelchair rugby players’ are slightly higher than those previously reported for healthy
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males in New Zealand (177 -184 mmol.d-!) (Schachter et al., 1980), but lower than values
reported for a group of individuals with a slightly elevated blood pressure who excreted
238.4+82.2 mmol.d-t (Martin et al,, 1990). Although these values are higher than reported in
other studies where 24 hour urinary sodium losses have been reported as 122+12 mmol.d-1
and 113(48) mmol.d-! (Leiba et al., 2005; Caggiula et al,, 1985). The higher values seen in the
rugby players may be related to the fact that some players consumed sodium citrate as a
supplement on some of the match days. As 24 urinary sodium excretion is correlated to
intake and in the majority of this subject group it is assumed that sweat sodium losses will
be very small it is possible to estimate their sodium and salt intakes. The results from this
study suggest that the wheelchair rugby players consumed 11.2+5.8 g.d-! of salt; this is
assuming that all sodium losses are in the form of NaCl (salt) but this is not the case and
therefore this value is probably an overestimate. This amount of salt intake is well above the
government recommended salt intake of 6 g.d! (Food Standards Agency, 2006). Even
though it could be argued that salt infakes greater than 6 g may be required in athletes with
high sweat sodium losses, but generally, in this group sweat sodium losses will be minimal.
There is however, an impaired ability to produce dilute urine even when large volumes of
urine are being produced (Wall et al,, 1993). If large amounts of sodium are being lost in the
urine, it is possible that individuals with a spinal cord injury require a large amount of

sodium in their diet.

Although urine osmolality was not significantly correlated with urine sodium
concentration the p value was 0.068, this is close to significance and may reflect a low
participant number. As urine sodium concentrations (160 mmol.l-1) and urine
osmolalities (1000 mosmol.kg'!) had a wide range which will have affected the
statistical analysis. Although sodium is present in the largest quantities in the urine
other electrolytes are present (Siener and Hesse, 2002). The main component of urine is
water; this will therefore have an effect on the urine osmolality. These other
constituents of urine will all affect osmolality. This is because urine osmolality is

determined by solute particle concentrations (Armstrong et al 1998).
Effect of Sodium Citrate

It can be seen from Figure 6.3.6. the higher urinary sodium losses came on the days
when sodium citrate was ingested. Only 3 of the 11 players had a lower 24 hour sodium
excretion in the days when their diet was being supplemented by sodium citrate. The
variability in sodium loss means that the dietary intake of sodium was probably greater

than the volume ingested with supplementation and therefore diet is likely to havea
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greater effect on 24 hour sodium losses. As discussed in the General Methods Chapter
dietary intake was not controlled as a descriptive account of normal habits was
required. The higher 24 hour urine volumes and larger water turnover rates with

supplementation indicate that on these days the players consumed more fluids.

6.5. CONCLUSIONS

There was no significant difference between the match days and non-match days with
respect to 24 hour urine volume or water turnover rate. However, these two variables
were high éonsidering the non-renal losses of this group, suggesting high fluid intakes
6n each day of the study. This may have been due to the warm environmental

conditions and a study in a cooler climate may be beneficial.

The results of the present study indicate that total body water is related to playing
classification in wheelchair rugby players. This reflects the greater lean body mass
present in the higher level classifications due to their ability to train and utilise a greater
percent of their muscle mass than those lower classification players who have lost
control of a greater proportion of their bodies. Non-renal losses in some members of the
squad were very low and this probably reflects the inability to produce sweat below the

lesion.
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Chapter 7: Water Turnover Rate of Individuals with a
Spinal Cord Injury.
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7.1. INTRODUCTION

As discussed in Chapter 2: Literature Review following a spinal cord injury (SCI} there
are several physiological changes, which affect the cardiovascular, hormonal and
thermoregulatory responses of an individual with a spinal cord injury (Theisen and
Vanderlandwijck, 2002}. Some of these chahges result in an altered urinary excretion
pattern compared to the pattern seen amongst a healthy able-bodied population
(Kilinic et al., 1999). The diurnal pattern for urine volume seen in able-bodied
participants has been shown to be absent in those with a spinal cord injury (Kilinic et
al., 1999). If a constant urine volume is produced throughout 24 hours then this may
affect fluid intakes. This may mean the water turnover rates of individuals with a spinal
cord injury and healthy able-bodied individuals are different. Previous research has
shown that hospitalised patients who have had a spinal cord injury for at least thee
months had a lower total body water than healthy able-bodied participants, which was
believed to reflect a decrease in muscle mass (Cardus et al., 1984). However, the total
body water of those with a spinal cord injury after they have been discharged from

hospital is unknown.

One of the thermoregulatory impairments that occur following a spinal cord injury is
the inability to sweat below the level of the lesion (Randell et al,, 1966). Thisis dueto a
lack of innervation of the sweat glands to produce sweat. The reduced capacity to sweat
could affect water turnover rates by reducing non-renal losses due to the decreased
sweat loss and secondly via higher fluid intakes than able-bodied individuals in an
attempt to attenuate ahy increase in core temperature which cannot be attenuated via
the normal methods of sweat evaporation or blood redistribution to cool the body. This
theory is based on the findings of Price and Campbell (2003) who found individuals
with tetraplegia drank more fluid during exercise tests than the able-bodied group
despite lower sweat losses amongst those with a spinal cord injury. However, the effect

of a spinal cord injury on water turnover rates during normal daily living is unknown.

In the previous Chapter the total body water and water turnover rates of a group of
tetraplegics was researched. The pathophysiology of tetraplegics is different to those
who have a lower level spinal cord injury. Further to this the participants in the
previous study were all taking part in a competitive tournament at the time of the study
and were living away from their normal homes. Also, the environmental conditions in
the previous Chapter may have had an effect on the drinking behaviour of the

participants. Therefore this study was undertaken to determine the total body water
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and water turnover rate of those with paraplegia who were living in their own homes,
with cooler climatic conditions and undertaking their normal activities. Additionally as
previous research has shown that urine volume did not alter between day and night for
individuals with spinal cord injury participants (Kilinié etal, 1999). In the present
study, participants were asked to record the time and volume at each urination/
emptying of their catheter bag, By collecting individual samples from each urination/
emptying their catheter bag a better understanding of the state of hydration status

throughout the 24 hours can be ascertained.

Therefore the aim of this study was to provide a descriptive pattern of fluid balance
amongst those with a spinal cord injury in a cool climate and who were not involved in
competitive sport. It also aims to provide some information on the pattern of urine

excretion in those with a spinal cord injury.

7.2. METHOD

Severn (5 male and 2 female) adult participants volunteered to participate in the study.
Four of the participants (2 male and 2 female} were British international wheelchair
basketbali players and the other three participants were recreationally active with
handcycling. Full subject characteristics are shown in Table 7.2.1. All participants
provided written informed consent before commencing the study. All participants
completed a health screening questionnaire and self reported in writing and verbally
that they were clear from urinary tract infections during the period of the study. All

participants had a spinal cord injury.
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Table 7.2.1: Individual Characteristics for the Participants Including
Gender, Body Mass (kg), Age (v), Level of Lesion, Time since Injury (y)

Time
Subject Gender Body mass Age Lesion level since
injury
: (kg) . (¥) )
1 Male 79.4 27 T4 complete 3
2 Male 72.0 53 T7 incomplete 14
3 Male 79.8 29 T8 complete 11
4 Male 82.4 32 L1 incomplete 17
5 Female 62.1 43 T4/T5 complete 20
6 Female 741 37 T8 incomplete 22
7 Male 789 45 T5/6 incomplete 26
Mean 75.5 38 16
Standard
6.9 9 8
Deviation

Before retiring to bed on Day 0, participants emptied their bladders/catheter bags, into
a measuring jug, measuring and recording the volume of the urine passed. Participants
then retained a urine sample of approximately 20 ml. This sample was used to

determine baseline levels of deuterium oxide.

The participants then consumed mean # SD 9.8653+0.4859 g (99.9 atom%, Sigma,
London, U.K.) of deuterium oxide, making a note of the time. To ensure that all the
deuterium was consumed, participants were asked to rinse the container several times

and to drink the fluid with each rinse.

After consuming the deuterium oxide, each time a subject needed to empty their
bladder/catheter bags they noted the time, measured the urine volume, and retained a
sample of approximately 20 ml. During the study participants continued to urinate at

* time points, consistent with their typical urination patterns. During the period of the
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study participants were free to consume their normal diet and continue with their
normal activities. Dietary and physical activity controls were not put in place since a
descriptive pattern of the daily habits was required, as discussed later, in the General

Discussion Chapter.

At the end of the study, all urine samples were collected and analysed for sodium and
potassium concentration (flame photometry, Corning 410, New York, USA), chloride
concentration (coulometric titration, Jenway PCLM 3, Essex, UK) and osmolality via

freezing point depression (Gonotec Osmomat 030, YSI, Farnborough, UK).

Participants were asked to empty their bladders/ catheter bags at the same time each
morning in order to complete a full 24 hour urine collection. This sample was used to
determine deuterium concentration by infra red spectrometry (Miran-1a, The Foxboro
Company, Connecticut, USA). The methods for determining deuterium concentration are
described in Chapter 2; and are based on the methods described by Lukaski and

" Johnsonn (1985). The first urine sample produced by participants following the
ingestion of deuterium oxide was used to determine total body water. Samples
produced to complete the 24 hour urine collection were used to calculate water
turnover rate. Non-renal losses were calculated by subtracting the 24 hour urinary

volume from the water turnover rate of each day.
Statistical Analysis

Data were analysed for normality of distribution using a Shapiro Wilk test. Data that
was normally distributed is presented as mean+SD, and when data were not normally
distributed, results are provided as median (range). Correlations for non-parametric
data were determined using a spearman'’s rho correlation. Significance was set at a level
of p<0.05.

7.3. RESULTS

As shown in Table 7.3.1,, median (range) total body water was 33.5 (24.8-45.0j litres.
Expressed relative to body mass, this was 45.2 (34.9-58.0) %. Absolute values for water
turnover rate were median (range) 3.1 (1.4-8.4) litres, when expressed relative to body
mass and total body water, water turnover rate equated to 44 (17-125) ml.kg.d-1, and
9.4 (3.3-21.2) %. Absolute water turnover rates were significantly correlated to non-
renal losses (p<0.001, r2=0.607).
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Non-renal losses were 1.2 (0.2-3.8) 1.d-! and expressed relative to body mass and
relative to total body water, were 11.3 (2.3-47.4) ml.kg.d-1 and 2.3 (0.6-12.1) %.

Table 7.3.1: Median, Minimum and Maximum Values For Absolute
Total Body Water (TBW) (1), TBW Relative to Body Mass (mlLkg.d1),
Absolute Water Turnover Rate (WTR) (1), Water Turnover Rate
Relative to Body Mass (ml.kg.d1), Water Turnover Rate Relative to
Body Mass (%), Absolute Non-Renal Losses (1), Non-Renal Losses
Relative to Body Mass (mlkg.d'!), Non-Renal Losses Relative to Total

Body Water (%).
TBW TBW%BM WTR WTR:BM WTR%TBW :::1 NR:BM NR
M (%) M (mlkg.d1) (%) (1.d?) (mlkg.d-*) (%
Median 33.5 45.2 31 335 9.4 1.2 113 2.
Min 248 39.7 1.4 7.7 . 3.3 | 0.2 2.3 0.4
Max 45.0 58.0 8.4 83.5 21.2 38 474 12,

Median 24 hour urinary volume was 2.1 (0.9-6.2} 1.d1. 24 hour urine volume was not
correlated to water turnover rate (p=0.086, r2= 0.128) or to non-renal losses {p=0.877,
r2=0.001). Urine volume was significantly correlated to sodium loss (g} (p<0.001,
r2=0.378). The median (range) urine volume produced between 08:00 and 19:59 was
1.45 (0.23-3.88) litres and the median (range) urine volume produced between the
hours of 20:00 to 07:59 was 1.40 (0.25-3.03} litres. There was not a significant
difference between the urine volumes produced during the day and the volumes
produced at night (p>0.05). The median (range) urine volume produced between 08:00
and 21:59 was 1.71 (0.5-4.26) litres, but the median (range) urine volume produced
between 22:00 and 07:59 was 0.93 (0.07-3.11) litres. This was a significant difference
between night and day (p=0.016). When the urinary output rate was calculated for
08:00 and 21:59 it was 122 (32-304) ml.min-! and the urinary output rate between the
hours of 22:00 and 07:59 was 93 (7-311) ml.min-L. This was not a significant difference
(p=0.898).
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Median (range) ui‘inary sodium concentration was 26 (15-167) mmol.l1, meaning that
24 hour urinary sodium losses were 3.0 (0.4-7.8) g.d-L. Urinary sodium concentration

was not significantly correlated with urine osmolality (p=0.115, r2= 0.013).

As shown in Table 7.3.2., median (range) urinary potassium concentration was 47 (13-
138) mmol.I'! and urinary chloride concentration was 43 (8-164) mmol.l't. Urine
chloride concentration was significantly correlated to urine sodium concentration
(p<0.010, r2=0.080).

Table 7.3.2. Median, Minimum and Maximum Values for Urinary
Sodium Concentration {(mmol.I'Y), 24 Hour Sodium Loss (g), Urinary
Potassium Concentration (mmol.l'1) and Urinary Chloride
Concentration (mmol.l'))

24 hour

Sodium . Potassium Chloride
. urinary . .
concentration . concentration concentration
sodium loss
(mmoll1) (2] (mmol.l'1) {mmol.]-1)
Median 26 - 3.0 47 43
Minimum 15 1.1 13 8
Maximum 167 7.8 138 164

Median (range} urine osmolality was 295(118-934) mosmol.kg-1 and for the waking
sample, median (range) urine osmolality was 336 (134-703) mosmol.kg 1. These values
are shown in Table 6.3.3. There was a significant negative correlation between urine

osmolality and urine volume (p<0.01, r2=0.253).
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Table 7.3.3: Median, Minimum and Maximum Values with Respect to
Urine Osmolality (mosmolkg-), Osmolality of the First Pass of Each
Morning (mosmol.kg1) and 24 Hour Urine Volume (1).

Urine Osmolality of

Urme' the first sample Urine Volume
Osmolality
each day
{mosmol.kg1) (mosmol.kg1) M
Median 295 336 2.1
Minimum 118 134 0.9
Maximum 934 703 6.2

7.4. DISCUSSION

Total body water

The absolute total body water for this group was lower than previously reported for
healthy, sedentary, able-bodied males (Battistini et al,, 1994). Even taking into account the
female participants values in this study the values were still lower than mean values
reported for a group of male and female participants (5 males and 4 females) (Schoeller et
al,, 1982). When expressed relative to body mass, the values are lower than those reported
by Leiper et al. {2001) for endurance cyclists and sedentary male control participants. This
indicates that there is a lower lean mass amongst those with a SCI than findings discussing
abIe-bodied,.male, participants. This supports findings by Kocina (1997). Who concluded
in a review of the literature that even physically active individuals with a spinal cord

injury have a higher fat mass relative to body mass (16-24 % for men and 24-32% for
females). These values are higher than the values reported in able-bodied participants.
Individuals with a spinal cord injury who are sedentary, have an even greater percent of

| body mass which is fat (> 25 % for male spinal cord injured, and > 32 % for female’s with a
spinal cord injury) (Kocina, 1997). This increase in relative fat mass is associated with a
decrease in total body water, The decrease in body water was approximately 15% for a
group of paraplegics and tetraplegics who had been injured for at least three months
compared to healthy able-bodied participants (Cardis et al., 1984). The results of this

study seem to show a lower total body water when compared to values previously
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reported for able-bodied partitipants. This is illustrated when comparing values from
spinal cord injured participants in this study with the values seen by Schloerb and
colleagues (1950) where relative to body mass, total body water was 61.8 % for 17
healthy, able-bodied, males aged 18-29 years and whose mean body mass was 71.8 kg,
Amongst 11 female participants of the same age with a mean body mass of 58.2 kg,
relative total body water was 51.9 %. The median total body water relative to body mass
in this study is 45.2 %. This is 27 % lower than the values seen in able-bodied male
participants and 13 % lower than the values for healthy able-bodied, female participants.
Research on able-bodied participants has demonstrated that females have lower total
body water relative to body mass compared to male participants (Schloerb et al. 1950).
This lower relative total body water reflects a greater % body fat in female participants,
due to the lower water content of fat mass. The total body water relative to body mass is

lower than found in Chapter 6, which is likely due to the inclusion of female participants.

The difference in total body water between participants in this study and able-bodied
participants of Schloerb et al. (1950) is greater than the 10-15 % difference recorded by
Cardus et al. (1984). This greater difference may be reflective of the longer period since
injury for participants taking part in the present study. As time since injury increases so
does the loss of muscle mass (Castro et al. 1999). When comparing the results of
participants in this study to those with a spinal cord injury in the previous study of
Cardds and colleagués (1984), there is likely to be a decrease in relative lean mass.
Although, it is acknowledgedtotal body water is dependent on many factors and can
vary amongst any population. The lower total body water relative to body mass seen in
individuals with a spinal cord injury has been attributed to a decrease in the
intracellular fluid volume. This decrease in intracellular volume has been attributed to
a loss of cell mass, a result of muscle atrophy occuring below the level of the lesion
(Cardiis et al., 1984).

Water turnover rate

The water turnover rate of participanté with spinal cord injuries [3.1 (1.4-8.4) 1.d-1] was
similar to values previously reported amongst able-bodied participants including cyclists,
swimmers and sedentary participants reported by Leiper and Maughan (2004) and Leiper
etal. (2001). Water turnover rates for these groups ranged between 2.1-4.9 1.d-1. When
expressed relative to body mass, the results of the present study [33.5 (7.7-83.5) ml.kg.d-1]
are generally lower than for healthy able-bodied participants in a study by Fusch et al.
(1996) (45+7 ml.kg.d-?). The participants in the study by Fusch et al. (1996) had similar
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characteristics to this study in that it used 11 males and 2 females aged 3045 yearsand a
mean body mass of 73.5410.3 kg. Despite the trend for lower water turnover rates in the
present study, it is evident that when considering thé range of values amongst those with a
spinal cord injury, that some of the participants had a higher water turnover than was
reported amongst able-bodied participants (Fusch et al.,, 1998). The highest values for
water turnover rates amongst those with a spinal cord lesion is only slightly lower than
values reported for able-bodied American football varsity players who were training twice
a day in the heat (19.3-25.6°C) reported by Stofan et al. (2007} of 88+13 ml.kg.d-%. There is
a large variation in water turnover rates in this study, which range from values lower than
those for sedentary able-bodied participants to values which are nearly as high as those for
athletes during a period of heavy training in the heat. This demonstrates just how varied
water turnover rates can be. Amongst the participénts in this study, some of the variability
in water turnover rate will be due to the level of the lesion and the effect that has on sweat
losses. Secondly, the activity levels of the individuals in this study were not controlled for
and differences in water turnover rate will be affected due to differences in sweat losses,
differences in respiratory water losses, and metabolic water production due to exercise.
The highest value of water turnover rates amongst individuals with a spinal cord injury

likely reflects the high fluid intakes consumed by some of the participants in this study.
24 hour urine losses

Since non-renal losses were low, it is expected that 24 hour urinary losses will be higher
than seen amongst able-bodied participants. 24 hour urinary losses were higher than
values reported for active and sedentary able-bodied participants (Leiper and Maughan,
2004, Leiper et al,, 2001). In the present study, one subject urinated more than 6 litres
per day for each day of the study. This indicates that fluid intakes amongst individuals
with a spinal cord injury are similar, or higher, to the intakes reported in healthy, able-
bodied, individuals. However, non-renal losses were lower amongst participants with a
spinal cord injury than those previously reported for able-bodied participants (Leiper et
al,, 2001; Leiper and Maughan, 2004). Water must be lost via some route, and it is
excreted as urine. The large variation in 24 hour urine volumes observed in this study
tend to suggest that the high variability for group with respect to water turnover rate
was due to variations in fluid consumption. Despite the involvement of participants

with lower lesion levels, and cooler conditions, 24 hour urine volumes were higher than'
those seen for the wheelchair rugby players in the previous Chapter. This may reflect a
difference in attitude towards fluid intake amongst the participant groups (British

versus Canadian). It may also represent a greater access to fluid amongst the
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participahts in this study since participants were at home and they had a larger degree
of freedom when compared to the wheelchair rugby players for whom the only drinks

available were those provided to them by team managers and support staff.
Non-renal losses

Non-renal losses in this study were lower compared to values previously reported in
able-bodied participants {Leiper and Maughan, 2004). This probably represents the lack
of sweating below the level of the lesion in individuals with a spinal cord injury. The
impact that lesion level can have on non-renal losses is demondtarted by the variation
of non-renal losses between participants in this study, with differences covering a range
of 3.6 litres. Non-renal losses were greater than observed in Chapter 6, despite the
cooler conditions and the lower activity levels of the participants in this Chaptef. This
may be due to the lower lesion levels of participants in this Chapter, providing them
with a greater area for sweat loss. Lesion level affects sweat losses, but so too does
activity level, training status and genetic factors. While it is important to consider non-
renal contributions to sweat loss, one must also acknowledge the impact of non-renal
losses such as respiration and faecal losses; but it is not possible to tell from the
methods used in this study which route the non-renal losses occurred. Physical activity
levels were not strictly controlled in this Chapter, but participants did confirm verbally
that they had not undertaken any exercise during the period of the study. Sweat losses
due to physical activity would have contributed to non-renal losses and thus water

turnover rates.

Fluid intakes in this group may be high in an attempt to attenuate any increases in core
temperature that cannot be controlled for by the usual sweat or blood redistribution
responses (Price and Campbell, 2003). However, temperatures during this study were
not particularly hot, and since metabolic heat production for upper body exercise being
performed by persons with an SCI is likely to be low due to the small muscle mass that
is able to produce work, increases in core temperature are unlikely to be big. Indeed,
Price and Campbell, (1999) report core temperature increases of 0.6+0.3 °C during arm
cranking exercise in cool conditions (21.5+1.7°C and 49.0+7.8 % relative humidity)
(Price and Campbell, 1999). Additionally, the consumption of large volumes of fluid
may be a habit adopted by individuals with a spinal cord injury in attempt to decrease
the risk of urinary tract infections. Although all participants were clear from urinary
tract infections at the time of the study, it was known via conversations with the

participants that some had previously suffered from urinary tract infections. Despite the
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fact that there is no existing evidence which supports the notion that increasing fluid
intake above levels which maintain euhydration decreases the risk of urinary tract
infection, high fluid intakes are often recommended for individuals with urinary tract

infections (Manz and Wentz, 2005).
Night and Day

The non significant difference between urine volumes produced between 08:00 and
19:59 urine volume produced between the hours of 20:00 to 07:59, supports findings
by Kilinic et al. (1999) who found no significant differences between the volume of
urine produced between the hours of 08:00 to 22:00 and between 22:00 and 08:00
amongst a spinal cord injured group. The participants in the study by Kilinic et al.
{1999) were in a hospital setting at the time of the study, making it easier to monitor
and control the times at which they were lying and sitting. In the present study,
participants were asked to undertake normal activity patterns and unfortunately no
recording of their sleep patterns was taken. As.such, there is possibility that during
some of the hours which have been classed as night, participants may have been awake
and during the hours classed as day they may have been supine. It is possible to get an
indication of the time participants went to bed on the first night of the study since they
drank the deuterium and noted the time that it was consumed, an act which was
intended to be done before retiring to bed. It is also possible to determine the time at
which participants rose on the first morning of the study since this time was used as the
cut off time for the completion of the 24 hour urine samples, with a urine sample from
their catheter bag or bladder being obtained at this time each morning. Due to
alterations in daily patterns especially between weekdays and weekends it is impossible
to conclude with absolute certainty that these times relate to the actual time
participants went to bed or got up in the morning, but it is inferenced these times
approximated to 22:00 until 08:00. If these times are used to determine urine volumes
at night and during the day, then there is a significant difference between the night and
day urine volume. Using these time points means that there is a 4 hour time difference
and these volumes need to be corrected. If the urine flow rate (mlLh-?) is used, then there
is no significant difference between night and day. Reasons for the absence of a diurnal
pattern of urinary losses has been linked to alterations in vasopressin responses. Blood
measurements have shown that the lack of a diurnal urinary excretion pattern amongst
individuals with a spinal cord injury is due to an altered vasopressin response, which is
similar during the day and at night (Kilinic et al. 1999). A theory for the lack of diurnal

pattern of vasopressin is due to differences in blood redistribution which occurs from
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an erect to lying position between day and night. Whilst in an erect position during the
day, blood pools in the lower limbs, and at night in the lying position, blood is able to
return to circulation thereby increasing blood volume, Thus, there is no increase in
vasopressin release. This redistribution is also visible in able-bodied individuals but it is
greater in those with a spinal cord injury, having a more pronounced effect on plasma
hormone levels (Wall etal, 1993). It should be noted that there were individual
variations in the differences between urine output at night and during the day, with

some participants showing a similar pattern of urine output to able-bodied patterns.
Urine Osmolality

Urine osmolalities recorded in this study indicate that the participants were

euhydrated throughout the study, with the exception of one urine sample, which had an
osmolality greater than 700 mosmol.kg-1. The osmolality of the first urination of the day
was well below values reported by Shirreffs and Maughan (1998) for euhydrated able-
bodied participants. Again, this may reflect a fluid consumption which is greater than is
required to maintain euhydration. This is especially for participants who had urine
osmolalities which were only slightly greater than 100 mosmol kgt, indicative of the
most dilute form of urine. The median urine osmolality in this study of 295 mosmol.kg!
is lower than the mean *SD 556+50 mosmol.kg! baseline urine osmolality values for
14 tetraplegics (C4-C7 injuries) following an overnight (8-10 hours) fluid restriction
(Wall et al,, 1993). Possible reasons for the lower urine osmolalities in the present
study when compared to findings by Wall et al. {1993) could be that urine osmolalities
were slightly elevated in the previous study due to the overnight fast and fluid
restriction. Additionally, the freezing point of urine may have been affected by
participants’ consumption of 10 g of deuterium oxide, having a potential to alter
osmolality. Maughan et al. (2004) added 12 g of deuterium to solutions ranging in
osmolality from 321 to 628 mosmol.kg-1. The addition of the deuterium resulted in a
decrease in osmolality of ~10-15 % (278-558 mosmol.kg1}. However, in this study only
10 g of deuterium was consumed which represents a small proportion (less than 10%)

of any urine volume and 0.03 % of the median-total body water.

It is evident when considering the range in urinary sodium concentrations, that in some
individuals sodium load was low. Urinary sodium concentrations for individuals with a
spinal cord injury have previously been reported to be 4634 mmol.l-! for tetraplegics, and
52+11 mmol.l for paraplegics (Claus-Walker et al., 1982). The values seen in the present

study were lower than this. However, it is not really possible to compare the two studies
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due to dietary changes that have occurred in the twenty five years between the two
studies, especially with the high profile government campaign to reduce salt intakes over
recent years. This again would reflecta high consumption of water, which needs to be
excreted, resulting in dilute urine. These urine concentrations combined, with the urine
volumes, indicate that sodium loss per day was 3.0 (0.4-7.8) g. If it is assumed that all of
this sodium loss was in the form of sodium chloride (NaCl) then NaCl loss can be roughly
calculated to be 7.6 (2.8-19.9) g. This is quite a large range of salt losses, with some
individuals excreting less than the government’s recommended intake of 6 g.d-1 (Food
Standard Agency, 2006). The median value is also lower than values reported by
Schachter et al. (1980). However, due to the large urine volumes recorded, it is possible
that there is a greater need for sodium intake amongst this group since their urinary
losses are high when compared to able-bodied individuals. Uriﬁary potassium and
urinary chloride concentrations were similar to those previously reported Leiba et al.
(2005). |

7.5. CONCLUSIONS

The low number of participants in this study, when combined with the large differences
in subject characteristics (level and type of injury, activity levels and gender), meaning
that it is not possible to draw any firm conclusions from this study. However, the results
do tend to show a lower total body water both in absolute and relative terms in
individuals with a spinal cord lesion when compared to previous data relating to
healthy, able-bodied, participants, as previously reported in the literature (Cardus et al.,
1984).

The higher non-renal losses seen in this Chapter compared to the last Chapter likely
represent the differences in the level of spinal cord injury between the two groups. This

is despite the cooler environmental conditions, and restriction of physical activity.

By analysing individual urine samples (samples for each bag emptying/ urination) it
was possible to build a pattern of urinary excretion, There appeared to be an altered
urinary excretion pattern amongst partciapnts with a spinal cord injury, since the
norfnal diurnal pattern of excretion did not occur, Similarly, the osmolality of the
samples produced at night and during the day were not significantly different (Kilinic et
al., 1999). However, the low number of subjects in this study may also explain these

findings as not being significantly different.
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Chapter 8: Body Water Turnover of Participants at the
British Transplant Games.



8.1.INTRODUCTION

Individuals with a spinal cord injury are not the only group who may have altered patterns of
. fluid intake when compared to the general population. It is suggested that kidney transplant

| recipients are also likely to display unique fluid intake patterns. Prior to kidney
transplantation, individuals with end stage renal disease are placed on a strict low salt diet.
This diet is rigid and restricts potassium, phosphorus, sodium and fluid intake (Durose et al,
2004). This is because they are in renal failure and therefore the kidney is unable to maintain
homeostasis. Yet, generally following kidney transplantation, there are no further restrictions
on a recipient’s diet (National Kidney Foundation, 2008). Despite this there is no published

literature regarding the fluid balance or dietary habits following kidney transplantation.

Individuals with chronic kidney failure are likely to lead an inactive lifestyle and physical
performance is decreased (Johansen, 2005). The primary cause of mortality is cardiovascular
disease. A major risk factor of coronary vascular disease is a sedentary lifestyle. For kidney
transplant recipients, the anti-rejection drugs, steroids and calcineurin inhibitors they are
placed on following transplantation increases the risk of cardiovascular disease (Gordon et
al., 2005; Jindal and Zawada, 2004). Therefore, kidney transplant recipients are encouraged to
return to physical activity following transplantation. Exercise attenuates the risk of coronary
vascular disease and also improves graft function (Juskowa et al,, 2006}, decreases the
adverse effects associated with corticosteroids and the deconditioning which occurs during

dialysis, and generally improves overall quality of life {Gordon et al,, 2005).

The ‘British Transplant Games’ (‘the Games’) were established in 1978 with the aim of
encouraging transplant recipients to re-engage in physical activity. They now take place on an
annual basis at various locations across the UK. Teams of transplant recipients from across
the British Isles participate in events over 4 days. Events include running, swimming and
archery. Some participants train intensively in preparation for the Games attempting to win
and gain a place at the World Transplant Games, whereas others participate for the fun of

participating at ‘the Games’ (Transplant Sport UK, 2008).

There are obviously physiological differences between kidney transplant recipients and
healthy individuals, most notably the fact that recipients have only one kidney compared to

the two in a healthy person. Whereas a person with a spinal cord injury may require higher
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salt intakes than those advised for the general healthy population (as shown by Chapters 6
and 7). There was also the indication that fluid intakes are greater than the able-bodied
population amongst the spinal cord injured in Chapters5 5, 6 and 7. Kidney transplant
recipients by contrast have, at some point, been on a strict low salt diet since they are unable
to maintain sodium and fluid homeostasis whilst in renal failure. It may be that kidney
transplant recipients have smaller sodium intakes than the general population. Since a single
transplanted kidney will grow to a larger size than one in a pair of kidney in healthy
participants, and will act in a similar manner to two kidneys. The extent to which kidney
transplantation affects the rate of body water turnover is unclear. The restrictive diet that
patients with renal problems are placed on prior to a trahsplant operation may remain with
them later in life, but this is not at present clearly established. The answers to both of these
questions are of some significance. In view of the drastic changes in diet seen prior to kidney
transplantation, there may be some differences in the fluid balance of this population. The aim
of the present study was to measure some components of water and salt balance in kidney

transplant recipients taking part in the British Transplant Games.

8.2. METHOD

Seven kidney transplant recipients (5 male and 2 female), competing at the 2007 British
Transplant Games in Edinburgh volunteered to participate in the study. One male participant
was a member of the British Transplant team and competed in the running events, and 1
female participant was the swimming champion for her age group. The other participants
were all competing for fun- 2 male participants competed in fishing, 1 male athlete took part
in archery, and 1 male and 1 female participant took part in badminton. Ethical clearance for
the study was obtained from the ethical advisory committee at Loughborough University.
Prior to participating in the study all volunteers were provided with information relating to
the study and had an opportunity to ask the researchers any questions regarding the study.
The volunteers then provided written informed consent and completed a health screening
questionnaire. Participants were free to withdraw from the study at any time without giving a
reason for their withdrawal. Details of the participants in this study are described in Table
8.1.1. The Games took place at the end of July with outdoor temperatures for this period of

mean * SD 1545 °C relative humidity was 6217 %.

Before retiring to bed (the evening before the official start of the Games) on Day 0,

participants emptied their bladders, measured the volume of urine and retained a sample of
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approximately 20 ml. Participants then consumed 10.07160.1290 g of deuterium oxide (99.9
atom%,; Sigma, Londbn, U.K.) and noted the time. Participants were asked to rinse the bottle
containing the deuterium several times and to drink each rinse, thus ensuring all the
deuterium was consumed. From this point {Days 1-4) all further urinations were measured
for volume, a 20 ml sample retained and the time of pass was noted. On day 5, only the first
pass of the day was collected. Each morning (Day 1-5), before breakfast, participants in the
study were measured for body mass (0.01 kg) (Adams CE) by the investigator. At this time,
participants were asked about their activities for the day and confirmed their activities from

the previous day,

All urine samples were analysed for sodium and potassium concentrations using flame
photometry (Corning 480, Essex, U.K.), chloride concentration by coulometric titration
(Jenway PCLM 3, Essex, UK) and osmolality by freezing point depression (Osmomat 030,

Gonotec GmbH, Berlin, Germany).

Samples were analysed for deuterium content by infra red spectrometry (Miran-1a, The
Foxboro Company, Connecticut, USA). The urine sample collected prior to the ingestion of

* deuterium oxide was analysed for deuterium concentration and the value was used to
determine baseline levels of deuterium. The first urine sample of Day 1 was used to
determine total body water using the methods of Schloerb et al. (1950) as described in the
General Methods Chapter of this thesis. The remaining morning urine samples were used to
determine thé rate of water turnover as described in Chapter 2 of this thesis. Non-renal losses

were calculated from the difference between water turnover rate and 24 hour urine volumes.

To ensure a complete 24 hour urine collection, all urine samples were analysed for creatinine
concentration by spectrophotometry (Shimadzu UV-Visible recording spectrophotometer UV-
160, Kyoto, Japan) following the methods described by Vitro Scient (Hanover, Germany)
which are based on the Jaffé (1886) reaction.
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Table 8.2.1. Subject Characteristics for Participants in the Study- Gender,
Age (Y), Time Since Transplantation (Y And Months), Body Mass on Day 1
(kg), Body Mass on Day 5 (kg).

Subject Gender Age Time since Body Mass Body Mass
transplantation Day 1 Day 5
() (yand months) (kg) (kg)

71 Male 33 4y 3 months 86.40 86.46

2 Female 45 17 y 6 months 65.56 65.64

3 Male 44 3y 6 months 109.01 109.75

4 Male 48 7 months 78.34 80.20

5 . Female 40 9y 0 months 62.18 62.27

6 Maie 55 20y 5 months 74.06 75.67

7 Male 52 12 y 0 months 90.97 9291

Median . 45 9y 0 months 78.34 80.20
Range (33-55) (7 months- 20y 5 (62.18- (62.27-
months) 109.01) 109.75)

Statistical analysis

All data was tested for normal distribution by a Shapiro-Wilk test. Data are provided as
median (range). Body mass changes were normally distributed and therefore analysed by a
one way repeated measures ANOVA with Tukey post hoc tests to determine if their was any
significant change in body mass over the period of the study. Urine creatinine values were not
normally distributed and so differences in urine creatinine values were determined by

Friedman’s test. Significance was set at p<0.05.
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8.3. RESULTS

Median (range) body mass at the start of the study was 78.34 (62.18-109.01) kg, and at the
end of the study, body mass was 80.2 (62.27-109.75] kg. This change in body mass was not
significant, (p=0.085).

Median (range) TBW for the participants was 43.1 (33.6-67.5) litres, which means thatas a
percent of body mass TBW was 55.5 (40.7-66.7) %. Values for each subject are shown in
Table 8.3.1. | |

Table 8.3.1. Median (Range) for Body Mass (kg) TBW (1), TBW as a % of BM
(%), WTR (Ld'1), WTR Relative to Body Mass (ml.kg.d1), WTR as a % of BM
(%), Non-Renal Losses (Ld1) and Non-Renal Losses Relative to Body Mass
(mlkg.d'l) and Non-Renal Losses as a % of TBW (%).

Non- 24

Non- renal hour

WTR % renal Non-Renal losses % Urine

TBW TBW%BM WTR WTR :BM TBW losses losses ; BM TBW Volume
U] (%) ) (mlkg.dt) (%) M (mlkgd) (%) Q]

Median 43.06 55.54 2.38 34.05 5.45 113 10.66 2.21 1.35
Min 35.55 40.68 1.16 17.03 3.33 0.38 0.82 0.76 0.67
Max 67.50 66.66 4,59 47.29 9.86 190 24.31 3.93 2.59

Median (range) WTR for the participants during the study was 2.4 (1.2-4.6) Ld't. Expressed
relative to body mass WTR was 34.05 (17.03-47.29) ml.kg.d1, meaning that 5.5 (3.3-9.9) % of
the TBW was turned over each day. The data for individual participants are shown in Table
8.3.1.

The median (range) non-renal losses for the group during the study were 1.1 (0.4-1.9) 1.d-1,
When expressed relative to body mass non-renal losses were 10.7 (0.8-24.3) mLkg.d-1.
Therefore the non-renal losses accounted for 2.2 (0.8-3.9) % of the TBW each day. The
median (range) for each participant during the period of the study is shown in Table 8.3.1.

Relative to body mass 24 creatinine values were 0.7 (0.1-4.2) mmol.kg?d-1. The difference
between days for creatinine values was 0.03 (0.01-0.06) mmol kg1d-1. Median (range)

coefficient of variation for the absolute 24 hour creatinine loss of each subject was 5 (2-9) %.
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Between the days of the study; there was no significant difference in the 24 hour creatinine
values (p=0.135).

Over the period of the study (4 days), the reported median (range) 24 hour urine cutput was
1.35 (0.67-2.59) litres. Median (range) values for each participant are shown in Table 8.3.1,,

and the group median (range) 24 hour urine volumes for each day are shown in Figure 8.3.1.

3.00

2.50 -

2.00 ~

1.50

100

0.50 -

24 hoururine volume (litres)

0.00 -

Day
Figure 8.3.1: Median (range) 24 Hour Urine Volumes (1) for Each Day of the
Study

Median (range) urine sodium concentration was 100 (62-164) mmol.l, The median (range)
urinafy sodium concentrations for each participant are shown in Table 8.3.2. There was not
a significant correlation between urinary sodium concentration and urine volume (p=0.63,

r2=0.018).

Assuming that all sodium lost in the urine was in the form of sodium chloride (NaCl), itis
possible to estimate approximate NaCl losses. Therefore the median (range) 24 hour NaCl loss
‘during the study was 7.4 (2.5-18.0) grams. The median (range) daily sodium chloride data for
each participant is shown in Table 8.3.2.

Median (range) urinary potassium concentrations were 64 (15-88)} mmol.l'., Median (range)
urinary chloride concentrations were 56 (29-145) mmol.l-1. Median (range) urinary

potassium and urinary chloride values for each participant are shown in Table 8.3.2.
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All of the urine samples collected from the participants had osmolalities of less than 800 mosmol kg,
with the median (range) urine osmolality being 500 (249-708) mosmolkg1. The median (range) urine

osmolality values for each participant during the study is shown in Table 8.3.2.

Table 8.3.2. Median, minimum and maximum values with respect to 24
hour urine sodium concentration (mmol.l1), 24 hour sodium chloride loss
(g), 24 hour urinary potassium concentration (mmol.l'}, 24 hour urinary
chloride concentration (mmol.I'Y) and urine osmolality (mosmol.kg)

Sodium
Subject Sedium Potassium Chloride - Osmuolality
’ Chloride
(mmoll1) (g) (mmeolit) (mmol.lt) {mosmol.kg)
Median Overall 100 7.40 64 56 500
Min Overall 62 2.50 15 29 249
Max Overall 164 18.00 88 145 708

8.4. DISCUSSION

Given that body mass did not alter significantly during the period of the study, it can be
assumed that TBW did not significantly change during the study period. The absolute TBW
values seen in this study are similar to those seen for healthy sedentary participants of similar
body mass (Leiper et al, 2001; Leiper and Maughan, 2004; Shimamoto et al., 2003). Yet, the
range of values seen in the kidney transplant recipients is greater than those values reported .
by Leip:er et al. (2001). This may reflect the tighter controls on age, gender and activity levels
that were imposed by Leiper et al. (2001), whereas the present study included males and
females, placing no controls on their age or activity levels. Additionally, two of the
participants competed to win and the rest competed for ‘fun’. When expressed relative to
body mass, there is some overlap in range of values presented by Leiper et al. (2001) and the
present study. The general tendency is for the participants with kidney transplantation to
have alower TBW as a percent of body mass than healthy participants. This would suggest
that kidney transplant recipients have a lower lean body mass. This lower percentage of lean
mass in the kidney transplant recipients likely reflects the fact that 2 of the 7 participants
were female and in healthy populations, female participants generally have a lower lean mass
than males (Schloerb et al., 1950). Females have a higher relative body fat compared to males

and since as fat mass contains less water than the same mass of lean tissue, female
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participants in this study will have lowered the values for relative total body water in this
participant group (Schloerb et al., 1950). Secondly, renal failure is usually accompanied by a

decrease in lean mass (Mitch, 1998), which may remain following transplantation,

The absolute median water turnover rate of this study is slower than values previously
reported for athletes and sedentary participants by Leiper et al. (2001) and Shimamoto and
Komiya et al. (2003) but it is similar to values seen for healthy sedentary controls reported by
Leiper and Maughan (2004). This could indicate a lower fluid intake due to lower water
losses. When water turnover rates are expressed relative to body mass, the kidney transplant
recipients have a lower daily water turnover rate than mean values previous reported for
healthy participants {Leiper and Maughan, 2004; Leiper et al., 2001; Shimamoto and Komiya,
2003). This may reflect a lower fluid intake amongst those with a kidney transplantation due
to the fluid restrictions which occur prior to transplantation whilst still on dialysis, This may
have a residual effect, influencing their post-surgery habitual fluid intake and lowering water |
turnover rates. This is further highlighted by the low 24 hour urine volumes observed in some

participants.

The wide range of values seen for the kidney transplant recipients probably reflects the
differences in activity levels seen between the participants and the difference in the amount
of activity that each subject did from day to day. For example, one subject hiked up to the top
of Arthur's seat twice one day and then spent the next day fishing.

Collection of urine samples can be inconvenient for participants, leading to alack of compliance.
24 hour urinary creatinine excretions were relatively constant for the majority of participants
and therefore can be used to determine completeness of 24 hour urine collections (Curtis and
Fogel, 1970). Curtis and Fogel (1970) study showed that the coefficients of variation for a group'
of healthy males (n=9 ) and females (n=3), aged 19-48 who for the 6 days of the study were
inpatients on a research ward ranged from 4-8 %. Greenblatt et al. (1976) reported coefficients
of variation of 10.5-14.4 % and mean urinary creatinine excretions of 21.4-25.4 mgkg.!
amongst 8 healthy males aged 23-45 years over a collection period of six consecutive days. The
median (range) coefficients of variation in this study were comparable to the values seen by
Curtis and Fogel {1980). Further, statistical analysis showed no significant differences for
urinary creatinine excretion between days for any of the participants. These factors suggest that
the reported 24 hour urine volume of the participants was complete. Generally, creatinine

values for the kidney transplant recipients were lower than the quoted reference range
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suggested by VitroScient for the methods used in this study. This is possibly due to a lower
muscle mass amongst those with a kidney transplant which can occur during dialysis. Daily
creatinine losses are directly correlated to the size of the body’s creatinine pool (Lykken et al,,
1980) and urinary creatinine thus correlates better with muscle mass than body mass
(Narrayanan and Appleton, 1980). These low values were similar on each day of the study and

may represent the low muscle mass in these participants.

The values for the kidney transplant recipients are towards the lower end of the normal
range for urine output. The urine volumes reported in this study are lower than those
reported by Leiper et al. (2001} but similar to values reported for sedentary participants and
swimmers studied by Leiper and Maughan (2004). These low urine volumes also suggest a
lower fluid intake amongst those who have received kidney transpiantation than the general
healthy population. Despite this, all urine samples in this study had a urine osmolality below
800 mosmol.kgt, This indicates that all the participants in the study maintained euhydration
throughout the period of the study and thus throughout the duration of the British
Transplant Games. The median urine osmolality in this study i.s lower than that found by
Shirreffs and Maughan {1998) in a healthy sedentary population. It is possible, due to the
monitoring of fluid that occurs after transplantation, that awareness of individual water
balance is greater amongst kidney transplant recipients, making them better able to adapt
their drinking strategies to maintain enhydration. As 24 hour urine volumes were at the
lower end of the normal range and that urine osmolalities were low, solute losses were low

for those in individuals with a kidney transplant.

Non-renal losses represent insensible losses, faecal losses, respirafory and sweat losses. The
variation in non-renal losses also reflects the differences in activity levels amongst participants
with non-renal losses relative to body mass varying from 2.2 ml.kg.d-? to 20.7 ml.kg.d-% It is not
possible to determine which proportion of non-renal losses were due to sweat losses, although
sweat losses would increase with higher levels of physical activity. The non-renal losses in this
study are similar to those previously reported for healthy sedentary controls (Leiper et al,,
2001; Leiper and Maughan, 2004) which is the case even if the values are reported relative to
body mass or as a percent of total body water, The variability in non-renal losses probably
reflects differences in sweat losses since participants competed in different activities and at

different intensities.
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The WTR and the 24 hour urine -volumes for the kidney transplant recipients were towards
the lower end of the range seen in healthy sedentary participants by Leiper and Maughan
(2004} but the non-renal losses were similar to sedentary healthy participants. These findings
suggest fluid restrictions placéd upon the participants during their dialysis may have led to a
lower fluid intake following transplantation. Despite this, the participants still consumed
enough fluid to maintain euhydration (assuming that the single kidney has the same solute
diluting ability of a normal pair of kidneys). This possibly highlights an increased awareness

of their fluid requirements.

24 hour urinary sodium values recorded for the kidney transplant recipients are lower than
that found by Schachter et al. (1980). The 24 hour urinary sodium chloride values seen in this
study covera widg range from 2.5 grams to 18.0 grams. Salt lost un sweat must be added to
this value. The government’s target intake for NaCl is less than 6 g.d-! (Food Standards
Agency, 2006), but the daily average salt intake of UK males is about 11g with women
consuming an average of 8 g.day! (Henderson et al.,, 2003). The data from this study suggests
that after a kidney transplantation NaCl intakes are lower than those of the general healthy
population, but higher than the target NaCl intake set by the government. Although the range
of NaCl values seen amongst the kidney transplant recipients means that some individuals
with kidney transplantation do consume less NaCl than the government’s target. Suggesting
that being placed on a low salt diet prior to kidney transplantation results in slightly
decreased salt intake after transplantation. However, the diet of the participants throughout
the Games may not be reflective of true dietary habits since all food was eaten at a cafeteria,
and control over salt intake may have been altered, changing normal dietary habits may have

changed.

Limitations

With only 7 participants able to participate, and a large inter-individual variability, larger
participant numbers are necessary before for any definite conclusions concerning water balance
and salt intake can be made. This study also covers a wide age range, however this water
turnover rates were similar in a group of elderly people (69-88 years, WTR 1.5-2,2 1.d"1) (Leiper
et al. 2005) when compared to values for younger sedentary control subjects (17+2 years,

WTR 1.7 1.d?) (Leiper and Maughan, 2004). Raman et al. {2004) showed a decrease in water
turnover rate with age from 3.81+1.24 1.dt in 40-49 year old, males compared to 3.55+0.92 L.d-
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for males aged 60-69 years. Non-renal losses were also shown to decline with age 1.61+ 0.79 1.d1
for the 40-49 year group and 1.00£ 0.67 1.d-! for the 60-69 year group. There is also a difference
for WTR and non-renal losses with respect to gender. Females have a lower WTR (3.2620.78 1.d-1}
than for males (3.81+1.24 1.d-1). Non-renal losses were 1.10+0.68 1.d-! for females which is lower
than male values (1.61+0.79 1.d-1) Raman et al. 2004). |

All participants were away from home and by consuming canteen food they had less controt

over their salt intakes and values in this study may not represent typical values.

8.5. CONCLUSION

This study gives some indication of the water turnover in athletes following kidney
transplantation, but it is acknowledged that behaviour patterns may be altered at an event
like the Transplant Games. This makes it difficult to transfer the findings to athletes in

training, or to the general kidney transblant population who engage in an active lifestyle.

The results do show that there may be a lower salt (NaCl) intake and a lower fluid intake
amongst those with a kidney transplant. Despite lower fluid intakes, participants were
euhydrated throughout the study suggesting an awareness of fluid needs. These differences
from the general population are probably a result of the restricted diet they followed prior to
transplantation. These results are also in contrast to the findings of the spinal cord injured
participants (Chapter 6 and 7). Therefore, the appropriateness of the governments’ campaign’

to reduce salt intake may not be applicable to this group.
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Chapter 9: General Discussion,
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'9.1. GENERAL FINDINGS

Chapter 5 showed that while the sweat losses differed for those with a 'spinal cord injury
compared to the values for the equivalent able-bodied activities. Conversely, sweat
composition - sweat sodium, chloride and potassium concentrations, did not differed from
values typically reported able-bodied athletes. Further, fluid intake was greater when related
to sweat loss than has been reported during able-bodied sports, resulting in a net mass gain
during training. This thesis looked at fluid balance during daily activities in two groups for
whom it was assumed that fluid balance may differ from the general population. Chapters 6
and 7 are the first studies to investigate the water turnover rates of individuals with a spinal
cord injury. To date, no published research had attempted to describe the salt (NaCl) losses
and water turnover rates of a population of kidney transplant recipients. Comparing the data
obtained in this thesis with the general guidelines on fluid and salt intakes, based on the
healthy, able-bodied population, highlights two groups for whom these guidelines may not be
applicable. The British government aims to reduce salt intake (NaCl) to less than 6 g.d-1. The
British government’s advice regarding water intake is to consume 1.2 litres of water per day
(Food Standards Agency, 2008). The data collected from disabled athletes in Chapter 5, the
results of the studies examining fluid balance of those with a spinal cord injury in Chapters 6
and 7 and those who have received a kidney transplant in Chapter 8 demonstrated that there
are certain populations for whom fluid and salt intake guidelines determined by the

government are not be applicable.

9.2. SWEAT VARIATION BETWEEN TRAINING SESSIONS AND THE VALIDITY OF A
SINGLE TESTING SESSION

Information regarding sweat losses, both in terms of water loss and salt loss, are important for
athletes’ performances and health. Not all sweat losses need to be replaced during the training
session, as small degrees of hypohydration can be tolerated without a negative effect on
performance. It has been shown that ironman triathletes are able to tolerate body mass losses

* of 3 % without negative effects on performance (Laursen et al,, 2006) and in endurance events
such as running drinking to replace sweat losses may actually impair performance due to the
higher body mass that has to be carried compared to a slight level of hypohydration (<2 %
body mass) (Noakes, 2007). However, the losses do need to be replaced prior to the

commencement of the following training session; otherwise an accumulative effect of
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hypohydration will occur (Sawka et al., 2007). If an inappropriate replacement strategy is |
employed, then subsequent performance may be compromised due to dehydration or
hyperhydration (Sawka et al,, 2001; Hargreaves and Hawley, 2003). In addition, an excessive
loss of sodium in sweat may contribute to heat or exercise induced muscle cramps (Bergeron,
2003; Eichner, 2007). Factors such as diet, fitness level, genetics, environmental temperature,
clothing worn, and the duration and intensity of the training session can affect sweat volume
and electrolyte composition (Burke, 1997; Greenhaff and Clough, 1989; Maughan, 2001). These
factors will vary from athlete to athlete, with Shirreffs and colleagues (2007) suggesting that
general guidelines regarding fluid intake during training and during recovery periods have
little benefit to athlete , Many studies and sporting organisations use a single training session
to determine athletes’ sweat volumes and sweat electrolyte losses, determining the nutritional
strategies for athletes from this data. However, factors which have the potential to affect sweat
losses between individuals can also affect an individual over time, thus varying across training

sessions.

Currently, there is a vast quantity of existing literature regarding electrolyte composition and
sweat loss volumes specific to many different groups of athletes; (football Maughan et al,,
2005; Shirreffs et al,, 2005, American Football, Stofan et al., 2005). This information has been
used both to devise individualised hydration strategies for the participants involved in the
studies, and used as baseline guides for others within the sport to determine their nutritional
needs. To date, no published data examines the reliability of such one off testing. Chapter 4
illustrated that despite numerous factors affecting the volume of sweat loss and sweat
electrolyte composition, there were no significant differences between four training sessions
with respect to the volume of sweat loss, sweat sodium concentration, sweat chloride
concentration or sweat potassium concentration. Nor was fluid intake or pre-training
hydration status significantly different between sessions. This non-significant difference
observed for the group may reflect the subject numbers that were used and the large
variation between participants. However, when individual data is examined, there is little -
difference between the training sessions with respect to the volume of sweat lost, sweat
electrolyte concentrationé, or volume of fluid consumed between each training session.
Therefore, it is concluded that the use of testing over one session is a practical and valid |
measure of sweat volume Josses and sweat electrolyte‘ losses. The wide variation in sweat
losses hetween the participants shows the importance of individualising hydration strategies

for athletes.
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The majoripy of participants who took part in this study were classified as recreationally
active (n=40) so it is doubtful whether these findings can be applied to elite sportsmen and
women who have multiple training sessions in a single day at high intensities and long
durations. Some participants (n = 5) involved in the study were international athletes and
their sweat loss variability was similar to the rest of the participants. Further investigation is
needed regarding the effects of multiple training sessions per day on the sweat volume and
composition in elite athletes, especially when competing in the heat where sweat losses
would be high. In the context of this thesis the sweat losses were similar for the participants
in this study and for those in Chapter 5. Chapter 4 showed that the use of a single testing
session is a reliable indicator of sweat losses which is relevant when analysing the findings in

Chapter 5.

9.3. SWEAT L0OSSES OF ATHLETES WITH A DISABILITY

One of the most variable routes of water loss is via sweating. There is substantial published
literature regarding the sweat loss of able-bodied athletes, but little data exists regarding the
sweat loss for athletes with a disability during training. Athletics and wheelchair basketball
were both part of the 1960 Paralympics in Rome, and provide a contrast between wheelchair
and non-wheelchair activities. Wheelchair rughy was first designed in the 1970s and is played
by those with a more severe disability (tetraplegia) than would play wheelchair basketball
(paraplegia, amputation). For disabled athletes without a spinal cord injury, sweat rates were
lower than reported in the literature on able-bodied counterparts (Burke and Hawley, 1997).
In wheelchair sport, upper body exercise results in lower absolute workloads when compared
to sports using the whole body, or the larger muscle groups of the legs (Pivarnik et al,, 1988;
Pimentel et al,, 1984). Therefore, it may be more applicable to include a group undertaking
whole-body exercise when conducting research with disabled athletes involved in wheelchair
and non-wheelchair events. The group of international sprint athletes that were tested in
Chapter 5 of this thesis undertook whole body exercise but their sweat rates were lower than
reported in the literature (Burke and Hawley, 1997). The lower sweat rates observed
amongst the track athletes in this thesis likely represent the lower total workload that they
performed. Indeed, it is noted that their training session was interspersed with long rest/
recovery periods, and large quantities of time were taken up with technical aspects of

sprinting.
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‘Although heart rate measures were taken, it is difficult to determine the relative intensities at
which the wheelchair athletes were training. Heart rate gives an indication of the relative
exercise intensity, but for individuals with a spinal cord injury, there is an altered heart rate
and stroke volume response making interpretations of heart rate less reliable for this group
(Petrofsky, 2001). Further, two of the athletes were amputees who were weighed before and
after training while wearing their prosthesis. This needs to be taken into account because
their whole body sweat rates are likely to be lower due to a smaller surface area for sweat
production and evaporation. Body mass was measured with the athletes wearing their
prosthesis due to time constraints of removing their training clothing and prosthetic in order
to be weighed without the artificial limb. Although participants were weighed in training
clothing before and after training, the volume of sweat trapped in the clothing is likely to be
small. Cheuvront and colleagues (2002) found amongst female runners in 20-30 °C, sweat
losses amounted to 1.49-3.88 litres. Of this, 0.05-0.66 kg of sweat was trapped in their
clothing (t-shirt or racing singlet, shorts, socks and shoes). In cooler conditions, sweat losses
were lower, 1.31-2,94 litres of which 0.03-0.46 kg of sweat was trapped in the clothing.
Athletes without spinal cord lesions were weighed in minimal clothing (underwear). Only
athletes with spinal cord injuries wore their full training kit when body mass was measured.
Due to the nature of their injuries it is unlikely that any sweat was produced underneath the
clothing due to their impaired ability to sweat below the level of the lesion, and the amount of
sweat trapped in the clothing is unlikely to be larger than values seen by Cheuvront et al.
(2002) who concluded that calculating sweat loss by body mass changes by accounting for

fluid intake and urinary loss provided the total sweat loss to within 0.2 %.

The mean sweat sodium concentrations were 53%17 mmol.l'? (range 30-80 mmol.l2) for the
wheelchair rugby, wheelchair basketball and athletics teams. This value is within the normal
range reported as referénce values (20-80 mmol.I'1} and comparable‘with previous
concentrations reported for similar tests done with able-bodied athletes. As discussed in the
General Introduction, there is some evidence that there can be an overestimation with the use
of sweat patches to determine whole body sweat electrolyte losses when compared to whole
body wash down techniques (Shirreffs et al, 2007; Patterson et al,, 2000). Which is believed to
be between 30-40 % (Shirreffs et al., 2007; Patterson et al., 2000). If the median
overestimation value is taken, then sweat sodium concentrations for the wheelchair rugby,

wheelchair basketball and athletics squads would be 46 +12 mmol.l1.
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Again, sweat potassium concentration range was 1.0-9.2 mmol.l'! for the wheelchair rugby,
basketball and athletic squads respectively. Some of these values were outside the quoted
reference range for sweat potassium concentration (2-8 mmol.l-1}, but they are comparable to
previous data from aBle-bodiecl participants. Maughan and colleagues (2005) found values as

low as 1.4 mmoll, and as high as 8.6 mmol.lt,

- Seventeen of the twenty one participants with a spinal cord injury had an increase in body
mass following their respective training sessions, comparable to a body mass increase during
the training session in one of the fifteen participants who did not have a spinal cord injury.
This could be attributed to a lower sweat loss accompanied by a higher fluid intake. This
supports previous findings by Price and Campbell,, (2003), who found that ad libitum fluid
consumption during an exercise test was higher for those with a spinal cord injury than for
able-bodied participants, despite lower sweat losses. At present, the reasons for such high
fluid volume intakes have not been researched, although Price and Campbell (2003) believed
the high volume of fluid consumed was an attempt to alleviate feelings of being too hot.
Observations during some of the training sessions tend to support this theory. However, no
ratings of perceived thermal stress were recorded during this study and it is impossible to
draw any substantial conclusions. It is possible that due to the higher incidence of urinary
tract infection amongst those with a spinal cord injury larger volumes of fluid are habitually
consumed in an attempt to reduce the risk of suffering an infection (Sand et al,, 1983). Three
of the four groups tested for this thesis were Paralympic athletes and it assumed they will
have received nutritional advice at some point in their careers. They may have been
instructed to consume more fluid by their doctor in an attempt to attenuate an increased risk

of a urinary tract infection, or from a team nutritionist.

Further research comparing the core temperature of athletes with a disability, especially
those with a spinal cord injury, to feelings of thirst and thermal comfort may help to explain
the fluid intake patterns amongst this group. It is noted that the traditional method of using
rectal temperature as a measure of core temperature of individuals with a spinal cord injury
may not be valid. Since Gass and colleagues (1988} found a 0.7°C difference between
oesophageal temperature and rectal temperature at the end of exercise in physically trained
paraplegic males, this difference was attributed to blood flow distribution. It is suggested that
ingestible core temperature sensors would provide valid readings and allow for core

temperatures to be measured in the field. Itis also true that the traditional calculation for
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skin temperature does not accurately reflect the heat storage for individuals with a spinal
cord injury due to the differences in heat storage and blood redistribution between

individuals who have a spinal cord injury and their able-bodied counterparts.

9.4, ToTAL BoDY WATER AND SPINAL CORD INJURY

Chapters 6 and 7 are the first studies to determine total body water by deuterium oxide
dilution in spinal cord injured populations. The results of these Chapters determined that the
total body water was lower relative to body mass for individuals with a spinal cord injury
than values previously reported for healthy, able-bodied, participants (Schloerb et al., 1950).
This was true whether the individuals with the spinal cord injury were physicauy active or
not, and whether the values were compared to values for athletes or sedentary able-bodied
participants (Leiper et al,, 2001; Leiper and Maughan, 2004; Fusch et al,, 1998; Battistini et al,
1994). This finding is supported by the research of Cardis et al. (1984) who found that total
body water relative to body mass was approximately 15 % lower in a group of individuals
who had acquired a spinal cord lesion at least three months prior to the study, but who were
still in the hospital setting, when compared to healthy, able-bodied, participants. This lower
total body water has been attributed to a decrease in intracellular water, although due to the
nature of the studies undertaken in this thesis intracellular and extracellular water were not
measured. The loss of intracellular fluid has been attributed to a loss of muscle cells and a
decrease in the volume of water within the cells below the level of the lesion {Carduis et al,,
1984; Cardus et al,, 1985). Additionally, body fat contains less water than lean tissue and a
large relative fat mass will result in lower relative total body water content (Sawka, 1992).
Since individuals with a spinal cord lesion generally have a higher percent body fat compared
to a healthy able-bodied individual, they are more likely to have a lower total body content
relative to body mass (Konica, 1997). Increases in relative body fat to body mass occur
because of a decrease in lean tissue, ana because of lower levels of activity that are seen in

this population (Konica, 1997).

The lower non-renal losses in Chapters 6 and 7 are in line with previous research showing
decreased whole bodied sweat losses in those with a spinal cord injury. The calculated non-
renal losses were lower for those with a spinal cord injury than values previously reported
for sedentary healthy, able-bodied participants (Raman et al,, 2004). Although the methods
used in this thesis do not make it possible to determine the proportion of non-renal losses

which were due to changes in sweat loss. Previous studies using able-bodied participants
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have attributed differences in non-renal losses to differences in sweat losses between athletes

and sedentary participants (Leiper et al,, 2001).

Despite these lower non-renal losses, water turnover rates were similar to values reported
for able-bodied participants (Leiper et al,, 2001). Therefore, the 24 hour urine volumes were
higher amongst those with a spinal cord injury than values reported amongst able-bodied
populations. These findings suggest that individuals with a spinal cord injury tend to
consume similar or greater volumes of fluid than their able-bodied counterparts. It is not
clear as to why this is the case and further research is required in this area to determine the
reasons for such volumes of fluid intake. It is suggested that it may be an attempt to attenuate
the increased risk of urinary tract infection (Sand et al,, 1983). Since urine volumes are high,
sodium losses are also high and the dietary sodium requirements of individuals with a spinal
cord injury may be different to those of an able-bodied individual upon whom the dietary
reference values are based (Food Standards Agency, 2006). This suggests that dietary

recommendations specifically for the spinal cord injured community may need to be devised.

9.5. ToTAL BoDY WATER AND KIDNEY TRANSPLANTATION

A further group for whom fluid intakes may differ from those of the general public is those
who have received a kidney transplantation. This is also a group for whom there is little
published information regarding dietary habits. In Chapter 8, the total body water of
individuals who had received a kidney transplant was determined. Findings were similar to
values reported for healthy, able-bodied, sedentary participants (Leiper et al,, 2001; Leiper
and Maughan, 2004; Shimamoto and Komiya, 2003). Although the participants were
participating at the British Transplant Games, some would not be classed as active and could
be classified as obese with a BMI of 30. Fat mass contains less water than lean mass and
obese individuals would be expected to have a lower total body water relative to body mass

(Sawka, 1992).

Non-renal losses covered a wide range amongst this group of participants reflecting the
different levels of activity amongst the group. However, the majority of the participants had
similar non-renal losses to those reported for healthy sedentary pafticipants or athletes
(Leiper et al., 2001). '

The data from daily urine creatinine relative to body mass was similar for each day of the

study. This pi'oved that full 24 hour urine collections were obtained from the participants and
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values calculated for non-renal losses and for 24 hour sodium losses can be considered to be
relatively accurate. Findings of low urine osmolality values combined with lower 24 hour
urine values suggests that daily urinary solute losses were low. The major solute of the urine
* is sodium, and this study tends to indicate that following kidney transplantation, individuals
tend to continue with a lower salt diet than the general population (Henderson et al,, 2003).
This could be due to habituation that cccurred during time spent on dialysis when they were
required to reduce their intake of salt and protein or, it may be a conscious effort to consume
a low salt diet, especially when considering studies linking high sodium intakes with
increased risk of stroke and other cardiovascular disease. Conversations with individuals at
the British Transplant Games, indicate that it was a combination of the two. For some, the
habit of eating foods without added salt began whiist on dialysis and following
transplantation, individuals become accustomed to the taste of foed without salt. This
combined with the knowledge that people should cut back on their salt intake, may encourage
individuals with a transplant to continue leaving additional salt out of their diets Following

their transplantation.

Further research into the dietary intakes of individuals following transplantation and their
dietary beliefs would be of interest. Unfortunately in this study, the number of years post
transplantation differed greatly between the participants. Further research looking at
different time points following a kidney transplant operation and their dietary intake and
sodium losses would be of interest. There is some research which has shown lower sweat
sodium concentrations in kidney transplant recipients than in healthy participants, but this
study placed all participants on a low salt diet containing 80-120 mmol of soedium for at least
a week before testing (Woch et al., 1993). The mean #S.D. of the time since transplantation
was 11+3 months, meaning that the participants in the study had not had their transplanted
kidney for long and had potentially been on a restricted diet a year before the study (Woch et
al, 1993). Further research to determine the sweat sodium losses of this group of individuals
after consuming their regular diet may be of interest. In a sport and physical activity context,
this information is of importance since the World Transplant Games are to be held on the
Gold Coast, Australia in 2009 where temperatures are usually around 5-20 °C and relative
humidity is 40-60 % during August. These conditions combined with sporting competitions

could result in substantial sweat losses.
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9.6 THESIS LIMITATIONS

The main limitation of the studies in this thesis is the lack of subject numbers, especially when
considering that the studies were attempting to determine factors that can be altered by
many different variables amongst a homogenous population. In addition to the low subject
numbers, the subject populations were not very homogenous. This was due to the difficulty in
recruiting participants with a spinal cord injury and kidney transplantation recipients and
factors such as age, gender, fitness level, body mass and time since injury/ transplantation
were not controlled. A descriptive understanding of the daily fluid balance of individuals with
either a spinal cord injury or kidney transplant was desired, and the studies were designed to
have minimal interference with the participants’ daily living. Deuterium oxide and its use to
measure body water turnover rates allows an understanding of fluid balance, but it does not
allow to distinguish between water consumed in the form of liquid or as food. This could have
been determined by asking the participants to complete a weighed food intake diary for the
period of the study. However, the use of such food diaries has been criticised since
participants tend to either misreport their intakes or they change their dietary habits during
the period of recording (Hill and Davies, 2001). The underreporting of energy intake is
detected by the use of doubly labelled water which provides investigators a method for
determining energy balance by determining energy expenditure. Goran et al. (1992) reported
a 21 % difference overa 3 day'study period between self assessed energy intake by way of a
food record and the eﬁergy expenditure measﬁred by doubly labelled water in healthy able-
bodied participants. Similar findings were found by Martin et al. (1996), who found a 20 %
difference between a 7 day weighed recorded food intake and energy expenditure calculated
by use of doubly labelled water in healthy, able-bodied, participants. Amongst athletes, the
discrepancy between self reported food intake and energy expenditure also exists. Haggarty
et al. (1988) studied 4 elite female endurance runners during the 21 days, during which time
participants completed a 21 day weighed food intake diary. The difference between food

diary analysis and the energy expenditure determined by doubly labelled water was 34 %.

Physical activity was not accounted or measured in detail during the period of the study. This
could have been achieved by having participants wear heart rate monitors to continuously
measure heart rates, but due to the long duration of the studies (up to a week), there would
have been insufficient memory on a heart rate monitor to record this. Participants undertook

the study away from the laboratory and physical contact with the investigator occured only at
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the start and at the end of the study period, making it impossible to obtain heart rate data,
since monitor memory is not large enough to capture data over such an extended period of
time . For Chapter 6, participants were all tetraplegics and therefore the heart rate response
of this group would have differed from the general population and making the interpretation
of findings difficult. Attempts were made to observe the physical activity levels of these
participants by recording the number of matches and training sessions they undertook on
each day of the study. In Chapter 8, participants self reported their physical activity levels
daily to the investigator. As some participants in Chapter 8 were competing in swimming
events and the 'use of heart rate monitors was deemed inappropriéte. It is possible to measure
energy expenditure with the use of doubly labelled water, but the primary focus of the study
was to determine fluid balance, and the additional expense of doubly labelled water did not
seem appropriate. In Chapter 7, participants were asked not to undertake any form of
physical activity throughout the study period, and they self reported that they had not

‘undertaken any physical activity.

Matched controls were not used throughout this thesis given the difficulties associated with
matching participants’ characteristics. Matching for body mass would have resulted in
differences in lean mass and fat mass (Kocina, 1997). Matching activity levels would also have
been difficult due to differences between upper body and lower body exercise (Sawka et al.,
1989), a factor which would have been present even if no physical activity took place (general

locomotion). Thus true matches could not have been obtained.

All of the studies were field based, which permitted very little control over confounding
factors making it extremely difficult to determine if differences were due to disability or
transplantation, or other factors. However, due to the nature of the participants required for

these studies it was logistically difficult to recruit the numbers required.

9.7. OVERALL CONCLUSION

‘During exercise, athletes with a disability tend to have lower sweat rates than their able-
bodied counterparts. This finding is not unique, with previous research reporting lower sweat
rates amongst wheelchair basketball players than has been reported for able-bodied
basketball players. The lower sweat rate observed amongst disabled athletes is likely due to a
lower workload during the training sessions. For those with amputations and spinal cord

injury’s a smaller area of the body is available for sweating. A novel finding of this chapter
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was the sweat electrolyte composition of the athletes with a disability. Chapter 5 was the first
study to determine the sweat electrolyte losses of disabled athletes, it found that sweat

sodium, potassium and chloride concentrations were within the normal physiological range.

Total body water and water turnover rates of those with a spinal cord injury are different to
the able-bodied population. The lower total body water relative to body mass represents a
greater percent body fat. Previous research by Cardis et al. (1984) also found lower total
body water values relative to body mass amongst paraplegics and tetraplegics. The main
difference between the study by CardUs et al. (1984) and the study in this thesis is the time
since injury. In the study by Cardgss et al. (1984), the participants were still in hospital
inpatient care; which is not reflective of their normal daily habits. The present study looked at
participants who had been discharged from hospifal; therefore the time since injury was
longer for the present study. Further to this, Chapter 6 investigated tetraplegics who were
competing in elite level sport. Previous work by Leiper et al. {2001) has shown that chronic
physical activity can have an influence on total body water since because total body water is
representative of the relative amounts of fat and lean tissue present in the body. Chapter 8
was the first investigation into the total body water of kidney transplant recipients.
Interestingly the kidney transplant recipients had similar total body water to the wheelchair
rugby players, which may be due to the higher % body fat and inactive lifestyle of some of the
kidney transplant recipients. Figure 9.7.1. shows the relative total body water seen in
wheelchair rugby players (Chapter 6}, the spinal cord injured participants in Chapter 7 and
the kidney transplant recipients compared to values seen for healthy able-bodied athletes and

sedentary controls.
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Figure 9.7.1. Total Body Water Values Relative to Body Mass (%) for
Participants with a Spinal Cord Injury (Chapters 6 and 7), Kidney
Transplant Recipients (Chapter 8) and Previously Published Values for
Able-bodied Cyclists and Their Sedentary Controls (Leiper et al. 2001).

The studies in Chapter 6 and 7 were the first to investigate water turnover rates of individuals
with a spinal cord injury, and Chapter 8 was the first investigation using this technique
amongst kidney transplant recipients. Although water turnover rates were similar to the able-
bodied population, for three groups the routes by which body water are lost appear to be
different. Water turnover rates for Chapters 6 and 7 are shown in Figure 9.7.2,, along with

values previously published for able-bodied athletes and sedentary, able-bodied, participants.
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Figure 9.7.2. Water Turnover Rates (mlkg.d-1) Relative to Body Mass for
Wheelchair Rugby Players (Chapter 6), Spinal Cord Injured Participants
(Chapter 6), Kidney Transplant Recipients (Chapter 8} and Previously
Published Data from Able-bodied Endurance Cyclists and their Sedentary
Controls (Leiper et al. 2001).

The three studies contained within this thesis concerned with daily non-renal losses, show
large variations in non-renal losses within the groups studied. For all groups, non-renal losses
are lower than previously reported for able-bodied athletes (Leiper et al,, 2001). Although the
use of deuterium cannot distinguish between the different routes for non-renal losses, it is
likely that the smaller non-renal losses seen amongst tetraplegics are due to their impaired
ability to sweat below the level of the lesion. The elevated levels of non-renal losses reported
in Chapter 7 may be due to larger increases in core temperature driving sweat losses. Figure
9.7.3 shows the non-renal losses for the participants in Chapter 6 and 7, along with previously

published values for sedentary able-bodied participants an(i able-bodied athletes.
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Figure 9.7.3. Non-Renal Losses (1) of Wheelchair Rugby Players (Chapter 6),
Spinal Cord Injured (Chapter 7), Kidney Transplant Recipients (Chapter 8)
and Previously Published Data by Leiper et al. (2001) on Able-bodied
Endurance Cyclists and Sedentary Controls.

Compared to previously reported data for able-bodied participants, urinary losses for
individuals with a spinal cord injury cover a similar range with the greatest values being
almost double the values reported for able-bodied subjects. Median values for urine volume
were similar between the spinal cord injured and able-bodied subjects. This indicates that
fluid intakes between those with a spinal cord injury and healthy able-bodied participants are
similar. However, as the body looses less water through non-renal routes in individuals with a
spinal cord injury, the body acts to excrete this water via urination. The values for the kidney
transplant recipients are lowest of all the groups possibly reflecting the tight control over
fluid intakes initiated whilst in renal failure, Figure 9.7.4 shows the 24 hour urinary losses of
the participants in Chapters 6 and 7, along with values previously reported for able-bodied
athletes and sedentary able-bodied participants, These studies were the first to investigate

the water turnover rates of individuals with a spinal cord injury.
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Figure 9.7.4. 24 H Urine Volumes (1) of Wheelchair Rughby Players (Chapter
6), Spinal Cord Injured (Chapter 7), Kidney Transplant Recipients (Chapter
8) and Previously Published Data by Leiper et al. (2001) on Able-bodied
Endurance Cyclists and Sedentary Controls.

When looking at the urinary sodium losses and converting this to salt (NaCl) losses, it can be |
seen from Figure 9.7.5. that 24 hour urinary NaCl losses are higher for those individuals with
a spinal cord injury compared to those seen in a recent survey by the Food Standards Agency
(2008) undertaken with healthy able-bodied individuals. Individuals with tetraplegia
(wheelchair rugby players) had the highest urinary salt losses. It is possible that government
targets to reduce salt intake to 6 g per day are not appropriate for those with a spinal cord
injury. Especially when considering urine volumes are typically high for this group and there
is an inability to dilute urine to values in able-bodied participants (Wall et al,, 1993). A
combination of these two factors would result in a large volume of salt (NaCl) being lost daily
in the urine, making daily NaCl intake requirements higher than for the sedentary able-bodied
population. Conversely, analysis of urinary sodium losses showed that individuals who had
received a kidney transplantation had the lowest urinary salt losses. These finding indicate
that the restrictive diet that individuals are placed on prior to kidney transplantation is

maintained to some extent following organ transplantation.
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