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Abstract

The primary objective of these series of experiments was to develop an optimal
hyperhydration strategy for use during conditions of restricted water access or
exercise-induced heat stress. This strategy was composed of two compounds,
namely Cr and Gly which each targeted specific body water compartments in

order to maximise the volume of retained water. Endurance-trained subjects were
recruited to participate in the current series of three experiments, and following

Cr/Gly supplementation, body water was estimated by multifrequency

bioimpedance and the physiological responses to exercise in the heat (30°C, 70%

relative humidity) recorded and compared to pre-supplementation values.

The aim of the first study presented in this thesis (Chapter 3 a) was to examine the
effects of combined Cr and Gly supplementation on fluid retention and
subsequently the etfects on cardiovascular, thermoregulatory and metabolic

responses and performance during exercise in the heat. Cr and Gly were delivered

according to loading protocols previously established in the literature (20g of Cr
for6daysand 1 g Gly-kg™" body mass diluted in 500 ml of water 2 hours prior to
the start of the experimental trial). Combined Cr and Gly supplementation
increased body mass by 1.59 £ 0.41 kg with no change in TBW, ICW, ECW or

RPE, heart rate and T, during exercise in the heat compared to the pre-
supplementation experimental trial. Given that previous Cr supplementation
studies have consistently found significant increases in TBW it can be deduced

that the Gly administered prior to exercise had in some way negated the Cr-
induced increase in TBW. The results highlight the importance of the loading

protocol design when attempting to fluid load prior to exercise.

The aim of Chapter 3 (b) was to examine the effects of a novel method of Cr and
Gly delivery and ingestion on fluid retention and distribution. The novel loading
protocol (ingestion of both Cr and Gly for 7 days) was designed to allow

sufficient time for the retained fluid to be dispersed within body compartments.

This regimen of Cr and Gly supplementation resulted in a significant increase in
body mass of approximately 1.0 kg. Furthermore, TBW increased by 0.9 L and

was dispersed equally between intra- and extra-cellular water compartments.

Theretore, the large increase in TBW suggests that ingesting both Cr and Gly over



several days may be the most effective method of hyperhydration prior to

exercise.

Chapter 4 (a) aimed to assess the effects of Cr and Gly supplementation ingested
according to the loading protocol described in the previous chapter (6 days ot Cr
and Gly ingestion, with the final supplement consumed 3 hours prior to
measurement) on cardiovascular, thermoregulatory and metabolic responses and
performance during exercise in the heat. As before, combined Cr and Gly

supplementation resulted in a significant increase in body mass (1.20 £+ 0.57 kg).

Yet despite ingesting both Cr and Gly over several days to allow sufficient time
for the retained fluid to be dispersed within body compartments, there was no
change in TBW, ICW, ECW or RPE, heart rate and T, during exercise in the heat
compared to pre-supplementation. It is probable that ingestion of a hypertonic
solution such as the Cr and Gly mixture resulted in slowing of gastric emptying
and an initial efflux of water from the plasma into the intestinal lumen. Therefore,
the timing of ingestion is evidently critical, with the final supplement requiring to

be consumed longer than 3 hours prior to the need for hyperhydration.

The aim of the study in Chapter 4 (b) was to examine the effects of extending the

period of time between ingestion of the final Cr/Gly supplement on the retention
and distribution of fluid. The overall aim was to develop an effective ‘fluid-
loading’ strategy for use during exercise in the heat. 6 Subjects ingested both Cr
and Gly for 6 days as before with half ingesting the final supplement 3 hours prior
to body water measurement and the other half receiving their final supplement 5
hours prior to the experimental trial. Subjects in both groups experienced
significant increases in body mass following supplementation (1.60 £+ 0.34 kg and
1.21 £ 0.28 kg for 3 hour and 5 hour groups, respectively), but there was only a
significant increase in TBW (1.1 £+ 0.4 L) when the final supplement was ingested
5 hours prior to measurement. Therefore, consumption of both Cr and Gly over
several days and ingestion of the final supplement 5 hours prior to exercise is the
most effective method of fluid loading. This will allow sufficient time for the
retained fluid to leave the stomach, pass across the intestinal lumen wall and be

dispersed within body water compartments.

The experiment in Chapter 5 compared the effects of the novel Cr and Gly loading
protocol established in Chapter 4 (b) on cardiovascular, thermoregulatory and

metabolic responses and performance during exercise in the heat. Combined Cr

10




and Gly resulted in a significant increase in body mass (0.97 + 0.28 L) and TBW
(0.87 + 0.21 L) and was associated with an attenuation in heart rate, T, and
perception of effort during prolonged exercise in the heat. The key finding of this
study was that the increase in TBW after combined Cr and Gly supplementation
was significantly greater than either Cr or Gly supplementation alone. Despite the
increased hydration associated with combined Cr and Gly, there was no further
attenuation in heart rate or T, compared to Cr alone. Hyperhydrating prior to
exercise through Cr, Gly or a combination of the two did not result in any
significant improvement in 16.1 km time trial performance compared to
cuhydration. This may be because the time trial was too short to induce a degree
of dehydration high enough to confer a significant reduction in exercise
performance as a result of the altered hydration status. Alternatively,
hyperhydration may not offer any significant advantage in terms of exercise

performance compared to euhydration or indeed modest dehydration (i.e. loss of

2-3% body mass).

It has previously been reported that differences in wind speed and resistance
between internal and external environments mean that it is of limited efficacy to
extrapolate research findings from the laboratory to the field. Therefore, there is a
need to determine the effects of combined Cr and Gly supplementation on thermal
strain during exercise in the field. However, as yet no method of T, measurement
for use in field studies has been validated during periods of severe heat stress. The
aim of Chapter 6 was to compare T, measurements obtained using an ingestible
telemetry pill and a tympanic membrane thermometer with those from a rectal
thermistor during rest and high intensity exercise conducted in a hot and humid
environment (30°C and 70% relative humidity) intended to raise T, above 39°C. It
was concluded that the ingestible telemetry pill system provides valid
measurements of T, during both rest and exercise-induced hyperthermia up to the
limits of T, measurement and therefore can be used in the field where T, and

esophageal temperatures cannot be taken, This will allow the effect of combined

Cr and Gly supplementation on thermoregulatory responses during field studies to

be precisely quantified.

11
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Chapter 1

General Introduction



1.1 Exercise in the heat

As homeothermic organisms, humans must maintain their T, within a relatively narrow
range (35 to 42°C) in order to maintain physiological function (Noakes, 2001). Muscular
contraction during exercise produces a significant amount of heat, which can potentially
cause T, to rise to the uppermost region of these tolerable limits unless heat is lost through
either behavioural or homeostatic mechanisms. When exercise is performed under severe
environmental conditions such as high heat and humidity, the amount of heat lost to the
environment 1s reduced resulting in significant metabolic, cardiovascular and thermal
strain and 1n extreme circumstances denaturating of essential proteins and enzymes with
potentially fatal consequence (Blatteis, 2001). Some examples of the dangers of exercising
in the heat include the Italian marathon runner Dorando Pietr1 who lay 1n a coma for two
days after completing the 1908 London Olympics, and Francisco Lazaro the Portuguese
runner who collapsed with heat stroke and sadly died after 19 miles of the marathon at the
so called ‘Sunshine Olympics’ in Stockholm, 1912, a race ran in an ambient temperature of
39°C (Noakes, 2001). Furthermore, the incidents of deaths related to heat-induced injury
are not wholly restricted to the athletics arena. The military is a prime example, with the
official statistics reporting more soldiers treated for heat stroke than gun shot wounds in
the recent Gulf War conflict (Wyatt, 2004). Firemen, rescue workers and astronauts are
eroups who also remain at significant risk of heat injury during their day-to-day vocation.
Until our knowledge of human physiology and sports science improves to such an extent
that adequate preventative measures can be developed, these unfortunate and unnecessary
injuries will continue to happen. In addition, integration of preventative medical research
into the sporting arena will ultimately lead to significant improvements In €XEercise
performance as athletes become better equipped to tolerate extreme environmental
conditions. Therefore just as humans have evolved to run long distances (Liebenberg,

2006), so must exercise physiology evolve to enable athletes to run faster.

Humans regulate T, during exercise through two main avenues: non-evaporative (or ‘dry’)
heat loss and evaporative heat loss. Thermoregulation through non-evaporative heat loss 18
the sum of the flux of heat loss through convection, conduction and radiation from the
body to the surrounding environment. Evaporative heat loss 1s the process by which water
(predominantly sweat) evaporates from the surface of the body, causing the loss of
between 1092 and 2520 kJ of heat:L™' evaporated fluid and as a consequence. significant
cooling of the skin (Sawka & Wenger. 1998). In environments where the ambient

temperature exceeds Ty evaporative cooling 1s the only mechanism by which the body can
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dissipate heat as cooling via conduction and convection cannot take place due to the
reversal of the direction of heat transfer (Sawka & Wenger, 1998). Sweating is stimulated
by an increase in T, and increased cutaneous vasodilation causing a movement of water
from plasma into the 1.6-4 million eccrine glands located in the skin (Sato, 1977). This
water 1s then secreted from the eccrine glands as sweat onto the body surface, whereupon
evaporative cooling of the skin occurs. Using chlorine distribution analysis, Nose et al.
(1988) reported a strong association between loss of free water (sweat/urine) and the
decrease in ICW following 90-110 min of exercise at 36°C, implicating a significant role
for ICW 1n the sweating response. Thus, the water secreted 1n sweat 1s obtained in varying
proportions from both the intra- and the extra-cellular fluild compartments to ensure both
maintenance of blood volume and efficient thermoregulation (Fig. 1.1). However, the
capacity to lose heat through sweating 1s significantly reduced when the air humidity 1s
high as the air absorbs less water from the surface of the skin (Sawka & Wenger, 1998). As
a result, sweat does not evaporate from the skin and drips off without significantly
contributing to the heat loss process. The volume of sweat lost during exercise can be
significant during prolonged endurance races in the heat and may result in a loss of body
water in excess of 5 L which is between 6-10% of body mass (Hubbard & Armstrong,
1988;Wyndham & Strydom, 1969). The highest sweat rate recorded in the literature 1s an
impressive 3.7 L-hr' by Alberto Salazar the winner of the 1984 Olympic marathon in Los
Angeles; a race run in extreme heat and humidity (Armstrong et al., 1986). Indeed, sweat
loss can be high even in a cool climate, where sweat rates of between 1 and 2 L-hr' have

been recorded in soccer players during training in ambient temperatures of between 5-1 0°C

(Maughan et al., 2005).

Evolutionary biologists suggest that the ability to lose heat via sweat evaporation may have
developed from the practise of hunting animals over long distances by early humans 1n
Africa, the so called Bernd Heinrich hypothesis (Liebenberg, 2006). This ritual still
performed in the present day by the San tribe (often referred to as ‘The First People’) who
are widely acknowledged to be the oldest inhabitants of southern Africa, with an unbroken
link to their ancestors who have lived in the same region for over 30,000 years
(Liebenberg, 2006). Hunters aim to run down their prey (predominantly antelopes) by
tracking them at high speed over difficult terrain and in the heat of the day (e.g. 46°C),
unti] man or animal must collapse from sheer exhaustion. These races are often run at
speeds of around 4 to 6 miles per hour, for anywhere from two to six and a half hours, and
traverse up to 22 miles of terrain. These stats fall well within the performance range of the

world's fastest competitive marathoners (Fig. 1.3), who set a pace of roughly 12 miles per

hour to cover 26 miles. albeit under far less harsh conditions (Liebenberg. 2006). The San
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tribe hunt in groups of three with two initially doing the hard work of tracking and
pursuing over the arid grassland and woodland terrain, while the other holds back
Eventually, the leaders drop behind, leaving the third man to hound and spear the antelope
when it reaches its limit. “The animal will either just completely collapse, or it will actuallv
slow down to a point where it just stands there . . . with sort of glazed-over eyes.’
(Licbenberg, 2006). ‘Essentially, you're pushing the animal to overheat’. The large
antelopes that the men hunt soon become dehydrated during the chase which causes a
decrease in sweating and the rate of cutaneous evaporation by 12-89% which can lead to a
reduction in the thermoregulatory capacity of the animal, and eventually hyperthermia
(Cain et al., 2006). Perhaps through a process of natural selection only those hunters who
were able to tolerate these severe environmental conditions would survive. Indeed, it is
believed that persistence hunting is so effective that it may have helped select for the

excellent thermoregulatory system, bipedal posture, and long strides that we all possess

today (Liebenberg, 2006).

1.2 Dehydration

The traditional ‘cardiovascular model’ of dehydration provides a simple explanation for
the effects of dehydration on exercise performance and 1s best understood by reference to
Figure 1.2. This model contends that fluid lost through sweat during exercise will reduce
plasma volume and consequently venous return to the heart (Fig. 1.2). As a direct result,
stroke volume will be reduced and heart rate will increase (‘cardiovascular drift’) in order
to maintain cardiac output (Ekelund, 1967). Ultimately the physiological limitation of a
maximum heart rate will fail to accommodate the ongoing reduction in stroke volume
resulting in a decrease in cardiac outcome and aerobic capacity (Rowell, 1986) which will
have a profound negative effect on exercise performance (Fig. 1.2). Additionally,
circulating blood volume may be further decreased by cutaneous vasodilatation to allow
heat dissipation that increases the compliance of the cutaneous venous blood vessels,
thereby reducing venous pressure. This reduced venous pressure results 1n pooling of the
blood in the cutaneous venules resulting in decreased venous return, reduced stroke
volume, reduced end-diastolic filling pressure and resultant further cardiovascular stress
(MacDougall et al., 1974;Sawka et al., 2001). Paradoxically, oxygen delivery to the
working muscles must also be maintained in order to sustain energy metabolism during
exercise, presenting the body with two competitive cardiovascular demands. Howevcr,
Gonzalez-Alonso et al. (1995) have determined that during cardiovascular drift there 1s an

increase in systemic vascular resistance as the cardiovascular system attempts to deal with
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Figure 1.1 Schematic representation of body fluid compartments in man. The shaded areas depict the
approximate size of each compartment as a function of body weight. The figures indicate the relative
sizes of the various fluid compartments and the approximate absolute volumes of the compartments (in
litres) in a 70-kg adult. TBW=total body water; ICF=intracellular fluid; ECF=extracellular fluid:
ISF=interstitial fluid; IVF=intravascular fluid. The arrows indicated the direction of fluid shift during

sweat loss. Adapted from Verbalis (2003).

the strain of a reduced cardiac output. Thus, the general vasoconstrictor response causes
constriction 1n the cutaneous circulation resulting 1in a significant reduction in skin blood
flow. Furthermore, Gonzalez-Alonso ef al. (2000) found that stroke volume was similar
whilst exercising at moderate intensity in hot (35 °C) vs. cold (8 °C) conditions, both 1n the
euhydrated and dehydrated condition even though cutaneous blood flow varied. It follows
therefore, that an increase in cutaneous blood flow does not explain the reduction in stroke
volume, nor the progressive increase in heart rate (cardiac drift) observed during prolonged
exercise, both of which are exacerbated in the heat. More recently, Coyle & Gonzalez-
Alonso (2001) have suggested an alternative explanation for the cardiovascular drift
phenomenon. These authors propose instead that an elevated heart rate caused by an
increase in T. and sympathetic nervous activity results in a reduction in diastolic filling

time giving rise to a decline in stroke volume. This mechanism would account for

approximately one half of the reduction in stroke volume, with the second half occurring as
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Figure 1.2 Schematic diagram of the cardiovascular model of dehydration. The arrows indicate the
effects of sweat loss on the cardiovascular and thermoregulatory systems and the possible link to
fatigue during exercise.

a result of hypovolemia (Coyle & Gonzalez-Alonso, 2001). According to the
cardiovascular model of dehydration, a reduction in cutaneous blood flow can impede heat
exchange and reduce the temperature regulating capacity of the body which will lead to an
increase 1n T, and resultant premature fatigue (Fortney ef al., 1984) (Fig. 1.2). Therefore it
would be reasonable to assume that the extent of dehydration will be closely related to the
elevation of T, during exercise (Montain & Coyle, 1992a;1992b). However, Noakes et al.
(1991) propose that the primary factor in determining T, during prolonged exercise 1s not

the extent of dehydration incurred but the metabolic rate. Early studies clearly

demonstrated that relative exercise intensity (i.e. percentage VO, may) correlates very well

with T,. during exercise (Saltin & Hermansen, 1966). Furthermore, it 1s a common
observation that the highest placed finishers in a marathon typically have the highest post
race T, (Maron et al., 1975;Noakes et al., 1991;Pugh et al., 1967), a finding consistent

with observations of elite athletes completing a marathon at a higher percentage VO, max

than non-elite runners (Fox & Costill, 1972;Maughan & Leiper, 1983). Nevertheless, the
notion that the increased heart rate and T, during exercise in the heat and reductions in
stroke volume and cardiac output all occur in proportion to the level of dehydration is well
supported in the literature (e.g. Montain & Coyle, 1992a;1992b). Indeed Montain et al.
(1998) have suggested that T rises by 0.1-0.2°C for every percent of body mass loss

resulting from dehydration. Whether the dehydration 1s causative of the increase 1n T, or
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whether there is merely a spurious relationship between the two variables remains to be

determined (Noakes, 2005). Furthermore, dehydration has also been associated with an

Increase in muscle glycogen use (Hargreaves et al., 1996). increased blood concentrations

of fluid regulating hormones (McConell et al., 1997) and increased discomfort during
exercise (Noakes, 1993).

A comprehensive review of marathon literature by Cheuvront and Haymes (2001) suggests
that athletes may be able to endure dehydration within a certain range. Analysis of all
running studies involving active dehydration (process of losing water from the euhydrated
state) reveals that body mass losses between 1.6-3.1% have no effect on T, and therefore
are within a tolerable range. However, when dehydration exceeds 3% of body mass there is
significant 1mpairment in cardiovascular and thermoregulatory function (Wyndham &
Strydom, 1969). This may be due to the fact that plasma volume does not decrease
considerably during running beyond the initial drop at the onset of exercise (Sawka &
Coyle, 1999). This 1s providing dehydration remains lower than 4% body mass as when
dehydration increases beyond this point there 1s a further loss in plasma volume and
significant impairment of heat loss (Sawka & Coyle, 1999). The stability of plasma volume
during running has also been reported during marathon and treadmill running despite even
larger reductions (4-7%) in TBW (Kolka et al., 1982;Sawka & Pandolt, 1990). However,

although this may be the case for running, other sports such as cycling invoke a
comparatively greater degree of haemoconcentration (Harrison, 1985). Theretore, the

exercise modality may have a significant effect on the modification of cardiovascular and

thermoregulatory responses during progressive dehydration. Montain and Coyle (1992b)

have demonstrated that losses in plasma volume are significantly greater during 2 hours of

cycling at 63-67% VO, max compared to marathon data. Furthermore, T responds to active

dehydration (1-4%) in a linear fashion under controlled laboratory conditions (Montain &

Coyle, 1992b).

1.3 Exercise Performance

Despite the reported impact of dehydration on cardiovascular and thermoregulatory

responses during exercise (Fig. 1.2) 1t remains unknown exactly how these physiological

factors contribute to the fatigue process. Ot course fatigue, defined as ‘the failure to

maintain an expected power output’ (Hultman & Sjoholm, 1986). 1s an incvitable

consequence of all prolonged physical exercise. Despite the well-documented negative

effects of high ambient temperatures On cxercise performance, the underlyving
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physiological mechanisms have been extensively debated without clear consensus. Early
attempts to explain why fatigue occurs prematurely in the heat focused primarily on events
occurring within skeletal muscle, usually termed peripheral fatigue. Peripheral fatigue is
typically defined as any fatigue arising from the failure of mechanisms at or beyond the
neuromuscular junction, including junctional transmission, electrical activity of muscle and
its activation (Edwards, 1981). However, as several studies indicate, skeletal muscle ATP
concentrations are never reduced to less than 50% of the resting value under all conditions
of exercise (Gonzalez-Alonso & Calbet, 2003;Noakes, 2005). Furthermore, Pitsiladis &
Maughan (1999) concluded that glycogen depletion was not the performance-limiting
factor during exercise in the heat as exercise was terminated prior to the depletion of all
carbohydrate stores. Similarly, Parkin et al. (1999) reported that after exercise to
exhaustion in ambient temperatures of 3, 20 and 40°C, muscle [glycogen] was highest in
the 40°C condition. Therefore, it is difficult to explain hyperthermia-induced fatigue by
peripheral factors alone. There is now mounting evidence to suggest that fatigue during
exercise may originate at a higher level than skeletal muscle, specifically within the central
nervous system, a hypothesis first proposed by Newsholme ef al. (1987). This hypothesis
proposes that an increase in the concentration of tryptophan in the blood and hence the
neurotransmitter 5-hydroxytryptamine in some neurons which are involved in control ot
motor activity in the brain, could lead to central fatigue (Newsholme et al., 1987).
Research in the early nineties by Nielsen et al. (1993) observed that humans always ceased
exercising when T, reached a certain limit (averaging 39.7°C) that was constant for each
subject. However, at the point of exhaustion there was no reduction in cardiac output,
muscle (leg) blood flow, no changes in substrate utilisation or availability, and no
recognised accumulated ‘fatigue’ substances. This led the authors to propose that ...the
high T, per se, and not circulatory failure, 1s the critical factor for the exhaustion during
exercise in heat stress’ (Nielsen et al., 1993). In a follow up study comparing the effects of
pre-heating and pre-cooling the body, these same researchers showed that high internal
body temperature did indeed cause fatigue in trained subjects during prolonged exercise 1n
hot environments as time to exhaustion was inversely related to the itial T and directly
related to the rate of heat storage (Gonzalez-Alonso et al.. 1999). Furthermore, Nybo &
Nielsen (2001) found that the ability to generate skeletal muscle force during a prolonged
maximum voluntary contraction is attenuated with hyperthermia. Therefore. thc premature

fatigue that occurs during exercise in the heat could be caused by an increased T, reducing

the brain’s capacity to recruit skeletal muscle and not due to a peripheral impairment ot

skeletal muscle function. Conversely, Tucker c¢f al. (2004) found that when comparng

skeletal muscle recruitment during self paced exercise in both hot (35°C) and cool (157C)
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environments, power output and integrated electromyographic activity of the quadriceps
muscle began to decrease early in the hot conditions when T., heart rate and RPE were
similar in both conditions. These findings suggest that there may be an anticipatory
response during self-paced exercise whereby the brain adjusts skeletal muscle recruitment
and power output accordingly to reduced heat production and thereby ensuring
maintenance of thermoregulatory and metabolic function (Tucker et al.. 2004). This has
led to the development of the so called ‘central governor’ theory, which proposes that the

brain reduces muscle fibre recruitment during prolonged exercise in the heat in order to

maintain the integrity of the organism (Noakes, 2001). However. a subconscious central
governor component of fatigue during exercise in the heat would fail to explain how
humans can run to the point of excessive heat storage resulting in death. described in the
first paragraph of this thesis. Indeed deaths during athletic pursuits have been reported
since 490 BC when the Athenian messenger Phidippides collapsed and died after running
the 26 miles from the Greek village of Marathon to Athens in what was likely to have been
hot conditions, to report news of victory in battle. Until direct experimental evidence can
be oftered to support the existence of a central governor, this will remain a controversial
and unproven theory. It has also been shown that cerebral blood flow 1s reduced by 18-
20% during exercise in hyperthermia compared to normothermia (Nielsen & Nybo,
2003;Nybo et al., 2002). These authors conclude that the reduction in cerebral blood tlow
is due to hyperthermia-induced hyperventilation causing a decrease in arterial CO;
pressure and consequent cerebral vasoconstriction that may explain the pre-syncope

symptoms occasionally observed during subjects exercising in the heat (Nielsen & Nybo,

2003).

Whatever the mechanism, previous studies have shown unequivocally that endurance
exercise performance is impaired markedly when ambient temperature 1s high (Adams et

al., 1975;Galloway & Maughan, 1997:Kozlowski et al, 1985:MacDougall et al..
1974:Nielsen et al., 1990;Saltin et al., 1972:Suzuki, 1980) and increased when ambient

temperature is low (Febbraio et al, 1996;Galloway & Maughan. 1997). For example,

Galloway & Maughan (1997) reported that when subjects were asked to complete exercise

. , _ ) o
at 70% VO, max to exhaustion at ambient temperatures of 4. 11. 21 and 317°C. exercise ime

was longest (93.5 £ 6.2 min) at 11°C and shortest (51.6 = 3.7 min) at 31"C. Furthermore,

the effect of ambient temperature on endurance performance 1s not solely limited to the

laboratory setting. Figure 1.3 compares the ambient temperatures and completion time of

the 10 fastest male marathon performances (left) and the Olympic marathons since 1972

(right) (Fudge et al.. 2005). Regardless of the Olvmpic games being the pinnacle of athletic
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competition where world records are continually broken every four years. the Olvmpic
marathon times since 1972 are vastly slower than the fastest 10 marathons ever completed.

For example, in the recent Athens Olympic games in 2004, Stephan Baldini the Italian who
won the race in 2:10:55 was 6 min slower than Kenyan Paul Tergat’s world record of
2:04:55, set in Berlin in 2003. However, while Tergat competed in relativelv cool
conditions (10°C), Baldini had to battle sweltering conditions of 30°C and oppressively
high humidity. The fact that all of the Olympic marathons since 1972 have been competed
In ambient temperatures in excess of 20°C clearly emphasises the direct negative impact of
environmental heat stress on endurance performance. Furthermore, this trend is likely to
continue as athletes begin to prepare for what will likely be another hot Olympic games in
2008 1n Beijing, China. The multitude of theories offered to explain the mechanism
underlying the occurrence of premature fatigue during exercise in the heat clearly
emphasises the need for continuing future research, especially in the field. Only when the
Interaction of the physiological processes that culminate in fatigue are determined will it be
possible to provide definitive preventative measures that will reduce the adverse effects of
heat stress on human performance. Yet despite this, development of strategies to improve

exercise performance in the heat has been one of the corner stones ot exercise physiology

research for the last 40 years.

One of the vital practices currently used to prepare athletes for competition in high
temperatures is heat acclimatisation. The negative impact of hot environments on the
performance of an athlete can be greatly limited by a period of heat acclimatisation prior to
competition (Terrados & Maughan, 1995). The major benefits of the acclimatisation
process include an expansion of plasma volume, increased skin blood flow and sweating
response leading to reduced heart rate, RPE, blood [lactate] and T. during exercise
(Armstrong & Maresh, 1991;Terrados & Maughan, 1995). Yet due to the increased sweat
rate there is an associated increase in the volume of fluid required to minimise dehydration
and any possible adverse effects on performance. Furthermore, pre-cooling the body prior
to training or competition via cold air (5-10°C) or cold water immersion 1s another strategy
utilised by athletes 1n recent years. This will increase the margin for metabolic heat
production prolonging the time to reach the critical limiting temperature when a given

exercise intensity can no longer be maintained (Marino. 2002:Nielsen c¢r al., 1993).
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Figure 1.3 The impact of ambient temperature on elite male marathon performance time. Country’s
flag indicates nationality of the marathon winner. Red lines indicate average ambient temperature for
both the fastest all time marathon performances (lower line - 7.3°C) and the Olympic marathons since
1972 (upper line - 24.3°C). Data correct 8/2006. Adapted from Fudge ef al. (2005).

The rationale for fluid ingestion during exercise stems from the traditionally accepted
‘cardiovascular model’ of dehydration. Specifically, the fluid ingested would maintain
plasma volume resulting in a reduction in cardiovascular strain during exercise in the heat.
As a direct result, skin blood flow would be maintained allowing sufficient continuation of
convective heat loss. Additionally, there would be sufficient body water to maintain
adequate sweat production and optimum evaporative cooling, which overall would
enhance thermoregulatory function. Thus, i1t has been proposed that the reduction in
cardiovascular and thermal strain induced by fluid ingestion should ultimately improve

exercise performance, especially in the heat (Convertino et al., 1996). There has been

vociferous debate between leading groups of researchers 1n the last 30 years regarding the
most effective fluid ingestion strategy to improve exercise performance in the heat

(Convertino et al., 1996;Noakes, 2001). However, the 1dea that fluid should be ingested

during exercise is a relatively recent phenomenon only coming to fruition in the second
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halt of the twentieth century. Indeed, Jackie Meckler who ran marathons and
ultramarathons in a career spanning from 1945 to 1969 commented that. ‘In those days 1t
was quite fashionable not to drink, until one absolutely had to. After a race. runners would
say with pride, ‘I only had a drink after 30 or 40 km’. To run a complete marathon without
any fluid replacement was regarded as the ultimate aim of most runners, and a test of their
fitness’ (Noakes, 2001). This may seem particularly surprising given the first set of studies
examining the effects of heat stress and dehydration on T, heart rate, exercise performance
and physiological well being were published in 1938 and 1947 (Adolph, 1938;Adolph,.
1947;Adolph & Dill, 1938). These studies concluded that soldiers marching in desert heat
developed dehydration despite free access to fluids, which subsequently resulted in
premature fatigue. Furthermore, heart rate and T, rose as a linear function of the level of
dehydration. Adolph (1947) suggested that there were no immediate health risks associated

with the dehydration to the extent of 7-10% of body mass but there was a risk of serious

organ failure should dehydration exceed 15%.

It was not until a study by Wyndham & Strydom (1969) was published that athletes and
exercise physiologists began to understand the apparent danger of inadequate fluid intake
during exercise. These authors found that athletes competing in a marathon consumed
significantly less fluid than was lost through sweating and hence a state of dehydration
ensued. Furthermore, a linear relationship (r=0.67) between post race T. and percent
dehydration (greater than 3% body mass loss) was reported in the runners. This finding
provoked the initial suggestion that those exercising for prolonged periods ot time would
need to consume fluids to prevent significant heat injury (Wyndham, 1977). These tindings
were the incentive for the International Amateur Athletics Federation to change their rules
in 1977 to allow greater volumes of fluid at increased intervals to be available during
distance races. In addition, the study by Wyndham & Styrdom (1969) was cited 1n
cuidelines created by the influential body The American College of Sports Medicine
(ACSM) for suggesting specific fluid intake (ACSM, 1975;1987;Convertino et al.. 1996).
These ACSM guidelines and Position Statements/Stands have been significantly revised
and amended over the last three decades (ACSM, 1975;1987;Convertino et al., 1996). In
the most recent of these (Convertino et al., 1996), it is suggested that ‘adequate flud
consumption before and during race can reduce the risk of heat illness, including
disorientation and irrational behaviour. particularly in longer events such as the marathon.
citing (Costill ef al.. 1970;Gisolfi & Copping, 1974:Wyndham & Strydom. 1969).
Secondly. ‘dehydration can predispose the runner to heat exhaustion or the more dangerous

hyperthermia and exertional heat stroke’ (Hubbard & Armstrong, 1988:Pearlmutter. 1986).

Finally, ‘athletes should replace their sweat losses or consume 150-300 ml every 1S min
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(Hubbard & Armstrong, 1988;Nash, 1985). However. none of these studies were
prospective intervention trials during which the variable in question (hydration status) was
the only thing to change and therefore the extent of dehydration cannot be proved
conclusively to be causative of hyperthermia. In 2000, the National Athletic Association of
Trainers (NAAT) also published a position statement concluding that ‘Fluid replacement
should approximate sweat and urine losses and at least maintain hydration at less than 2%
body mass reduction’ (Casa et al., 2000). Several studies have indicated that dehydration
above 2% body mass results in a significant impairment in exercise performance exceeding
90 min in both a temperate (20-21°C) (Cheuvront et al, 2003:Fallowfield et al.
1996;McConell ef al., 1997) and a hot (31-32°C) environment (Below et al.. 1995;Walsh et
al., 1994). Furthermore, given that it takes 40-60 min for ingested fluid to be evenly
distributed throughout the body after gastric emptying, intestinal absorption and osmotic
flow (Schedl et al., 1994), means athletes must begin drinking early to delay the onset of
dehydration and prevent water loss exceeding 2% body mass. These facts contributed
significantly to the ACSM and NAAT guidelines and have become the adopted dogma of

exercise physiologists, race organisers and sports drinks companies alike.

However, Noakes (2001) argues that the ACSM and NAAT guidelines are ‘not evidence-
based, since neither refers to specific, prospective, interventional studies from which such
definite conclusions can be drawn’ (Noakes, 2005). Several studies confirm that the
voluntary fluid intake of runners during distance races is approximately 500 ml each hour
(Maughan, 1985;Noakes et al., 1988;Noakes, 1993;Shephard & Kavanagh, 1978), which 1s
lower than the 600-1200 ml suggested by (Convertino et al., 1996). Indeed Noakes (2001)
believes that elite athletes may drink as little as 200 to 400 ml each hour during races. So
how can the exceptional performances of elite endurance athletes be explained despite an
ad libitum fluid intake that is well below the established recommendations? The ACSM
and NAAT guidelines are based on laboratory studies where the degree of heat stress
encountered would be significantly greater than in the field (Saunders ef al., 2005). perhaps
contributing to an overestimation in suggested fluid replacement guidelines. Studies
comparing ad libitum fluid intake to the rates of fluid ingestion set out in the ACSM
guidelines found no difference on endurance performance (Daries ez al.. 2000;McConell ef
al.. 1999). Essentially the only measured difference between the fluid replacement
strategies was an increased feeling of intestinal discomfort when the rate of fluid ingestion
was high (Daries et al., 2000;McConell er al.. 1999). Indeed, there 1s also theoretical
opinion that dehydration within a tolerable range will not have a negative impact on
exercise performance. but may even confer an advantage by preventing inevitable

increases in body mass due to consumption of large volumes of fluid (Armstrong et al..
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1985;Noakes, 2001). Therefore, if body mass can be reduced while power output remains
constant there will be a concomitant reduction in the energy cost ot exercise, especially in
welght bearing activities. There is also a possibility that over drinking during exercise may
result 1n a progressive fluid overload, leading to dilution of blood [sodium] below 130
mmol-L™" and ultimately hyponatraemic encephalopathy (brain swelling and dysfunction
due to voluntary overdrinking either before, during or after exercise), and even death
(Noakes, 2005). However, this is more likely to occur in slow runners who take longer to
complete the race, and thus consume substantial volumes of fluid (Almond et al., 2005).
Thus, based on this evidence the United States of America Track and Field (USATF)
announced that all future running races in the United States would be run according to new
guidelines (Noakes, 2003a;2003b;Noakes & Martin, 2002) which advocate that athletes
should drink according to the dictates of their thirst during exercise and not to the limits of
their individual tolerance. Clearly, the debate surrounding fluid replacement strategies
looks set to continue for many years to come until direct observational evidence can prove
beyond all reasonable doubt how much athletes should drink during exercise in different

environmental conditions.

1.4 Hyperhydration

Given the potentially deleterious effects of dehydration on T. and exercise performance
then logically, 1t would be beneficial to increase body water stores prior to exercise to
provide a fluid reservoir. One approach has been to maintain plasma volume during
exercise in the heat by infusion of 1sotonic saline. Using this method, Fortney et al. (1988)
found an attenuated rise in T. during exercise in the heat that they attributed to a
maintenance of central blood volume resulting in an increase in skin blood flow and
associated convective heat loss. Several other studies using acute plasma volume
expansion with either saline or dextran infusions reported an attenuation in the rise 1n heart
rate and T, (Deschamps et al., 1989). Indeed, Luetkemeier & Thomas (1994) reported that
pre-exercise plasma volume expansion with intravenous dextran solution improved cycling
performance by more than 10%. However, the medical expertise required to insert and
maintain a venous infusion and the restricted mobility that a saline drip would 1ncur means
that this method of hyperhydration would be impossible during exercise in the field.
Furthermore, the finding of similar forearm blood flow during hypervolema 1n the study
by Watt et al. (2000) led these authors to conclude that acute plasma volume expansion did

not directly enhance thermoregulation. Other studies have also failed to show any ettect ot
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plasma volume expansion on heart rate, T., skin blood flow or indeed pertormance during

exercise 1n the heat (e.g.Grant et al., 1997).

Hyperhydration prior to exercise by ingestion of water or carbohydrate/electrolyte
solutions is less effective than infusion methods as most ‘excess’ fluid ingested is rapidly
filtered and excreted by the kidneys (Freund et al., 1995). On the other hand, hydrating
agents such as Gly (1,2,3-propanetriol) have been shown to increase TBW and effectively
minimise an exercise induced reduction in plasma volume (Murray et al., 1991). Gly is a
naturally occurring 3-carbon alcohol metabolite that is produced in the human body and
distributed within and between all cells at low concentrations (<0.1 mmol-L"), with the
exception of the cerebral spinal fluid and aqueous humor (Lin, 1977;Tourtellotte et al..
1972). Settert et al. (1995) reported a 701 ml increase in mean TBW after Gly ingestion,
including a 385 ml increase in interstitial fluid and a 225 ml increase in ICW with the
remainder distributed within the plasma. Some researchers propose this Gly-induced water
retention 1s attrnibuted to an increased concentration of ADH (Freund et al., 1995).
However, previously reported differences in [ADH] between Gly and water interventions
were small and only approached statistical significance (Freund et al., 1995). While an
ADH mechanism cannot be ruled out, 1t 1s more likely that this Gly-induced water
retention 1S mediated by the action of Gly on the kidneys. When blood [Gly] 1s at normal
physiological levels, almost all filtered Gly 1s passively reabsorbed by the proximal and
distal renal tubules of the kidneys (Sommer et al., 1993). When blood [Gly] 1s increased
with exogenous Gly ingestion, there is an increase 1n Gly and associated water
reabsorption (Kruhoffer & Nissen, 1963). Several studies have now concluded that a Gly
bolus delivered 2-3 hours prior to exercise reduces thermal and cardiovascular strain
during exercise in the heat (Anderson ef al., 2001;Lyons et al., 1990;Montner et al., 1996)
and argue these effects are due to a preservation of blood volume and cutaneous blood
flow (Lyons et al, 1990). For example, Montner et al. (1996) reported that time to
exhaustion was increased by approximately 23% after Gly induced hyperhydration
compared with a placebo (Pl). However, not all studies have shown such etfects of Gly on
thermoregulation during exercise in the heat (Inder et al., 1998;Latzka et al., 1998;Murray
et al.. 1991). Methodological differences, including the amount of Gly and timing of
ingestion prior to exercise, the exercise protocol, ambient conditions, methods used to

assess hydration status and Tk are all likely to have contributed to the conflicting results.

Creatine (methyl guanidine acetic acid) (Cr) 1s a naturally synthesised compound.

important in the energy metabolism process that has been used as an ergogenic aid tor
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several years in order to improve performance in short duration, high intensity exercise
(Casey et al., 1996;Kilduff et al., 2002). Ingestion of Cr has also been shown to have
substantial hydrating effects (Kemn et al., 2001:Kilduff e al., 2004), although the exact
mechanisms remain uncertain. The water retention may simply be due to osmotic effects.
cell swelling and a consequent increase in protein synthesis (Haussinger er al., 1993).
Conversely, it may be an increase in protein synthesis that precedes the associated increase
in water content (Kreider ef al., 1998). However, unlike the whole body hydrating effects
ot Gly, Cr retains fluid predominantly in the ICW compartments (Kilduft er al.,, 2004).
Like Gly, oral Cr supplementation has been shown to be effective in attenuating the rise in
heart rate and T, and improving performance during exercise in the heat (Kilduff et al.,
2004). These effects have been attributed to an increase in ICW resulting in an increased
specitic heat capacity of the body (Kern et al., 2001;Kilduff et al., 2004). Supplementation
with hydrating agents such as Gly or Cr has consistently produced modest fluid retention
of 400 to 800 ml (Kilduff ez al., 2004;Montner et al., 1996). However, it seems plausible
that a Gly-induced increase in extra-cellular water (ECW) coupled with a Cr-mediated
increase 1n ICW could have synergistic effects resulting in a much larger increase in TBW

than 1f either supplement was consumed alone.

To assess acute changes in hydration status, researchers must indirectly estimate TBW as 1t
1s not possible to measure this parameter directly in a live human being. For example,
measurements of body water content 1n muscle biopsy samples are subject to error because
of the assumptions involved and the rapid evaporation of water after biopsy (Proctor et al.,
1999). However, 1sotope dilution has been successtully used to measure TBW 1n animals
and humans for 80 years. Deuterium oxide was first used to estimate TBW in 1934 when
data was published using 2 rabbits and 1 human as volunteers (Hevesy & Hofer, 1934). A
further study compared deuterium oxide predictions ot TBW against direct measurements
using desiccation of cadavers, and reported only minor differences between measurement
techniques equating to approximately 0.7% of body weight (Moore, 1946). Tritiated water
(isolated by Alvarez & Cornog (1939)) has distribution properties similar to those ot
deuterium oxide and has since become the preterred method of TBW measurement (Pinson
& Langham, 1957). Indeed, isotope dilution is now the accepted ‘gold standard’ for
determining TBW (O'Brien et al.. 2002) and 1s a method commonly utilised in research
studies (e.g. Fudge et al.. 2006). However, repeat measurements of TBW using dilution
techniques are difficult due to the necessity of a waiting period while the tracers are
cleared from the body and therefore would not always be applicable to measure acute

changes in TBW. Therefore, the majority of researchers to date investigating
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hyperhydration have used the volume of urine production (and hence water retention) as an
indirect measurement of TBW change following supplementation with either Cr or Gly

(Freund et al., 1995;Latzka et al., 1997,1998). However, this method is extremely limited.

as 1t does not provide a measurement of the distribution of fluid within the body

compartments.

Bioelectrical impedance has gained much attention as a rapid, inexpensive and non-
invasive method of estimating TBW. Bioelectrical impedance is based on the assumption
that electricity is conducted poorly by fat and bone but well by tissues that contain
predominantly water and electrolytes. Therefore, by passing a low level alternating current
at a 50 kHz frequency between two parts of the body (e.g. leg to arm) the resistance to the

current can be measured and used to predict TBW using the equation:

Z=p*L**V!
where Z 1s the electrical impedance, p is the resitivity, L is the height and V is the volume
of water contained within the body. This relationship relies on certain assumptions, firstly
that p 1s known and a constant and secondly that V is evenly distributed within a cylinder
of uniform cross-sectional area. However, when applying this to the human body, these
assumptions are violated, thereby introducing a degree of error into the estimation of
TBW. Nevertheless, bioelectrical impedance has been shown to provide a reasonable
prediction of TBW (r=0.86, P<0.01) compared with 1sotope dilution techniques and has a
coefficient of vaniation for repeated measures of 2-3.4% (Lukaski et al., 1985). The recent
development of multi-frequency bioelectrical 1mpedance machines allows TBW
measurements to distinguish between ECW and ICW as at low frequencies the current
passes through ECW, but at higher frequencies it 1s able to penetrate the cell membrane.
Multifrequency bioelectrical impedance has been consistently shown to provide reliable
and repeatable estimations of TBW in euhydrated individuals 1f ambient temperature.
electrode placement, subject posture and use of a non-conductive surface are standardised

(Armstrong et al., 1997:Kushner, 1992;Kushner et al., 1992;1996). Furthermore.

multifrequency bioelectrical impedance has been recently shown to provide accurate
estimates of the change in TBW following both Gly (Koulmann et al., 2000) and Cr
(Powers et al.. 2003) hyperhydration compared to the 1sotope dilution technique. Theretfore

it can be expected that bioelectrical impedance will provide a valid and reliable estimate ot
TBW change following combined Cr/Gly supplementation and a measure ot where the

retained fluid is distributed within tfluid compartments.



38

1.5 Aims and objectives

Given the extensive debate on the influence of hydration on exercise performance in the

heat and the accumulating evidence of the benefits of hyperhydration, the main objectives

of the following research were as follows:

11.

111.

1V.

lo 1mvestigate the effects of ingesting two different fluid retaining agents
simultaneously on body fluid balance and in doing so determine whether
combining Cr and Gly can induce a greater hyperhydration than either Cr or Gly
alone. This was achieved by designing a series of studies that measured the effects

of all combinations of supplements on TBW, ECW, ICW and plasma volume.

To develop the optimal hyperhydration strategy for use during conditions of
restricted water access or exercise induced heat stress. This was achieved by
comparing a Cr/Gly supplementation strategy based on previously established

protocols from the literature with novel methodologies.

To assess the effects of these novel ‘water-loading’ strategies on metabolism,
cardiovascular and thermoregulatory responses and performance during exercise in
the heat. This was achieved by examining the effects of combined Cr and Gly
hyperhydration on physiological responses during steady state exercise in hot and
humid environment (30°C and 70% relative humidity) and performance in a 16.1

km time trial and in doing so provides further insight into the relationship between

dehydration and performance.

To validate a new method of T. measurement for use outwith the laboratory in
training and competitive situations. This was achieved by comparing T.
measurements obtained from an ingestible telemetry pill and an infrared tympanic
membrane thermometer with those from a rectal thermistor during rest and high
intensity exercise conducted in a hot and humid environment (30°C and 70%
relative humidity) intended to raise T. above 39°C. This will allow future research
examining the effects of combined Cr and Gly hyperhydration on thermal and

cardiovascular strain and exercise performance to be completed 1n the field.
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2.1 Subjects

All experiments described in this thesis involved human volunteers who were all
endurance trained healthy males. All experiments were approved by the University of
Glasgow Ethics Committee and were performed according to the code of ethics of the
World Medical Association (Declaration of Helsinki). The ethics document for Chapter 5
1s displayed in Appendix 1 and was adapted from the original ethics documents from
Chapters 3 and 4. Subjects were questioned as to their training practices and it was
determined that no subject was acclimatised to exercise in the heat at the time of study.
This interview also confirmed that all subjects were Cr free for at least 8 weeks prior to the
study. The investigators did not reveal prior to the interview that subjects would be
excluded if they had supplemented with Cr in the previous 8 weeks. The subjects were
fully informed of any risks and discomforts associated with the experiments and informed

they could withdraw at any point without explanation before giving their written informed

consent to participate (Appendix 1).

2.2 Determination of VQy,.x and test workloads

All subjects had their VO, max, WRmax and LT measured during an initial continuous

incremental test to volitional exhaustion at standard room temperature (20-21°C). LT was

estimated non-invasively as the VO, at which: (a) the break point in the relationship
between CO, production (VC0,) and VO, (‘V-slope’ technique, ((Beaver et al., 1986))

occurred and (b) the ventilatory equivalent for O (VE/VO,) started to increase

systematically without a concomitant increase in ventilatory equivalent for CO;

(VE/VCO,). After a 5 min warm-up at 20 W the WR was gradually increased at a rate of

15 W-min™' using an electrically braked cycle ergometer (Excalibur Sport, Lode, The
Netherlands) until cadence could no longer be maintained above 50 revs'min” . Respired
volumes were measured with a bi-directional turbine transducer (VMM; Alpha
Technologies. Laguna Niguel, CA, U.S.A.) calibrated with a 3 L syninge using a range of
different flow profiles (Hans Rudolph, Kansas City, MO, U.S.A.). Respired gas
concentrations were measured every 20 ms by a quadruple mass spectrometer (QP9000:
Morgan Medical. Gillingham, Kent, U.K.), which was calibrated against precision-

analysed gas mixtures. Barometric pressure was measured using a standard mercury
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barometer. From these measurements 63% of each subject’s WRpx was calculated and

used 1n all subsequent experimental trials.

2.3 Dietary analysis

Subjects followed their normal diet and weighed all food and drink consumed during each
supplementation period using digital weighing scales readable to 1 g. The diet was
analysed for energy intake and macronutrient content using a computerised version of
McCance & Widdowson’s food composition tables as revised by Holland et al. (1991).
Subjects were asked to minimise caffeine intake to lessen any possible confounding effects

of cafteine on muscle Cr loading (Vandenberghe et al., 1996).

2.4 Experimental exercise trials (Chapters 3(a), 4(a) and 5)

Prior to the first experimental trial, familiarisation trials were completed until the
variability of two consecutive trials was within 5%. Subjects reported to the laboratory on
each of day of exercise testing following a 3 hour fast and having refrained from alcohol,
cafteine and strenuous exercise the day before. Upon arrival at the laboratory, height and
nude body mass were measured and body water compartments estimated using a Bodystat
Multiscan 5000 Bioimpedance analyser (Bodystat Ltd, Isle of Man). This method allows
TBW and ECW to be estimated; from these measurements ICW can also be deduced. The
bioimpedance measurements were taken while the subjects lay comfortably in a supine
position for 10 min on a non-conductive surtace with their arms and legs slightly abducted.
Two electrodes were attached to the right hand (one behind the knuckles and one on the
wrist next to the ulnar head) and two attached to the right foot (one behind the toes and one
between the lateral and medial malleol1). A current with alternating frequency was then
passed between the electrodes on the hand and foot and the resistance calculated. The
resistance to each current was then used to calculate TBW and ECW using the equation
described previously (Chapter 1). There 1s good evidence to suggest that the estimation ot
TBW by bioimpedance is reliable and valid when subjects are euhydrated (O'Brien et al..
2002). To date. several studies have successtully utilised this technique 1n order to estimate
hyperhydration induced changes in TBW (Kem et al.. 2001:Kilduft et al., 2002:Kilduft et
al.. 2004). Furthermore, the change in body mass from pre- to post-supplementation was
determined to provide a further indirect measurement of the volume of fluid retained.
Following the bioimpedance measurement. a flexible rectal thermistor was inserted 10 cm

beyond the anal sphincter to measure Tr. an index of T, and a heart rate monitor (Polar
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Sports Tester, Polar Electro Oy, Kempele, Finland) was attached. The subject’s right hand

and forearm were immersed in water at 42-44°C for 15 min in order to allow for
arterialisation of the venous blood (Forster ef al., 1972). Following this, a 21G cannula was
introduced into a superficial vein on the dorsal surface of the heated hand. The subject was
transterred to the climatic chamber (ambient temperature 30 + 1°C with a relative humidity
of 70 + 3% and air velocity of approximately 1.8 m's™) and seated on the cycle ergometer
for 5 min. During this period, thermistors (C8600 10 channel microprocessor, Comark,
Hertfordshire, U.K.) were attached to the subject’s chest, tricep, thigh and calf for the

determination of weighted mean Ty (Ramanthan, 1964).

The subject remained seated on the cycle ergometer for a further 1 min while resting heart
rate, lr, Tsx were determined and a blood sample (10 ml) obtained (Figure 2.1). The
venous cannula was kept patent by a 10 ml flush of isotonic saline between samples.
Subjects were then instructed to begin 5 min of unloaded cycling before the WR was
increased 1n a ‘single step’ to the predetermined 63% WR,..x. Subjects were required to
maintain a pedal cadence of 70-100 revs'min’' for 40 min. Measurements of heart rate, T,
and T were obtained at 5 min intervals throughout the 40 min period and the time trial.
Blood samples (10 ml) were obtained every 10 min during the constant-load exercise and

upon completion of the time trial. One min expired gas collections were made every 10

min of the constant-load exercise and analysed within 5 min for the determination of Vo,,

Vco, and VE . Subjects were required to consume 2.14 ml water-kg"' body mass (e. g. 150

ml for 70 kg subject) every 10 min throughout the 40 min constant-load exercise

(Convertino et al., 1996). Ratings of perceived leg tatigue and dyspnoea were recorded

every 5 min of the constant-load exercise and at the end of the time tnal using the Borg
category scale (Borg, 1982). On completion ot the 40 min period, WR was decreased to 20
W and the subject asked to maintain cadence for 1 min. After a further 4 min rest period,
the subject was instructed to complete a 16.1 km (10 mile) selt-paced time trial on a road-
mounted cycle (King Cycle Indoor Trainer, Buckinghamshire, U.K.). After exercise, nude
body mass was measured and the difference before and after exercise was calculated and
subsequently used to estimate sweat rate (change in body mass divided by the total
exercise time) and sweat loss (total change in body mass), after correcting for respiratory
water loss and substrate oxidation (Mitchell et al., 1972). The time trial completion time

was recorded but withheld from the subject until all exercise tests had been completed.
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Figure 2.1. Schematic representation of the experimental protocol (Chapters 3(a), 4(a) and 5).

2.5 Blood treatment and analysis

Blood was drawn 1nto dry syringes and 6 ml dispensed into a tube containing K;EDTA and
the remaining 4 ml dispensed into tubes without anticoagulant. Duplicate aliquots (400 pl)
of whole blood from the K3;EDTA tube was rapidly deproteinised in 800 uL of ice cold 0.3
mol-L™ perchloric acid, centrifuged and the supernatant used for the measurement of
glucose and lactate using standard enzymatic methods with spectrophotometric detection
(Mira Plus, ABX Diagnostics, Montpellier, France) (Maughan, 1982). A further aliquot ot
blood was centrifuged and the plasma obtained was separated and used for the
measurement of Gly (Boobis & Maughan, 1983). The blood 1n tubes without anticoagulant
was allowed to coagulate and then centrifuged; the serum collected was used for the
measurement of osmolality by freezing point depression (Micro-osmometer 3300, Vitech
Scientific, West Sussex, U.K.) (Chapters 4 and 5). The blood from the K;EDTA tubes was
also analysed for haemoglobin (Hb) (cyanmethaemoglobin method, Sigma, Chemical
Company Ltd., Dorset, U.K.) and packed cell volume (PCV) (conventional
microhematocrit method). All blood analyses were carried out in duplicate with the
exception of PCV, which was carried out in triplicate. Plasma volume changes during

exercise were calculated from changes 1n Hb and PCV relative to initial resting values as

described by Dill & Costill (1974).
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2.6 Statistical analysis

Data were expressed as the mean + standard deviation (s.d.) following a test for the
normality of distribution. Statistical analysis was carried out using three factor mixed
model ANOVA with repeated measures, followed by a simple main effects analysis for
signmficant three way interactions (i.e. pre- vs. post-supplementation at each combination of
time point and treatment) and simple main effects analysis for two way interactions
(Chapters 3(a), 4(a) and 5). In addition, the magnitude of change (A) between experimental
trials (P1/P1, Pl/Gly, Cr/P1 and Cr/Gly) was examined using either a two-sample or a paired
t-test when significance was identified using the simple main effects analysis. Pearson’s
product moment correlation coefficient (r) was used to assess the relationship between
methods of T, measurement (Chapter 6). The limits of agreement (LOA) between T,
measurement methods were investigated by plotting the individual differences between
methods against their respective means (Bland-Altman plots) (Bland & Altman, 1986).
Heterocedasticity was examined by plotting the absolute (positive) differences against the
individual means and calculating the correlation coefficient (Bland & Altman, 1986). It the
heterocedasticity correlation was close to zero and the differences were normally
distributed (Shapiro-Wilk test), the mean bias and 95% LOA were calculated as mean +
1.96 s.d. of the between method difference (Bland & Altman, 1986). Further analysis was
carried out using a two factor ANOVA with repeated measures. In addition, the difference
in T. measurement at each time point was examined using paired-sample ¢-tests when
significance was identified using the simple main etfects analysis. Statistical power
calculations (80% power) were carried out using the A TBW data obtained. Statistical

significance was declared at P <0.05.

The intra-assay coefficient of variation (C.V.) was calculated from the s.d. ot the

difference between double measurements of the sample expressed as a percentage of the

total mean sample (Table 2.1).



Table 2.1 Coefficient of variation of blood and serum assays

Assay

-Method |

Blood glucose
Blood lactate
Blood glycerol
Osmolality

Blood Hb
PCV

Maughan 1982

Maughan 1982

Boobis & Maugan 1983
Freezing point depression
Colornimetric method

Microhaematocrit method

n C.V.
50 1.3
50 2.3
50 4.9
50 0.2
50 0.4
50 0.7

45
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Chapter 3

(a) The effects of combined creatine and glycerol
hyperhydration on metabolism, thermoregulation and

exercise performance in the heat: Loading protocol 1.



47
3.1 Introduction

The possible advantages of hyperhydration over euhydration during exercise in the heat
have been extensively debated without clear consensus (Anderson et al., 2001:Kilduff et
al., 2004;Latzka et al., 1998;Lyons et al., 1990;:Montner et al., 1996;Murray et al., 1991).
The rationale for hyperhydration stems from the traditionally accepted ‘cardiovascular
model’ of dehydration which contends that fluid loss during exercise reduces plasma
volume and consequently stroke volume and increases heart rate (‘cardiac drift’) in order
to maintain cardiac output (Ekelund, 1967). During strenuous exercise in the heat the
Increase in heart rate may at times be insufficient to compensate for the decrease in stroke
volume and consequently maximal cardiac output is reduced (Gonzalez-Alonso et al.,
1995). A significant linear relationship has been reported between the reduction in skin
blood tlow and the level of dehydration (Montain & Coyle, 1992a). Therefore, according
to the ‘cardiovascular model’ of dehydration, a reduction in cutaneous blood flow can
impede heat exchange and reduce the temperature regulating capacity of the body (Fortney
et al., 1984). These physiological responses that occur in response to dehydration of over
2% of body mass have also been associated with a reduction in exercise performance
(Cheuvront et al., 2005). If the ‘cardiovascular model’ holds true, then maintenance of
blood volume and/or expansion of plasma volume should result in the preservation of
cardiovascular and thermoregulatory function and the improvement of exercise
performance in the heat, a matter of much research interest (Watt ef al, 2000). One
approach has been to maintain plasma volume during exercise in the heat by infusion of
isotonic saline. Using this method, Fortney et al. (Fortney et al., 1988) found an attenuated
rise in T, during exercise in the heat that they attributed to a maintenance of central blood
volume resulting in an increase in skin blood flow and associated convective heat loss.
Several other studies using acute plasma volume expansion with either saline or dextran
infusions reported an attenuation in the rise in heart rate and T, e.g. (Deschamps et al..
1989). However, the finding of similar forearm blood flow during hypervolemia in the
study by Watt er al. (2000) led these authors to conclude that acute plasma volume
expansion did not directly enhance thermoregulation. Other studies have also failed to
show any effect of plasma volume expansion on heart rate, T, skin blood tlow or indeed

performance during exercise in the heat (Grant ez al., 1997).

Hyperhydration prior to exercise by ingestion of water or carbohydrate’electrolyte
solutions is less effective than infusion methods at acutely expanding plasma volume as

most ‘excess’ fluid ingested is rapidly filtered and excreted by the kidneys (Freund er al..
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1995). On the other hand, hydrating agents such as Gly have been shown to effectively

minimise the reduction in plasma volume that occurs during exercise in the heat (Murray et
al., 1991). Seifert et al. (1995) reported a 701 ml increase in mean TBW after Glv
Ingestion, including a 385 ml increase in interstitial fluid and a 225 ml increase in ICW
with the remainder distributed within the plasma. Several studies have now concluded that
Gly ingestion reduces T. and heart rate during exercise in the heat (Anderson et al..
2001;Lyons et al., 1990;Montner et al., 1996) and argue these effects are due to a
preservation of blood volume and cutaneous blood flow (Lyons et al., 1990). However. not
all studies have shown such effects of Gly on thermoregulation during exercise in the heat
(Latzka et al, 1998;Murray et al., 1991). Methodological differences, including the
amount ot Gly and timing of ingestion prior to exercise, the exercise protocol, ambient
conditions, methods used to assess hydration status and T, are all likely to have contributed
to the conflicting results. Ingestion of Cr has also been shown to have substantial hydrating
effects (Kem et al., 2001;Kilduff et al., 2002), although the exact mechanisms remain
uncertain. However, unlike the whole body hydrating effects of Gly, Cr retains fluid
predominantly in the ICW compartments (Kilduft et al., 2002). Like Gly, oral Cr
supplementation has been shown to be effective in attenuating the rise 1n heart rate and T,
during exercise in the heat (Kilduff et al., 2002). These etfects have been attributed to an
increase in ICW resulting in an increased specific heat capacity of the body (Kern et al.,
2001;Kilduff et al., 2002). Supplementation with hydrating agents such as Gly or Cr has
consistently produced modest fluid retention of 400 to 800 ml (Kilduft et al,
2002:Montner et al., 1996). However, it seems plausible that a Gly-induced increase 1n
ECW coupled with a Cr-mediated increase in ICW could have additive eftects resulting 1n
a much larger increase in TBW than if either supplement was consumed alone. Theretore,

the aim of this study was to assess the effects of this novel ‘water-loading’ strategy on

thermoregulation and performance during exercise in the heat.

3.2 Methods

3.2.1 Subjects

Qix endurance-trained males gave their written informed consent to take part in the present
study that was approved by the local Ethics Committee and was performed according to

the code of ethics of the World Medical Association (Declaration of Helsinki). The

physical characteristics of the six subjects were: age 29 + 5 years: height 180 + 6 cm: body

mass 79.2 £ 13 kg; vogmax 58 £ 8 ml-kg‘l-min'l: WRax 33532 W LT 221 £ 26 W.
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3.2.2 Experimental design

The study consisted of two supplementation regimens, each lasting 7 days and
encompassing three cycle performance trials consisting of 40 min constant-load exercise at
63% WRmax followed by a 16.1 km (10 mile) time trial. The methodology for the exercise
trials 1s described in the general methods section of this thesis. Prior to the first of these
experimental trials, familiarisation trials were completed until the variability of two
consecutive trials was within 5%; no subject had to perform a third familiarisation trial to
achieve less than 5% variability. Following this familiarisation period, subjects performed
a pre-supplementation exercise performance trial on experimental day 1 (control) (Fig.
3.1). The subjects were then randomly assigned into two groups (A and B). Subjects in
group A received Pl supplementation in week 1 before crossing over and receiving Cr and
Gly in the second week whereas subjects in group B supplemented in the opposite order
(Fig. 3.1). However, due to the long wash out period associated with Cr supplementation
(Vandenberghe et al., 1996), subjects receiving Pl in the second week (n=2) were excluded
from the analysis. Subjects in both groups performed an exercise trial post-
supplementation during both supplementation regimens (on experimental days 8 and 15)
(1.e. a total of 3 experimental exercise trials) (Fig. 3.1). The control trial was conducted at
least 48 hours after each subject’s final familiarisation trial. Each supplementation period

started on the day after the first test and finished on the day of the second test.

Cr/Gly supplementation consisted of 11.4 g of Cr-H,O (equivalent to 10 g Cr) and 70 g ot
glucose polymer made up in 1 L of warm water and consumed twice daily tor 6 days and a
bolus of 1 g Gly'kg' body mass diluted in 500 ml of water with 125 ml unsweetened
diluting juice 2 hours prior to the start of the experimental trial. This Cr supplementation
protocol has been shown to increase resting muscle phosphocreatine levels within 5 days
(Harris et al., 1992). Each supplement was made fresh prior to consumption 1in order to
prevent any degradation of Cr to creatinine. The Pl supplement consisted of 85 g of
olucose polymer made up in 1 L of warm water and consumed twice daily for 6 days and a
bolus of 500 ml of water with 125 ml unsweetened diluting juice 2 hours prior to the
assessment. All supplements had similar taste, texture and appearance and were placed in
generic water bottles to ensure double blind administration. On each ot the assessment
days subjects ingested a further 500 ml of water I hour prior to the assessment in an

attempt to ensure subjects were euhydrated (Convertino et al., 1996).
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Figure 3.1 Schematic representation of the experimental design.

3.3 Results

3.3.1 Diet, Body mass and water compartments.

There was no significant change in body mass from pre- to post-supplementation following
the Pl supplementation regimen (P=0.29). Following Cr/Gly supplementation, body mass
increased significantly from pre-supplementation (P<0.01), which was significantly greater
than the nse in the Pl group (P=0.04) (Fig. 3.2). There were no significant changes in
TBW, ECW or ICW following either Pl or Cr/Gly supplementation (Fig. 3.2). There were
no significant differences in the daily diet between the two supplementation regimens (Pl:
13.6 + 4.1 MJ-day™', 59 + 14% carbohydrate, 26 + 10% fat, 15 = 7% protein; Cr/Gly: 13.0
+ 2.6 MJ-day’’, 63 + 8% carbohydrate 25 + 7% fat, 12 + 5% protein.

3.3.2 Cardiopulmonary variables.

There was a steady increase in VO,, VCO, and VE throughout the constant-load exercise

with no differences between pre- and post-supplementation in either supplementation
regimen (Table 3.1). Respiratory exchange ratio (RER) did not change throughout the
constant-load exercise period with no differences between pre- and post-supplementation
in either supplementation regimen (Table 3.1). There was no difference in resting heart
rate between any of the exercise trials (Fig. 3.3). During exercise, heart rate increased
during all trials. There were no differences in heart rate during exercise between pre-

supplementation and post-Pl supplementation (P=0.21) or Cr/Gly supplementation

(P=0.23) (F1g. 3.3).
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3.3.3 Ratings of perceived exertion

During exercise, RPE for both dyspnoea and leg fatigue increased during all trials (Fig.
3.4). There were no differences in RPE for dyspnoea during exercise between pre-
supplementation and post- Pl supplementation (P=0.42) or Cr/Gly supplementation

(P=0.31) (Fig. 3.4). Similarly, there was no change in RPE for leg fatigue from pre- to
post- Pl supplementation (P=0.12) or Cr/Gly supplementation (P=0.19).

Table 3.1 Cardiopulmonary responses during constant-load exercise.

Exercise time (min)
~ Regimen 10 20 30 40

VO, (L'min™)

Control 3.03+0.26 3.14+£0.21 3.23+0.22 3.40 £ 0.31
Pl 3.04 £ 0.26 3.10+0.17 3.20+0.16 3.29+0.15
Creatine/Glycerol 3.05+0.22 3.20+0.19 3.24+0.14 3.30+0.13
VCO, (L-min™)

Control 2.64 £0.20 2.74 +0.19 2.83+0.18 2.96 +0.22
Pl 2.69 £0.15 2.77 £ 0.18 2.82 +0.22 2.85+0.30
Creatine/Glycerol 2.66 +0.23 2.76 £ 0.23 2.78 £0.16 2.83+0.19
Vi (L'min-1)

Control 63.73 £ 9.14 69.70+ 11.34 73.07 £ 10.58 78.15+11.96
Pl 62.83 + 8.64 68.49 + 11.47 69.40 + 7.51 72.00 + 4.25
Creatine/Glycerol 62.23 + 5.31 65.01 £ 4.25 67.74 £ 4.99 71.73 £6.19
RER

Control 0.87 £ 0.06 0.87 + 0.06 0.88 +£ 0.05 0.87 £0.06
Pl 0.89 £ 0.02 0.89 + 0.03 0.87 £ 0.01 0.85+0.02
Creatine/Glycerol 0.88 + 0.02 0.86 + 0.03 0.87 £0.03 0.86 £ 0.03

Data presented as the mean + s.d.

3.3.4 Rectal and skin temperature responses

There was no difference in resting T,. between the two groups or after supplementation
(Fig. 3.5). Throughout the exercise period, T increased significantly during all trials (Fig.

3.5). There were no differences in T, during exercise between pre-supplementation and

post-Pl supplementation (P=0.32) or Cr:Gly supplementation (P=0.12) (Fig. 3.3). There
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was a significant increase in mean Ty from rest, with no significant differences following

supplementation (Fig. 3.5).

3.3.5 Sweat rates and total sweat loss during exercise

There were no differences in sweat rate between trials (Control: 2.0 + 0.2 L-hr': PI: 1.7 +

0.6 L'hr'l; Cr/Gly: 2.1 £ 0.5 L-hr’’, P=0.20). Furthermore, total sweat loss was not different
between trials (Control: 2.1 £+ 0.3 L; P1: 1.8 = 0.6 L: Cr/Gly: 2.1+ 0.5L, P=0.31).

3.3.6 Blood metabolite concentrations and plasma volume changes

Resting blood [glucose] and [lactate] were not different between experimental trials
(P=0.56 and P=0.32 respectively) (Table 3.2). Briefly, blood [glucose] decreased
significantly from rest to initiation of exercise before rising gradually throughout the
constant-load exercise and peaking at the end of the time trial. There were no differences in
blood [glucose] during exercise between experimental trials (P=0.26) (Table 3.2). The
initial increase 1n blood [lactate] from rest to initiation of exercise was maintained until the
end of the constant-load period. There was a further significant increase in blood [lactate]
between the constant-load exercise and the end of the time trial. There were no differences
in blood [lactate] during exercise between experimental trials (P=0.28) (Table 3.2).
Resting plasma [Gly] was significantly higher post Cr/Gly supplementation compared to
pre-supplementation (P<0.01) (Table 3.2). Plasma [Gly] remained significantly higher
throughout exercise after Cr/Gly supplementation compared to the pre-supplementation
trial. There was no difference in resting plasma [Gly] or during exercise between pre- and
post-supplementation during the Pl supplementation regimen (P=0.69) (Table 3.2). Plasma
volume was reduced by approximately 8% after 40 min of constant-load exercise and 13%
after the 16.1 km time trial with no significant differences between experimental trials.
Resting plasma volume changes following supplementation were also calculated using the
control trial as a baseline, assuming no change in red cell mass during the 7 day
supplementation regimen. Using this method of analysis, plasma volume was not
significantly altered by either supplementation regimen, although there was a tendency

(P=0.07) for plasma volume to be reduced (~ 3%) after Cr/Gly supplementation.

3.3.7 Time trial performance

Time trial performance did not differ significantly between experimental trials (Control.

77 40+ 1.1 min; Pl;: 22.33 £ 0.92 min:; Cr/Gly: 22.13 £ 0.71 min).
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3.3.8 Side effects

In general, subjects tolerated the supplementation protocol well, with only one report of
gastrointestinal distress and one report of muscle cramping (gastrocnemius) during the
Cr/Gly supplementation week. Two subjects identified the supplementation they were

rece1ving due to prior knowledge of the side effects while all other subjects were unsure of

the treatment they received.
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Figure 3.2 Changes in body mass (BM), total body water (TBW), intra-cellular water (ICW) and extra-
cellular water (ECW) in the two groups. Data presented as the mean =+ s.d. +: indicates a significant
difference pre- vs. post-supplementation. *: indicates a significant greater change (A) in the Cr/Gly
supplementation regimen compared to the Pl supplementation regimen.
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Figure 3.3 Heart rate during exercise. Data presented as the mean =+ s.d.
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3.4 Discussion

This study has demonstrated that supplementation with a combination of a Cr and Glv
resulted in a significant increase in body mass (Fig. 3.2). Despite this, neither Pl nor
Cr/Gly supplementation resulted in any change in TBW, ECW, ICW (Fig. 3.2), perception
of effort (Fig. 3.4), cardiovascular (Fig. 3.3) or thermoregulatory (Fig. 3.5) responses

during exercise in the heat. Furthermore, neither supplementation protocol had any effect

on exercise performance.

The mean body mass increase of 1.59 kg induced by combined Cr and Gly
supplementation in the present study is among the highest reported in the literature to date
(Anderson et al., 2001;Kilduff er al., 2002;2004;Kreider et al., 1998;Lyons et al..
1990;Montner et al., 1996;Ziegenfuss et al., 1998). However, it is puzzling as to why
Cr/Gly supplementation resulted in a significant increase in body mass without the
expected concomitant increase 1n TBW as consistently observed in previous studies with
cither Cr or Gly supplementation (Kemn et al., 2001;Kildutt ef al., 2002;2004;Lyons et al..
1990;Montner ef al., 1996). A statistical power calculation using the mean change in TBW
from pre- to post-Cr/Gly supplementation (0.32 L) revealed that 77 subjects would be
required to identify a significant difference in TBW at 80% power (with 6 subjects a
significant increase in TBW would only be observed if the mean increase in TBW
exceeded 1.1 L). Therefore despite the small increase in TBW, the number of subjects
utilised in the present study may be too low to find any significant change in body water
parameters following hyperhydration. However, the increase in TBW observed in the
present study is considerably lower than that reported in other hyperhydration studies (e.g.
Freund et al., 1995:Kern et al., 2001;Kilduff et al., 2004;Lyons et al., 1990) and theretore
there must some other explanation for the observed lack of significant TBW 1ncrease.
Considering the homogenous diet ingested during the two supplementation periods 1t 1S
unlikely that the increase in body mass observed 1n the present study could be attnbuted to
an increase in fat mass. In several previous studies conducted in this laboratory (Kilduft et
al., 2002:2003;2004), Cr induced body mass gains were attributed to TBW 1ncreases. For
example Kilduft er al. (2004) observed a 0.8 kg increase in body mass following Cr
supplementation was primarily accounted for by a 0.6 L increase in TBW. Similar findings
have been observed in other Cr supplementation studies where an increase mn body mass
has been attributed to increases in TBW and in particular ICW compartments (Kreider e
al., 1998:Ziegenfuss et al.. 1998). Of note, 1t has been suggested that an increase in body

mass of > 0.2 kg identifies a ‘responder’ to a Cr supplementation loading programme
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(Kilduff et al., 2003). The range of body mass increase after Cr/Gly supplementation in the

present study was 1.00-1.98 kg suggesting that all 6 subjects were Cr responders. On the
other hand, Gly supplementation has been previously shown to increase both ICW and
ECW after ingestion owing to the free distribution of Gly 1n all body water compartments
with the exception of cerebral spinal fluid and aqueous humor (Freund et al., 1995:Lin.
1977;Seifert et al., 1995;Tourtellotte et al., 1972). The average peak [Gly] in the present
study after Cr/Gly supplementation was 11.04 mmol-L" (range 9.89-12.92 mmol-L™)
(Table 3.2), which is similar to the peak concentration reported by Montner et al. (1996)
(11.4 mmol-L™") and Freund et al (1995) (13.0 mmol-L™) but higher than the concentration
reported by Murray et al. (1991) (2.8 mmol-L™"). Differences in the size of the Gly dose
and time between ingestion and measurement are likely to account for the noted
differences in [Gly]. Despite the increase in plasma [Gly] observed in the current study,
there was no change in plasma volume from pre- to post-supplementation after either Pl or
Cr/Gly supplementation and no differences in the exercise induced percentage reduction in
plasma volume (Fig. 3.6). The results from the present study clearly indicate that combined
Cr and Gly supplementation resulted in a significant increase in water retention that was
not measured by bioimpedance analysis. Whether this was due to a limitation in the ability
of multifrequency bioimpedance to accurately measure acute changes in TBW or whether
the Gly administered prior to exercise had in some way negated any positive increases in
TBW gained from Cr supplementation remains uncertain<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>