CHAPTER 1

INTRODUCTION



1.1 INTRODUCTION

Hypohydration (>2% body weight deficit) has beeported to increase cardiovascular
and thermoregulatory strain and thus impair encigaxercise performance especially
in hot conditions (Convertinet al, 2000; Cheuvronet al, 2003a; Murray, 2007;
Sawkaet al, 2007). To avoid excessive dehydration (>2%#, American College of
Sports Medicine (ACSM)Position Stand on Exercise and Fluid Replacement
recommends endurance runners to driaét libitum 0.4 to 0.8 L.htt during
exercise (Sawkat al, 2007). However, drinking fluidd libitumis likely to lead to a
body weight deficit of at least 2% (Fudgé al, 2007). Fudgest al (2007) further
reported that “in conditions of modest dehydrat{ap to 3 L), fluid intake does not
alter plasma volume, sweat rates or cardiovaséutaition”. This finding supports the
earlier work of Cheuvront and Haymes (2001a) whaerged the effect o&d libitum
fluid ingestion on thermoregulatory responses aodclkuded that fluid replacement
between 60-70% of sweat losses is effective in tamiimg thermoregulation. However
a systematic study of the effects of graded dehimirg1-5% BW loss) has shown
increasing levels of thermal and circulatory strawith graduated fluid restriction

(Figure 1.1) (Montain & Coyle, 1992b).
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Figure 1.1: Influence of dehydration, as assessed by pereehiction in body weight
after 2 hours of exercise, on change in cardiapuiuheart rate, stroke volume, forearm
blood flow during exercise (Montain & Coyle, 1992b)

Recent field studies have contradicted previoudiffigs and suggest that maintaining
fluid balance is not essential in athletic fieldtisggs such as marathon races (Noakes,
2007a; Noakes, 2007b). In reality, elite maratihomners only ingest approximately
200 mL.h' of fluid during distance running races because #vecounter difficulty in
ingesting fluid whilst maintaining a fast speedrofining (~85%/ Omay (Noakes &
Maharam, 2003). A number of studies have repotitedl greater body mass losses

occurred in successful athletes who draak libitum during exercise (Cheuvront &

Haymes, 200la; Speedgt al, 2001; Kaoet al, 2008) without affecting the



physiological markers of hydration status (N@tel, 2010a; Nolteet al, 2010b). Itis
thus not uncommon for elite marathon runners tceggpce large bodyweight changes
and fluid loses as shown by the current marathoridarecord holder (now deceased)
who lost 10% of body mass while establishing tleabrd (Fudge & Pitsiladis, 2009).
More recently, Zouhatt al (2010) found that there was an inverse relatignisatween
body weight change and finishing time in 643 mavathunners. These inconsistencies
between laboratory and recent field studies haselted in uncertainty among coaches,
athletes and sport scientist regarding fluid reghaent for athletes. Therefore, two
guestions arise (i)Does moderate hypohydration impair endurance pentorce?” (ii)
“What is the critical threshold level of hypohyd@i to affect the circulatory and

thermoregulatory responses during prolonged runrmpegormance?”

Kenyan runners have dominated the middle and loistartte running events at
international level since the 1960s. Their outdtag success has captivated research’s
seeking to discover the “secret” for the succedsarfyan elite distance running. There
have been studies that have reported on the wuitipractices and daily lifestyle of
Kenyan runners (Onyweret al, 2004; Fudgest al, 2006; Fudgest al, 2008). These
studies have shown that a negative energy balartbelaw fluid intake was practiced
by the Kenyan runners prior to competition and migitraining. However, this practice
did not impair the Kenyan runners’ performance heythave maintained their
supremacy in endurance running for the past 40é#isy Thus, Fudget al (2007)
proposed that as hypohydration necessarily reguléssdecrease in body weight, there
will be a reduced energy cost of running and comsetly a reduced metabolic heat
load and therefore delayed fatigue and enhancedimgnperformance. However,

whether the mechanism or mechanisms responsibtedédfenyan runners’ world class



performance is associated with body water lossranding economy is contentious and

in need of further investigation.

As ambient temperature increases, sweat evaporaian very effective means to
provide a cooling effect for heat dissipation thiawe heat balance. Sweat evaporation
limits the rise in core temperature and prevents pinogressive development of
hyperthermia. However, if fluid intake is lessrhaweat loss during exercise, it will
lead to hypohydration which is associated with irggh endurance exercise
performance (Sawka, 1992; Cheuvrettal, 2003a; Murray, 2007; Maughan, 2010).
The adverse effects of hypohydration associatedh \Wwigperthermia on prolonged
exercise performance have been extensively studied,t is unclear whether the
impairment to exercise performance is due to hiyeeniiaper se or hypohydratiomper

se or a combination of hypohydration and hyperthacmConcurrently, the perspective
that hypohydration is the primary factor preciprigtimpaired endurance performance
in hot conditions has been challenged with tworaétve hypotheses: (i) Critical core

temperature hypothesis and (ii) Circulatory sttampothesis.

In a review of long distance running literatureg tlunners’ core temperatures were in
the range of 38 to 408 as they completed the marathon / distance runraogs in
varied environmental settings from 6 to°G2(Cheuvront & Haymes, 2001b). It is
unknown why some runners can tolerate such a hogh mperature and completed
the marathon races, but some runners tend to tatengxercise as core temperature
nears 4€0C (Gonzalez-Alonset al, 1999b). Meanwhile, the increase in intraceliula
temperature will induce a heat shock protein 72KH) response (Holtzhausenal.,
1994). There are several reports documented tt&® H2 affords protection to

heatstroke and also acts as a biomarker of multijan tissue damage (Huisseal,



2008; Ruellet al, 2009; Dehbiet al, 2010). Ravindranet al (2005) found that
resistance to dehydration damage in some cell lnoeelates with the presence of a
range of HSPs.The key question is whether these changes are Ibalisked; does
prolonged exercise in hot conditions coupled wifipdhydration induce a heat shock
protein responsg The ingestion of glutamine supplementation hesnbshown to
induce HSP expression during hyperthermia (Ziegteral, 2005) and provide an
ergogenic effect during dehydration (Hoffmahal, 2010). Another question to be
answered isvhether glutamine ingestion effectively enhanceBdHXpression together

with the restoration of fluid in dehydrated subgedurring exercise in the heat

The Review of Literature in Chapter 2 surveys aurent knowledge of the circulatory
and thermoregulatory responses during prolongedciseein the heat coupled with
hypohydration and identifies avenues of enquiryt tiegnain to be investigated. To
further understand the effects of hypohydration #r@motolerance during prolonged
exercise performance in hot climatic conditionsurfostudies were designed to
investigate the underlying physiological mechanisr@hapter 3 describes the research
thesis design and the hypotheses and mechanisted ssspart of this thesi€hapter 4
describes the common methodology which has beetogegin this thesis. Chapter 5
investigates the hydration status of elite Keny#tadce runners competing in hot,
humid conditions. Chapter 6 employs a speciallystmcted vest with pockets to insert
sandbags of known weight, which were used to sitaullae increase in bodyweight
associated with simulated hyperhydration. In tlaene chapter hypohydration is
induced via a prolonged walking protocol to attaisignificant body weight deficit as a
result of sweating. In Chapter 7 the effect ofrdiic-induced dehydration on prolonged
running performance in hot and cool climatic cowdi$ is investigated. Chapter 8

investigates the effect of alanyl-glutamine ing@ston prolonged running performance



in hot and hypohydrated conditions. Finally, tley kindings and recommendations are

presented in Chapter 9.



CHAPTER 2

LITERATURE REVIEW



21 THE IMPACT OF WEATHER CONDITIONS ON PROLONGED
EXERCISE PERFORMANCE

Well trained marathon runners maintain an averagaing velocity that is equivalent
to approximately 75 - 85%0,maxduring marathon races (Davies & Thompson, 1979;
Maughan & Leiper, 1983). The maintenance of sudhopged, high intensity exercise
results in a considerable metabolic heat load uliehately leads to a rise in body core
temperature. This endogenous heat productioropoptional to the velocity of running,
so that there is a linear relationship betweenritensity of running expressed in terms
of % VOumaxand rectal temperature (Davies, 1979). The madeibf endogenous heat
production in long distance races is approximatdly times higher than at
rest (Havenith, 2001). Associated with this higdat production is heat storage which
must be regulated to avoid heat related illnesscaflidpse. The so-called “prescriptive
zone” describes a range of exercise intensitiesamnbient temperatures where body
core temperature is well controlled with heat ggerdeing limited by the rate of heat
loss (Nielsen, 1938; Lind, 1963; Davies, 1979). cAsatic conditions restrict the rate
of heat loss, and / or the metabolic heat prodoaticreases, the athlete is in danger of
moving beyond the “prescriptive zone”, with headdanechanisms unable to maintain
thermal equilibrium. Thus marathon running perfante is partly governed by
climatic conditions (high ambient temperatures high humidity) that restrict the rate
of heat loss. High ambient temperatures reduceetim@erature gradient from the body
core to the surrounding environment, while high hdity impairs sweat evaporation.
Under these conditions the only option for the etthlis to slow the rate of metabolic
heat storage which requires a decrease in metahelt production by decreasing
running velocity. This reduction in running velgcihas been shown in a series of
reports linking marathon race finishing times wilhmatic conditions (Trapasso &

Cooper, 1989; Zhangt al, 1992; Elyet al, 2007; Elyet al, 2008; Vihma, 2010).



Although these reports tend to omit measures ofasng hypohydration, convective
airflow, changing terrain, radiant heat gain andenmportantly relative humidity, they
do suggest an ambient temperature of 818 an optimum ‘air temperature’ range for

the conduct of marathon races (Zhabgl, 1992).

Vihma (2010) analysed 28 years of meteorologigabres linking finishing time results
of runners completing the annual Stockholm MaratHd®80 to 2008). The
meteorological data was comprehensive, includingaad dew point temperature,
ambient humidity, wind speed, occurrence of raid aolar radiation. The finishing
time results for elite, intermediate and slower enahd female runners showed that
ambient /air temperature was significantly cormedatvith the finishing time in both fast
and slower runners£0.66-0.73). Similarly, Ely et al (2007) constructed a nomogram
to show the projected deficit in marathon finishtirge relative to the Wet Bulb Globe
Temperature index (WBGT) (Figure 2.1). The ris¢hiea WBGT from 3C to 25C had

an adverse impact on running performance in both arel women finishers across a
wide-range of performances (fast and slow runner3hese observations were in
agreement with a controlled laboratory based sttitht concluded the optimal
temperature for endurance exercise performancel#& compared with three other
climatic conditions: 3.6 = 0, 20.6 + 0.2C, and 30.5 + 0Z with a relative
humidity of 70 + 2% and an air velocity of apprositaly 0.7 m-$ (Galloway &
Maughan, 1997). Subjects rode a stationary exetzisycle at 70% of thelf Ozmax in
11°C and it was observed that their endurance time & min longer than when
exercising in an ambient temperature ofG1 Galloway and Maughan (1997) observed
that prolonged cycle exercise was markedly redutcedlde heat and was associated with

a higher heart rate response and greater thermategustrain(e.g., increased rectal
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and weighted mean skin temperatures) when compaitbdother trials conducted in

3.6°C and 20C.
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Figure 2.1 Nomogram showing the potential performance decreérfyeaxis) based on
projected marathon finishing time (x-axis) withrneasing WBGT (Elyet al, 2007)
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Figure 2.2 The 12 annual races of the Twin Cities Marathamfr1997 to 2008
showing unsuccessful runners per 1000 finisherstguloagainst start WBGT shows
increasing risk with WBGT above 13. About 100-120 unsuccessful starters per 1000
finishers is borderline for a mass casualty incidg@e. an event that produces more
patients than available resources, such as amtladaand emergency room beds
(Roberts, 2010)
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More recently, Roberts (2010) conducted a retrdspeaeview of the number of
marathon race starters, finishers, and those witto@mented medical problem on
finishing the Twin Cities Marathon from 1997 to Z00The study collated the WBGT
with the incidence of medical problems and withdasrdfrom the race to estimate a “do
not start” WBGT. The data indicates that when WB@S >13C, the number and rate
of finish line medical encounters and on-course ati@am drop-outs begins to rise
(Figure 2.2). The sum of the race dropouts anddhbe finish line medical encounters
provides an indirect measure of heat stress enemthby the runners. Roberts (2010)
concluded that endurance performance was impairddincreases in WBGT and that

this effect was more pronounced in slower runners.

The aforementioned field studies on marathon rwn@nd climatic conditions
consistently reported that warm weather has a fezgnt adverse impact on the
endurance performance of these runners. Howeeendlw deceased Samuel Wanjiru
from Kenya, the gold medallist of the Beijing OlymmgMarathon 2008 ran 2 hours 6
minutes and 32 seconds in temperatures at le&6t Higher than typically observed in
the Major Marathon Series which challenges the dogbievidence linking weather
conditions with endurance performance. The avesmgkient temperatures during the
Beijing Olympic Marathon ranged from 22-<Z7with 65-80% rh, reported by the China
Meteorological Administration (CMA). It seems tlthe warm weather had little or no
effect on Wanijiru’s running performance, as he alale to maintain his performance by
breaking the Olympic record by 2 minutes and 4%8ds. This performance was 7
seconds faster than his personal best time rumeifrtikuoka Marathon 2007. Similarly,
Naoko Takahashi, the winner of Sydney Olympic Womaklarathon in 2000
completed her race in 35, 55% rh climatic conditions in a time of 2 ho@& minutes

and 14 seconds which was 3 min (~2.4%) slower tlempersonal best performance
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time in much cooler conditions. Wanjiru and Talkstha remarkable marathon victory
in Beijing and Sydney respectively were not contpativith the nomogram (Figure 2.1)
constructed by Elyet al (2007). Therefore there is a need for more otlett
laboratory studies that seek to understand uhéerlying mechanisms enabling the
successful runners to perform well in marathon satespite the prevailidgot climatic

conditions.
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2.2. RUNNING ECONOMY: EFFECTS OF ACUTE CHANGE IN BODY
WEIGHT

There are two primary goals in competitive distang®ing, (i) is to finish ahead of all
other competitors and (ii) is to run the race &t & possible Seventy years ago Hill
(1939) showed that for optimum conversion of chednénergy to mechanical work, the
force applied and speed of movement in frog musulst be matched so that force is
one half and speed is one quarter of their resgectiaximal values. In humans,
physical exercise is relatively inefficient with mpximately 20 - 25% of the energy
utilized producing mechanical work while the remiagnenergy produces heat within
the active muscles (Gisolfi & Mora, 2000If the energy utilization when running at a
given velocity can be reduced, the time to fatigu# be delayed and the running
velocity that can be sustained may potentially berdased. Thus minimizing the
energy cost of running will enhance performance amdsuch is recognized as an

important attribute for success as a distance mnne

Running economy (RE) is defined as the steady staggen uptake{O,) in terms of
milli-litres per kilogram of bodyweight per minutémL.kg'.min?) for a given
submaximal running velocity. The metabolic enedgynands for RE can be quantified
by measuring the steady st#®,, which can be readily attained within 3 minutes of
constant velocity running (Whipp & Wasserman, 197RE together with the athlete’s
maximum capacity to utilize oxyger¥ Qamay) are two important measures that have
been used to differentiate the more successfudrist runnergConley & Krahenbuhl,
1980; di Pramperet al, 1986; Morgaret al, 1989b; Saundert al, 2004; Sawyeet
al., 2010), with some researchers suggesting RE beteer predictor of endurance
performance thalf Oomax (Daniels, 1985; Morgaret al, 1989a; Daniels & Daniels,
1992; Morgan & Craib, 1992). The running velogity’ O,max combines both RE and
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the athlete’d O,maxand as such is a common measure employed in makéatictions
about the endurance performance potential of armlist runner. Further factors e.g.,
physiology, biomechanics, training, environment anthropometry appear to influence
RE in well trained distance runners. Early redeans distance running performance
testedRE by measuring steady state oxygen uptake relaib®dy mass (oxygen cost
per kilogram of body mass) at a given running vieyjoqHenry & DeMoor, 1950;
Mayhew, 1977). Further research proposed that aximnal and maximaf O, attained
during running should preferably be expressed akgft’>min™ rather than mL.kg

! min® in order to minimize the influence of body massV@, (Berghet al, 1991).
Other studies have found that expressing RE indesimthe oxygen cost to cover a
given distance (mL.Kgkm™) rather than relative oxygen uptake (mL’kmin®) is
better in reflecting differences in oxygen costidgrdifferent velocities of running
performance (Luci@t al, 2006; Foster & Lucia, 2007). A further permidatis that

of expressing RE in terms of caloric unit cost (Ka'.km™), which is sensitive to
changes in running velocity when compared withuBit cost o7O, normalized per
distance traveled (mL.kgkm™) (Fletcheret al, 2009). This approach further considers
the negative effect on RE when fat as an energgtsatb is reflected in the increased
oxygen utilization ¥O,, L.min™"). Body mass seems to be an important variable for
these different approaches to determine RE, argliels a small change in body mass

may significantlyaffect running economy.

A number of investigators have also documentedefifect of external load on RE.
When external weight is added to the torso of thdybusing a weighted jacket the
oxygen uptake per kg of gross mass has been foenddecrease both in
children (Thorstensson, 1986; Davies, 1980) anddults (Thorstensson, 1986). In
the study by Davies (1980) a weighted jacket waslue increase gross weight by 5
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and 10% of bodyweight in 23 children (12 - 13 yg¢avko undertook ‘steady state’
treadmill running (8 — 16 km}. The metabolic cost’©, ml.kg*.min™) of running
with added weight around the trunk expressed asearl regression line showed a
reduced slope when weight was added to the truftkus when th& O, values were
corrected for total mass (body mass plus the masiseoweight jacket) there was an
apparent improvement in running economy which waependent of stride frequency
and stride length (Figure 2.3). Thus, it was shafat thel’O, (ml. kg*. min™) cost of
running with the added weight at 14 to 16 krif.lwras lower when compared with the
unloaded condition. However, as these childrerewanning at lower running speeds
(e.g., 9 km.ht), no additional aerobic demand was required withincreasing external
load from 5 to 10% of body weight. Davies (1980ncluded that in young athletic
children with low bodyweight and eelatively highV Omax (Ml. kg*. min?), the
frequency of leg movement was not optimally matchedthe force necessary to
produce the most economic conversion of aerobiaggnénto mechanical work.
Thorstensson (1986) similarly used vertical loadiwgight jacket) and also showed a
decrease in thBO, (ml. kg*. min?) cost of loaded running in children. However, in
contrast to Davies (1980), Thorstensson (1986) abs®rved a decrease for the adult

subjects, which was of a smaller magnitude thahdhserved in the children.
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Figure 2.3 The effect of added weight in improving tH®, cost of running in boys

(aged 12-13 years). This illustrates that witheatldertical load equivalent to 5% and

10% of bodyweight, there is not a proportional @ase i’ O, that might be expected
(Davies, 1980)

Contrary to the findings of Davies (1980) and Themsson (1986), many studies have
reported that an increase in body mass or extéoading results in an increase in the
energy cost of locomotion at submaximal velosi(iBuskirk & Taylor, 1957; Cureton
et al, 1978; Cureton & Sparling, 1980; Joretsal, 1986; Epsteirt al, 1987; Cooket
al., 1991; Teunissert al, 2007). The discrepancy in the reports on thecefof
external loading is likely to be related to the laggtion of the external load with some
studies using ankle weights and others using weggtikets. Cureton and Sparling
(1980) reported excess body fat decreases perfaamianprolonged distance running
by increasing the ratio of fat mass to fat free snabus requiring an increase in
muscular activity to undertake running exercisehveitided fat mass. Women runners
in the aforementioned study utilized more oxygenywet of fat-free weight during sub-
maximal running velocities compared with adult mal@ners. Jonest al (1986)
reported that the energy cost was increased 1% é@€r g increase in a pair of running

shoes. The metabolic cost of running increaseeatly when carrying an external
17



backpack weighing from 10 to 30 kg (10 kg incremsgn{Epsteinet al, 1987).
Another study by Cooke et al., (1991) investigatesl effect of vertical and horizontal
loading on oxygen uptake during treadmill runnidthey found horizontal loading with
a weight jacket (5 and 10% body mass) significamiyreased th& O, cost of the
exercise. More recently Teunissem al (2007) reported that net metabolic rate
increased by ~5% when subjects ran with an additibmad equivalent to 10% of

normal body mass compared with an unloaded trial.

Over the past four to five decades, Kenyan distanceers have dominated the
Olympic Games, World Cross-Country Championship&AH World Track
Championships, as well as major international reaces and marathons. Several
factors have been proposed to explain the extrnaarglisuccess of Kenyan distance
runners, including diet and fluid intake before aduting training. Kenyan runners
were observed to be in negative energy balance avithw fluid intake regimen during
intense training and prior to competition resultinga short term reduction in body
mass (Onywerat al, 2004; Fudget al, 2006). Fudget al (2007) observed Kenyan
distance runners and noted that they ingestedl~&fJplain water and ~1.2 L milky tea
on a daily basis. Despite sweat loss associatdd imtiense bouts of running the elite
Kenyan distance runners do not appear to consusigndicant volume of fluid before
or during training to offset body water loss in floem of sweat. A review by Coyle
(2004) suggested that a loss of body mass througlatsloss during marathon races
may lower the oxygen cost of running. Howevereatensive search of the research
literature revealed only one study (Armstratal, 2006) that investigated the question
of hypohydration influencing running economy. Atmsg et al (2006) found no
effect of 5% hypohydration on the running econonycampetitive distance runners

exercising on a motor-driven treadmill at 70 an@6850,max in @ euhydrated versus
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hypohydrated state. While running economy did doange in the hypohydrated
condition, the runners exhibited increased physickl strain despite the relatively
moderate ambient temperature of@3 More recently, a study by Zouhetlal, (2010)
reported a significant inverse relationship betwéles degree of BW loss and race
finishing time for a marathon race event (Zoutiahl, 2010). Finishers who completed
the race in <3 hours experienced a >BW deficit whereas finishers who required >4
hours to complete the race experienced <2% BW itlefidTherefore it could be
speculated that the success of Kenyan runners maglated to a reduced body mass
through sweat loss that would have the potentiakthuce the energy cost of running.
While there may be an intuitive link betweeneauction in body mass (hypohydration)
and energy cost of runningesearch to date has not established a clearomthip

between improved RE as a consequence of hypohgdrati
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2.3 THERMOREGULATION DURING PROLONGED EXERCISE
PERFORMANCE IN THE HEAT

During exercise, skeletal muscle temperature is@®aand creates an increased
temperature gradient between the active musclen skad prevailing ambient
temperature. This conductance of metabolic heat meaur directly from deep within
the active muscle to the skin and is sometimesrredfeto as “fixed conductance’.
Increased muscle blood flow results in the transpbineat away from the active muscle
and is sometimes referred to as “variable condweetfaas it will change with the many
regulatory systems governing blood flow (Hensel73;9Nadel, 1983). As the body
core temperature ({9 increases, the heat produced is transported finencore to the
skin surface through convection and from the serfatthe skin to the environment
mainly via sweat evaporation for heat dissipatiadel, 1983). Meanwhile skin blood
flow (SKkBF) is elevated 20-25-fold to facilitatedtalissipation and prevent progressive
hyperthermia. Thus the exchange of heat from kivets the environment is primarily

via sweat evaporation and peripheral displacemiendtoblood (Sawkat al, 2011).

2.3.1 Core Temperature Measurements

The measurement of internal body / core temperdiug) is essential for the study of
human thermoregulation. There are a number o sised for measuring.Jfs oral,
tympanium, esophageal, gastrointestinal tract aactum. Thermal physiologists
should always consider the following requiremeptsdeciding on the most appropriate
site to measure §& (i) convenient and harmless; (ii) unbiased by iemmental
conditions; and (iii) the measured changes shouhtitatively reflect small changes in

arterial blood temperature (Shirakial, 1986).
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Esophageal temperature{Tis measured by inserting a thermistor probe tijnotihe
nose into the throat, and then swallowed so that éhd of the thermocouple or
thermistor probe is approximately level with theatie The catheter length is
approximately 25% of person’s height. A topicahlgesic gel is used on the catheter to
reduce discomfort. The advantage of usiRngdk a relatively non-invasive index of
Teore fOr humans is the rapid response @f 6 a change in blood temperature adjacent
to the heart (Shiraket al, 1986). The rapid response time fqg iB due to the low
capacity of the esophagus and its proximity to lgfe atrium (Saltin & Hermansen,

1966).

Rectal temperature (J is widely employed by physiologists because ia ielatively
non-invasive stable measurement site. A rectahilstor or thermocouple is inserted
within the rectum to approximately ~10 to 12 cm do&y the anal sphincter (ranging
from 5-27 cm) (Nielsen & Nielsen, 1962). It proggla measure representative of the
temperature of a large mass of deep body tissie inSertion depth influences the T
value measured by as much as’0.8Mead & Bonmarito, 1949). The.Bensor may
slip to less than 5 cm beyond the anal sphinctengwexercise; however, this problem
can be solved by attaching a bulb / bead to thmlrdwermistor at the desired depth that
will hold the sensor in position. Figure 2.4 shaiws T. and T.s measurements during
two exercise bouts separated by a 20 min rest gpéBawkaet al, 1988). During
exercise and resting period, bothe Bnd Ts demonstrate similar patterns buf T
responds slower and slightly higher (~0@ than Ts The measurement of.ltakes
approximately 25-40 min to achieve steady stateel$iin & Nielsen, 1962; Saltiet al.,
1972) probably due to a lower rate of blood flowth® rectum compared to other

measurement sites (Auliek al, 1981).
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Figure 2.4 Rectal and esophageal temperature responsed emresxercise in the heat
(Sawkaet al.,, 1988)

Tympanic temperature is measured by inserting dl s@asor into the ear to touch to
the tympanium, which reflects the temperature obblin the internal carotid artery.
The contact made between the thermocouple andythganic membrane can be very

painful and uncomfortable.

An infrared thermometer is another alternative médthto measure tympanic
temperatures (Shinozakit al, 1988) although it is difficult to be confiderttat the
alignment of the thermometer is measuring the tyngptemperature and not the skin
surface within the ear. Since tympanic temperaualees can be influenced by the
ambient temperature, inner ear skin temperaturefandl skin temperature (Greenleaf
& Castle, 1972; McCaffregt al, 1975), caution is needed in accepting the teatpe

as a true reflection of core temperature.

Gastrointestinal (Gl) temperature is measured ugiagiallowed “radio pill” to monitor
continuous Tore A sensor ingestion time of 6 hours before datkection is required to

avoid both temperature fluctuations in the uppertr@tt and sensor expulsion before
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data collection (Leet al, 2000). Variation in sensor / pill mobility oodation along
the GI tract, the presence of water or food in shemach and the temperature of
ingested fluid will influence the GI temperaturdua(Kolkaet al, 1993; Byrne & Lim,
2007; Wilkinsonet al, 2008). Kolkeet al (1993) reported that Gl temperature reached
steady state faster thane While the response to changes in body temperata®
slower than Ts An advantage of the ingestible sensor is itehgs function compared
with an indwelling rectal probe to measurg,d Moreover, Toemeasurements on a
large group can be obtained simultaneously dutiegsame event (Byrret al, 2006;

Laursenret al, 2006).

The reliability and validity of commonly used tematkeire devices to estimate core
temperature during exercise in the heat was stumjye@anioet al (2009) and Huggins
et al (2012). Ganiocet al. (2009) found that a forehead sticker, oral tempeeat
temporal temperature, aural temperature and axitemperature did not provide valid
estimates of rectal temperature during indoor egerdn the heat. Intestinal
temperature was the only measurement considered walen compared with rectal
temperature (the “gold standard”). Aural tempeetunderestimated core temperature
when compared with rectal temperature (Huggal, 2012). It is imperative to use
an accurate and reliable method to assessii hyperthermic exercising individuals.
An improper assessment of,k can lead to misdiagnosis of exertional heat stk

possibly death.
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2.3.2 Evaporative Heat Loss: Sweating

The ability to endure exercise in the heat depemdthe effectiveness of muscle blood
flow in delivering oxygen to contracting musclesdatransporting heat from the
exercising muscles to the skin, and ultimately ehgironment. Therefore, an optimal
rate of sweating is crucial for heat dissipatioa gvaporative heat loss. Sweat glands
are located within the dermis for sweat formatidankins, 1986) and primarily serve
this thermoregulatory function. Sweating appeanse under both sympathetic nervous
control and humoral stimulation @fadrenergic receptors on sweat glands. Sweating
can be initiated by epinephrine (adrenalin) releassdvance of any stimulus related to
an increase in core temperature (sympathetic nsereoatrol) (Pilardeaet al, 1979).
Sweat evaporation enhances heat dissipation byidangva cooling effect and thus
contribute to heat balance / thermal equilibriunspexially when the ambient
temperature is greater than°@6 However, when the relative humidity and ambient
temperature are both high, the evaporative codlargiirement (kg will exceed the
maximal evaporative cooling {&) capacity. Therefore, sweat evaporation and heat
loss under conditions of high ambient temperaturd humidity will be relatively

ineffective as sweat produced saturates clothimgdaips to the ground.

Threshold and Sensitivity of Sweating: Skin temperture vs. Core Temperature

Body temperature is regulated by both central agrgpperal thermal receptors which
provide afferent input (e.g., core and skin tempges) to the anterior hypothalamus,
resulting in effector responses (e.g., sweating &ki8F) being initiated (Nadedt al,
1971a; Hensel, 1973; Boulant, 2006). The effectmponse for heat dissipation is
proportional to the displacement in both core and temperatures (Stolwijk & Hardy,

2010). Early studies observed that an elevatiomspfnitiated thesweating response
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associatedvith a constanT.qe (Nadelet al, 1971a; Wengeet al, 1975; Wenger &
Roberts, 1980) Therefore it was thought thTsx was more important ithe control of
sweatingrather tharinternal temperaturérectal, oesophageal, tympa) (Wyndham,

1973).

Stolwijk and Hardy (1966and Nielseret al. (1969) provideatvidence thaTg plays an
important role in the regulation of sweal (Figure 2.5)and is not solely influenced |
Teore (Benzinger & MD.,1967) Their data demonstrated that sweating was [
evoked by alterations of ¢« while tympanic temperature remained unchangec
declined, onincreasec(Stolwijk & Hardy, 1966). Nadeét al. (1971) alscshowed that
Tk can alter the degree of intal body temperature drive to the sweating mechan
A low T¢ has an inhibitory effect on sweating whereas a fiskleads to a rise in¢gle

to maintain areffective temperature gradient between core anmu
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Figure 2.5 Steadystate values of swe rate plotted against the corresponding
skin temperature valu (Nielsen, 1969)

Open circle = exercise intensity from 90 to 235 Wcanstant environmental temperature
20°C; Closed circle = constant exercise intensity (¥p@t environmentetemperatures from 5
to 3C0°C; x = experiments at rest at environmental termpeza from 25 to 4°C
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It is generally agreed thatylis directly related to ambient temperature (Pexter$969;
Mairiaux et al, 1987) and the changes i modify the central drive to sweat rate and
peripheral blood flow (Davies, 1979). The levelTaf influences the heat transfer by
convection and radiation, while heat loss from sveaaporation is determined by the
saturated vapour pressure at the skin surfaceh ®¥rcise in hot and humid climatic
conditions, the water vapor pressure gradient betvakin and air is lower as the-skin-
to-ambient temperature gradient is reduced. Thantreases due to the inability to
evaporate sweat efficiently, however this will oiéitely increase vapor pressure at the
skin and facilitate the evaporation of sweat. &h®unt of heat transported to the skin
surface by the SKkBF must be exactly equal to theusatnof heat which is given off by
the evaporation of sweat to prevent an undesiralateation in body heat storage. A
high Tskx promotes pooling of blood in the peripheral vesgBowellet al, 1971) and
this vasoconstriction response might play a roléimmting the impairment of cardiac
filling during exercise in the heat. If vasocorgton occurs with an increasing demand
for muscle blood flow during exercise, theg Will tend to fall, therefore inhibiting the

increase in sweating while.gfo will be elevated (Pedersen, 1969).

Pughet al (1971) and Davies (1979) found that intense prgdal exercise is limited
when Ty exceeds 2&. Cheuvronet al (2003b) further demonstrated the impact of
warm-hot T at constant ;[ of ~ 37.8C elevated HR during exercise (Figure 2.6). The
Tskwas manipulated by wearing a chemical protectie¢thahg ensemble and a liquid
cooling garment which enabled stepwise increasé&imhile maintaining a constant
unchanged [ across experimental trials. The results showedt tHR rose
exponentially with the increase ofsTbeyond ~ 38C during 80-min of treadmill
walking (4.9 km.ht) in a warm and dry climate (dry bulb temperatug9.8C; 30%

rh). An equivocal observation of a constapjclassociated with gk elevations from 31
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to 36C was reported by Elgt al (2010). Aerobic exercise performance in the heat
was degraded by a highxwhich was likely due to the redistribution of btbvrom the
central to peripheral circulation (Rowell, 1986 a consequence of an elevated

SkBF (Sawkaet al, 2011).
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Figure 2.6 Influence of a skin cooling paradigm on heart naith a constant core
temperature during light-intensity treadmill wal@iexercise (Cheuvrowt al, 2003b)

On the contrary, Nadel and colleagues (1971) redoain increase in sweat rate was
relative to the increase in internal temperatutes fixed mean . This relationship
was subsequently supported by other studies (Netdal, 1974; Gisolfi & Wenger,
1984). Gisolfi and Wenger (1984) outlined the tielasship between sweating rate and
internal body temperature in a review paper. Fgdr7 shows forcing function
analyses with linear plots of individual mean badsnperature and associated effector
(e.g., sweating or SkBF) responses (A) to an irstnga“load error” (B) and show a
shift in threshold temperature or sensitivity (Gght appear (Gisolfi & Wenger, 1984).

Threshold temperature shifts are often interpretedeflecting central nervous system-
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mediated changes in set point, while sensitivitiftsh(slope of the sweating-body
temperature relationship) are often interpretecclaanges in peripheral input to the
thermoregulatory controller (Brengelmaeh al, 1994; Cheuvronet al, 2009). An

elevation in the internal body temperature threslthlring the onset of sweating and /
or an attenuation of the increase in sweating iveab the increase in internal body

temperature is known as impaired sweating respensss.

LE

)

Set point

Tws

Figure 2.7 Schematic diagram showing the idealized effectepoase, (e.g., sweating
rate and SkBF) to increasing,slfusing forcing function analysis with linear plo{#&)

Set point and the threshold,d that elicits an effector responses, R. R Chahgearly
with the load error (LE), or difference between #et point and Js. (B) Idealized
(parallel shift) increase (1) or decrease (D) ireiihold temperature suggesting change
in “set point” ; (C) ldealized increase or decreasegain (slope or sensitivity)
suggesting peripheral modification;,sJ A weighted sum of tissue temperatures
according to their relative contributions to cohtod thermoregulatory responses; R,
response; D, decrease; |, increase; LE, load €f@usolfi & Wenger, 1984)

The Regulation of Sweating: Skin Temperature and I8n Blood Flow

Sweating and increased SkBF are the principal asof heat loss during prolonged
exercise in the heat. It is well accepted thaalleearming of the skin increases SkBF
and increases sweating rate (Macintgteal, 1968; Nadekt al, 1971a; Nadeét al,
1971b), whereas local cooling decreases both SkiBFseeating rate (Van Beaumont
& Bullard, 1965; Bullardet al, 1967; Nadelt al, 1971b; Crawshavet al, 1975;
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Shibasakiet al, 2006). However, it remains unclear whether itiegnitude of the
reduction in SkBF associated with local cooling @hd underlying mechanism for
attenuation of sweating by local skin cooling isyamergistic relationship. Wingo and
colleagues (2010) evaluated the independent rdl&kBF and local J on sweating
rate by manipulating SKBF using vasoactive agentsraeasuring SKBF and sweating
responses throughout whole body heating. The damaonstrated that local cooling
attenuates sweating by independent effects of dsece SKBF and decreased local
Tsk (Wingo et al, 2010). Both low SKkBF and localgTindependently decrease
sweating during whole body sweating. Wingo andeagjues (2010) suggest that the
cooler areas of skin minimise excessive sweatitg34BF and might contribute to an
increased central blood volume (BV) reserve. Thay be a possible mechanism to
explain why cooler environments have regularly bebown to be associated with

superior marathon running performances.
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2.4 HYPOHYDRATION DURING PROLONGED EXERCISE

PERFORMANCE IN THE HEAT

2.4.1 Hydration

Hydration Terminology (Greenleaf, 1992)

Euhydration: normal daily water variation

Hyperhydration: new steady-state of increased water content

Hypohydration: new steady-state of decreased water content

Dehydration: process of losing water either from the hyperhtett state tg
euhydration, or from euhydration downward |to
hypohydration

Rehydration: process of gaining water from a hypohydratedestatvard
euhydration

Hydration is integral to the health and well beofghumans. The human body needs
water for anatomical and physiological functionsgls as providing mass and form to
the body, functioning as the medium and reagent nfmtabolic reactions, joint
lubrication, transportation of substrate and alsothe primary means for body heat
dissipation (McArdleet al, 2010). The total body water (TBW) in the huntaxay can
be compartmentalized into intracellular fluid (ICKhich represent approximately 60%
of TBW and extracellular fluid (ECF), 40% of TBW,ittv ECF further divided into
interstitial fluid and plasma volume (PV). ICFees to fluid inside the cells, whereas
ECF refers to fluids that flow within the microseogpaces between cells (interstitial
fluid). ECF provides most of the fluid lost thrdugweating, predominantly from blood
plasma. Note that hemoconcentration occurs withi initial 10 min of upright
exercise which causes a significant decrease innRN minimal sweat production.

Other factors such as a change in posture (Btaal, 1979) or exercise intensity
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(Haganet al, 1980) and heat stress (Harrisgtnal, 1975; Senay, 1975) are associated

with a reduction in PV.
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2.4.2 Effects of Hypovolemia and Hyperosmolality osweat Rate

Prolonged exercise in the heat results in a bodgmdeficit through sweating, which
leads to a state of dehydration. This body waedicd lowers both intracellular and
extracellular fluid volumes, resulting in hypovolemia and hyperosmtylalivhich
inhibits thermoregulatory responses (e.g., impsveat rate). Hypovolemia is defined
as a less than “normal” blood volume. Blood volu(®¥) represents the sum of
erythrocyte volume and plasma volume (PV) (Sawkaal, 2000). Erythrocytes,

plasma proteins and PV can alter independent ¢f ether to change BV.

Early studies concluded that exercise hypertheassaciated with dehydration was due
to a fall in PV and subsequent reduction in SkBFldliah, 1947), which leads to
excessive heat storage in the body. Thus, thetar@nce of BV is an important factor
for providing circulatory stability and thermoregtdry equilibrium in maximising
endurance performance during exercise. As water eactrolytes flow from the
plasma to the extracellular space, it results meduction in BV and reduced central
venous pressure. Central venous pressure is futdeced by peripheral pooling of
blood secondary to an increase in SkBF during éserinn the heat (Fortnegt al,
1983). This reduction is associated with decresmienSV, which may ultimately lead
to a decline in). When the average reduction of BV is greater tf#n antidiuretics
hormone (ADH) is released which may have an indiegfect on reducing sweating
rate (Robertsoret al, 1976). Other studies have shown hypovolemiaiged by a
diuretic agent caused a decline in SV @dNadelet al, 1980; Fortneyt al, 1981a)
and thus reduced heat loss by raising temperatuestiolds for cutaneous vasodilation

and sweating.
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Fortney and colleagues (1981b) had five men perfeubmaximal exercise on a cycle
ergometer for 30 min at 30, 40% rh. Approximately 3.1% BW loss and an 8.7%
reduction in BV were induced using a diuretic di® mg triamterene and 25 mg
dihydrochlorothiazide) without a change in plasmsenolality (Rsy). The study clearly
showed that the decrease in blood / plasma volumiaglthe hypovolemia trial was
related to the central integrative centres, compgewith the thermoregulatory outflow
by decreasing the sweat rate at any given bqgly (Figure 2.8). A combination of the
reduced sweat rate and peripheral blood flow setweattenuate the rate of heat loss
from the body core (Nadek al, 1980; Fortnet al, 1981b). It was proposed that the
reduction in BV, especially during dehydration, ggomised the cutaneous circulation
and offset the increase in sweat rate contributing higher Tore (Ekblomet al, 1970).
Notethat Fortney and colleagues (1981b) did not meaheréeart rate (HR) responses
during exercise in the heat (Fortneal, 1981b) while body temperatures were not
extremely high (~38™) towards the end of 30-min exercise. Therefareether a
higher body temperature during the hypovolemid tsigolely related to a reduction in
sweat rate, or the reduced BV increased cardiolasstrain together with a decline in
cutaneous perfusion for sweating remains to beddted. Fortnewt al (1983) further
reported on a similar study undertaken (Fortre¢yal 1981b) which involved a
hypovolemia trial where HR was 10 beats.thinigher and SV was reduced by -14
mL.beat, whileQ declined by -2.2 mL.mih  They proposed that the reduced cardiac
filling pressure in the heat was mainly due to pleeipheral pooling of blood in veins
rather than a loss of PV which was supported byptitéern of SV over the course of

exercise (Fortnegt al, 1983).
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Figure 2.8 The slope of the sweating rate-tgsTelationship was significantly reduced
during hypovolemia for one typical subject (Fortmtyal, 1981b)

A decline in PV during exercise is accompanied byrerease in £, (Fortneyet al.,
1981a). Bsmis controlled around a set-point of 280 — 290 m@I#kg in euhydrated
subjects (Senay, 1979). Every 1-2% body massitassred by dehydration increases
Posm by ~ 5 mOsmol/kg (Popowsldat al, 2001). An increase of.& by 1-2% will
trigger osmoregulatory responses (e.g., the sear@ti vasopressin by the kidney) to
reduce fluid losses and stimulate the sensatidghixst to restore body fluid loss (Wolf,
1950). However, the thirst response in stimulafingl ingestion seems to be relatively
ineffective until an equivalent loss of 2-3% in lposhass (Sawka & Montain, 2000).
Posm iNncreases during exercise due to a greater losplasima water than plasma
electrolytes through sweating; and an increasesinatically active particles which are
produced by the active muscles and diffuse intovidiecular compartment. Another

study of Fortney and colleagues (1984) reported timgperosmolality modifies
34



thermoregulation by elevating thresholds for batkaneous vasodilation and sweating
even without decreases in PV. The onset of swgatias delayed, which imposed a

limitation for heat dissipation (Fortney al, 1984).

The role of Bsym during exercise was examined by Takamettaal (1998). These
authors reported that the elevated bogy.threshold for cutaneous vasodilation during
exercise could be the result of increasegg, hduced by exercise and it is not due to
reduced PV or the intensity of the exercise itselthese findings were consistently
reported by the same group of researchers who wdedlthat the elevatedsR during
hypohydration has an inhibitory influence on theregulatory cutaneous vasodilation
and sweating by elevating the bodydthresholds (Takamatt al, 1997; Takamata
et al, 1998; Takamatat al, 2001; Shibasalet al, 2009). However, the authors did

not indicate the levels of dehydration during thesperimental trials.

On the contrary, a linear relationship between swate and time of exercise was
observed =0.99) during treadmill running in elite ultra-m#dran athletes (Davies &
Thompson, 1986). The authors reported that sveg¢atwas not affected by the level of
dehydration. Their subjects had experienced afgignt reduction in BW loss (5.5 £
0.8%) after 4 hours of exercise (Figure 2.9here was no correlation between the

volume of water consumed ang @t 240-min of exercise.
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(g) of 10 well trained subjects during 4h treadrakercise (Thompson, 1984)
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2.4.3 Relationship between Hypohydration and Core @mperature

Exercise physiologists have long considered thaiga core body temperature will
accelerate fatigue and precipitate exhaustion ¢C&aiCummings, 1966; Pught al,
1967; Wyndham & Strydom, 1969; Costdt al, 1970; Greenleaf & Castle, 1971;
Gisolfi & Copping, 1974; Montain & Coyle, 1992a; iAstronget al, 1997). In 1969,
Wyndham and Strydom postulated that there was eaatirrelationship between
decreased body mass due to body water loss threwglting and the rise ingfe
during and post-exercise. Thus they proposed Hemt stroke was caused by
dehydration (Wyndham & Strydom, 1969; Wyndham, )9&7d that dehydration was

the primary cause of impaired prolonged exercis@®pmaance in hot conditions.

It has been suggested that an excessive risg.iwith dehydration may be due to
inadequate sweating (Greenleaf & Castle, 1971)gra#dual decline in sweating has
been noted in response to an elevated dliring prolonged exercise in the heat
(Wyndhamet al, 1966). Other researchers have concluded tha&tsvg responds to
body temperature regulation requirements and is remtuced appreciably by
dehydration (Davies & Thompson, 1986). Puwghal (1967) reported an increased
sweat rate in those runners experiencing a monmeopreced level of dehydration during
prolonged exercise. Of course a comparatively lsigkat rate will in turn lead to a
more rapid state of dehydration unless large fighlimes are ingested. Whether there
is a point when sweat rate diminishes during proémhexercise is subject to debate.
This debate centres on whether the condition(shidfomeiosis, skin wettedness or

swelling of the keratinous layer is present.

Skin wettedness may ultimately reduce the sweat aad impair heat loss with the

result being a spiraling body.lfs impaired endurance performance and/or collapse
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(Nadelet al, 1971a; Candast al, 1979; Davies, 1979). In such conditions, thdedt
may succumb to heat exhaustion or heat stroke twghlatter being potentially fatal.
Swelling of the keratinous layer of skin cells @sponse to changes in osmotic content
of body fluid has been alluded to as a possibleha@ism underlying hidromeiosis
(Brown & Sargent, 1965). With sweating providingeoof the main avenues for heat
loss, any compromise in this mechanism will seyestless the cardiovascular system
with a greater demand for heat loss via periphbtabd flow whilst maintaining

sufficient blood for the metabolic demands of theve muscles.

Craig and Cummings (1966) and Greenleaf and C&K#lél) found a greater increase
in T,e during exercise in a dehydrated state than whely beight loss was completely
replaced by water. However, dehydration duringr@ge in cool conditions leads to
elevated e as reported by Pugkt al (1967) and Greenleaf & Castle (19t it is
not clear what thermoregulatory mechanisms areienited by dehydration sincexT
was not measured in these studies. A number otiseestudies have also shown that
there was no relationship between % body massaled$ody T (Noakeset al, 1991;
Sharwoodet al, 2004; Byrneet al, 2006). A plausible explanation for these ddfer
findings might be due to the variable intensityegkrcise in field studies. Therefore a
dehydrated person may actually have a lowgg because the intensity of exercise has
decreased (Maughaat al. 1985). Recently, Lopeet al. (2011) and Casat al. (2010)
found a greater physiological strain (e.g., HR ahg. increased) together with
performance decrements associated with dehydratiat in both laboratory (with the
controlled relative intensity) and field settingsa{l running speed). These studies
revealed that constant controlled intensity runmmgle may negatively impact on
running performance with an elevated HR and bodyperature. Therefore the

dehydrated runners will either slow down their pszg@revent an increase in HR and
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body temperature, or run at a higher intensitygegkup with euhydrated runners while
experiencing a greater physiologic strain. Thégdias have been the catalyst for many
subsequent studies that have focused on invesiigdtie effects of dehydration on

aerobic exercise performance.
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2.4.4 Relationship between Hypohydration and SkinTraperature

Another factor precipitating impaired endurancefgenance in hot conditions is an
elevated i associated with hypohydration. Recently, therevisience that if & can

be maintained at a range of warm-hot (32€34 aerobic exercise performance can be
preserved despite a highh  40°C (Elyet al, 2009; Leeet al, 2010). Keneficlet al.
(2010) first evaluated the impact of hypohydratimm aerobic exercise performance
using incremental heat-stress conditions. Fouumggf subjects (n=32; n=8 for each
group) performed two experimental trials (euhydtaies hypohydrated) in four
different ambient temperature conditions °@020C, 30C and 40C) at 50%V Oomax

for 30 min and a self-paced time trial for 15 miaxercise-heat exposure was employed
to induce 4% BW loss. They reported that asekceeded 2€, 4% BW loss degrades
aerobic performance by ~ 1.6% for each additiori@l thcrement in I which was
associated with a high SkBF. The authors conclubatlincreased ¢f is an important
contributor to impaired aerobic performance whee #ubjects are hypohydrated
(Kenefick et al, 2010). The impaired prolonged exercise perfowwean the heat was
likely caused by the redistribution of blood frofretcentral to peripheral circulation
(Rowell et al, 1969) accompanied by an elevation in SKBF (Jonn$982). The high
SkBF requirements consequently reduced cardiaodijlland elevated HR responses

during exercise (Trinitet al, 2010; Stohet al, 2011).

A recent review reported that hot skin (3G% and body water deficits (<2% body mass)
impair aerobic performance (Sawka al, 2012). The authors employed segmented
regression statistical analysis to approximate Thg threshold for performance
impairment from three studies which employed siméaperimental procedures and
time trial performance tests (Cheuvrattal, 2005; Castellaret al, 2010; Keneficlet

al., 2010). They found that warmer skin (2B accentuated the decrement in
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performance by ~ 1.3% for each addition&C Xise in & (Figure 2.10). This review
concluded that hot skin accompanied by high SKBEhigh T.ore is the primary factor
which impairs submaximal aerobic exercise perforreawhen euhydrated and that

hypohydration exacerbates this performance decremen
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Figure 2.10 Percentage decrement in submaximal aerobic perfarenafrom
euhydration as a function of skin temperature whgpohydrated by 3-4% of body

mass (Sawkat al, 2012)
Filled circles represent 15min time trial (TT) ®sdpen circles represents 30 min TT tests.
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2.4.5 Fluid Replacement during Prolonged Exercisanithe Heat

When sweating becomes the primary means of hesipdifon, athletes are invariably
advised to consume water with the volume beingvedemt to the volume of sweat loss
during exercise (Armstronet al, 1997). If fluids are not replaced at this rateyners
may experience dehydration (>2% of body mass ledsgh is associated with an
increase in cardiovascular and thermoregulatorgirstr((Montain & Coyle, 1992b;
Sawkaet al, 1992; Sawka & Montain, 2000; Sawka & Noakes,720Bonzalezt al,
2009). The reality is that an elite marathon runiselikely to produce 2.0 liters of
sweat for 2 to 2.5 hours, thus incurring a sigaific fluid deficit which cannot be
replenished while running at ~ 80 - 839@.max It is thus inevitable that well-trained
marathon runners finish marathon races dehydrafegtobic exercise performance is
likely to be adversely affected by hypohydratioa®a, 1992; Cheuvromt al, 2003a;
Murray, 2007) although it is not clear what levélhgpohydration challenges exercise
performance. This is a controversial issue as ceruial interests in fluid supplement
drinks undertake their own research and investiderable funds in marketing “sports
drinks”. Hydration advice is therefore not alwapslependent. Further research is
warranted so that advice on fluid ingestion is das® a consensus of well designed and

conducted research studies.

Fluid intake during prolonged exercise offsets #dent of dehydration and the
magnitude of the associated increase in(Wyndham & Strydom, 1969; Costit al,
1970; Nielseret al, 1971; Gisolfi & Copping, 1974; Wyndham, 197 &/yndham and
Strydom (1969) reported lower,Tlin those runners who consumed fluid during a
marathon race compared with those who chose rarintk. The amount of fluid lost in
sweat and the rise in body temperature were closelyelated with BW. They

attributed the lower L in this instance to the ingestion of water redgdime magnitude
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of water deficit. Montain and Coyle (1992a) andm&tronget al (1997) further
reported that the replenishment of fluid losses indur exercise maintained
cardiovascular function and loweregk Tompared with ingesting smaller volumes of
fluid during exercise. Collectively, this evidentas been used by American College of
Sports Medicine (ACSM) Position Stand: Exercise Bhdd Replacement (1996). This
document concluded that athletes should be encedragdrink “as much as possible/
tolerable” during prolonged exercise (Convertetaal, 1996). With this advice it was
presumed that endurance athletes, who ingesteduangoof fluid equivalent to their
fluid losses through sweating, would not succumiheat stroke and would not find
their performance to be impaired as consequencdebfdration. However, these
guidelines are implicated in the increased prewderof exercise-associated
hyponatremia (EAH) (Noakest al, 2006) that has resulted in fatalities amongss le
experienced endurance runners (Noakes, 2003yedver, no relationship between %
body mass loss and body,E has been reported during or following marathon and
triathlon races (Noakest al, 1991; Sharwoockt al, 2002; Sharwoockt al, 2004,
Byrneet al, 2006; Laursemt al, 2006). Noakest al (1991)measured the post-race
T, together with levels of dehydration and runningjoeities to estimate absolute
metabolic rates in marathon runners. They fouiadl tthe post-racein these runners
was affected by the metabolic rate sustained duhadatter section of the race, but not
due to the level of dehydration. Sharwoetal (2002, 2004) found the BW of
triathletes who completed the 2000 and 2001 Souticah Ironman triathlon was
significantly reduced (ranged from -2.6 to -10.7. %his reduction was not associated
with a higher Te or greater prevalence of medical complicationg, was associated
with higher serum sodium concentrations. Thesdiasuhave challenged the ACSM
fluid replacement guidelines (Convertinet al, 1996; Casaet al, 2000) by

documenting that dehydration does not necessady to decrements in endurance
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exercise performance and relatively low levels efiytiration do not cause an increase
in Tre during endurance running and triathlon eventsaf&bodet al, 2002; Sharwood

et al, 2004)

44



2.5 CRITICAL CORE TEMPERATURE AND CIRCULATORY STRAI N
HYPOTHESES

More recently the view that dehydration is the piynfactor precipitating impaired
endurance performance in hot conditions has beealledged with researchers

investigating two alternative hypotheses:

2.5.1 Critical core temperature hypothesis

2.5.2 Circulatory strain hypothesis

2.5.1 Critical Core Temperature Hypothesis

The hypothesis that a “critical core temperaturelynimit prolonged exercise in hot
conditions was introduced by Nielsen and colleagid€®3). Nielsen et al. (1993)
proposed that an elevated body temperature provpmegoheral feedback from
thermally-sensitive sites to the central nervousteay (CNS), resulting in reduced
central neural drive to the exercising musclesat dry environments. The reduced
CNS activation of the exercising muscles may benarbitory protective mechanism

against potentially lethal increases in body terapge.

Prior to Nielsen’s (1993) proposition, numerousnaali studies in a wide range of
mammalian species including rats (Fruth & Gisdf83), goats (Caput al, 1986)
and cheetah (Taylor & Rowntree, 1973) have shovitleace that the attainment of a
critical core temperature limits endurance perfarogain the heat.In the study of
Nielsenet al. (1993), eight well trained endurance cyclistsarimbk a heat acclimation
training protocol which required them to perforntyale bout at 509 O,maxfor 90-
min or until exhaustion each day over 9-12 dayke @limatic conditions were 40-42

and 10-15% rh. Thermoregulatory and circulatorysptiogical adaptations were
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induced with undertaking this heat acclimation paogme. As a result of the heat
acclimation, they observed a lower rate of elevatioboth HR and &,¢ while Q and
sweating responses were significantly increased prtbrmance time was increased
from 48 min to 80 min. Interestingly, subjectsalead their point of fatigue at a similar
level of T.ore€ach day (~ 39.7 £ 0.16) even though the time exercising to fatigue
increased in duration (Figure 2.11). Nielsdral, (1993) concluded that each cyclist
discontinued the daily cycle bout because theyreadhed their own intrinsic critical

Tcore
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Figure 2.11 Esophageal temperature plotted against time. Owgéneting subject
during ten consecutive days of exercise until egtian at 40C (Nielsenet al,, 1993)

Nielsenet al, (1997) subsequently had subjects perform a ainpitotocol in hot and
humid conditions (3%, 87% rh) and the result was consistent with thevipus
findings. Meanrcoe reached 39.9 £ 0°C at the point of fatigue each day over 8-13
consecutive days of heat acclimation training w#éh improvement in exercise
performance time from 45 to 52 min (Nielsehal, 1997). The high & had no

significant effect on circulatory responses (€.gMAP, muscles and SkBF). Therefore,
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Nielsenet al (1993) suggested that the elevatgge Eontributes to reducing motivation,
which progressively reduces the drive to continue ex&gis during

hyperthermia (Briick & Olschewski, 1987), but ntulatory failure.

However, these findings were not entirely clear amete not consistent with the
findings of a previous study by Jost al (1970). These researchers reported an
increase in HR of 7 beats.rlfinper 1.0C increasein Teoe during exercise after
autonomic blockade by propranohol and atropinepjtears neither the increase il
nor incomplete blockade of sympathetic stimuli acted for the rise of HR, but it is
most likely related to the continual increase @g.feliciting an increase in HR through

direct effects on intrinsic HR at the sino-atriabe.

Later, Gonzalez-Alonso and colleagues (1999b) éurtboncluded that prolonged
exercise performance in the heat was associatédaniigh initial Tore and subsequent
rate of heat storage. They conducted a studyréuatired seven trained cyclists to be
immersed in cool water (pre-cooled) condition, atoa condition and warm water
(pre-heated) condition prior to undertaking a pngled bout of cycling in 4C ambient
temperature with different initial e (35.9, 37.4 or 38°Z). Subjects fatigued at
different time points: 28 min, 46 min and 63 miespectively (Figure 2.12a and Figure
2.12b). Cessation of exercise was associatedantiigh Ts(40.1-40.2C), elevated
(37.0-37.2C) and near maximal HR (98-99%). These thermoetguy} and circulatory
responses were similar across all three condit{omduding the control trial) at the
point of fatigue regardless of differences in alifl..e (Gonzalez-Alonset al, 1999b).
Thus, the authors concluded that high body temperaer secauses fatigue in trained
cyclists during prolonged exercise in an uncompleleshot environment. However,

HR across the three conditions was conspicuoushyiasi over most of the exercise
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period (Figure 2.11b). Gonzalez-Alonso and collesy(1999b) seem to have ignored
the fact that in all three conditions the cycligtsre unable to maintain the exercise

when their HR reached 98-99% KHRwhich strongly indicates that circulatory strain

may explain the aetiology of their fatigue.
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Figure 2.12a Esophageal temperature
(A), mean skin temperature (B), heart
rate (C) and skin blood flow (D) during
exercise in heat (4Q, 17% rh) during
precooling, control, and preheating
trials. Skin blood flow is referenced to
resting baseline values obtained on
arrival at the laboratory (0.2-1.2 V; n=4).
Values are means + SE for 7 subjects
(Gonzalez-Alonset al, 1999b)
*Significantly different from controlP,
0.05.
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The study by Gonzalez-Alonso and colleagues (199%® been further used as
evidence to support the hypothesis that there neaw lirect effect of high internal
temperatures on the central nervous system (CN&)nauscle recruitment (Nybo &
Nielsen, 2001). The force production duringnaximal voluntary isometric (MVC)
contraction of 120 s in exercised legs (knee extepsvas progressively impaired in
both cool (18C) and hot (4€C) conditions but the reduction in muscle force
development was much more pronounced in hypertleeconditions. A superimposed
electrical stimulus was applied to tifiemoral nerve (nervus femoralis) to assess the
degree of voluntary activation. Although there \masyperthermic-induced reduction in
voluntary activation, the superimposed electridinglus evoked a force that was
similar in normothermic and hyperthermic condition€onversely, a sustained MVC
performed by the non-exercised wrist flexor muselésted similar reductions in force
development at a, dof ~39C during both exercise-induced hyperthermia andgipas
heating trials. Collectively, these studies caesiy reported that exercise terminates
at a T of ~39 - 40C (Nielsenet al, 1993; Nielseret al, 1997; Gonzalez-Alonset al,
1999b) and that this level of hyperthermia (*20is associated with an inability of the
central nervous system (CNS) to fulbctivate the skeletal muscles to produce or
maintain the required force (i.e., central fatiggdybo & Nielsen, 2001). However,
Nybo & Nielsen (2001) seem to have overlooked tbespbility that hypohydration
might have been a limiting factor in their studywith the support of the earlier
evidence of Coyle & Hamilton (1990) we speculatattfatigue during prolonged
exercise is not confined to a reduction in CNSa&rand may involve both central and
peripheral impairment of force generation. CoyleéH&milton, (1990) suggested that
the reduction in muscular strength following hypdration is limited by the ability of

the central nervous system to recruit motor unighile a more recent review article
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(Judelsoret al, 2007) concluded that hypohydration reduced gtrefby ~2%), power
(~by 3%) and high intensity endurance (~by 10%)owkelver, there is nevertheless
considerable controversy in the research literatuBiudies have demonstrated that
hypohydration decreases strength (6-11%) (Betal, 1968; Schoffstaket al, 2001)

or have found no change in strength. These vadpdrts may reflect on the methods
used to determine whether the maximal contract@wagruly maximal. Only one of the
aforementioned studies utilized electrically evokedtractions to differentiate whether
a maximal effort produced a truly maximal force ¢uotion (Greenleaét al, 1967,
Montain et al, 1998; Périarcet al, 2012). Thus it is unclear whether hypohydration
impaired muscle strength or the voluntary effortdsavas insufficient to produce a

truly maximal contraction during exercise.

The influence of hyperthermia-induced central fa¢éigon force production has been
challenged by conflicting research findings. Recstudies have proposed that an
elevated core temperature alone is not associaitbdtive cessation of exercise in the
heat (Saboisket al, 2003; Periarcet al, 2011; Périarcet al, 2011). Saboisket al
(2003) reported that muscle force productisnnot limited by the attainment of a
specific core temperature. Subjects performediasef MVCs with the leg extensors
(exercised muscles) and forearm flexors (non-egedci muscles) before and
immediately after exercise under hot conditions.333; 60% rh). The capacity to
produce force in non-exercised forearm flexor mesalas similar during a 5 s MVC,
whereas muscle force production of the quadricetirted in the exercised quadriceps.
In addition, the reduction in force output of th@erised quadriceps was not
accompanied by a significant change in the integraglectromyograph (IEMG),
indicating the recruitment of motor units was sanibut less force output was produced.

Therefore, it was suggested that peripheral musdaligue may be present during
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exercise-induced hyperthermia and this could bensequence of hypohydration. Thus
afferent feedback from the body core and musclentbeeceptors inhibited voluntary

activation to specific skeletal muscles in ordem@intain cell integrity.

More recently, Périarét al, (2011b) reported that a maximal voluntary casttom of
the quadriceps was similarly attenuated during a RD/C following a 40 km time trial

in hot (35C) and cool (2&C) conditions. The g reached 39@ and 39.8C at time
trial completion in the cool and hot condition siarespectively. It was shown that the
difference in core temperature (0C8 did not exacerbate the loss of force produditon
the heat. The reduction in voluntary activationswaaintained throughout the
contraction (Figure 2.13A) and the reduction inceproduction was similar between
trials (Figure 2.13B). This provides evidence tlagigue is partly a consequence of the
prolonged contractile activity of previously activeuscles (attributed to peripheral
fatigue), despite core temperatur&@9&C. In a follow up study, Périaret al. (2011)
investigated neuromuscular function by isolating tesidual effects of exercise {T
39.8C) vs passive hyperthermia £139.5C). Force production capacity declined at a
faster rate following cycling to exhaustion in theeat, compared with passive
hyperthermia during a 45 s MVC of quadriceps. Meate mean voluntary activation
throughout the sustained MVC was depressed follgwiwth active and passive
hyperthermia. It was clearly shown that the lok$occe production capacity during

hyperthermia originated from both central and gezipl factors.
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Figure 2.13 Voluntary activation percent (A) and force prodoct(B) during a 20 s
maximal voluntary isometric contraction of the knegtensors with superimposed
electrical stimulation at 5, 12 and 19 s prior tal dollowing self-paced exercise in hot

and cool conditions. *indicate a significantly lowpost-exercise mean voluntary
activation / force production compared with prefeise (p<0.05) (Périaret al, 2011).

Is prolonged exercise in the heat limited by dehydtion?
Dehydration might be another plausible factor inedl in the early fatigue associated
with a high Eore Many studies have reported that fluid ingestion adenuate the rise

in Teore in hot conditions (Pittet al, 1944; Candast al, 1986; Montain & Coyle,

53



1992b; Sawkeet al, 1992; Gonzalez-Alonset al, 1999a; Buono & Wall, 2000).
Therefore, we speculate that there is a possibilitat the subjects in these
aforementionedheat acclimation studies (Nielsehal, 1993; Nielseret al., 1997) may
have experienced a significant reduction in BW (plasma volume) through sweating
which might influence the circulatory responseseti@rcise and consequent fatigue.
Nielsenet al (1993, 1997) did not report whether there was @elgterious effects of
dehydration during the two heat acclimation progras employed in their research
studies. Otherwise a comparative study could liedaken between the subjects in the
studies of Nielseret al. (1993 and 1997) and those in the study of Goamzeleal
(1999hb), who experienced approximately 2.6% BW lkbssng the three conditions of

the exercise trials.

In a parallel study by Gonzalez-Alonsb al. (1999a), it was reported that progressive
dehydration amounting t63.9% BW loss with hyperthermia (highok ~40C) are
primary factors underlying the early fatigue in leotvironmental conditions compared
with a euhydration trial. Gonzalez-Alonsaet al (1998) concluded that the decline in
SkBF and muscle blood flow to the exercising muselgh dehydration was due to a
reduction inQ and systemic vascular conductance. However, wihen subjects
exercised in the euhydration trial, they experieniess thermoregulatory strain with a
modest increase ingde to ~38.2C at the same duration of exercise (~135 min) as th
dehydration trial(Gonzalez-Alonscet al, 1998). Similarly, Buono and Wall (2000)
reported that subjects completed 60 min of exereows#n 5% BW loss due to
hypohydration resulting in a significant increaseboth T. and HR when in a hot
environment (33C) compared with temperate conditions°@B Hypohydration during

exercise in the heat appears to reduce heat lasdedreases in whole body sweat rate
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and forearm blood flow (Buono & Wall, 2000). Callvely, these studies suggest that
a reduction i) due to hypohydration decreases skin and muscteliflow, as well as
whole body sweat rate, resulting in an increased Which impaired exercise

performance in the heat.

Recently the concept of a “critical’.de has been challenged by several observational
“field” studies (Byrneet al, 2006; Elyet al, 2009; Leeet al, 2010). Byrneet al (2006)
observed eighteen acclimatized soldiers who comglat half marathon race in warm
environmental conditions (WBGT 23 -Z8 in 118 + 13 min. All soldiers experienced
a ~2.8% BW loss without any heat illness symptotitbafinish of the race and a mean
post-race [k of ~40C (ranged from 38.3 - 41°C). Two very low Te (Runner 2:
38.3C and Runner 17: 38C; Figure 2.14) measures were noted in 2 soldiethea
end of the race, whereas the other 16 soldiggsivlis > 39.4C. These data indicate
that exercise under these conditions is well tbderalespite the ~2.8% BW loss and
elevated .. However, it should be noted that the reportegtaye running pace in this
study was significantly slower than elite distamaaners who are able to race a half

marathon in approximately 60-65 minutes.
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Figure 2.14 Individual core temperature response of 18 runréirang the half

marathon, presented in order of finishing time: {Ab-111min, N =6; (B) 111-117 min,
N=6; (C) 122-146 min, N=6 (Byrnet al, 2006).

Similar observations under competitive marathonddwns have been reported with
Tre exceeding 3¥ associated with ~3% or greater BW loss withouwt sign of heat
illness in cooler conditions at wet-bulb temperatof 17C and 13.2C (Pughet al,

1967; Maronet al, 1977). Maroret al (1977) suggested that the absence of clinical
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signs of heat illness indicated that thermoregoilatemained intact. Pugdt al (1967)
reported thermoregulatory response data on 77 hwaratompetitors who successfully
or unsuccessfully finished the race. The firstrfplacegetters lost ~5.8% BW witheT
reaching ~40.C at the conclusion of the race. More recentlyy & al (2009)
reported that the velocity of running in warm (WBGZ7C) and cool (WBGT~ 1)
conditions was not affected by an elevated Tn fact, runners were able to accelerate
at the end of the experimental trial regardlesaroincrease inJto >40C (Ely et al,

2009; Leeet al,, 2010).

The observations from these field studies do nppstt the critical Tore hypothesis and
have provided strong evidence against the exist@fca threshold [ of ~ 40C
associated with fatigue. The difference igdbetween field studies and laboratory
experimental trials may be attributed to fluctuatian running velocity in the field
compared with constant velocity treadmill running laboratory experiments.
Furthermore, athletes may be more highly motivatdetn competing against other

runners in field studies.

Dehydration >5% BW with marathon running exacerbdke rise in body temperature
and associated upward drift in HR. This is weltulmented by Montain and Coyle
(1992) who observed the magnitude of increase aplesgeal temperature and heart
rate to be linearly related to the level of dehtidraduring prolonged exercise in hot
conditions (33C dry bulb, 50% rh), but not in thermoneutral oolcconditions (Davies
& Thompson, 1986). Davies and Thompson (1986)ntedadata on 10 ultramarathon
athletes who ran on a motor driven treadmill fohdurs at 65-70% oF Oamax iN

thermoneutral conditions (dry-bulb temperature’Qlwet-bulb temperature: 12; 48%
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rh). This represents the highest exercise intertbét can be maintained over this
duration, yet neither thermoregulatory nor cardsovdar strain was found to be a
limiting factor during this prolonged running expeent which was associated with 5.5%

BW loss.

An increase in blood / plasma viscosity increasesviork of the heart and may be a
further factor which exacerbates both circulatong dahermoregulatory strain during
exercise in the heat. Blood viscosity is determigy the haematocrit, erythrocyte
aggregation, erythrocyte flexibility, fibrinogen rmeentration, platelet aggregation and
plasma viscosity (Chieat al, 1966; Gaudard & Varlet-Marie, 2003). Body wadtess
through sweating causes a decrease in plasma va@uath@n increase in total protein
concentration, haematocrit haemoglobin concentrabonsequently contributing to a
rise in blood viscosity (Noset al, 1988). It has been reported that an increabéod
viscosity caused by thrombus formation in the cargrarteries and cerebral vessels has
led to sudden death in hot conditions (Keatiegal, 1986). For cardiac function, the
rise of blood viscosity is likely to increase heamnt-load and thus to decrease maximal
stroke volume (Bruret al, 2007). It seems reasonable to suppose thatteshl
performance in the heat is disadvantaged by a higloed viscosity. The increase in
blood / plasma viscosity might cause a decline enous flow velocity which might
compromise venous return of blood to the centrabdlcirculation. On the contrary, a
lower whole blood viscosity represents a more flard freely flowing bloodstream,
which facilitates better perfusion and supply te tmuscles (Martin-e-Silva, 1988)

during exercise (Brun, 2002).
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2.5.2 Circulatory Strain Hypothesis

Muscle blood flow during prolonged exercise in théeat

Exercising muscles require an approximate four-fotilease in blood flow to transport
larger volumes of oxygen for greater fractional ol@secruitment (Andersen & Saltin,
1985). It has been widely accepted thad@livery increases linearly with the intensity
of exercise from rest to maximal oxygen uptak®4may), implying that Q delivery to
locomotor limb muscle does not limit the attainmefit’O, (Bevegardet al, 1963;
Rowell et al, 1964b; Grimbyet al, 1966; Higginbothanet al, 1986). However, the
increase i/ O, per unit work for high intensity exercise is atiated due to the
limitation of cardiac pumping capacity in humansi@and & Saltin, 1961). In addition,
there is a restriction in systemic supply gfdd the skeletal muscles, but also limitations
in diffusive & transport from the muscle capillary to the mitootiia restrict the
VOumax (ROCaet al, 1989). To understand the contribution of thett@nsport system
to VOomay in large and small muscles, Mortensanal (2005) measured systemic
haemodynamics, Qransport and’ O, during incremental and constant cycling exercise
to exhaustion and then measured systemic and lemddynamics an# O, during
incremental cycling (whole body exercise) and @t knee extensor exercise in male
subjects. They found that the rate of rise in faubtood flow and cardiac output were
attenuated during incremental and constant loatdngyc In contrast, the muscle blood
flow and cardiac output during knee extensor eserancreased linearly to exhaustion
(Mortensenet al, 2005). There is a central limitation (e.g., iaaufficient cardiac
output) and peripheral limitations (e.g., a reduttin muscle blood flow) to aerobic
power and capacity. If the central limitation égisluring exercise in thermoneutral

conditions, it is possible that the combinationbath whole body exercise and heat
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stress will exacerbate circulatory strain duringlpnged exercise in hot environmental

conditions.

Traditional vs. Contemporary Hypotheses

The limiting factors during prolonged exercise periance in the heat have been
investigated extensively during the recent decaaled yet the existing field and
laboratory evidence has not come to a conclusivieiying mechanism that accounts
for the contribution of dehydration as a limitatit;m prolonged exercise. There have
been two prevailing hypotheses on potential cansesirdiovascular driftTraditional

andContemporary Hypotheses

Rowell (1969) first introduced the classic concept‘cardiovascular drift” which is
associated with a reduction in stroke volume dua pyogressive increase in SKBF as
Teore INCreases. Cardiovascular drift has been charaeteas a downward drift in
central venous pressure, stroke volume, pulmonadysystemic arterial pressure, and
central blood volume...while at the same time a rise in heart rate mamganearly
constant cardiac output (Rowell, 1986). The rise in SKBF is primarilyue to a
partitioning of blood flow away from the visceragnal and splanchnic regions to the
skin to dissipate heat produced by exercising ness¢Rowell, 1974). At rest, the
splanchnic region receives a blood flow of appraatiely 1200 to 1500 mL.mih
Under warm conditions during submaximal exercis@larechnic and renal
vasoconstriction occurs to deliver 800 mL.hiof blood to the skin (Rowell, 1974). As
the exercise intensity increases to maxinf@4yay), the blood flow to the splanchnic
region reduces to 350 mL.mirand is redistributed (1150 mL.mirof blood flow) to

active muscles (Rowe#t al, 1964a). This is necessary to meet the largease in
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muscle oxygen requirement during exercise. Mealewlihe increase in heart rate
offsets the decline in SV to maintajn (Rowell, 1974). However, if HR has drifted
upward towards HR.x and SV continues to declin@, cannot be maintained. The
decline in SV is thus suggested to be mediatechby-tank-Starling mechanism owing

to a decrease in ventricular filling pressure.

The concept of a progressive increase in cutanbtmexl flow (CBF) being the main
factor contributing to the decline in SV during lamaged exercise has besuapported

for the past 25 years. However, the contemporgppthesis suggests that the decrease
in SV by increasing HR is due primarily toraduction in ventriculafilling time
(Fritzscheet al, 1999; Coyle & Gonzalez-Alonso, 2001; Nassis,200Increases in
HR, by reducing filling time have the potentialdecrease end-diastolic volume and SV
(Turkevichet al, 1988), provided that end-diastolic volume is matximal (Polineret

al., 1980). Fritzscheet al (1999) reported that there is a strong inversationship
between HR and SV during prolonged moderate-intgrsycling in thermoneutral
conditions (27C, <40% rh). The usef -adrenergic blockade prevented the rise in HR,
while SV declined between 15 — 55 minutes duringgrged exercise. Other possible
factors that may cause the decline in SV (e.g., 8BF, forearm blood flow, forearm
venous volume, [ and Tg) were similar during boti-adrenergic blockade and control
trials. CBF did not appear to be related to thdide in SV, suggesting that peripheral
displacement of the blood volume was not respoadin the decline in SV. Similarly,

a strong link between the decline in SV and a msé¢dR during both cycling and
treadmill running for 90 min at 60%O0smax (r=-0.65 andr=-0.80, respectively) in
thermoneutral environment (238, 58.8% rh) was shown in a study by Nassis, 2002).

It is worth noting that in Nassit al’s (2002) study, no fluid was provided throughout
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the trials which significantly induced a ~ 3.3% an@.8% body mass loss associated
with reductions in blood and PV during running aogcling trials, respectively.
However, these results show that SV responses marelirectly associated with the
decline in BV. Indeed, a lower forearm SkBF wasedoand it could be due to skin
vasoconstriction and a further increase ig i the running trial. Therefore, both
studies strongly proposed that the decline of Sue to reduced ventricular filling

time which is directly related to tachycardia.

If the rise of HR causes a decline3V, what is the reason for the rise of HR? In a
review on new perspectivas cardiovascular drift (Figure 2.15) it was suggdsthat
increased Jore and sympathetic nervous activity are two likelysgibilities (Coyle &
Gonzélez-Alonso, 2001). The rise ingod is strongly correlated with HR during
cardiovascular (CV) drift (Fritzschet al, 1999), whereas a lack of increase igls
accompanied by lack of decline in SV without the effect of dehgtibn (Gonzalez-
Alonsoet al, 1995). Hyperthermia alone (i.e., increased i) during exercise in the

heat has a significant effect on the HR response.

Cutaneous

*Bﬂaa& Flow

TBrm‘y Core ‘sv & MAP —»t Sympathetic

Te?.upem ture / I Activity

{ BV
t HR

Figure 2.15 New perspective regarding mechanisms for cardiatasdrift during
prolonged exercise under conditions of maintainaddiac output and how it is
exacerbated by dehydration, which acts primarily dgusing hyperthermia (i.e.,
increased body core temperature) and hypovolemi&., (idecreased blood
volume) (Coyle & Gonzalez-Alonso, 2001)
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More recently, Trinityet al. (2010) confirmed that mild hyperthermia reduced S
during exercise which seemed to be due to the wbdancrease in HRer se They
used a similar experimental protocol as Fritzsefteal (1999) but included two
additional hyperthermic experimental conditiofs(ockervs. placebo) to examine the
cardiovascular responses with hyperthermia. Theetilgermic conditions were
achieved by having subjects wear a vinyl rain jackel nylon / spandex leg coverings
while two parabolic electronic heaters increasetiiant temperature. ;e during both
hyperthermic trials increased continually and wagnificantly greater than
normothermic trials. The authors suggested thad imyperthermia during exercise
does not compromise heart function (Tringlyal, 2010). The progressive increase in

Teore €licited an increase in HR which was responsibtdlfe decrease in SV.

There is a considerable volume of research thatdmsted a significant reduction @f
with exercise-induced dehydration impairing aergtecformance as a consequence of
circulatory and thermoregulatory strain (Sawka, 2 9adelet al, 1980; Montain &
Coyle, 1992a; Montain & Coyle, 1992b; Gonzalez-Aoret al, 1995; Gonzélez-
Alonso et al, 1997; Gonzélez-Alonset al, 1998; Gonzalez-Alonset al, 2000).
Dehydrated subjects, ranging from 1.1 to 4.2% B¥é$ lexhibited significant reductions
in SV, Q and SkBF with combined elevations in HR and esgphhtemperature (J
during exercise in the heat (Montain & Coyle, 1992n addition, total BV was
reduced and was associated with a decline in S\hwioefluid was ingested during 2

hours of exercise (Montain & Coyle, 1992a).

The factors related to the reduction in SV ghdre not entirely clear. To resolve

uncertainty arising from previous research, Gorzéllenso et al (1995 and 1997)
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conducted a series of studies to investigate thectsf of dehydration on circulatory

responses in an ambient temperature 6€3Fable 2.1).

Table 2.1: Summary of Gonzalez-Along al s’ studies (1995 and 1997) investigating
the effect of dehydration and hyperthermia durirgjgnged exercise

Study

Variable Gonzalez-Alonsoet Gonzaalez

al., 1995 Alonsoet al.,

1997

Ta °C 35 35
Exercise duration , min 120 30
Exercise intensity , % Ozmax 62+ 2 70
% BW loss 49+0.2 44+0.2
HR at the end of exercise, beats.tin 169 £2 178 £ 4
SV, % changes 428 420+1
SV at the end of exercise, beats.thin 108 +7 104 +6
Q, % changes 118+3 J13+2
O at the end of exercise, L.nin ~18.5 18.4+0.7
MAP, mmHg $5+2 35+2
Tesat the end of exercistC 39.3+£0.2 39.3+£0.1
T« at the end of exercis&; 34.8+0.2 346+04
CBF, % J 23 NM

(% of 20 min value)

CBF, Cutaneous blood flow; NM, not measured / nehtioned;,, decrease; J ambient temperature;
BW, body weight; HR, heart rate; SV, stroke volu@erardiac output; MAP, mean arterial pressure

Gonzalez-Alonse@t al (1995) initially identified a relationship betwethe reduction in

Q and dehydration. Seven endurance-trained cyahistscised at 62%Opmax for 120
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min in the heat whichesulted in a 4.9% BW loss with a progressive ~~28tb ~18%
decline in SV and) respectively which was associated with an incréasgstemic and
cutaneous vascular resistance (Table 2.1 & Figurg)2 An approximat&7% increase
in systemic vascular resistance coupled with theo®anstrictor response of the
cutaneous circulation limited the reductions in MAFPherefore, heat dissipation was
reduced, consequently promoting hyperthermia whith ¢levation in core temperature
from 38.0 to 39.%C in the heat. Conversely, the authors found trevgmtion of
dehydration via fluid ingestion (replaced 95% afidl losses) successfully maintained
constant cardiovascular and thermoregulatory resgom both Jore (~38.2C) and SV
(from 151-147 mL.bed) from 20- to 120-min of exercise (Gonzéalez-Alorsbal,
1995). Similar observations were reported in aipres study by Hamiltoet al (1991).
With the rise in Toe (Stabilized at ~ 38°€), SV was attenuated (~ 130 mL.b8at
during the fluid replacement trial when comparethwio fluid replacement trial (2.9%
BW loss) in thermoneutral conditions (£ at moderate intensity of exercise (70%
VOumay (Hamiltonet al, 1991). However, the reductions in SV g@hduring the no
fluid replacement trial were not as large as thadeoved in Gonzalez-Alonset al
(1995) study (i.e., 15% compared witkl, 28% in SV;J, 7% compared with|, 18% in
Q) possibly due to a lower level of dehydration wislgbjects were exercising in a

cooler environmental conditions.

However, it is unclear whether the inability to main Q is due to hyperthermiger se

or dehydratiorper se or the combination of dehydration and hypertharmGonzalez-
Alonso et al (1997) carried out another study with a highdaitree exercise intensity
(72%V Oumay) and noted thaf and systemic vascular resistance were signifigantl

reduced at the end of exercise in both dehydratedhgperthermic conditions (Table
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2.1), but these reductions were not found in hygerhia or dehydration alone. To
investigate the specific effect of dehydration, theo group of subjects were tested in a
cold environment (L) with ~4.1% BW loss. Thereafter, intravenousigibn of a BV
expander (dextran solution) was used during antiaddi bout of exercise (30 min at
70%V Oamay in the dehydration trial with the purpose of restoring B\Gonzéalez-
Alonso et al (1997) found that cardiovascular responses wengas when compared
with a control (euhydrated) trial. Remarkably, whgyperthermia was prevented, the
decline in SV with dehydration was due to reduced. B Meanwhile cutaneous
vasoconstriction can be prevented if the subjexescese in a cold environment that
lowers Te, and increases theJsto-Ts gradient. Based on these studies, it appears
that dehydration itself reduces SV by 7%, but whaa combined with hyperthermia,

the decline in SV is 3-4 times greater (20-28%Q(Fé 2.16).
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Figure 2.16 A redrawn summary of the effects of dehydration amhcomitant
hyperthermia from Gonzalez-Alonst al (1995) (Coyle & Gonzalez-Alonso, 2001)
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2.6 THERMOTOLERANCE, HEAT SHOCK PROTEINS AND GLUTAM INE
INGESTION

During environmental heat exposure and exercis@roppiate physiological heat
dissipation prevents life-threatening hypertherm@urrent research has demonstrated
that mammalian species have developed differenswaydeal with heat stress. Heat
shock proteins (HSPs) in polytene chromosomes firstadiscovered in 1962 (Ritossa,
1962) and subsequent studies reported that most Hf@Re strong cytoprotective
effects (Lindquist & Craig, 1988; Hightower, 199%oseley, 1997; Welch, 1992;
Kregel, 2002; Sonnat al, 2002; Campisket al, 2003). HSPs are categorized into

families on the basis of their molecular weightlglEa2.2).

Table 2.2 Cellular locations and proposed functions of mafanaheat shock
protein families (Kregel, 2002)

HSP Family Cellular Location Proposed Function
HSP 27 (sHSP) | Cytosol, nucleus Microfilament stabilization, antiapoptotic
HSP 60 Mitochondria Refolds proteins and prevents

aggregation of denatured proteins,
proapoptotic

HSP Family:
HSP 72 (Hsp70) | Cytosol, nucleus Antiapoptotic
HSP 73 (Hsc 70) | Cytosol, nucleus Protein folding, cytoprotection
HSP 75 (mHSP70) Mitochondria Molecular chaperones
HSP 78 (GRP78) | ER Molecular chaperones
Cytoprotection, molecular chaperones
HSP 90 Cytosol, ER, nucleus
Regulation of steroid hormone receptars,
protein translocation
HSP 110/104 Cytosol

Protein folding

HSP, heat shock protein; sHSP; small HSP; ER, dadoyc reticulum

Most research has studied HSP 72, because itagmeed as the most heat sensitive
and highly inducible heat shock protein (Somtal, 2007; Ruellet al, 2009). The

induction of HSP 72 was associated with the devety of thermotolerance, which is
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defined as the ability of a cell or organism todree resistant to heat stress after a prior
sublethal heat exposure (Landslyal, 1982; Yamadat al, 2007). The expression of
HSP 72 varies in different cells, but, on the agerddSP 72 in the intact body seem to
operate for several hours following the heat strard remain elevated for 3-5
days (Kregel, 2002). It was shown that the grethie initial heat dose, the greater the
magnitude and duration of thermotolerance (Blakel, 1990; Kianget al, 1994).
However, the response of HSP 72 is not heat-speiiil can be induced by a variety of
stressors including ischemia (Mestril & Dillmart991; Marberet al, 1995), energy
depletion (Sciandra & Subjeck, 1983; Lee, 1987;bbfaio et al, 2004),
hypoxia (Hahn & Li, 1982; Weat al, 2002) and exercise training (Huegal, 2005;

Chenet al, 2007) etc.

At the molecular level, it has been postulated thatHSP 70 family is responsible for
preventing protein denaturation, processing deedtprotein and protein fragments that
are caused by hyperthermia (Kregel, 2002). Atdigan level, accumulation of HSPs
reverses the increase in intestinal permeabilityptevent the pathological changes
associated with endotoxin release (Moseley & Gis@®93) and endotoxin tolerance

(Hotchkisset al, 1993).

The presence of HSP 72 in plasma or serum carsactlanger signal (Aseaal, 2002)
and an aid in the diagnosis of heat stroke (Huetsd, 2008; Ruelkt al, 2009; Dehbi

et al, 2010). In an animal study, Delddial (2010) investigated the expression of HSP
60 and HSP 72 in baboons subjected to environmésetatl stress to induce moderate
(Teore 42.5C) and severe heatstroke{& >43.5C). The authors reported that severe
heat stroke triggered a marked release of HSP 72dtuHSP 60 into the circulation

and in multiple organs (i.e., liver) of heat stexbdaboons. Non-survivors displayed
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significantly higher HSP 72 than survivorSimilarly, it has been reported that plasma
HSP 70 levels were significantly increased in atsteake patient compared with
healthy controls (Huisset al, 2008). Therefore, it was suggested that HSPn@g
serve as a prognostic indicator of heatstroke dsadl @ biomarker of multiple organ

tissue damage.

During a competitive running event, a positive etation was found between plasma
HSP 72 concentration and finale Tnmediately after a 14-km run (Rueit al, 2006).
Plasma HSP 72 concentration was significantly highehyperthermic runners with
more severe symptoms of heat illness than controhers (asymptomatic). The data
indicates that, the final. Jaccounts for 42% of the variance in plasma HSPAi®ther
study by Ruelkt al,(2007) further reported that no difference wamfibin lymphocyte
HSP 72 levels between hyperthermic patients ant@ra@osubjects (without symptoms
or signs of heat illness) immediately after a 14ramning race. Similarly, seven “heat
intolerant” subjects exhibited higher physiologistain but no difference was found in
HSP 72 levels immediately after a 2 holeat tolerance test in a climate chamber
(40°C, 40% rh) (Moran et al., 2006). A unique featwaes found by Ruekt al (2007)
that lymphocyte HSP 72 was elevated in hypertheathitetes 2 days after the 14 km
run and the level of elevation was associated with degree (post race rectal
temperatures) and duration (race time plus codimg) of hyperthermia. They also
found that a T of at least 39 is necessary for elevated lymphocyte HSP 72 tays d
later. These findings were in agreement with otftedies that lymphocyte HSP 72 did
not increase immediately following exercise evesutih T. was increased (Niess$ al,

2002; Simaet al, 2004).
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The precise mechanisms for the improvement in lkeglthermotolerance in association
with the increase in HSP levels have not been ohted. Ravindraret al. (2005)

reported that resistance to dehydration damagenmescell lines correlates with the
presence of a range of HSPs. Therefore, it hagdaihe question of whether the
successful runners are able to adapt to dehydratonthe associated high metabolic
heat loads, or whether they are able to acquir@exance to dehydration due to the

induction of HSPs.

During competitive distance running, elite runner run at their fastest speed to win
the race. The relatively high intensity of theeaall most likely lead to an increase in
T and the level of dehydration. A recent field st¢douhalet al, 2010) observed that
the fastest runners (less than 3 hours finisheys)pteting a marathon race were the
most dehydrated when compared with slower runnétts a> 3 hours finishing time.
With sweat rates during marathon races exceedi®@.. L.hi* (Armstrong, 1986), it
Is not uncommon for these athletes to experiergafgiant levels of dehydration over
the course of the race. It thus appears that ith@fisant level of dehydration and

success in marathon races were irrespective of AG&@ilielines (Sawkat al, 2007).

A number of studies have found that glutamine canabpotent enhancer for stress
induced HSP expression vitro andin vivo and improve cell survival against a variety
of stressors in humans as well as animals (Nigtial.,, 1993; Ehrenfriect al, 1995;
Wischmeyetet al, 1997; Chow & Zhang, 1998; Wischmewral, 2003; Ziegleet al,
2005; Changet al, 2006; Singleton & Wischmeyer, 2006; Morriseh al, 2006).
Singleton and Wischmeyer (2006) demonstrated that glutamine administration in
rats significantly enhanced the expression of H&B iaproved survival following
hyperthermia. An increase in HSP 72 expressionaanthrked protection of intestinal
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epithelial cells against lethal heat and oxidaparin were shown in unstressed cells
after 2 hours of glutamine administration (Wischeregt al, 1997). Morrison et al.

(2006) showed that glutamine-mediated cellular gotidbn after heat stress injury is
related to heat shock factor-1 expression and leellcapacity to activate an HSP
response. In a human study, Ziegidral (2005) reported that parenteral alanyl-
glutamine dipeptide administration 0.5 g/kg per @@y7 days upregulates serum HSP
70 concentration and reduces the “critically iltipats” length of stay in an Intensive

Care Unit (ICU) and days on a ventilator.

From a hydration or rehydration perspective, Liehal (2002) reported that an alanyl-
glutamine-based oral rehydration fluid increasedtewaand electrolyte intestinal
absorption in a rat model of secretory diarrhoehuced by cholera toxin. It was also
shown that glutamine can stimulate sodium intekthgorption in rabbit (Natket al,
1992). More recently, Hoffmaet al (2010) demonstrated that an oral rehydration
beverage containing L-alanyl-L-glutamine (0.05 @h@ g.kg' body mass per liter)
provided an ergogenic effect by increasing fluidd aglectrolyte (N& uptake and
increased performance time to exhaustion duringl déhydration in ten physically
active males. Based on the aforementioned stuglésmine supplementation is likely
to be an enhancer for HSPs expression together thithrestoration of fluid in

dehydrated subjects during exercise in the heat.
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2.7 SUMMARY

Presently, it is a matter for debate whether dedtialn is the primary factor
precipitating impaired endurance performance indaooiditions and how distinct levels
of dehydration impact upon the circulatory and mh@regulatory responses to exercise
and the environment. There may be a threshold levelehydration at which the

effects of dehydration and hyperthermia becometiavedi

Previous investigations have proposed that proldrgeercise performance is partly
governed by climatic conditions especially at higimbient temperatures and high
humidity, which restricts sweat evaporation anddeethe rate of heat loss from the
body (Galloway & Maughan, 1997; Vihma, 2010). Téfere, under these conditions
the only option for the athlete is to decreasentle¢abolic heat production by decreasing
running velocity (Elyet al, 2007; Elyet al, 2008). Moreover, the number and rate of
finish line medical encounters and on-course maratiirop-outs begins to rise when
WBGT is >13C (Roberts, 2010). 1t is likely that the increase WBGT has a
significant impact on prolonged exercise perfornganElowever, Samuel Wanjiru (now
deceased) and Naoko Takahashi, both gold medatifstse Beijing Olympic Men’s
Marathon 2008 and Sydney Olympic Woman’s Marathod002 respectively,
demonstrated that elite performance in hot weattwerditions appears to be well
maintained by highly motivated elite athletes. kwehile, a number of studies have
been published about the negative impact of hypeatih on endurance performance
(Montain & Coyle, 1992b; Sawka, 1992; Cheuvrental, 2003a). These studies are
now subject to intense scrutiny, along with assesdithat fluid ingestion should match
the volume of sweat lost or the athlete should Birted their sensation of thirst dictate
the ingestion of fluid. There is a need for mavateolled laboratory studies that seek to

understand the underlying mechanisms enablingubeessful runners to perform well
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in marathon races despite the apparent effect efgdmg hot climatic conditions

contributing to significant hypohydration and hyghermia.

Over the past four to five decades, Kenyan distancaers have dominated the
Olympic Games, World Cross-Country Championship®/AH World Track
Championships, as well as major international roactes and marathons. Kenyan
distance runners’ negative energy balance withva floid intake regimen during
intense training and prior to competition has be@oposed to explain their
extraordinary success (Onyweed al, 2004; Fudgeet al, 2006). Coyle (2004)
suggested that a loss of body mass through swesadlaring marathon races may lower
the oxygen cost of running. If the energy utiliaatwhen running at a given velocity
can be reduced, the time to fatigue will be delaged the running velocity that can be
sustained may potentially be increased. Thereforeould be speculated that the
success of Kenyan runners is related to a reduodg imass through sweat loss, low
energy diet and minimal fluid intake that would bahe potential to reduce the energy

cost of running.

The view that dehydration is the primary factor gypéating impaired endurance
performance in hot conditions has been challengigd multiple hypotheses. These
hypotheses have been proposed to explain the ymaerhechanisms of hyperthermia
during prolonged exercise performance in the heAtcording to the critical core
temperature hypothesis, the aetiology of fatiguenduexercise in the heat is likely due
to a high internal body temperature (Nielset al, 1993; Nielsenet al, 1997,
Gonzalez-Alons@t al, 1999b). It is also suggested that exercisedadihyperthermia
leads to a reduction in central neural drive to élxercising muscles in hot and dry
environments (Nybo & Nielsen, 2001). The reducétSCGactivation of the exercising
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muscles may be an inhibitory protective mechanisid eepresent a “safety brake”
against hyperthermic catastrophe during prolongestcesse. However, recent studies
have proposed that an elevated core temperaturee ak not associated with the
cessation of exercise in the heat (Saboetkgl, 2003; Périarét al, 2011). Therefore,

we speculate that dehydration might be anotherspgdéi factor involved in the early

fatigue associated with a high core temperature.

During exercise in hot environments, the distribntof blood flow to the cutaneous
circulation and exercising muscles creates competifor the maintenance of
Q (Rowell, 1974; Fritzschet al, 1999; Trinityet al, 2010). As exercise continues, if
heart rate has drifted upward towsidRna and SV continues to declin@,cannot be
maintained. Ultimately, a decline ghwill limit O, delivery and uptake to exercising
muscle causing fatigue. However, the factors eelab the reduction in SV ar@lare
not entirely clear. Gonzalez-Alonst al (1995 and 1997) investigated the effects of
dehydration (~4% BW loss) on circulatory respongesdifferent environmental
conditions. They found that when hyperthermia was/ented, the decline in SV with
dehydration was due to reduced blood volume. Cselg evidence from Hamilton et
al. (1991) demonstrated that the reductions in 8&@&during the no fluid replacement
trial were not as large as that observed by Gonzélensoet al. (1995). This could be
explained by a lower degree of dehydration (=896-4% BW loss) and subjects were
exercising in cooler environmental conditions *@Q2vs. 35°C). Research is thus
required to explain part of the discrepancy inweitory responses to different levels of
dehydrationand manipulation of environmental stress (WBGT) imwyrprolonged

exercise.
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It is speculated that the expression of HSPs may @ in important role in the
development of thermotolerance and protection fomiular damage (Yamadat al,
2008) associated with dehydration (Ravindetnal, 2005). However, the precise
mechanisms for the improvement in cellular therrestoce in association with the
increase in HSP levels have not been delineatedl glutamine administration in rats
has been shown to enhance the expression of H3Psngnoved survival following
hyperthermia (Singleton & Wischmeyer, 2006). Mm&o when subjects ingested an
oral rehydration beverage containing L-alanyl-Ltghaine, it provided an ergogenic
effect by increasing fluid and electrolyte (Naptake (Hoffmaret al, 2010). Based on
the aforementioned studies, glutamine supplememtasi likely to be an ergogenic aid,

increasing fluid restoration and HSPs expressiamdumild dehydration in the heat.
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CHAPTER 3

RESEARCH THESIS DESIGN
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3.1 RESEARCH THESIS DESIGN

To investigate the effects of hypohydration andrrtieolerance during prolonged
exercise performance in the heat, one observatibeldl study and three laboratory
experiments were undertaken. This thesis testedl ghmary hypothesis that
hypohydration together with a progressive incraasarculatory and thermoregulatory

strain impairs prolonged exercise performance éenhibat.

STUDY ONE:

This study investigated the hydration status dédfienyan distance runners competing
in hot, humid conditions. This study tested thedthesis that the elite runners would
finish the long distance races with more than 3% BM& in warm humid climatic
conditions. It also tested the hypothesis that elite runneraldvaompensate well for
the increase in ambient temperature by an increswedt rate regardless of the volume

of fluid ingested or body weight loss.

STUDY TWO:

This study tested the hypotheses that (i) hypohiaravould reduce the oxygen cost of
running proportionally with the degree of hypohyda (-3% and -4% BW); and (i)
simulated hyperhydration would increase the oxygest of running proportionally

with the degree of added weight (+3% and +4% BW).
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STUDY THREE:

This study tested the hypothesis that mild dehyaimaould impair prolonged running
performance in hot (35°C, 40% rh) but not in cd®°C; 35% rh) conditions. It also
tested the hypothesis that mild dehydration wowtiaause either circulatory strain or

thermoregulatory strain in cool conditions.

STUDY FOUR:

This study tested the hypothesis that the admatistr of alanyl glutamine would

attenuate exercise-induced decrease in plasmanghdaconcentration. It also tested
the hypothesis that the ingestion of alanyl-glutsnivould induce plasma HSP 72

expression during prolonged exercise in hot coogtiand in a hypohydrated state.

78



HYPOHYDRATION DURING PROLONGED EXERCISE IN THE HEAT

STUDY ONE

STUDY TWO

Hydration status of elite Kenyan distance runnels
competing in hot, humid conditions

v

Observation
n=11
Competitive Distance Running Events

1. Standard Chartered Kuala Lumpur 2009
(Half Marathon Category)

2. Standard Chartered Kuala Lumpur 2009
(Full Marathon Category)

The effects of hypohydration and simulated
hyperhydration on running economy

|

I ntervention
n=16 (each cohort: n=8)
Added Weight (AW) and Dehydrated (D)
Trials

16-min running economy test with the treadmill

speed increased every four minutes on six differg
laboratory visits:

AW trials:
Euhydrated (without weight)
Euhydrated (3% BW)
Euhydrated (4% BW)

wn e

D trials:

Euhydrated (without weight)
Dehydrated (+3% BW deficit)
Dehydrated (+4% BW deficit)

wp e

v

v

Anthropometric Measurement
- Body weight (Pre & Post competition)
- Height

Hydration Measurement
- Body weight changes (Pre & Post competition)
- Estimated volume of water

Others
- Finishing Time
- Environmental temperature & humidity

Figure 3.1  Thesis Research Design

- Skinfold
- Body weight
- Height

Anthropometric Measurement

- Urine SG
- Body weight changes
- Urine output

Hydration Measurement

- HR,Q,SV
- VO, VE
- RER

Cardiorespiratory Measurement

-  RPE

Perceptual Measurement

- Ambient temperature and humidity

Others
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HYPOHYDRATION DURING PROLONGED EXERCISE IN THE HEAT

STUDY THREE

STUDY FOUR

Effect of diuretic-induced dehydration on
prolonged exercise performance in hot and cop
climatic conditions

Effect of glutamine ingestion on prolonged runnin
performance in hot and hypohydrated condition

v a

I ntervention
n=8

Diuretics-Induced Dehydration
(3% BW deficit)

Prolonged Exercise Test (PET)
60 min running at 65% O,may; followed by 1%
gradient increase every 3 minutes until volitiona
fatigue on 4 different laboratory visits:

1. Hot (35°C, 40% rh) + Euhydrated

2. Hot (35°C, 40% rh) + Dehydrated

3. Thermoneutral (20°C, 40% rh) +
Euhydrated

4. Cool (10°C, 35% rh) + Dehydrated

I ntervention
n=7

Exercise-Heat Exposure Protocol
(3% BW deficit)

Prolonged Exercise Test (PET)
60 min running at 65% O,may; followed by 1%
gradient increase every 3 minutes until volitional
fatigue on 3 different laboratory visits in hot
conditions (35°C, 40% rh):

1. Water ingestion with euhydrated (C)

2. Water ingestion + placebo with
dehydrated (P)

3. Water ingestion + glutamine with
dehydrated (GLN)

v

v

Anthropometric Measurement
- Skinfold, height, body weight

- Skinfold, body weigk, heigh

Anthropometric Measurement

Cardiorespiratory Measurement
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BP, HR,Q, SV
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Thermoregulatory Measurement
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- T Ts SkBF, local sweat rate
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viscosity, plasma total protein, serum
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Hematological Measurement
Hct, Hb, plasma glucose, plasma lactate,
serum viscosity, plasma total protein, serum
electrolytes (N§ K*, CI, C&*), serum
osmolality, plasma HSP72, Renin,
[glutamine]

Hydration Measurement
- Urine SG, fluid intake, urine output, body
mass changes

Hydration Measurement
Urine SG, fluid intake, urine output, body
mass changes

Perceptual Measurement
- RPE, Thermal Comfort, Fluid sensation

Perceptual Measurement
RPE, Thermal Comfort, Fluid sensation,

Figure 3.1 (continued)

Thesis Research Design
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CHAPTER 4

METHODOLOGY
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4.1 ANTHROPOMETRIC MEASUREMENTS
The following anthropometric characteristics wereasured and recorded for each

subject.

4.1.1 Height and Weight: Computed Body Mass IndexBMI) and Body Surface
Area (Ap)

The standing height without shoes of each subjest mreasured using a wall mounted
height stadiometer (Harpenden Stadiometer, Holtamted, UK) to the nearest half
centimetre. Subjects were instructed to positi@irtheads in the Frankfort Horizontal

Planeduring the standing height measurement.

Body mass was determined to the nearest 0.001 ikg a® electronic scale (Mettler
Toledo ID1 Multi Range Scale, Columbus, OH, USAYhashoes removed and with
exercise shorts. The electronic scale was casiirgirior to the experimental trials
using known weightsBody mass index (BMI) was calculated from heighd areight:
BMI (kg.m?) = Weight / (Heightf. Body surface area (A was calculated using the
equation described by DuBois and DuBois (1916):(#?) = 0.20247 x Height (n1)’*°

x Weight (kg)**?

4.1.2 Skinfold Determination of Thickness: ComputedPercentage of Body Fat
Body density was calculated using seven skinfdhiiskhess measurements according
to the method of Jackson & Pollock (1978). Theeseskinfold thickness sites were:
triceps, chest, midaxillary, subscapular, suprajliabdomen, and anterior mid-thigh
were measured twice to the nearest 0.5 mm usimdosdticalliper (Holtain, Crymych,
UK) (Jackson & Pollock, 1978) on the right sidetlodé body. A third measurement of
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skinfold thickness was taken when inconsistent e&l(>2mm) were obtained.
Percentage of body fat was estimated using Sigisagon: (495 / Body Density) - 450

(Siri & Lukaski, 1993).

The abovementioned procedures for height, weight skinfold measurements were

used in Study Two, Study Three and Study Four.
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4.2 PRELIMINARY MEASUREMENTS

4.2.1 Submaximal Exercise Test

The submaximal exercise test was undertaken imibreeutral conditions (2C, 40%
rh) and involved 4 x 4 min of continuous steadytestainning. The four treadmill
velocity stages were 10, 12, 14, 16 kihwith 0% gradient. Heart rate (HR) was
measured with a ProTrainer™ heart rate monitorgiPBlectro Oy, Kemele, Finland)
and the Borg rating scale of perceived exertion HRRalues (Borg, 1982) were
recorded during the last 15 sec of each stage.g@xyptake{O,) was measured for
60 s using the Douglas Bag technique. The regpyaas analyzers were calibrated
immediately prior to the analysis of the expiredpieatory gas samples. Expired gas
fractions were measured using @rd CQ analysers (Model 2-3A and Model CD-3A
respectively, Ametek, Thermox Instruments, Pittgbu?A) calibrated with a known
beta gas (©15.9%; CQ: 4.03%) and outside air §20.93%; CQ: 0.03%). Expired
gas volume was measured using a dry gas flow n{B@kinson-Cowan, England).
Standard temperature pressure dry values were laduaccording to corrected

barometric pressure and temperature.

4.2.2 Maximum Oxygen Uptake Test{Ozmax TES)

An incremental gradient run on a treadmill to voltal fatigue was undertaken to
determing/ O,max followed by 5 min of recovery walk. The treadmittlocity was set
at 12 km.ht* and the gradient was increased by 2% every 2 HiR.and RPE values
were recorded during the last 15s of each stagigedireadmill run. Maximal heart rate,
maximal oxygen consumption, time to exhaustion perdteived exertion were obtained

at the point of volitional fatigue, usually withthe final ~ 10s of exercise. Subjects
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were assisted in fitting the nose clip and insgrtine mouthpiece of Hans Rudolph
respiratory gas collection valve in the final mesitof the run to volitional fatigue. A
hand signal from the subjects indicated that theyevelose to their exercise limit and at

this point expired respiratory gas collection began

TheVOsmaxvalue at exhaustion was accepted when two of thewimg three criteria

were met:
1. A plateau inV O, despite further increases in exercise intengjradient.
2. A respiratory exchange ratio (RER) of 1.10 or above
3. A plateau in HR despite further increases in exeraitensity / gradient.

(Howley et al, 1995)
The submaximal andO.may tests data were used to determine the treadnidicitg

that elicits 65, 70, 75 and 80%Omax for Study Two and 65% Oymax for the

subsequent prolonged exercise tests (PETSs) in Stage and Study Four.
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4.3 CARDIORESPIRATORY MEASUREMENTS
4.3.1 Heart Rate (HR)
Heart rate (HR) was monitored and recorded at Sim@rval during experimental trials

using a ProTrainer™ heart rate monitor (Polar Ete€y, Kemele, Finland).

4.3.2 Mean Arterial Pressure (MAP)

Systolic blood pressure (SBP) and diastolic blombgure (DBP) were measured using
a sphygmomanometer (Accoson, Harlow, UK) at redt,n8n and within the final
minutes prior to when the treadmill was stoppedeahl arterial pressure (MAP) was

calculated as follows: MAP = (0.33 x SBP) + (0.6DRP).

4.3.3 Oxygen Uptake¥O,)

Expired respiratory gas was collected over a 60eso@ using the Douglas Bag
technique. Gas analyzers were calibrated immddiaiefore the analysis of the gas
samples. Expired gas fractions were measured @irapd CQ analysers (Model 2-
3A and Model CD-3A respectively, Ametek, Thermoxstmmments, Pittsburg, PA)
which were calibrated immediately prior to the iesjory gas collections with a known
beta gas (©15.9%; CQ: 4.03%) and outside air §20.93%; CQ: 0.03%). Expired
gas volume was measured using a flow meter (Pamki@owan, England). Standard
temperature pressure dry values were calculatedrdiog to corrected barometric

pressure and temperature.
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4.3.4 Cardiac output )
Cardiac output (Q ) was measured using the @@breathing equilibrium
technique (Collier, 1956) towards the end of estelge of the preliminary submaximal
exercise test. Subjects were required to breaithe respiratory valve (model 2700,
Hans Rudolph, Kansas City, MO) with a mouthpiece aose clip. They were required
to rebreathe with a gas mixture of approximatelyol®%0O, and 85% @ for
approximately 12 seconds for the determinatioQ .ofThe fraction of expired CQvas
measured on breath by breath basis by continu@ashpling at the mouthpieedth a
CO, anaylser (Beckman LB-2, Beckman Instrument, ILA)y$alibrated with outside
air (COx: 0.03%) and a beta gas of known concentration,({82%6) before the testing.
Mixed venous PC® equilibrium was invariably attained during the nedithing
procedure. The criteria for PG@quilibrium were as follows:
(i) equilibrium was attained within 12s after iaiion of the rebreathing
procedure and
(i) PCO, varied <1 Torr for a 5-s period. Estimates ofdes output were
adjusted for haemoglobin concentration using theaggns of McHardy,
(1967).
Stroke volume (SV) was calculated from fhend HR determinations: SV & HR.
Arterio-venous differences O, content (a-v@ diff) was calculated using the Fick

equation¥0, = Q x a-vQ diff
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4.3.5 Respiratory Exchange Ratio (RER)

Respiratory exchanged ratio (RER) was determineduke following equation:
RER =VCQO,/ VO,

WhereV CO,: Expired carbon dioxide

V0, Oxygenuptake

The abovementioned procedures for cardiorespirat@gsurements were used in Study

Two, Three and Four.
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4.4 THERMOREGULATORY MEASUREMENTS

4.4.1 Skin Temperature (&) and Rectal Temperature (T.): Computed Mean
Skin Temperature (Tsy)

Skin (Ts) and rectal (&) temperatures were monitored continuously androscbat 1-
min and 5-min intervals respectively.gWas measured at four sites using iButtbn
temperature sensors: positioned according to aneabmandmarks identifying the skin
sites required for calculating mean skin tempeeat(ff s) using the equation of
Ramanathan (1964). iButton™ have an inbuilt daggér (Maxim Integrated Products,
Sunnyvale, CA, USA) for subsequent data downloadwvan Marken Lichtenbelt et al.,
2006). These were attached to the skin using waswips of Opsite™ surgical
bandage.Tsx was calculated using the equation:

Tsk = 0.3 (-I-Chest+Tarn]) + 0.2 (-Eh|gh + T|eg) (Ramanathan, 1964).

A thermistor probe (YSI 400 Series; Mallinckrodt dieal, Kansas City, MO) was

inserted to a depth 12 cm past the anal sphincigrdata was logged on a portable
temperature data logger (Digi-SefisEhermistor Thermometer, Chemopharm, US),
which was calibrated before the study in a watéh lpath a platinum resistance probe

(T1091).

4.4.2 Skin Blood Flow (SkBF)

A laser Doppler skin prob@P1-V2, moorLAB™, Moor Instruments Ltd, Devon, UK)
with a probe holder and a double-sided adhesive wa&s attached onto a clean skin
surface at the level of the right medio-ventral eppgrm, below the deltoid (near to the
iButton™). Skin blood flow (SkBF) was recorded via a LaBeppler perfusion

monitor (moorLAB", Moor Instruments Ltd., Devon, UK). The data waer

89



analyzed using the Moor Instruments associatedwaodt (moorLAB v2.01, Mec
Instruments, Wilmington, DE, USA). Values are eegzed as arbitrary units (AU). All
data was normalised to resting skin blood flow dgi® min resting period (baseline) as

a percentage change.

The abovementioned procedures for thermoregulatoeasurements were used in

Study Three and Study Four.
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4.5 HYDRATION MEASUREMENTS

4.5.1 Urine Specific Gravity (USG)

A urine sample was collected in a disposable coatafor urine specific gravity
analysis using a digital specific gravity refraceter (Atagl UG-o, Japan) with
measurement range from 1.0000 to 1.0600, with asarement accuracy of +0.0010.
Several drops of distilled water were dripped ahi prism surface for calibration and
approximately 0.5 mL of urine sample was used tasuee specific gravity. Duplicate

measurements were made.

4.5.2 Sweat Loss
Sweat loss was calculated as the difference in gmd-post-exercise nude body mass,

corrected for fluid intake, urine output and reafory water loss (MitchekBt al, 1972).

The abovementioned procedures for hydration measmts were used in Study Two,

Study Three and Study Four.
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4.6 HAEMATOLOGICAL MEASUREMENTS
4.6.1 Haemoglobin & Haematocrit: Computed Plasma Mlame Changes
Venous blood was collected into 1 mL tubes contgnEDTA as anticoagulant
(Vacutainer, Greiner Bio-one, Kremsmunster, Aujtria Haemoglobin (Hb)
concentration was analysed (Sysmex KX-21N Hematokugalyser, Kobe, Japan) and
haematocrit (Hct) percentage was estimated usingcaocentrifuge (Hawksley) and
micro haematocrit reader (Hawksley CE/15006, UKiplicate measurements were
made of haematocrit and haemoglobin. Hb and Hktegawere used to calculate the
percentage changes in plasma volume (PV) as follows

% APV= {([Hb] </ Hbr x ((100-Hct) / (100-Hct) / (100-Hct)) -1 } x 100

(Dill & Costill, 1974)

Where C refers to resting and T refers to exencadees for Hct and Hb
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4.6.2 Glucose and Lactate
There are two methods for measuring glucose artdtéac
Glucose assay: (i) Glucose oxidase colorimetridysiga(Study Four)
(i) Automated glucose oxidase method (Study &€hre
Lactate assay: (i) Lactate dehydrogenase (LDHhawke(Study Four)

(i) Automated lactate oxidase method (Studyeghr

Glucose Assay

4 mL of venous blood was collected using a lithibeparin tube as anticoagulant and
centrifuged at 2,200 g for 10 min &C4(Super T 21, Kendro Laboratory Products, NC,
USA). One aliquot of plasma was frozen and staed20C for later analysis of
glucose. Plasma glucose was determined usirgugose oxidase colorimetric analysis
kit (TR-1511200 Thermo ElectrorNoble Park, Victoria, Australia). Samples were
prepared by mixing 45@L of glucose reagent with 4L of plasma. After vortex
mixing, the plasma samples were kept on ice, faddwy incubation in a heating block
at 37°C for 10 min. After 10 min, 200L of standards and plasma samples were
pipetted into a 96-well plate. All the standara&l gplasma samples were assayed in
duplicate. Colour absorption was measured at a&leagth of 600 nm in a microplate
reader (Benchmark Plus, Bio-Rad, CA, USA). The nawn concentration was

calculated using the absorbance of the glucoselstds.

Lactate Assay

250 uL of blood was deproteinized in 5Q0. of 0.6 M perchloric acid (PCA). This
solution was mixed well and stored frozen at°€200n the day of analysis, the frozen
sample was thawed, centrifuged and the supernat@stretained. Blood lactate was

determined using the lactate dehydrogenase (LDHhode(Annan, 1975).
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The following solutions were used for this assay:

1 L of Hydrazine Buffer ingredients:

Hydrazinium Sulphate 13.0g
Hydrazine Hydrate 50 mL
EDTA 20g

Reagent cocktail ingredients:

Hydrazine Buffer 1 mL per sample
Nicotinamide Adenine Dinucleotide (NAD) 1 mg mample
Lactate Dehydrogenase (LDH) [Sigma-AldffEH™L2500] 5.0uL per sample

The reagent cocktail was prepared fresh on theotlapalysis. 1 mL of reagent cocktail
was pipetted into a cuvette and the initial absacbareading was obtained using a
spectrophotometer (UV-1601: Shimadzu, Tokyo, Japar§40 nm. 5QuL of sample

(supernatant) was later pipetted into the cuvettixed well and incubated at room
temperature for 30 min. The final absorbance repdivas taken at the same
wavelength. The unknown concentration was caledlaising the absorbance of a

series of lactate standards.

Plasma Glucose and Lactate
Duplicate measurements were made of plasma gluuséactate using the automated
glucose oxidase and lactate oxidase methods, tesggc(EML 105; Radiometer,

Copenhagen, Denmark).
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4.6.3 Serum Osmolality

Venous blood was collected using a clot activatbetfor serum separation and allowed
to clot for at least 30 min. After centrifugatiah2,200 g for 10 min at'@ (Super T 21,
Kendro Laboratory Products, NC, USA), serum samplese stored at -2C for later

analysis.

The osmolality of serum was measured using a comscosmometer (OSMOMAT
030, Gonotec GmbH) to determine the freezing pdempression. The OSMOMAT 030
was calibrated with 50 distilled water and 5@L of calibration solution prior to the

osmolality measurement.

Serum samples were thawed and inverted for setrares prior to the centrifugation at
5000 rpm for 5 min at & (Hermle Z360K Centrifuge, Germany). A serum skmp
volume of 50uL was pipetted into a clean dry vessel and measamesnwere made in

duplicate.

4.6.4 Serum Electrolytes (N§ K*, CI', Ca®")
105 pL serum samples were analysed for electrolyte (K& CI', C&*) concentrations

using the ABL80 Flex (Radiometer, Copenhagen, Dekjna
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4.6.5 Plasma Total Protein

Plasma total protein was analysed using a totateprokit (Stanbio Total Protein
LiquiColor®, Texas). 4uL of plasma sample was added to 400 of reagent (Stabio
Total Protein LiquiCold? Reagent). The solution was mixed well using aesorixer
and allowed to stand in the heating block &C3#br approximately 10 min. 200L of
solution was transferred into a 96-well microplafEhe absorbance of samples{fyig
and standard (&ndard Were measured against the blank on a microptsder at 550
nm within an hour and the unknown concentratiorwdated using the absorbance of

the protein standards.

4.6.6 Plasma Viscosity

Plasma viscosity was measured using viscometerg@ol plate Viscometer, LVT
with CP-40, Wells-Brookfield). Prior to the visdtysmeasurement, a water bath which
was connected to the viscometer was set at 37°@anchL of calibration oil (2.5CS)
was used for calibration. 0.5 mL of plasma was fpgokinto the sample cup and the
viscometer reading (% of torque) was recorded dffemin of temperature equilibrium.
Two different shear rates (90 and 225%agere used to determine the plasma viscosity;
any dial reading below 1% was not considered aaditbasure was repeated at a lower

shear rate.
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4.6.7 Plasma Heat Shock Protein (HSP) 72

Plasma HSP72 was analysed using R and D SystesnRC1663, Minneapolis, MN,
USA) according to manufacturer instructions andvimes research (Molvareet al
2009). All measurements were made in duplicalasr®a HSP72 samples were diluted
1/5 in a solution of 1 mM EDTA, 0.5% Triton X-100 PBS pH 7.4. 10QL of capture
antibody diluted with PBS to a concentration of 380mL* was added to each well
and left at room temperature overnight. The welse washed 3 times using wash
buffer (400 uL). 300 pL of block buffer was added to each well, left abm
temperatures for 90 min, and washed (3 times). 1 1006f standards (2000, 1000, 500,
250, 125, 62.5, 31.25 pg.it). and samples were added to wells, incubated ahroo
temperature for 2 hours and washed (3 times). u106f diluted detection antibody was
added in each well, incubated for 2 hours and wahgBetimes). 10QuL of diluted
streptavidin was added to each well, incubated2fbmin in the dark and washed (3
times). 10QuL of substrate was added in each well and incubf@ieg0 min. 5QuL of
stop solution was added and the absorbance of e&thwas measured using a
microplate reader (Benchmark Plus, Bio-Rad, CA, Y8A450 with 570 nm used for
wavelength correction. A logistic 5PL (Rodbardwau fit was used and unknown

concentrations calculated from the standard curve.

4.6.8 Plasma Renin

Plasma renin was analysed using an Elisa Renin(Rénin Active Elisa, IBL
International, GMBH). 5QL of Standard (0; 4; 16; 32; 64; 128 pg.mLControl and
samples were added to 1pD of Assay Buffer in all wells and incubated for 80n at
room temperature on a plate shaker at ~ 700 rphe Wells were rinsed 4 times with
300uL wash solution. 10d of Enzyme Conjugate was dispensed in all wells,
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followed by another 90 min of incubation and 4 tioé the wash procedure. 10D of
Substrate Solution was added to each well and atedbfor 15 min at room
temperature. The enzymatic reaction was stoppextiding 10QuL of Stop Solution to
each well. The absorbance of each well was meadsuseng a microplate reader
(Benchmark Plus, Bio-Rad, CA, USA) at 450 nm. Umkn concentrations were

calculated from the standard curve.

4.6.9 Plasma Glutamine

Plasma Glutamine was assayed using a fluorometetbad in two parts (Grosse al.,
1993). Glutamine was converted to glutamate bytaghinase. The resulting
glutaminase was then assayed by measuring NADH edrimy the conversion of

glutamate tar-ketoglutarate and ammonia by glutamate dehydragena

Part One:

12.5 uL of sample, standard or water was added toull50f glutaminase (Sigma

Chemical CO.) and incubated for 60 min at@GT a heating block. For the blank tube,
27.5 uL of acetate buffer (0.5M, pH 4.9) and 12.& of sample were mixed and

incubated for 60 min at 3€. 90uL of cold perchloric acid (0.4M) was mixed with the

solution and centrifuged for 10 min at 5000 rpmrfHie Z360K Centrifuge, Germany).

Part Two:
70 puL of sample fromPart One and 20uL of NAD were added to 1 mL of
pyrophosphate buffer in fluorometric cuvettes ahtriescence measured using an

Aminco Bowman Series 2 fluorometer (Thermo Elect\t, USA). The fluorescence
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was set to an excitation wavelength of 342 nm (4 slih width), an emission
wavelength of 459 nm (16 nm slit width) and a se@ngy of 715 V. 5uL of glutamate

dehydrogenase was added into the cuvettes, inaibat@om temperature for 45 min

and the fluorescence read again.

Calculations

The calculations of glutamine and glutamate inmpkasvere as below:

(R, GIN-Ry GLN)~(Ro5-R1B) o g1 concentration} —glutamate

Glutamine = { (R,ST—R,STD)

_ (R2GLU—R,GLU)—(R,B—R1B)

Glutamate =+ ] x STD concentration
(R,STD—R,STD)

Where:
R: and R represent the different stages of the assay;
GLN, GLU, STD and B represent the results for ghitee, glutamate, standard and the

blank, respectively.

The abovementioned procedures for haematologicasarements were used in Study

Three and Study Four.
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4.7 PERCEPTUAL MEASUREMENTS

Thirst sensations, ratings of perceived exertiod #rermal comfort were recorded at
10-min intervals throughout the testing and at eshian point for Study Three and
Study Four. These measurements were obtainedramdom order to eliminate an

ordering effect.

4.7.1 Perceived Thirst Sensation
Perceived thirst sensation was identified usingiree-point thirst scale with verbal
anchors ranging from 1 ("not thirsty at all") to('%ery, very thirsty") (Engellet al,

1987).

4.7.2 Ratings of Perceived Exertion (RPE)
Ratings of perceived exertion (RPE) were obtainsthgu the 15-point Borg scale

ranging from 6 (“very, very light”) to 20 (*"verwery hard”) (Borg, 1982).

4.7.3 Thermal Comfort Scale
Thermal comfort was recorded from a seven poinfes¢Bedford, 1936) ranging from

1 (“much too cold”) to 7 (“much too hot).

The abovementioned procedures for perceptual me@asunts were used in Study Three

and Study Four.
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CHAPTER 5

STUDY ONE: HYDRATION STATUS OF ELITE KENYAN DISTANC E

RUNNERS COMPETING IN HOT, HUMID CONDITIONS
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5.1 ABSTRACT

Objective: The purpose of this study was to determine therdtygh status and
practices of elite runners during competitive dista running events in a tropical
climatic environment. As such this is a descriptireld study that is necessarily limited
by the practicalities of conducting studies at salvenass participation endurance
running competitions. Nevertheless the compliasfce group of elite Kenyan distance
runners who volunteered to participate in this gtwas excellent, thus providing a rare
opportunity to obtain data on truly elite athletédethods: The study was undertaken
in conjunction with the Standard Chartered Kualampur Marathon 2009 (Half
marathon and Full Marathon categories). A totalldf complete data sets were
collected from elite Kenyan male runners. The geaim BW following each race was
calculated from measurements of the runner’'s BW adhiately before and after the race.
Results: The elite Kenyan runners ran at a fast speed #i8® and drank a small
volume of water (~120 mL) which resulted in a sfigaint body weight deficit (3.0 %).
An inverse relationship between,/Aand the percentage change of BW los€].65;
p=0.03) and between sweat rate and race time082; p=0.002) was found.
Conclusion: This present study demonstrates that the elitey&®munners completed
their races in warm, very humid climatic conditigr26'C; ~90% rh) with ~3% BW
loss. They completed the races as the fast firsshethis present study but ran slower
than they were capable because of the prevailird bed humidity. The greater
reduction in BW of the elite runners may simply ®éeconsequence of their faster
running velocity, increased rate of heat storagkinoreased sweat loss. Interestingly,
these elite runners were able to adapt well byeasing their sweat rate regardless of
the volume of fluid ingested or percentage of BWslin the warm humid conditions.
We speculate that elite Kenyan runners are likelybé adapted to regular intense

training and racing in warm to hot environmentahditions. As such they would be
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heat acclimatised and able to tolerate high bothperatures. They may also possibly
be able to tolerate dehydration through the proteceffect of heat shock proteins.
Other factors such d80,ma percentage of O.max that can be sustained, running
economy, morphological characteristics and gendticeor are known to be important

for success in marathon running.
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5.2 INTRODUCTION

Race Information

The Standard Chartered Kuala Lumpur (SCKL) Marat2@@9 is an annual-mass
participation running event held in Dataran Merdekaala Lumpur, Malaysia. This
event was open to runners from the general publenter and it was sanctioned by the
Malaysia Amateur Athletic Union (MAAU), Internatiah Association of Athletics
Federations (IAAF), and the Association of Inteior@dl Marathons and Distance Races
(AIMS). 1t is one of the biggest running events Southeast Asia The race was
divided into five categories: (i) Full Marathoni) (Half Marathon, (iii) 10km, (iv) 5km
Family Fun Run and (v) the “kid’s” dash. A totdl 12,500 participants ran in this
event: 1,900 runners in the full marathon categang 2,800 runners in the half

marathon category.

Hypohydration (fluid loss equivalent to >2% bodyigke deficit) has been reported to
increase cardiovascular and thermoregulatory strdtmately impairing endurance
exercise performance especially in hot conditig@®nvertinoet al, 2000; Cheuvront
et al, 2003; Murray, 2007; Sawket al, 2007). The danger of inadequate fluid intake
during marathon running was reported by Wyndham &trgdom in the late 1960s.
Their study showed that >3% of body weight (BW)iclefduring two 32 km races
elicited an elevation of body core temperature tpatdisposed the runners to
hyperthermia. Subsequently, these researchersieaysa athletes to consume 300 mL
of fluid at 20-min intervals (0.9 L} during strenuous exercise (Wyndham, 1977).
Consequently, ingesting fluid during prolonged el has become a common practice
among runners because maintaining a euhydrated istahought to result in better
endurance performance and attenuates the riskhyfddation and hyperthermia when
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exercising in warm-hot and humid climatic condiBonThe maintenance of a
euhydrated state is problematic when consideriaditgh volume of sweat loss in well-
trained marathon runners coupled with the intensityrunning a marathon (80 —

85 %1 O2may and the relatively low rate of gastric emptyinglabsorption.

Caution in interpreting the findings of laboratdrgsed research is needed as there can
be vast differences when compared with field badegkrvations that are subject to the
vagaries of the prevailing weather conditions. HPagd colleagues (1967) reported
their observations made on 77 competitors in th€é61%itney Marathon (Air
temperature: 22 - 236; relative humidity: 52 - 58% rh) where they fouhdt the first
four runners to finish the race at an average spéé8.5 km.ht* (range 15.19 to 15.95
km. hf') exhibited the highest rectal temperatures (>4%).0together with a significant
volume of sweat production contributing to a higirgentage of BW loss (5.8%). The
study implied that tolerance to a high body comagerature and body fluid loss are
necessary for success in marathon running. Medawtiie International Amateur
Athletic Association (IAAF) rules governing the ming of marathons at that time

prohibited any fluid being ingested during thetfifamiles (11.2km) of the race.

In 1975 the American College of Sports Medicine M) released aPosition
Statement on Prevention of Heat Injuries during t&hse Running which
recommended that distance runners should frequenggst 400-500 mL of fluid
immediately prior to, and during long distance rmgnraces. A decade later, the
ACSM (1987)Position Stand on the Prevention of Thermal Injsidering Distance
Runningfurther suggested runners should consume 100-200frfluid every 2-3 km

during races to prevent thermal injuries. To s@xtent the ACSM Position Stand was
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misguided on that regardless of the number of @pénts in a marathon 25 years ago;
fluid refreshment stations were limited to everkildmetres. Clearly, the ingestion of
arbitrary volumes of fluid does not take accountlifferences in the velocity of running
(percentage o¥ O,max Sustained), climatic conditions, heat acclimaiisator the
physique of runners which will differentially affethe heat load incurred. The possible
influence of physique on heat load was recogniseBughet al., (1967) who proposed
that a greater surface area / body-weight ratiadgantageous for heat dissipation,
which means runners of smaller physical staturddcouaintain better heat balance

compared with runners of larger physical statuviar{no et al, 2000).

Previous laboratory based research has consisteytyrted that dehydrated athletes
will experience an elevation in body core temperatand a reduction in sweat rate
which was thought to increase the risk of develgpieat illness (Sawka & Coyle,
1999; Sawkeet al, 2001). The ACSM (2007 osition Stand on Exercise and Fluid
Replacemenadvocates athletes to drirkd(libitum) according to their dictates of thirst,
while body weight should be maintained to no mdr@nt2% body weight (BW) loss
during exercise (Sawket al, 2007). It is suggested that if fluids are regilaced at this
rate, athletes may experience a performance lignigmel of dehydration (>2% of BW
loss) which is associated with an increase in oaedicular and thermoregulatory
strain (Montain & Coyle, 1992; Sawl al,, 1992; Sawka & Montain, 2000; Sawka &
Noakes, 2007; Gonzalezt al, 2009). Aerobic exercise performance is likelybie
adversely affected by hypohydration (Sawka, 1998euWwrontet al, 2003; Murray,
2007; Maughan, 2010) although, no relationship betwthe degree of dehydration and
post-race rectal temperature was found during manaaind triathlon races (Noakes
al., 1988; Noakest al, 1991; Sharwooet al, 2002; Sharwooet al, 2004; Byrneet

al., 2006; Laurseret al, 2006). Noake®t al (1991) measured the post-race rectal
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temperature, levels of dehydration, running velesiand estimated absolute metabolic
rates in marathon runners. They found that thé-fame rectal temperature in these
runners was affected by the metabolic rate sustaineing the latter section of the race,
but not due to the level of dehydration. Sharwebdal (2002, 2004) found body
weight in triathletes who completed the 2000 and12®outh African Ironman
Triathlon to be significantly reduced (ranged fre?16% to -10.7%). This reduction
was not associated with a higher rectal temperataregreater prevalence of medical
complications, but was associated with higher sesagium concentrations. These
studies concluded that dehydration does not neglyskesd to a decrement in aerobic
exercise performance. Numerous studies have h{sorsthat greater body mass losses
are observed in successful athletes who deghkbitum during exercise (Cheuvront &
Haymes, 2001; Speedst al, 2001; Kaoet al, 2008). More recently, a significant
inverse relationship between the degree of bodghtdoss and race finishing time for
a marathon race was reported by Zoustahl (2010). They found that the finishers
who completed the race in <3 hours experienced% BBV deficit whereas finishers
who required >4 hours to complete the race expee@n<2% BW deficit.
Unfortunately, the aforementioned field studiesued on slower runners and did not
obtain measurements from elite runners. Moredmuhalet al, (2010) collected their

data from six major “city marathons” in cool buttmo warm / hot conditions.

The purpose of the present study was to deterrhimdrydration status in elite runners
during competitive distance running event in aicalpclimate. We hypothesized that (i)
the elite runners would complete the long distaaces with more than 3% BW loss in
warm humid climatic conditions (high WBGT); and) (the elite runners would cope
with the warm humid climatic conditions (high WBG®Bn increased sweat rate

regardless of the volume of fluid ingested or baayght loss.
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5.3 METHODS

5.3.1 Subjects

All runners from the Standard Chartered Kuala Lumparathon 2009 (which
combined the Half marathon and Full Marathon categd were invited to participate
in the study on the day of the race. Before paditon, the nature of study was
explained to the race competitors and verbal canses obtained. Prior approval to
conduct the study was obtained from Sports CentiseBch Committee, University of
Malaya. The hypothesis of this study was not nostdl to prospective subjects as this
information could influence the runners in alteritigeir usual fluid replacement
behaviour. At the end of the races, a completa dat was collected from 11 elite

Kenyan male runners.

5.3.2 Experimental Procedures

All measurements were collected on the day of thee:r Standard Chartered KL
Marathon 42.2 km and 21.1 km 2009. Prior to tlaet if each race, subjects’ age and
race numbers were recorded. The body mass of sagect was measured to the
nearest 0.1 kg using a digital weighing scale (SEBD&, Germany) while in their race
attire (running singlet, shorts and socks) withslubes on. Body height was measured
to the nearest 0.5 cm using a portable wall-mouraétdip measuring tape (SECA 205,
Germany). To estimate fluid intake during racesjects were required to remember
the volume of fluid intake or total number of drinkrovided at the water stations
during the races. They were advised that the atiggch water station contained 200
mL of water and sports drinks. The water statiese located approximately 5 km
apart. Immediately following the race, subjectsev@®welled dry and body mass was
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measured without shoes on. Subjects were requiremvoid consuming fluid after
crossing the finishing line until the body mass swaments were collected. Body
mass was measured within 5 minutes of the athtatgteting the raceFinishing time

and ranking / position were provided by the eveganaisers.

Sweat loss was calculated as the change in bodg, méth correction for fluid intake
and urine loss immediate post race finish. Metabflel oxidation and respiratory
water losses were not accounted for in calculasmgeat loss. Average rate of
metabolic heat production for the whole race wasnaded based on the assumption
that heat liberation during running approximatekJ&g' body mass.km (Dennis &
Noakes, 1999; Byrnet al, 2006). Therefore the heat production (W) duting race
was calculated using: Heat Production (W) = preyhodss (kg) * running speed (i)s
*4 J (Nielsen, 1996). Body surface areg)#vas calculated using:;Am?) = (0.202 x
W%4®x H°7®  (Du Bois & Du Bois, 1916), where W = Weight loédy (kg); H =

Height of body (m)

Reliability of Digital Weighing Scale Measurement

Ten numbered digital weighing scales, all the samédel (SECA 803, Germanyere
used throughout the study. The digital weighingles were calibrated using two
known weight of 10 kg on a flat, firm surface. Tiediability of each of these weighing
scales was determined by three repeated measusemehe intra and inter-weighing

scales difference were less than 1%.
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Environmental Measurement

The wet bulb globe temperature and humidity (WB®/EBre measured every minute
before, during and at the end of races by usingdiherm Heat Stress WBGT meter
(Cassella Measurement Ltd, United Kingdom) (Table.5 The device was positioned

at the start and finish area.

5.3.4 Statistical Analysis

Descriptive statistics was used to determine thamend standard deviation of the
environmental measurements (ambient temperatureedaid/e humidity),as well as the
subjects’ age, morphological characteristics (bowss, height, BMI, A Ap/Weight
Ratio), running performance (finishing time, rurmiepeed), fluid balance variables
(volumes of drinks, body mass deficlt,% BW, sweat rate), metabolic rate and heat
production. Pairetttest was used to examine the difference betweempd post body
mass. Pearson’s product moment correlation ceefitiqf) was used to examine the
strength of the relationships between the morphoébgharacteristics, fluid balance
variables, heat production and running performan&k values are reported as mean *

SD. Statistical significance was accepted as [<0.0
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5.4 RESULTS

5.4.1 Environmental Conditions
The environmental conditions during the Standarér@ned Kuala Lumpur (SCKL)
Marathon 2009 were hot and humid (Table 5.1 andurgigh.1). Subjects who

completed the races did not experience any symptdingat illness.

Table 5.1 Environmental conditions during the Standard Cheddluala Lumpur
(SCKL) Marathon 2009

Start Finish Ambient WBGT Relatl_ve
Race Time Time Temperature C) humidity
°C) (%)
SCKL Marathon 5.00am 8.00am 25.8+0.3 250+04 91831

(42.2 km)

SCKL Half-Marathon 6.15am 8.15am 26.0+0.3 25.1+0.2 89.2+25
(21.1 km)

O SCKL Marathon(°C) A SCKL Marathon (rh)
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Figure 5.1 Ambient temperature and relative humidity measurémeduring the
Standard Chartered Kuala Lumpur (SCKL) marathorf200
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5.4.2 Subjects

The average age and anthropometric characterigomyy mass, height, BMI, Aand
Ap/ Weight ratio) of the elite runners are shown in Table 5.2. Tdh lists the
descriptive data on running performance and hyaatvel on each individual of the

elite runners that completed 21.1 km and 42.2 Istadce races.

5.4.3 Hydration Level

Body mass significantly decreased during the SCKardthon 2009 by ~1.8 kg in
Kenyan runners. During the race, it was cleariyvah that these runners who ran at a
fast speed ~18 km.firand drank a small volume of water (Table 5.2) erpeed a

significant body weight deficit (3.0 %).
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Table 5.2 General characteristics of the elite Kenyan disgtanmners in Standard
Chartered Kuala Lumpur (SCKL) Marathon 2009

Elite
SCKL Marathon 2009

42.2 km 21.1 km Both

Sample Size (n) 7 4 11
Age (years) 27.1+2.9 23.8+1.0 25.9+2.9
Height (cm) 169.2 £10.1 169.4+1.3 169.3+7.8
Body Mass (kg) 59.0£4.7 59.9+28 59.4+4.0
BMI (kg.m ) 20.7+1.9 20.9+0.9 20.8+1.6
Ap (m?) 1.68+0.12 1.69+0.03 1.68 £ 0.09
Ap/ Weight ratio 0.0284 +£ 0.0010 0.0283 +£0.0010 0.0283 £+ 0.0008
Finishing time (min) 148.2 £ 10.7 68.9+2.2
Running Speed (km.h) 171 £1.2 18.6 £0.2 17.7+£1.2
Ranking (range) 12+ 10 31

(1-28) (1-4)
Volume of Drinks (mL) 110.7+£173.1 125.0+£119.0 115.9+149.3
BW deficit (kg) 1.79 +0.58 1.70 +0.40 1.75 + 0.50
A% BW 31+1.1 2907 3.0+£0.9
Sweat Rate (L.hf") 0.77+£0.21 1.59+0.44 1.07 £ 0.46

Heat Production (W) 1122.6 £121.9 1239.3 £ 58.0 1165 .1+ 115.7
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Table 5.3 Descriptive data on running performance and hydnatevel on each
individual elite Kenyan runner (n=11) that compte#2.2 km and 21.1 km in SCKL
Marathon 2009

Subject Distance Finishing Running Position Estimated BW deficit A% BW

(km) time Speed Volume of (kg)

(hr:min:  (km.h™?) Drinks

Sec) (mL)
1 42.2 2:17:03 18.48 1 75 2.5 4.39
2 2:22:10 17.81 5 75 1.7 2.69
3 2:23:41 17.62 7 500 0.9 1.36
4 2:24:03 17.58 8 50 2.1 3.69
5 2:26:23 17.30 12 25 14 2.71
6 2:39:23 15.89 22 25 15 2.51
7 2-47-40 15.10 28 25 2.4 4.08
8 21.1 1:07:12 18.84 1 100 1.9 3.23
9 1:08:10 18.57 2 300 2.1 3.57
10 1:08:19 18.53 3 50 1.2 1.87

11 10837 1845 4 50 1.6 2.76
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5.4.4 Effect of A, Heat Production, Running Speed and Race Time on %BW

loss

An inverse relationship betweern,And the percentage change of BW loss for the elite
Kenyan runners was found (Figure 5t2:0.65; p=0.03). No significant relationship
was detected between the heat production and tB\%4oss (=-0.47; p=0.141), the
running speed and the % BW loss-0.108; p=0.752), and the race time and the % BW

loss ¢=0.13; p=0.707).

®Full Marathon A Half Marathon

20 r
Cié’ 1.8
2 L
<
o
<
o 16 r
(&)
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> 1.4 |
g r =-0.65; p=0.03
m

1.2 T T T T 1

0.0 -1.0 -2.0 -3.0 -4.0 -5.0

A Body Weight (%)

Figure 5.2  Relationship between the body surface aras (i) and the percentage
change of body weight loss in elite Kenyan runifarsl1) during different competitive
distance running events (Full Marathon and Half &ttaon)
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545 Effect of Ap, Heat Production, Running Speed and Race Time on Sweat Rate
Responses

A significant inverse relationship between swe# @nd race time was found (Figure
5.3; r=-0.82; p=0.002). The regression analyses did dhetect any significant
relationship between sweat rate and running spe=tl599; p=0.052) or A (r=-0.10;
p=0.774). It was shown that sweat rate failed ®mdnstrate any significant

relationship with heat production during the raced(349; p=0.293).

® Marathon A Half Marathon
180 -

160 - °
140 - LI

120 A

100 - r=-0.82; p=0002

Race Time (min)
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Figure 5.3  Relationship between the race time (min) and theaswate (L.Hf) in

elite Kenyan runners (n=11) during different conitpat distance running events (Full
Marathon and Half Marathon)
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5.5 DISCUSSION

To our knowledge, this is the first study to repiwe hydration status of elite Kenyan
distance runners during competitive distance rumpnéwents in a tropical climatic
environment. We have collected 11 complete dats fsem Kenyan runners during
Standard Chartered Kuala Lumpur Marathon 2009 ir2 4hd 21.1 km categories.
According to the final results (race time and fiming position) provided by the event
organiser, the top positions frorf 110" in full marathon and®i- 6" in half marathon
were dominated by Kenyan runners. These resultee wet surprising as the
International Association of Athletics FederatidAAF) Statistics Office (updated 19
July 2012) reported that 6 of the 10 current waddked athletes in half and full
marathon events are Kenyan runners. To compareK#rmg/an runners’ current
performance with their best performance time, weehsearched this information by
using their name through the IAAF website and ahnletits database (www.all-

athletics.com) (Table 5.4).

The average ambient temperature and relative hiyfil each race date was obtained
from an online weather services site that maintdiissorical weather data: Weather
Underground ("Weather History and Data Archive'fror example, if the marathon
event took place on 25 October 2009 in Chuncheban tthe weather data for
Chuncheon on the same day would match that racefowhd that the Kenyan runners’
performance in the tropical climate of Kuala Lumpuais slower than their previous
best performance except for Subject 5 who ran X2faster than his previous best
marathon performance during the Istanbul EurasiaaMan, Turkey (2009) with an
ambient temperature of ~X®. Note that the ambient temperature during thest
performance events was 15 - 22°C lower than the ISMldrathon 2009 (Table 5.4).

Therefore, it is reasonable to speculate that tlemwand humid environmental
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conditions are likely to have had an adverse impactunning performance in these

Kenyan runners during the SCKL Marathon 2009.

Table 5.4 Comparison between current performance time ared grevious best
performance time in 7 elite Kenyan runners

Subject Current Best Year Venue Weather A
Performance Performance Performance
(hr:min:sec)  (hr:min:sec) (min:sec)

1 2:17:03 2:08:01 2009 Chuncheon, ~14°C; 9:02
South Korea  81%rh (7%v)

3 2:23:41 2:19:00 2009 Nairobi, ~18°C 4:41
Kenya (3.2%y)

4 2:24:03 2:11:54 2009 Koeln, ~4°C; 12:09
Germany 88%rh (9.2%y)

5 2:26:23 2:26:35 2009 Istanbul, ~19°C; 00:12
Turkey 77% rh (0.894)

7 2:47:40 2:26:49 2007 Zurich, ~8°C; 20:51
Switzerland 80% rh (14%y)

7. 14 9:23

Mean 2:27:46 2:18:28 (6.8% 6
Palma de ~10°C 7:17

10 1:08:19 1:01:02 2000 Mallorca, '
Spai (11.8%y)
pain
.0a- 09 o~ 6:35
11 1:08:37 1:02:02 2008 Venlo, ~12°C; (10 230/&)
Netherlands 71%rh '

Mo A 6:56

Mean 1:08:28 1:01:32 (11%4)

Performance decrement
Performance improvement

The reduction in running velocity with increasedndtic stress has been previously
observed in a series of reports linking marathate ranishing times with climatic

conditions (Trapasso & Cooper, 1989; Zhatal, 1992; Elyet al, 2007; Elyet al,
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2008; Vihma, 2010). To determine the impact of theaon running performance and
to confirm our result with previous findings, we nabined our data with the
meteorological data and performances of the topni3hiers in the past 30 Boston
Marathons (1958-1987) (Trapasso & Cooper, 1989apdsso & Cooper (1989) found
that in 25 of the 31 record breaking performanaasnd previous Boston Marathons
the wet bulb temperature was below 7.8°C, whenme@&2iout of 24 cases of unusually
slow race performances the wet bulb temperatureA&€ or abover=0.74). Figure
5.4 clearly demonstrates that our data shows dasitnend in the relationship between
increases in ambient temperature and the resulsaverse effect on running
performance. The Kenyan runners in the presentystS8ubject 1, 3, 4, 7, 10 and 11)
ran slower (from 4 min 41 sec to 20 min 51 sec akiercourse of the marathon) than
their previous best performance when the ambianpégature increased. Subject 7
experienced the greatest performance decrement)(1420 min slower than his
previous best performance time. This may reflatigudgement in the pacing strategy
adopted in the early stages of the marathon whastelmed the rate of heat storage and
ultimately caused a slowing of pace in the finabsts of the race (see the plot on Figure

5.4 for Subject 7).
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ARecord Breaking Performance (Trapasso & Cooper9)198
OSlow Race Performance (Trapasso & Cooper, 1989)

25.0
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Figure 5.4 Relationship between the change in performancee temd ambient
temperature during Boston Marathon (1958-1987)dsao & Cooper, 1989) and the
present study (Subject 1, 3, 4, 7, 10, 11).

Dashed line: Ambient temperature during SCKL MasatB009

At 0-min: Ambient temperature during previous bestformance time in 6 elite Kenyan
runners

Furthermore, the high humidity (~90% rh) togethethwhe warm conditions (~2€)
during the SCKL Marathon 2009 is not conducive tstained fast running over an
extended duration. It has been suggested that Wieehumidity is high, the rate at
which sweat evaporates from the skin is lower tet observed in dry environmental
conditions (Maughart al, 2012). Maughamet al (2012) demonstrated that a faster
rise in heat storage was associated with a highenidity (80vs 24 % rh trials) at the
same power output of cycling exercise (70@ma) in hot climatic conditions (3C).
Therefore, a faster rate of rise of core tempeeatiuring exercise was reported despite
ongoing sweat losses. It has also been showrskiratvettedness may cause a swelling
in the superficial keratinous cell layers of thenskausing a physical impairment in

sweating (Brown & Sargent, 1965; Canaasl, 1979).
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The first finding of this study showed that theesliunners completed their race with a
~3% BW loss. Note that subject 1 and subject ®IE&.3) who placed®1in full
marathon and half marathon categories respectiealgerienced >4% and >3% BW
loss, respectively in each race. The mean BW (mspercentage terms) observed in
this study was comparable with a recent observatifield study (Zouhaét al, 2010),

in which “fast runners” who completed the maratliaoe <3 hours experienced >3%
BW loss. This is consistent with other studiesvahg the fastest finishers in
endurance races are often those who are the mbgdmd¢ed (Sharwoodt al, 2004;
Kao et al, 2008). In the present study, the elite runmerssumed an average of 120
mL of fluid throughout the long distance races. e3é elite runners seem to prefer to
consume a small volume of fluid without followinget drinking guidelines of the
ACSM (Sawkaet al, 2007), and yet this behaviour did not appeaadweersely affect
their running performance during the race. Thisesbation was supported by a recent
meta-analysis on the effects of exercise-inducddg/diation on exercise performance
(Goulet, 2011). Five studies which used time-togtling protocols simulating real-
world conditions were analysed. Goulet (2011) amhed that none of these studies
showed a significant deleterious effect (e.g., pet@ges change in power output) on
exercise performance with ~ 4% BW losRobinsonet al (1995) reported that 2.3%
BW loss improved exercise performance compared wittuhydration trial in 2C
ambient temperature. Conversely, approximatelyl1d fluid replacement based on
total sweat loss did not induce any physiologiocahddits for the subjects. In fact, it
produced an uncomfortable feeling of gastric disi@m and significantly reduced the
mean distance covered in 60 min from 43.1 to 4th3k<0.05) (Robinsoat al, 1995).
The ideal fluid intake regimen may vary accordingekercise duration and intensity,
climatic conditions, physique and extent of healiaation. Moreover, fluid ingestion

during exercise does not necessarily ensure anuatiegeplacement of body water
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stores. Both gastric emptying and intestinal gitsmm can be adversely affected by
variable exercise intensity (Neufet al, 1989). It has been suggested that strenuous
exercise at 70% O.max O greater reduces the availability of fluid ingeb during
exercise (Costill & Saltin, 1974; Maughat al, 1990). The shock, or increased
vibration, resulting from running may induce gasttestinal (GI) disturbance. At
exercise intensities above 702@,ma, a delay in gastric emptying has been observed
(Neuferet al, 1987). The relatively small volume of fluid tleite runners ingested
may reflect the high running velocity under warnmdibions with excessive humidity
levels. In order to prevent Gl disturbance anccahsfort, fast runners may well
deliberately limit their fluid ingestion. Runnirag ~18 km.ht* while ingesting a large
volume of fluid (equivalent to sweat loss) is likeb lead to gastric distention and a
slowing in running velocity. As we did not measarey hydration markers on Kenyan
runners prior to the races (e.g., plasma volumaelspecific gravity, serum osmolality),
therefore there is a possibility that 2-3% BW défias occurred before the starting of

the races.

The second important finding was that the elitenara were able to compensate well by
increasing the sweating rate regardless of thenvelaf fluid ingested or percentage of
BW loss in the warm conditions. It has been pregahat the reduction in sweat rate
was significantly associated with plasma hypovokeif+0.53) (Sawkeaet al, 1985).
The sweat rate response declines in subjects vehpragressively dehydrated from 3, 5
to 7% of body weight loss despite elevations irec@mperature. Note that a loss of
BW through sweating may not change the plasma volewveld. This might be due to
the plasma volume being defended in a hypovolemaite s/ia a reduction in capillary
hydrostatic pressure (Zappet al, 1993) with an increase in plasma protein

concentration (higher plasma oncotic pressure), dhds enhanced vascular
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absorption (Fortnegt al, 1981; Convertino, 1987). We found sweating rauteainly
affected by duration of exercise=¢0.83; p=0.002) whereas running velocity; And

heat production have minimal impact on sweating.rat

A study by Laursemt al (2006) investigated the relationship between tengperature
and hydration during an Ironman triathlon and fotimat a decrease in body mass of 3%
occurred while urine specific gravity and plasmaJNmeasures remained within the
normal range. Laursegt al (2006) proposed that the 3% BW loss was likelhave
occurred from the loss of intracellular body wadering the process of glycogen and
triglyceride oxidation (Pastenet al, 1996), and it was not due to the loss of
extracellular body water. Similarly, several saslihave suggested that the water
released on oxidation of glycogen is an obligateoyrce of body water replenishing
body fluids during endurance exercise (Astrand &i$al964; Olsson & Saltin, 1970;
MacLaren & Lanaghan, 1983). Fimt al (1975) found that glycogen bound water is
more available in hot conditions (4) than in cool conditions {€) as exercising in
the heat requires greater demands on muscle glgyaogeabolism. The availability of
this endogenous source of water will offset watesslfrom intracellular space and
ultimately mask the true level of dehydration. KEaver, core body temperature during
the triathlon was reported to be only°’€labove normal (Laursest al, 2006). It is
most probable that ~3% BW loss is not a criticaéshold level to affect the circulatory

and thermoregulatory responses during prolongedimgrperformance.

Zouhalet al (2010) suggested that levels of dehydration iceeg of 2% BW may be
ergogenic for fast runners. The view of reducing/ Bo lower the oxygen cost of
running may potentially improve endurance runningsome athletes has previously

been reported (Myers & Steudel, 1985; Joaesl, 1986; Noakes, 2000; Coyle,
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2004). Joneet al (1986) found that the energy cost was increasédetery 100 g
increase in a pair of running shoes. Likewisereatgr energy cost was observed when
an additional weight was added to the ankle (My&rSteudel, 1985). However, an
alternative interpretation by Armstrorg al (2011) on Zouhatt al. (2010) field study
proposed that the faster runners drink less duhegaces and the observation that they
run faster may not be due to the reduced volumeatér they ingested. The runners
may have run faster if they were better hydratdueré&fore the published conclusion by
Zouhalet al. (2010), that “body weight loss during a marathacer may be ergogenic”

cannot be substantiated.

It is of interest to note that Saltat al, (1995) compared Kenyan runners who exhibited
better running economy compared with Scandinavthietes while thei’ O;maxwas
similar. Kenyan athletes have also been showrate la low BMI and an ectomorphic
somatotype (characterized by long, slender legs¢iwbould be a contributing factors
for their superior running economy (Larsen, 2008rsenet al, 2004) and metabolic

efficiency (Saltinet al,, 1995).

The environmental conditions during the races ia thrrent study were warm and
extremely humid (~2&, ~90% rh) (Table 5.1). There is a possibilitattmunners

competing in hot environments might be either atbvged or disadvantaged by their
physique. Our data demonstrated that the great®eptage changes of body weight
loss in elite runners were affected by a smallgr(Rigure 5.2). Dennis and Noakes
(1999) stated that heat production in running ddpeon body mass and heat loss
depends on body surface area. It also has beeyesteg that A/Weight ratio is

another important determinant for heat gain and losa during exercise in hot climatic

conditions (Epsteiret al, 1983). A large A/Weight ratio indicates that a high
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efficiency in thermoregulatory system for heat logkile a small A/Weight ratio
facilitates heat gain from the environment. Marigioal (2000) showed that light
runners produce less heat compared with heavierersrat similar running speeds, and
thus they can run faster before becoming hypertiteramd succumbing to heat
exhaustion. Heavier runners might be more disadgaa than lighter runners during a
marathon in hot and humid conditions (Dennis & Negkl999). These observations
suggest that a greater heat load is incurred byiéreaunners when compared with
lighter runners during exercise in hot environmdMarino et al, 2000; Marincet al,
2004). It is also notable that the loss of bodgsn@duces absolute heat production or
absolute aerobic power (Drinkwater & Horvath, 1979)he higher the intensity of
exercise, the greater the increase in metabolee aatl heat production (Naded al,

1977).

In summary, this present study demonstrates tleaglite runners completed their races
in warm humid climatic conditions with ~3% BW loganged from 1.4 to 4.4%). The

Kenyan runners completed the races as the fashérs in this study but ran slower
than their previous best performance. This maehmeen a deliberate strategy to avoid
the adverse effects of the heat and very high hiyniiring each race. Our data on
seven of the Kenyans demonstrated that they weabl@mo come near to their personal
best time for the marathon or half marathon. Tioeeethe Kenyans experienced ~3%
BW loss and their performance was adversely affectéhe reduction of BW may be

simply an association or it could be a cause-effeletionship for the deterioration of

running performance. Interestingly, we found tkahyans are able to compensate well
by increasing their sweat rate regardless of tieme of fluid ingested or percentage of
BW loss in warm conditions. We speculate thakdiitnners might be well adapted to
dehydration, with regular training in hot condittomcreasing their tolerance to high
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body temperatures and body water deficits. They aiso possibly be able to tolerate
dehydration through the protective effect of hdaick proteins.Other factors such as
VO,max, capacity to sustain a high percentagé@fmax for an extended period of
time, running economy, genetics factor and anthmogiac characteristics may play an

important role for success in marathon running.
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6.1 ABSTRACT

Purpose: This study investigated the effects of hypohydwatiand simulated
hyperhydration on running economy (RE)Methods: Sixteen well trained male
distance runners performed a control trial in ayeufited state AWO / DO) and
undertook either 2 added weiggW) trials or 2 dehydrationDY) trials. Each trial
consisted of four incremental submaximal runninpeities (65, 70, 75, 80% MOomax
with 4 min stages for each velocity) on a motorigegadmill in thermoneutral
conditions (20C; 40% rh). Hyperhydration was simulated with atiadeeight to the
torso which was equivalent to 3%aW3) and 4% AW4) body weight (BW) while 3%
(D3) and 4% D4) BW deficit was induced via an exercise-heat enpmprotocol.
Results: Subjects were euhydrated prior to AW andD trials as indicated by urine
specific gravity <1.010. RE at each velocity was expressed as oxygen uié®e
mL.kg*.min® and mL.kg%">min®), caloric unit cost (g kcal.kg.km™) and gross
oxygen cost of running (mL.Kgkm™). VO, increased significantly with running
velocity (=0.999; p<0.001). Subjects D group required a significantly greater
oxygen uptake during th®3 and D4 trials over the range of treadmill velocities
compared withDO trial (ANCOVA; p<0.01). For the AW group, no significant
differences in oxygen uptake were found betweedWN0, AW3 and AW4 trials
(ANCOVA; p>0.05). HR increased linearly with eattrement in velocity for all
trials. A ~4% body mass loss ¥ trial significantly increased the heart rate resm
when compared witB0 (ANCOVA, p=0.012) while there was no significarifference
in oxygen uptake between the two conditior@@onclusion: The study shows that (1)
hypohydration did not reduce the oxygen cost ofnimg proportionally with the
bodyweight deficit D3 andD4) and (2) simulated hyperhydration did not incretise

oxygen cost of running proportionally with the addgoss weightAW3 andAW4).
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6.2 INTRODUCTION

Kenyan runners have been the most successful gnaopernational long distance races
over the past two decades. The International Asg8on of Athletics Federation (IAAF)
Statistics Office (updated 19 July 2012) reporteat 6 of the 10 currenworld ranked
athletes in half and full marathon events are Kangmners. Kenyan dominance in
long distance races has increased the athleteshe®and sports scientists’ interest in
gaining insight into the factorcontributing to such outstanding world class

performances.

One interesting observation has shown that Kenystartte runners ingest daily fluid
volumes below the prevailing recommendation of Armaerican College of Sports
Medicine (ACSM) (Sawkeet al, 2007). Despite sweat loss associated with ggen
bouts of running the elite Kenyan distance runrégsnot appear to consume fluid
before or during training. Fudgs al. (2007) observed Kenyan distance runners and
noted that they ingested ~1.1 L of plain water aad? L milky tea on a daily basis.
Our unpublished data (Chapter 5) shows elite Kemyaners in half and full marathon
races consumed a small amount of water (<100 md)eaperienced >3% body weight
(BW) deficit during such events, yet were the fastenners, invariably winning these
events or finishing amongst the top ten placegettér recent published study similarly
supports our observations and has further showngmifisant inverse relationship
between the degree of body weight loss and ragshfilg time for a marathon race
event (Zouhakt al, 2010). Finishers who completed the race in e3r$ experienced
a >3% BW deficit whereas finishers who required >4 hotwscomplete the race
experienced <2% BW deficitlt could be speculated that part of the succes&aiyan
runners may be related to a reduced body massghreweat loss that would have the
potential to reduce the energy cost of runningis T not a new proposition as Coyle
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(2004) suggested in a review on fluid and fuelkatduring exerciséhat a loss of body
mass during marathon races may lower the oxygenafosinning. However, such
speculative statements lack definitive experimerggldence to support such a

conclusion.

Running economy (RE) has been identified as onth@fmain physiological factors
contributing to the endurance performance of Kengetance runners (Bosctt al,
1990; Saltinet al, 1995; Larsen, 2003; Luckt al, 2006). Kenyan distance runners
have been shown to exhibit superior RE when congpangh Scandinavian runners
with a similar? Opmax (ML.kg .min?) (Saltinet al, 1995). RE is determined as the
oxygen uptake or energy cost relative to body wteigien running at a sub-maximal
steady state velocity. Therefore, a small chamgbady weight may affect oxygen
uptake during running. This has led to the speim@aomment that endurance runners
who experience an acute reduction (~3-4%) in bodyghat through sweating may
possibly improve their RE in terms of a lower oxygetilisation for a given

submaximal running velocity (Coyle, 2004).

The theoretical concept of an increased body masexternal load leading to an
increase in the energy cost of locomotion at a sxmal velocity is not novel (Jones
et al, 1986; Epsteiet al, 1987; Cooket al, 1991; Teunisseet al, 2007). Jones et al
(1986) reported that energy cost was increased &y €100 g increase in a pair of
running shoes. The metabolic cost of carryingdereal backpack weighing from 10
to 30 kg was observed to increase linearly wittk@Oncrements (Epsteiet al, 1987).

Another study investigated the effect of verticaldahorizontal loading on oxygen
uptake during treadmill running (Coolet al, 1991). The authors found horizontal

loading with a weight jacket (5 and 10% body masghificantly increased thigO,
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cost of the exercise. Hyperhydration could theca#y (i) produce performance
advantages by delaying dehydration and reducindjmaascular strain (Greenleeff al.,
1997), or (ii) have no effect (Coolet al, 1991; Latzkaet al, 1997; Latzkaet al,
1998), or (i) impair exercise performance as aule of the body weight gain

associated with hyperhydration (van Roserdaill, 2009).

There are few studies in the research literaturelwhave investigated the effect of
hypohydration and hyperhydration on RE. One suetysby Armstronget al. (2006)
tested ten highly trained collegiate distance rusngho completed four 10 min
treadmill running bouts at either 70Dzmax Or 85%V Oamax With either euhydrated or
hypohydrated conditions on four separate daysd280% rh). The authors reported
that a 5% BW deficit had no effect on running ecogat 70 and 85% Oamax (ML.KG
! min™®), although increased circulatory strain was evideith an increase in heart rate
(HR), together with a decrease in both stroke valy8V) and cardiac outpu) in a

thermoneutral environment.

In a study of hyperhydration using creatine anccetgl supplementation, Beet al,
(2011) found that an increase in body mass (~+1@#%)ot negatively impact on RE
at 60% VQmaxin both cool (10C) and hot (38C) conditions. However, the elevated
body mass was associated with reduced circulatdrgins and an improved
thermoregulatory response to an ambient temperaitil@5C. Beiset al (2011)
proposed that future studies should investigaterétationship between hypohydration
and RE with a faster running speed to confirm tlussle beneficial effect of

hyperhydration during endurance running competitiohot conditions.
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Following a search of the research literature, wentl that there is a lack of well-
controlled investigations on the effect of dehymratand hyperhydration on RE in
thermoneutral conditions. Thus, the present stumlyestigates the effects of
hypohydration (-3 and -4% BW) and simulated hypdrhtion (+3 and +4% BW) on

RE. We hypothesized that (1) hypohydration woelduce the oxygen cost of running
proportionally with the degree of bodyweight lossda2) simulated hyperhydration
would increase the oxygen cost of running propodily with the increase in

bodyweight associated with hyperhydration.
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6.3 METHODS

6.3.1 Subjects

Sixteen endurance trained male runners aged 44 twlbinteered to participate in this
study. They were physically fit and maintainedittihenning training for an average of
70 km/week, with a minimum of 5 training sessiors week. They were non-smokers
with no medical history of chronic disease or opdbdic problems affecting their
mobility or gait. Subjects were ranked on the ®asia high or low O, (ml. kg*. min™)
when running on the treadmill at 10 kmi*rand were randomly assigned (pair matched
on the basis of their RE at 10 km'jito one of two groups: Added WeighaW/) or
Dehydration D). The experimental protocols and potential risksre explained
verbally and subjects gave their written informeasent prior to their participation in
this study. The study was approved by the Humase&eh Ethics Committee of The

University of Sydney (Ref No. 11766).

6.3.2 Preliminary Testing

All subjects completed a Medical History & ScreenfQuestionnaire and the Canadian
Physical Activity Readiness Questionnaire (PAR-®gesting blood pressure and heart
rate were measured while the subjects rested gated position. Standing height and
weight were subsequently measured to Ghe cm and 0.001 kg respectively. A
familiarization of treadmill running was undertakemor to the submaximal test so that

all subjects were well practiced in this mode dfreise.
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6.3.2.1 Submaximal Exercise Test

A submaximal exercise test was undertaken on amuoieen treadmill at 10 km-h(0%
grade), followed by 12, 14, 16 kni-tof steady state running (4 min for each stage) in
thermoneutral conditions (20, 40% rh). Submaximal heart rate (HR) dn@.
(mL.kg .min) over the final minute of each 4 min stage wasiuseconstruct a linear
relationship between HR aitD, (mL.kg*.min™). Maximum HR was measured with a
Polar heart rate monitor (Polar Electro Oy, Kemé&ieJand) recording the highest HR
attained over the “all out” effort of the final twaps of a 5 km race conducted within
the previous 3 months. The submaximal treadmgdt tsata and maximal heart rate
(HRmay measured towards the conclusion of a 5 km rage wsed to construct a linear
regression equation to prediZ,maxand the treadmill velocity that elicits 65%, 70%,
75%, 80% of Oomax fOr the subsequent running economy tests. To rdine risks of
an adverse events on our subjects, an a&t@ahay test was not conducted as the

subjects were aged >40 years old (ACSM, 2000).

6.3.3 Anthropometric Measurements

Subjects were required to empty their bladder aheurbefore the body mass
measurement. Body mass and height (with runningitshand socks only) were
determined using a digital weighing scale (Metfleledo ID1 Multi Range Scale,
Columbus, OH, USA) and a height stadiometer (HatpanStadiometer, Holtain

Limited, UK), respectively.
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6.3.4 Experimental Design

Subjects were familiarised with the experimentalcedures by running at a range of
velocities on a motorized treadmill before thetfagperimental trial. Subjects from the
added weight AW) and the dehydrationDj groups performed three randomised
experimental trials separated by 3-7 days. Thefppaed a control trialAWO0 or DO)

in a euhydrated state and undertook either 2 addsidht AW3 & AW4) or 2
dehydration D3 & D4) trials. Hyperhydration was simulated with adaegight in the
form of carefully measured sandbags fitted clodelythe torso in a purpose made
sleeveless vest. The added weight was equivadeB¥d AW3) and 4% AW4) body
weight while 3% D3) and 4% D4) body weight deficit was induced via an exercise-
heat exposure protocol. Each trial consisted ofr fdifferent submaximal running
velocities as follows: 65, 70, 75 and 809,max With 4 min stages for each velocity;
(see below Table 6.1) on the treadmill in thermarauconditions (20C; 40% rh)

(Figure 6.1).

Table 6.1  Four relative running intensities #0smax — ml. kg'. min?) which
performed by the added weighAW) and the dehydrationD) groups during the
running economy tests

Treadmill Velocity (km.hr ™)

Trials 65%VO0omax ~ 70%VOomax  75%VOomax ~ 80%V Oomax

AWO0, AW3, AW4 10.1+0.6 11.4+0.7 128 +1.2 141+15

DO, D3, D4 109+1.4 12.0+1.3 13.3+1.5 145+1.5
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Figure 6.1 Schematic representation of experimental desigAYg trials andD trials

6.3.4.1 Experimental Protocol

All subjects abstained from alcohol, caffeine, neations and vigorous exercise for 24
hours prior to the experimental testing. They wasructed to drink a prescribed
volume 6 ml. kg BW of water every 2 - 3 hours throughout the day teefnd on the
day of testing to maintain a euhydrated state. rfUgaival at the laboratory, a urine
sample was collected for determination of urinecgmegravity (USG) using a digital
refractometer (AtagdUG-a, Japan) and body mass was measured with the pghede
sports attire (shorts, socks and shoes). A US&Ldi20 (Armstronget al, 1994) was

required as part of the inclusion criteria.

Exercise-Heat Exposure Protocol
For D group, subjects undertook an exercise-heat expgmsotocol to induce 3% and 4%

body weight deficit duringD3 and D4 trials in randomized order prior to the
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commencement of the running economy test. Priourtdertaking the exercise-heat
exposure protocol, subjects inserted a sterilissdodable thermistor probe (YSI 400
series, Mallinckrodt Medical, USA) 12 cm past timalesphincter and a Polar Trainer ™
heart rate monitor (Polar Electro Oy, Kemele, Fdlawas secured on the chest. Rectal
temperature () data was logged on a portable temperature dggeto(Digi-Sense
Thermistor Thermometer, Chemopharm, US). Subjeetformed a walking protocol
in an environmental chamber (&7 60% rh) at 5.5 km.Hrwith 4% inclination. Air
flow of 2.44 m.§ was generated by a fan which was placed 1 m it s6the subject
to increase evaporative sweat loss after 30 mirthef walking protocol. Subjects
walked at an exercise: rest ratio of 25 min walkamgl 5 min rest. L and heart rate
(HR) were monitored continuously and the 15 poinrd3scale rating of perceived
exertion (RPE) (Borg, 1982) was recorded every 28. nBody mass was measured
during each rest interval. The subjects stoppd#imgwhen their target body weight
deficit was achieved. The mean exercise time doiee 3% and 4% of BW loss were
91.9 £ 14.4 min and 129.1 = 19.8 min, respectivéljpone of the subjects’ Jexceeded
39.0C, or displayed signs or symptoms of exercise-ieduteat illness (E.g., dizziness,

headache, nausea, etc), or indicated they hadeeardtitional fatigue.

After completion of the dehydration protocol, subgewere positioned supine and four
ice-packs were placed on the chest (left and sgld) and groin areas to enhance body
cooling. T. decreased to a 37@ after 20 min of cooling. Thereafter, subjeciskia
shower and rested for 40 min. They continued with RE test on the same day with

either 3% or 4% BW deficit.
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Running Economy (RE) Tests

A urine sample was collected and body mass togethikerthepre-weighed sports attire
(shorts, socks and shoes) was measured prior lREHests. Water was ingested when
there was a need to titrate added weight to meetatfyet body massA Polar Trainer

™ heart rate monitor (Polar Electro Oy, Kemele |&d) including the transmitter was
strapped to the chest for the HR to be monitorethduexercise. For thAW group,
subjects wore a weight jacket containing sand leagsvalent to 3% or 4% BW placed
in pockets of the weight jacket. The weight of #ad bags was evenly distributed
around the torso and adjusted tightly to the tovgnch was intended to simulate the
hyperhydration added weight effect. Edigroup, subjects performed the RE tests with
either 3% or 4% BW deficit. All RE tests were urtdken in thermoneutral conditions

(20°C, 40% rh) without convective air flow.

The revolutions of the treadmill belt were manuaityunted for 60 s to confirm the
treadmill speed on a LED display while the subjeat at each steady state velocity.
Expired respiratory ga’(,) was collected over the final minute of each stafythe
four submaximal speeds using the Douglas bag tgabni Gas samples were analyzed
for oxygen (Q) and carbon dioxide (Cfp concentration using Ametek,@nd CQ
analyzers (Thermox Instruments, Pittsburg, PA).talf@olumes of expired air were
measured using a dry gas flow meter (Parkinson-@Gp\W&agland). HR and relative
perceived exertion (RPE) values were recorded withe final 15 s of each speed of
running. The subjects were instructed to wearsdrae sports attire and running shoes

during each experimental trial.
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6.3.5 Statistical Analysis

Power and Sample Size Calculation (PS) softwarBugyont and Plummer (1997) was
used to determine the sample size. A three-waypysix Trial x Time) repeated
ANOVA was performed using Statistical Package faci8l Sciences (SPSS 18.0,
Chicago, IL) to determine the interaction between avithin the independent and
dependent variables. When significant interaceffiects were established, pair wise
differences were identified using Tukey’'s HSD plost analysis procedure. In addition,
a one-way between-groups analysis of covariance QBMA) to compare the
differences between added weight or dehydratioalstrbased on their respective
baseline measurements. Significant differencesubjests’ physical and physiological
characteristics, and hydration measurements wezatifted using independent and
paired t-tests. Pearson Correlation analysis was usedeterrdine the relationship
between running economy and running velociData are presented as mean + SD. In

all cases, significance was accepted at signifileava p<0.05.
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6.4 RESULTS
6.4.1 Subjects
Physical and physiological characteristics of thbjects are presented in Table 6.2.

There were no significant differences in thesealdds between groups.

Table 6.2 Mean +SD for physical and physiological charactessof added weight
(AW) and dehydrationY) participant groups

Participant Group

AW ( n=8) D (n=8)
Age (years) 443 +4.2 453+29
Body mass (kg) 71.1+£6.0 74.8+8.4
Height (cm) 174.3£6.9 1753+ 7.2
VO, at 10 km.htt 33.1+2.1 32.6+1.8
Predicted” Ooma{mL.kgt.min™) 58.6 + 6.3 58.2 + 6.6
Predicted HRax(beats.mift) 178+ 2 176 +3
10 km Performance Time (min) 40.3+5.1 40.2+£3.6
21 km Performance Time (min) 91.1+120 90.6 £9.0
Training volume (km.wR) 67.3£26.9 73.1+21.6

Values are mean = SD
VO,, oxygen uptake; Predicted HR predicted maximal heart ratéQ,,, maximal oxygen
uptake

6.4.2 Hydration Measurements

Table 6.3 presents the hydration measurements ofgiwups (Added Weight Group
and Dehydration Group) of subjects before RE teSabjects were well hydrated on
presentation to the laboratory with urine spedfiavity <1.020 and baseline body mass
similar within trials. The two methods employedinarease and decrease body mass

were most effective in changing gross body mass-8% and ~4% from baseline
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measures in the added weight and dehydration graegpectively (p<0.05).USG
values were found to be greateB andD4 during pre-exercise measurements but this

was not significant when compared with respectagetine values ard0.

Table 6.3 Mean +SD for hydration measurements prior to eaéht&st in both
Added Weight AW) and Dehydration¥) trials
Variables

USG Body Mass (kg) A Body mass (%)
AW Trials
AWO
Pre-exercise 1.0046 + 0.0041 71.43 £6.22
AW3
Baseline 71.03 +6.04
Pre-exercise 1.0046 + 0.0022 73.17 £ 6.22* +3.00*
AW4
Baseline 71.40 £6.20
Pre-exercise 1.0047 + 0.0041 74.00 £ 6.11*» +4.00*"
D Trials
DO
Pre-exercise 1.0082 + 0.0033 74.31 £ 8.58
D3
Baseline 1.0084 + 0.0036 75.14 +£+8.10
Pre-exercise 1.0101 + 0.0060 72.79 + 7.69*% -3.11 + 0.42*
D4
Baseline 1.0086 + 0.0060 75.19 + 8.09
Pre-exercise 1.0093 + 0.0065 72.22 +7.99% -3.91 + 0.65%

* A # significantly different from baselindW3 andD3, respectively (p<0.05)
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6.4.3 Running Economy
Figure 6.2 and Figure 6.3 depict RE during foufedént running velocities in three

different conditions in bottD and AW groups, respectively. RE at each running

velocity was expressed as oxygen uptak®4 mL.kg .min* and mL.kg?">.min?),

caloric unit cost (g, kcal.kg'.km™) and gross oxygen cost of running (mLkgn™).

As expectedy O, (mL.kg .min? and mL.kg? "> min™) increased linearly with running

velocity in all conditions (Table 6.4; ANOVA, p<@0Q).

Table 6.4 Relationship between running economy and runningcity during AW
(n=8) andD (n=8) trials

Running Economy

Trials VO, mL.kgt.min? VO, mL.kg. %" min®
AWO r=0.93 r=0.95
AW3 r=0.92 r=0.92
AW4 r=0.96 r=0.96
DO r=0.70 r=0.77
D3 r=0.72 r=0.80
D4 r=0.77 r=0.85

Subjects inD group required a significantly great®, (mL.kg'.min* and mL.kg
%75 min™), caloric unit cost, & (kcal.kg*.km™) and gross oxygen cost of running
(mL.kg*.km™) during theD3 and D4 trials over the range of treadmill velocities when
compared withDO trial (ANCOVA; p<0.01; Figure 6.3). For the AW group, no
significant differences it O, (mL.kg*.min* and mL.k&’">min™), caloric unit cost, &
(kcal.kg".km™) and gross oxygen cost of running (mLkgn™) were found between

AWO0, AW3 andAW4 trials (ANCOVA; p>0.05; Figure 6.4).
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and gross oxygen cost of running (mLgn™) at running velocities that elicit 65, 70,
75 and 80% OomaxduringD trials (n=8)

* Significantly different fromDO (ANCOVA, p<0.05)
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Figure 6.3 VO, (mL.kg*.min™, mL.kg®">min™), caloric unit cost, & (kcal.kg*.km™)
and gross oxygen cost of running (mLgn™) at running velocities that elicit 65, 70,
75 and 80% V@naxduringAW trials (n=8)

6.4.5 Cardiorespiratory Responses

Heart rate (HR) increased linearly ~10 beats’mwith each increment in running
velocity for all trials in bottAW andD groups (ANOVA, p<0.001; Figure 6.4 & Figure
6.5). A ~4% body mass loss D4 trial significantly increased the circulatory stra
when compared witib0 (ANCOVA, p=0.012; Figure 6.4). However, an adulil
weight load AW3 and AW4 trials) had no significant effect on HR respondeew
compared witPAWO trial (ANCOVA, p>0.05; Figure 6.5). No significadifferences
in oxygen pulse and VE were found in both groupSBlG®VA; p>0.05; Figure 6.4 &

Figure 6.5).
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" significantly different fronrD0 (ANCOVA; p<0.05)
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6.4.6 Perceptual Response

Subjects in both groups reported the RPE as sigmifiy more difficult with each
increase in running velocity in all trials (ANOVA<0.001; Figure 6.6 and Figure 6.7).
Interestingly the RPE was significantly higher asrohe four running velocities in the
AW3 andAW4 trials when compared with th®WV0 (ANCOVA; p< 0.05; Figure 6.7)
but no significant difference between trials wasedoin theD group (ANCOVA,; p>

0.05; Figure 6.6).
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Figure 6.6 RPE at running velocities that elicit 65, 70, 7%l 80%V O,max during D
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Figure 6.7 RPE at running velocities that elicit 65, 70, 7% &%V Ozmax during AW
Irials (n=8)
significantly different fromAWO0 (ANCOVA,; p<0.05)
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6.5 DISCUSSION

This study investigated the effect of simulating thodyweight gain associated with a
hyperhydrated state (+3 and +4% BW) and when detgdr(-3% and -4% BW) on RE

when exercising at 65 to 80W.maxin thermoneutral conditions. The results of this
present study show that (1) hypohydration did moluce the oxygen cost of running
proportionally with the decrease in body mass (Fdhi1l) and (2) hyperhydration did

not increase thexygen cost of running proportionally with the addead (Figure 6.3).

The oxygen cost of running often referred to aswimgp economy (RE), when coupled
with V Oomax IS recognized as an important determinant of adis¢ running
performance (Daniels & Daniels, 1992). A numbéinvestigators have expressed
different ideas on how running economy should kterdened and expressed (Daniels,
1985; Berghet al, 1991; Patet al, 1992; Bourdiret al, 1993; Fletcheet al, 2009).
The method of expressing RE may add to the inctarsig and variability of RE data
and yet there is no clear standard used by ressarelg., compare the single measure
of VO, (mL.kg™.min?) at 16 km.ht* (Costill et al, 1971) with the multiple measures
from below average racing pace to racing pace @Wan & Leiper, 1983). Bergkt al
(1991) proposed that submaximal and maxih@b attained during running should
preferentially be expressed as mL°Kgmin™ rather than mL.kg.min? in order to
minimize the influence of body mass B,. This approach is supported by studies
which have consistently shown an inverse relatignbletween body mass ali®omax

(mL.kg*.min) during running (Patet al, 1992; Bourdiret al, 1993).

Other studies have found that expressing RE indesimthe oxygen cost to cover a

given distance (mL.Kgkm™) rather than relative oxygen uptake (mLlkmin®) is
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better in reflecting differences in oxygen costidgrdifferent velocities of running
performance (Luci@t al, 2006; Foster & Lucia, 2007). A further permidatis that
of expressing RE in terms of caloric unit cost (Ka@i'.km™), which is sensitive to
changes in running velocity when compared with @it cost or oxygen uptake
normalized per distance traveled (mLdgn™) (Fletcheret al, 2009). This approach
further considers the decrease in RE when fat aanargy substrate is reflected in the
increased oxygen utilization (O,, L.minY). To corroborate the sensitivity of
dehydration and hyperhydration (-4% to +4% BW) o & four different running
velocities, our data is presented in four differerpressions: (ilyO, (mL.kg*.min™);

(i) VO, (mL.kg®">min™); (iii) caloric unit cost, @ (kcal.kg*.km™) and (iv) gross
oxygen cost of running (mL.kKgkm™) in both hypohydrated and hyperhydrated trials

(Figure 6.2 & Figure 6.3).

Hypohydration effects on RE

Contrary to our primary hypothesis, our data dogtsshow a significant improvement
in RE with a reduction in body weight (Figure 6t@)the extent of 3% and 4% BW
deficit as a consequence of being hypohydratece ratio standard expression (mL.kg
! min?), as a power function with exponents for body m@sk.kg®">min?) and Q
unit cost (mL.kg.km™) were statistically ~5-6% greater when the sulsjesiperienced
3-4% BW deficit compared with the euhydrated s{@®) equivalent to the running
velocities that elicited 65 to 75%0,max These observations are similar to Greende¢af
al. (1971) who observedO, (L.min™) to be higher during their hypohydration trial (-
5.2% BW) when compared wittad libitum condition (-1.63% BW) and their

hyperhydration trials (+1.2% BW). These reseasli@reenleaét al 1971) suggested
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that the small increase WO, (~8.4%) observed in their study would not représen

important physiological change during exercise.

Care must be taken when examining RE in prolongeticese where there is a marked
level of dehydration which is associated with matiyer disturbances to homeostasis.
Davies & Thompson (1986) observed that progress@lg/dration has limited influence
on RE when running duration is less than 50 mimweler, an increase IO, (+9.1%
VO2may associated with ~5.5% BW loss became pronounfted 30min in the course
of constant velocity running at 65-70%0,max for 4 hours duration (Davies &
Thompson, 1986). These researchers further prdpibse this pronounced metabolic
drift could be partly attributed to increased ffaéty acid (FFA) oxidation, increased
pulmonary ventilation (VE), increased work of thardiac muscle (HR), increased
metabolic rate of the liver, increased circulatiogtecholamines and possibly an
increased motor unit recruitment with a reducedtrdoumion from the parallel and
series elastic componentBurthermore, observations made on RE in prolongeding
may include an increasddO, consequent to the adoption of grossly altered gait
patterns with extreme muscle fatigu€he increase i O, (mL.kg*.min™) suggests an
increase in the relative intensity of exercise wiespressed in terms of YOomax
Armstronget al. (2006) reported that RE at 75% or 8%%,max With 5% BW loss did
not differ from when in a euhydrated state, whigtlicates dehydration at the level of
the current study has neither a beneficial or ambveffecon RE. Note that the subjects
in Armstronget al’s (2006) study were instructed to run for 10-rduring the RE tests.
Therefore, it is likely that a short duration ofining is sufficient to establish a “steady
state” with ~5% BW loss has limited influence on BREavies & Thompson, 1986)in

fact, the authors further explained that highlyinea runners were able to cope with
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added physical stress imposed by dehydration witaathange in RE (Armstrorej al.,

2006).

Previous studies have found Kenyan runners to heegative energy balance with a
low fluid intake regimen prior to intense trainirapd prior to competition resulting in a
significant reduction in body mass (Onywestal, 2004; Fudgeest al, 2006). An

individual learns to produce specific patterns ofiscle recruitment and has the
capability to adapt to training (Bonacet al, 2009). Therefore, training in a
hypohydrated state might be one of the factorsarsiple for the improvement in RE,
as a result of adaptations in motor unit recruitme@ollectively, we speculate that
Kenyan runners have trained and adapted to thesditioms. However there is no
published data indicating that there is an adaptieéabolic response to hypohydration.
A reduction in body weight should have a benefieiff&ct on running performance by

reducing the energy cost of running.

Hyperhydration effects on RE

There are many studies that have shown that addltexternal loading of weight in the
form of a weight jacket or weight belt around tbest of the body during running and
walking results in an increased energy cost i.eénarease irvO, (Cureton & Sparling,
1980; Davies, 1980; Coolat al, 1991; Teunisseet al,, 2007). Davies (1980) reported
thatV O, (mL.kg*.min™) during exercise increased in proportion to exteloading up
to 5% and 10% of body weight when wearing a weigltket. Teunissen and
colleagues (2007) attached flexible lead strips mginically to a padded belt that
wrapped tightly around the subjects’ waist to deiae the effects of added weight (10,

20 and 30% increments) while a harness system sexbto simulate reduced gravity (-
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25, -50 and -75% of 100% BW) on RE. Runners loadithl additional weight incurred
a significant increment in net metabolic rate whsrevhen the runners ran with reduced
weight that simulated reduced gravity, net metabaodite decreased proportionally.
Interestingly, Cookeet al (1991) documented that vertical loading with Bl 40% of
body mass using a weight jacket did not produdgrifiant increase i O, due to the
economy in energy expenditure with vertical loadinthe authors also explained that
the experimental design of their study (e.g., coration of vertical and horizontal
loading) might be one of the reasons which infleehthe final results. Similarly,
addition of external weight to male runners froré & 11.6% (2.2 to 10.5 kg) using a
harness had no significant effect ¥®, (mL.min".kg ) during running indicates that
additional loading up to 11.6% bodyweight does radter running form and
economy (Cureton & Sparling, 1980). This seenfficdit to reconcile with the
external added weight in this study being as much@5 kg; which would intuitively

elicit an increase in théO, (mL.kg™.min™).

One possible explanation for these results is thlhén added weight is evenly
distributed around the torso the additional oxygest is minimised and may be offset
by an added contribution from the series and paralbstic component of muscles and
tendons at no additional metabolic cost. It islwebwn that when running the muscles
begin to be activated milli-seconds prior to foohtact with the ground. As the weight
of the body loads the muscles (quadriceps andogiserae) on landing the muscles are
stretched and lengthened thus performing repeatedng&ic contractions (Cavagna,
1977). The muscles subsequently perform a coricerntraction in propelling the
person forward and upward (Cavagetaal, 1964; Cavagnat al, 1968; Asmussen &
Bonde-Petersen, 1974). It would seem that thetgréle pre-activation in setting an

“active stiffness in the muscle, the greater thessequent contribution there is to a
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forceful concentric contraction (Wilsat al,, 1994). This sequence is referred to as the
“stretch-shortening cycle” (SSC) and not only inxed stretching of the myofilaments,
but also stretching of tendons and ligaments. d&lstauctures behave like springs,
stretching and re-coiling (Komi & Bosco, 1978). elfaster a person runs the greater
the contribution from the SSC to upward and forwandtion. Conversely, when
runners maintain a bent legged style of running, @gucho running there is a very
limited contribution from the SSC resulting in pd®E (McMahonet al, 1987). It has
been postulated that performing plyometric traingng., depth jumping with an added
load in the form of holding dumbbells increases lthes| of pre-activation more than
without this loading. If this is correct then sorokthe increasedf O, with added
external weight when running at faster speeds mayofiset by an increased

contribution from the SSC (Figure 6.3).

Plyometric training has been shown to improve rngreconomy (Paavolainest al.,
1999; Turneet al, 2003; Saundest al, 2006). Such training involves depth jumping,
bounding and hopping movements which are thougmdrease the number of motor
units recruited in the pre-activation stage or dbating to an earlier onset of pre-
activation. The outcome is a reducEéd, cost for running particularly at high
velocities. Spurret al (2003) reported that the increase in lower legeulotendinous
stiffness through a 6-weeks of plyometric trainnegulted in an improvement in RE.
However, their finding is not convincing because thported’O, measurements at 12
14 and 16 km.ht are exceptionally low to the extent that we hagerbunable to locate
any other studies reporting similé0, RE data. Figure 6.8 compares our data with that
reported by Spurret al. (2003) and other studies (Ale¢ al, 1998; Saunderst al,

2004).
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Figure 6.8 Comparison of the running economy dataQ,, mL.kg:.min?) in our
subjects AWO0 andDO trials) and with previous research (Spwetsal, 2003; Saunders
et al, 2004).

It is acknowledged that carrying an additional lataser to the centre of the body mass
has minimal influence on the oxygen cost duringning. However when additional
load is added distally to the limbs, there is anptoiced increase in the oxygen cost of
running (Myers & Steudel, 1985). Myers and Steud&l85) reported that aerobic
demand was increased by 1% for every extra kilogtamied on the trunk. This data
was identical to our data depicted in Figure 6.Biere an additional ~3% &fO,
(mL.kg*.min) was needed to carry 3% and 4% additional weighiss four different

running velocities when compared with the contriall {AWO).

The sensitivity of oxygen cost of running duriAgv/ andD trials might be offset by the
day to day variance in measurement of RE. It lenhleported that the range extends
to £3% to 5% in a group of well trained distancarrers, whereas the largest within
subject variation was 9% (Danieéd al, 1984). Cookeet al (1991) repeated three
measures of O, performed on one subject and produced an aver&gmt.kg.min™
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VO, for each speed and load condition. When circad&mation, training activity,
footwear, running experience and the length ofdin@l ‘accommodation’ are strictly
controlled the intra-individual variation is repedtto be 1.6% (Morgast al, 1991).
Further studies suggest that 90% of this varianaay to day RE is biological and 10%
is technical error (Armstrong & Costill, 1985). the present study we have ensured
that each subject was wearing the same footwearhadda similar training activity
during the days before testing. To minimise ciraadvariation, all tests were
conducted at the same time of day for each indalitroughout the experimental trials.
We have calculated the variance between triald0p (mL.kg*.min™) for both groups.
We found that the variance ranged from ~1.4% t&%band ~0.4% to ~3.4% D and

AW groups respectively, which is identical to thedgtby Danielset al (1984).

Heart Rate and Perceptual Responses

In agreement with the results of Armstroagal (2006), our data also shows that
dehydration induced by an exercise-heat exposwi®qol imposed a circulatory strain
on the subjects during exercise. There is a piisgithat there was a residual effect of
the dehydration protocol on subsequent measureraErRE despite the cooling
procedures that were initiated at the end of thelopged exercise-heat exposure
protocol. A greater HR response was found wherstiigects were running with 3 and
4% BW deficit (Figure 6.4). The raised HR respoabserved may be associated with
sweat losses causing a state of hypovolemia (Cbatet al, 2010). Hypovolemia has
the potential to lower venous return and centihdj pressure, although cardiac output
is maintained throughout exercise due to an iner@a$iR which offsets a progressive
reduction in stroke volume (Rowalt al, 1966). Conversely, simulated hyperhydration

did not alter plasma volume and as such the HRorespremained similar across the
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AW trials (Figure 6.5), indicating that added weiglguivalent to 3-4% body weight

did not have a significant impact on the cardiouéacresponse.

Interestingly, subjects’ perceptual ratings (RPEdeenD trials were similar (Figure
6.6) despite the HR responses besngnificantly higher inD3 and D4 trials across
increasing running velocities (Figure 6.4). Cowety, the increase in RPE AW3
andAW4 trials when compared witAO trial (Figure 6.7) were not associated with the
increase HR iMW3 andAW4 trials when compared witAO trial (Figure 6.5). The
subjects may have assumed that running with a éebdady weight would deteriorate
their running performance whereas running withghtkr body weight would enable

them to run faster.
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Conclusion

In conclusion, this study has shown that (1) hyplvaon (-3 and -4% BW) did not
reduce the oxygen cost of running proportionallyhvihe degree of hypohydration and
(2) hyperhydration (+3 and +4% BW) did not incredbe oxygen cost of running
proportionally with the degree of hyperhydratiohlone of the runners in the present
study gained any beneficial effect in running ecagowith hypohydration. The
additional oxygen cost is minimised during hypenayin trials as the added weight is
evenly distributed around the torso and may besbtfy an added contribution from the
series and parallel elastic component of muscldst@mdons at no additional metabolic

cost.
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7.1 ABSTRACT

To investigate the effects of hypohydration on pngled running performance in hot
and cool conditions, eight male runners (age: 32681 yr; body mass, BM: 72.2 £ 6.5
kg; height: 177.9 + 9.3 cn¥Ozmax 65.5 + 6.4 mL/kg/min) undertook four 60 min tdal
of treadmill running at 65% V& axfollowed by 1% gradient increase every 3 min until
volitional fatigue. The four 60 min trials are lfmis: 1) euhydrated in 20°GER0); 2)
dehydrated in 10°CO10); 3) euhydrated in 35°CE@5) and 4) dehydrated in 35°C
(D35). A diuretic (Lasi¥ 1 mg /kg BM) was used iB10 andD35 to induce ~3% BM
deficit. Subjects reached their point of fatigie-85%, of HR..x(177 £ 10 beats/min)
and rating of perceived exertion (RPE) was equalt in all trials (18.4 £ 1.1). Time
to fatigue in thee20 (75.3 + 3.5 min) an®10 (73.7 £ 4.2 min) was significantly longer
(p<0.05) than thé€35 (64.7 + 6.8 min) and35 (40.6 + 13.6min). At 25-min of
running, cardiac output in all trials was simil@2:2 + 4.1 L.miff, while heart rate (HR)
was ~23 and ~14 beats.nfiigher inD35 (p<0.001) andE35 (p<0.05)respectively,
when compared witE20 and D10(~ 143 beats.mif). Mean skin temperaturess(l
were ~6°C lower ire20 andD10, compared witHE35 and D35 (p<0.001) at 25-min
and at fatigue. Similarly, body core temperaturg) (was ~0.5°C lower irfE20 and
D10 compared withE35 and D35 (p<0.05) at 25-min but there was no significant
difference betweer35 (39.2 + 0.5°C) and>10 (38.8 £ 0.4°C) at fatigue. Thirst
sensation increased over time and was significangizer inE35 andD35, compared
with E20 and D10 (p<0.05). Running performance &85 and D35 was impaired, in
association with elevated ambient temperature, bat hypohydration.  This
performance decrement was approximately 10-35 mnléss endurance time HB5
and D35 respectively and was further associated with aatgreupward HR drift,
elevated Ty, and T.. Furthermore, mild dehydration did not have aweaske effect on

the running performance in cool conditions. RPEs wanilar across all conditions
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despite thirst sensation being greater in the lwiditions. In conclusion mild
dehydration (~4.5% BW loss) was shown to have aifstgnt effect on endurance
performance in hot conditions. However, this leptldehydration did not adversely

affect endurance performance in cool conditions.
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7.2 INTRODUCTION

Hypohydration has been reported to impair exenseséormance when body water loss
amounts to 1-2% of pre-exercise body mass (Armgtreinal, 1985). This is a
relatively low level of hypohydration that endurarathletes experience during most of
their training sessions in hot climatic conditiong/ell trained endurance athletes have
sweat rates greater than 2.0 [*fin such conditions, so that they may incur a body
weight deficit of ~5% in completing a marathon. eTburrent Position Stand of the
American College of Sports Medicine (ACSM) on Exsecand Fluid Replacement
states that dehydration (>2% body weight loss) aolinpromise exercise performance
especially during warm / hot environments (Sawkal, 2007). The ACSM Position
Stand further suggests athletes should replacg #acording to the dictates of thirst to
maintain <2% body weight loss. In fact, it is mpdtysically possible to replace body
water loss by ingesting fluid at a volume of ~2%dpaveight (A well-trained 70 kg
runner will need to ingest approximately 1.4 [hhwhile running a marathon at an

average pace equivalent to 80 t0 90y max

A plethora of laboratory-based studies have coersilst reported that dehydration
increases circulatory and thermoregulatory strainng exercise with the consequence
for athletes being impaired exercise performanpe@ally in hot conditions (Sawlket

al., 1985; Montain & Coyle, 1992; Gonzalez-Aloretoal.,, 1995; Galloway & Maughan,
1997; Royet al, 2000; Cheuvrorgt al, 2005). Montain and Coyle (1992) undertook a
systematic study of the effects of graded dehyainatl - 5%) which showed increasing
levels of thermal and circulatory strain with gratkd fluid restriction. In support of
this finding, Gonzalez-Alonset al. (1995) investigated cyclists in a euhydrated and
dehydrated state and found that when fluid wassitege cardiovascular function and

thermal homeostasis were maintained. In the delwdrstate the cyclists were
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hyperthermic, cardiac output and stroke volume wedeiced together with an increase
in plasma catecholamines and cutaneous vasculatamse. In this situation cutaneous

vasoconstriction maintains mean arterial pressutditnits heat loss.

In contrast, Goulet (2011) recently undertook aayeetalysis to determine the effect of
exercise-induced dehydration on time-trial cyclipgrformance at average ambient
temperature and relative humidity of 26.0 + 6.7°6d a1 * 9%. The results

demonstrated that 4% body weight loss did not afbetdoor cycling performance and
the author concluded with the suggestion that fleeglacement during exercise
according to the thirst sensation could maximisgueance performance. Furthermore,
Zouhal and colleagues (2010) recently reported thate was a significant inverse
relationship between percentage body weight chaarge marathon finishing time.

Their data shows the fastest runners who complitednarathon in less than 3 hour

had lost >3% body weight in cool conditions (@pwith 60 - 82% relative humidity

(rh).

With these conflicting studies, we propose thatgrged exercise in the heat with mild
dehydration (~ 3% body weight loss) imposes aneasing level of strain on the
cardiovascular and thermoregulatory systems; homeliss mild level of dehydration
remains tolerable in cool environments. Therefare hypothesized that (i) mild
dehydration will impair prolonged running perforneanin hot (35°C, 40% rh) but not
in cool (10°C; 35% rh) conditions; (ii) mild dehydion will not cause significant

circulatory strain in cool conditions.
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7.3 METHODS

7.3.1 Subjects

Eight male endurance runners participated in ttudys(Table 7.1). Before providing

written informed consent, subjects were fully imh@d of the experimental procedures
including the risks and benefits associated witltigipation in the study. They

completed a Physical Activity Readiness Questiaen@?AR-Q) and Medical History

& Health Screening Questionnaire. This study can®with the current Declaration of
Helsinki Guidelines and was approved by the Humasedrch Ethics Committee of

The University of Sydney (Ref N0.12450).

Table 7.1Mean +SD for physical and physiological charactassof the subjects

n=8
Age (years) 32.8+6.1
Height (cm) 177.9+£9.3
Weight (kg) 73.2+6.5
% Body Fat 8.0x25
Body surface area, Am?) 1.91+£0.14

Maximal oxygen uptake (mL. Kgmin') 65.5+6.4
Training volume (km.weéR 71.8+24.7
10 km Performance Time (min) 36.9+2.2

21.1 km Performance Time (min) 85.2+4.8
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7.3.2 Anthropometric Measurements

Height and body weight with running shorts and soalere determined using a height
stadiometer (Harpenden Stadiometer, Holtain Limitgé) and an electronic scale
(Mettler Toledo ID1 Multi Range Scale, Columbus, QBSA), respectively. Seven

sites of skinfolds thickness (triceps, chest, milkry, subscapular, suprailiac,

abdomen, and anterior thigh) were measured twitlkeemearest 0.5 mm using skinfold
callipers (Holtain, Crymych, UK) to estimate percdrody fat (Jackson & Pollock,

1978). A third measurement of skinfold thicknessswaken when inconsistent values

(>2.0 mm) were obtainedPercentage of body fat was estimated using Sigisagori

(495 / Body Density) — 450 (Siri & Lukaski, 1993)Ap was calculated using the

equation described by DuBois and DuBois (1916):(#?) = 0.20247 x Height (n)’*°

x Weight (kg)***

7.3.3 Preliminary Testing

A period of treadmill running familiarization wasidertaken prior to the submaximal
test. A submaximal exercise test was undertakéhaermoneutral conditions (20, 40%
RH) and involved 4 x 4 min of continuous steadyestanning. The treadmill velocity
ranged from 10, 12, 14 to 16 km’hwith 0% gradient. Subjects then completed an
incremental gradient run (12 kmhr2% gradient increased every 2 min) to volitional
fatigue to determine maximal oxygen uptak®fma,) and maximal heart rate (HR).
The linear regression equation correlating treadwalocity with the corresponding
oxygen uptake and heart rate was extrapolatedgartbasured HRy, to verify the
VOumax @and to determine the treadmill velocity corresppngdo 65%V O,mayx for each

subject’s subsequent series of prolonged exereste (PETS).
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7.3.4 Experimental Design

To investigate the effect of hypohydration duringt land cool conditions, subjects
performed four PETSs in four different climatic camzhs as follows:E20: euhydrated
in thermoneutral conditions [20, 40% relative humidity (rh)JE35: euhydrated in hot
conditions (35C, 40% rh);D35: dehydrated in hot conditions (85 40% rh);D10:
dehydrated in cool conditions (XD, 35% rh). These PETwere undertaken in

randomised order, with at least 7 days between &th

To ensure subjects were euhydrated prior to aleexpental trials, they were instructed
to drink a prescribed volume of approximately 6 kg.BW* every 2-3 hours, 4-5
sessions per day of water on the day before anmgltihe day of testing. For the
dehydration trials35 andD10), a diuretic was administered by orally ingesttg80
mg (1 mg.kg BW) of furosemide (Lasi¥), to elicit the desired ~3% of body mass loss.
The diuretic tablet was ingested 3 hours priorhi® dehydration trials, after emptying
the urinary bladder. No fluid or food was ingesgeibr to the commencement of each
PETs during the diuresis period. Subjects wertedes thermoreneutral conditions.
Figure 7.1 shows a schematic of the experimentaigdeand timeline for data

collection.
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Trials
+— Climate Chamber—+
E20 & E35 Omin 10min  30min  60min  Final
S S S
<«—— Diuresis
D35 & D10 Baseline (-3 hrs) Omin 10min  30min  60min  Final
BW BW BW BW
B B B B B B
CR CR CR CR CR CR
T T T T T
USsG UsG USG

Figure 7.1 Schematic representation of the experimental desigl protocols for four
experimental trialsg20, E35, D35 andD10)

Abbreviations: BW (Body weight, blood pressure);(Blood sample); CR (Heart ratéQ,,
cardiac output at 10, 30, 60 and final); T.(Tsx and SKBF at every minute); USG (Urine
specific gravity). The order of experimental sialas randomised.

7.3.4.1 Experimental Protocol

Subjects were required to refrain from any stresuptysical activity, maintain a
similar food intake and avoid the consumption dfetgae and alcohol within 24 hours
before arrival at the laboratory for the experinaértials. To assist subjects in
maintaining the same food intake prior to each P&y maintained a 24 hour record
of food and fluid ingestion prior to the first PEAnd thereafter repeated this food and

fluid intake in the 24 hours prior to each subsedjiRET.

Diuretics-induced Dehydration Protocol
Upon arrival at the laboratory for the dehydrattaals (D35 andD10), subjects were
required to void their urinary bladder and collectid-stream sample of urine in a

disposable urine container. Subjects’ baseling/lmodss with pre-weighed sports attire
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including shorts, socks and shoes were weighedereHfter, subjects consumed the
diuretic (Lasi¥, 1 mg.kg BW!) together with 100 mL of plain water. Urine was
collected throughout the diuresis process usindg.aiBne container. Urine volume and
body mass were weighed to determine 3% body madgitd@rior to the

commencement of both thB35 and D10 PETs. The mean time taken for the
dehydration protocol was approximately 2.0 to 2.5 The subjects did not report any
adverse experience with the administration of dicse despite the discomfort of
frequent urination and a prolonged period of waitto achieve the desired level of

diuresis.

Prolonged Exercise Tests (PETS)

Preparation

Prior to the commencement of all PETs, subjecteevesked to void their bladder of

urine and a mid-stream sample of urine was collecteA sterilised disposable

thermistor probe (YSI 400 series, Mallinckrodt Meadj USA) secured by a sterilised
bead positioned 12 cm from the tip of the probe e inserted beyond the anal
sphincter to a depth of 12 cm. A Polar Trainer™rheate monitor (Polar Electro Oy,

Kemele, Finlandwas secured on the chest and four iBuftbremperature sensors

(Maxim Integrated Products, Sunnyvale, CA, USA) evattached to the skin at four
sites. An indwelling cannula was inserted into ¢leehalic vein in the forearm and an
extension tube of 20 cm was attached to it to aftawepeated blood sampling and was
kept patent by flushing the extension tube withdngpsed saline. A resting blood

sample was collected after maintaining a seatedigogor 15 min in a thermoneutral

condition to allow equilibration.

Body mass with pre-weighed sports attire and a@frumentation were weighed in the
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climate chamber. Subjects maintained a seatediggodor 5-10 min while resting
blood pressure (BP) was measured. A laser Dojlerblood flow probe (MP1-V2,
moorLAB™, Moor Instruments Ltd, Devon, UK) was ptalcon the right medio-ventral
upper arm. The baseline values of skin blood I8WBF) were recorded while subjects
stood 5 min on the treadmill with their arms inetaked dependent position hanging by
their sides. Resting HR and O, were measured immediately prior to the

commencement of each PET.

During PETs,subjects were required to run at 65%,max for an hour followed by an
incremented gradient run (+1% every 3 min) untilitanal fatigue. A fan was
positioned at approximately 1 m distance in frohtthee treadmill which created an
artificial wind resistance of ~12 km:hr All subjects were instructed and encouraged to
run for as long as possible. In compliance withicath approval, exercise was
terminated if a & of 39.9C was attained. Time to exhaustion was recorded as
measure of exercise performance. Water from prasored water bottles was available

for the subjects to drin&d libitumthroughout each PET.

Following completion of each PET, clothed body massl subsequently sports attire
and water bottles were weighed to determine swess. | Subjects were instructed to
wear the same sports attire during each PET. »jdéemental trials were conducted at

approximately the same time of day for each subject
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7.3.4.2 Hydration Measurements

The same electronic scale (x0.001 kg; Mettler Toel®l1l Multi Range Scale,
Columbus, OH, USA) was used to measure the subjemtty mass and weight of their
sports attire and water bottles throughout theystuthe electronic scale was calibrated

prior to each of the experimental trials.

Urine samples were collected prior to the admiatiin of a diuretics tablet (Lasix
pre-PET and post-PET. Urine specific gravity (US@p analysed using a digital urine
specific gravity refractometer (Ata§dJG-o, Japan) to determine the hydration status:

USG <1.020 was considered as euhydrated.

Sweat loss was calculated as the difference in gmd-post-exercise nude body mass,
corrected for fluid intake, sweat contained in $palothing and running shoes, urine
output and respiratory water loss (Pugtal, 1967; Mitchellet al, 1972). Whole body
sweat rate was estimated as: Sweat Rate (L/minyeatloss (L) / Performance time

(min)
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7.3.4.3 Cardiorespiratory Measurements

Oxygen uptake{O,) and cardiac output)) were measured at 0, 10, 30, 60 min and in
the final minutes prior to the cessation of exarciEO, was measured for 60 s using
the Douglas Bag technique. Gas analyzers werbratdid immediately before the
analysis of the expired respiratory gas samplespiréd gas fractions were measured
using Q and CQ analysers (Model 2-3A and Model CD-3A respectiyelynetek,
Thermox Instruments, Pittsburg, PA) calibrated wattknown gas (©15.9%; CQ:
4.03%) and ambient air £20.93%; CQ: 0.03%). Expired gas volume was measured

using a dry gas flow meter (Parkinson-Cowan, Erdjlan

Cardiac output) was determined using the g€breathing equilibrium technique of
Collier et al (1956), controlled and monitored wibftware written in LabVIEW
Program (National Instruments, Austin, Texas, US8lbjects breathe via a respiratory
valve (model 2700, Hans Rudolph, Kansas City, M@Ihw& mouthpiece and nose clip.
They were required to rebreathe with a gas mixtfiigproximately 15% C&and 85%
O, for approximately 12 seconds for the determinatb). The fraction of expired
CO, was measured with a G@nalyser (Beckman LB-2, Beckman Instrument, ILAYS
calibrated with ambient air (GO0.03%) and a gas of known concentration {@&6%)
before the testing. Stroke volume (SV) was catedafrom theQ and HR
determinations: SV #®/ HR. Arterio-venous differences O, content (a-v@ diff)

was calculated using the Fick equatit®, = Q x a-vQ diff

Heart rate (HR) was monitored at 5 min intervalimgireach PET. Systolic blood
pressure (SBP) and diastolic blood pressure (DBRYewmeasured using a

sphygmomanometer (Accoson, Harlow, UK) at rest, 3@ and during the final
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minutes when the subjects signalled their inabitdymaintain the exercise. Mean

arterial pressure (MAP) was calculated as: (0.5BR) + (0.67 x DBP).

7.3.4.4 Thermoregulatory Measurements

Rectal (Te) and skin (Ty) temperatures were monitored continuously andrdszb at
every 5 min and 1 min respectively,. lata was logged on a portable temperature data
logger (Digi-Sens&Thermistor Thermometer, Chemopharm, US), which eadisrated
before the study in a water bath with a platinusistance probe (T1091)Ts was
measured at four sites using iButtrtemperature sensors, which have an inbuilt data
logger for subsequent data downloading (van Maikiehtenbeltet al, 2006). The
skin sites used for measuringc Were: (i) halfway between the acromium process and
nipple (chest), (ii) deltoid, (iii) anterior miditth and (iv) right lateral calf. The
iButtons ™ were attached to the skin using narrow strips p§it@™ surgical bandage.

T s« was calculated using the equatidhg = 0.3 (Tehest *Tam) + 0.2 (Tigh +

Ty (Ramanathan, 1964).

SKkBF was measured at a site on the right upper(betow deltoid) using a Laser-
Doppler perfusion monitor (moorLAB Moor Instruments Ltd., Devon, UK). At 10,
30, 60 and during the final minutes of exercisdyjetts were instructed to place their
right arm on the treadmill side guiderail for 30-860to minimise the vibration and
movement artifacts from a swinging arm. The da#s Vater analysed using the Moor
Instruments associated software (moorLAB v2.01, Metruments, Wilmington, DE,

USA). Values are expressed as arbitrary units (AAl) data was normalised to resting

SkBF (baseline) as a percentage change.
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7.3.4.5 Haematological Measurements

Venous blood samples (7 ml) were drawn at 0, 10680and during the final minutes
of exercise. Haemoglobin concentration was andlySgsmex KX-21N Hematology

Analyser, Kobe, Japan) and haematocrit percentages wstimated using a
microcentrifuge (Hawksley) and micro haematocrader (Hawksley CE/15006, UK).

Haemoglobin and haematocrit values were used tuleak the percentage change in
plasma volume (Dill & Costill, 1974). Triplicate easurements were made of
haematocrit and haemoglobin. Serum osmolality @ladma viscosity were measured
using an osmometer (OSMOMAT 030, Gonotec GmbH) aisdometer (Cone and

plate Viscometer, LVT with CP-40, Wells-BrookfieJdyespectively. Duplicate

measurements were made of blood glucose and lagtittg the automated glucose
oxidase and lactate oxidase methods, respectideML(105; Radiometer Pacific,

Copenhagen, Denmark).
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7.3.4.6  Subjective Reporting

Perceived thirst sensation was identified usingiree-point thirst scale with verbal
anchors ranging from 1 ("not thirsty at all") to('%ery, very thirsty") (Engellet al,
1987). Ratings of perceived exertion (RPE) wertiokd using the 15-point Borg
scale ranging from 6 (“very, very light”) to 20 ¢&ry, very hard”) (Borg, 1982) and
thermal comfort was recorded from a seven poines¢Bedford, 1936) ranging from 1
(“much too cold”) to 7 (“much too hot). Thirst sa&tions, RPE and thermal comfort
were recorded at 10-min intervals throughout tiséing and at the point of exhaustion.

These measurements were obtained in a randomtordéminate any ordering effect.

7.3.5 Statistical Analysis

Power and Sample Size Calculation (PS) softwarBigyont and Plummer (1997) was
used to determine the sample size. A two-way (tkrteial) repeated ANOVA was
performed using Statistical Package for Social ®&e (SPSS 18.0, Chicago, IL) to
compare significance difference within and betwéeatments. Where significant
interaction effects were established, pairwiseedghces were identified using Tukey’s
HSD post hoc analysis procedure. Where approprikfferences between trials were
also indentified using one-way analysis of varianith repeated measures. All values

are expressed as mean + SD and the significanebv@&s accepted at p<0.05.

185



7.4 RESULTS

7.4.1 Time to Exhaustior

Figure 7.2 showsime to exhaustion in four different conditiorE20, E35, D10 and
D35) and % decrement in performance frE20. Subjects managed to complete-

min of runningin all trials and proceed tincremental runsintil exhaustion except |
D35 Running performance tir was significantly longer ifE2C and D10 compared
with E35 andD35 (p<0.05) A significant difference was found betweE35 andD35

(p=0.001) while theD35 trial exhibited thegreatest decrement of performance fi

E20when compared with the performance tim D10 andE35.

—
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Time to Exhaustion (min)
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E20 D10 E35 D35
Trials

Figure 7.2 Time to exhaustion during four experime trials E2GC, euhydrated in 2C;
D10, dehydrated in I°C; E35, euhydrated in 3&; D35, dehydrated in °C)

a b ¢ dindicate a significant difference frolE20, D10, E35 and D35, respectively
(p<0.05)
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7.4.2 Hydration Status

Hydration status was similar prior to the commeneetrof E20 andE35, as well as
before Lasi® administration irD35 andD10, as indicated by a similar body mass and
urine specific gravity measurements (Table 7.2;.950 Two and half hours after
administering LasiX, subjects in th®10 and D35 experienced a body mass deficit of
3.04 £ 0.39 % and 3.13 £ 0.27 %, respectively. difierences in hydration status and
ambient temperature resulted in a greater magnfigercentage change in body mass
during the post exercise period B35 compared with the other trials (p<0.01). Sweat
rate was significantly higher iB35 andD35 compared witfFE20 andD10 (Table 7.2;

p<0.001), which was associated with a greater fitiake in the hot conditions.
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Table 7.2 Hydration status determined by percentage changbodfy mass, urine
specific gravity, sweat rate, and fluid intake dgrPETS

Trials

Variable and Time E20 D10 E35 D35
Body Mass (kg)
Baseline 74.31 £ 6.61 7410 £ 7.12
0 min 73.90 + 6.81 72.08 + 6.41 73.89+7.17 71.80 + 6.79
Final 72.63 +6.67 71.22 +6.39 72.24+7.01 71.04+7.11
% A Body Mass
Baseline — 0 min 3.04 +0.39 3.13+0.27
Baseline — 30 min 0.57 £ 0.16 3.33+0.47 0.87 £ 0.22 4.06 + 0.36
Baseline — 60 min 1.21+0.22 3.95 + 0.47 1.36+0.35 4.04 +0.62
Baseline — Final 1.73+0.35 4.14 + 0.59 2.22 +0.52 4.49+0.74
0 min — Final 1.73+0.35 1.10 + 0.47 2.22 +0.52¢ 1.35+ 0.65
Urine Specific Gravity
Baseline 1.006 + 0.004 1.006 + 0.006
0 min 1.009 + 0.004 1.006 + 0.001 1.006 + 0.006  1.006 + 0.001
Final 1.009 + 0.007 1.008 + 0.002 1.008 + 0.005 1.007 +0.003
Sweat Rate (L.min")
0 min — 30 min 0.34 +0.15 0.21 + 0.07 0.69 + 0.13 0.73+0.13
0 min - 60 min 0.76 £ 0.33 0.65 + 0.18 1.04 +0.23 0.70 £ 0.36
0 min - Final 1.34+0.21 0.98 + 0.29 2.08+0.27° 2.08 +0.4%°
Fluid Intake (mL)
0 min— 30 min 73 +51 114 + 82 147 + 77 177 + 77
0 min — 60 min 79 + 69 118 + 78 150 + 77 101 + 69
0 min — Final 153 + 106 232 + 153 297 + 149 244 + 81

Baseline: Prior to the diuretics administration
a.b.c dignificantly different fromE20, D10, E35 andD35 respectively (p<0.05)
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7.4.3 Cardiorespiratory Responses

After 25-min running, HR was significantly highgr<0.05) in the hot condition&85:
157 + 9 beats.mify D35: 166 + 9 beats.mif) compared witHE20: 142 + 12 beats.min
1andD10: 144 + 10 beats.mih(Figure 7.3). Concurrently, SV was similar 1622
150 + 21, 142 + 26 mL.behtin E20, D10 and E35, respectively, except for a
significant reduction irD35 (127 + 19 mL.be&t) compared withE20 (p=0.023). Q
(E20:23.2 £4.2D10: 21.3 + 4.2E35:22.6 £ 4.4D35:21.7 + 4.0 L.miﬁl) and MAP
(=101 £ 11 mmHg) during steady state exercise lic@iditions were similar (Figure
7.4), except for a significant decrease of MAPEBS trial compared withD10 trial
(p=0.22). Subjects were fatigued at 96 + 3, 95 95+ 3, 93 £ 5% of HR. in E20,
D10, E35 andD35 respectively (Figure 7.3). HRx was significantly higher (~4%) in
E35: 180 + 10 beats/min compared wIE85: 172 + 10 beats.mith SV at exhaustion
was slightly lower inE35 and D35 compared withE20 and D10 but no statistical
difference was found between trials (Figure 7.3).p5). ConcurrentlyQ at exhaustion
was significantly reduced iD35 compared witiE20 andD10 (Figure 6.3; p=0.006 and
p=0.003, respectively). MAP was significantly lawe E35 and D35 thanE20 (Figure

7.4; p<0.05).

Mean oxygen uptake’,) was similar (~66.1 + 3.4%0,a,) between all conditions
during the initial 60 min of level running (Figuve5). However, as exercise progressed
to the final incremental stagéQ, reached 75.9 + 10.4%0umax and 69.5 + 1.3%.

V Oumax at the point of exhaustion in tHe35 and D35 trials respectively, and was
significantly lower than 91.0 + 8.5%0,max and 89.9 + 8.5% O,max in the E20 and

D10 trials respectively (p<0.01).
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Figure 7.3Heart rate, stroke volume and cardiac output respoduring PETs

a. b dgjgnificantly different fromE20, D10 andD35 respectively (p<0.05)

" Significantly different from 10 min (p<0.05)

Note: Only one subject managed to complete the B0rom in D35 trial. Therefore,
the time point at 60-min was excluded from the brap
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Figure 7.5Mean oxygen uptakd’(D,) prior to the diuretic administration (baselinaj),
0, 10, 30, 60-min and the final point of exhaustioming PETS.
2 bgjgnificantly lower tharE20 andD10 trials (p<0.01)
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7.4.4 Thermoregulatory Responses

The initial rectal temperature £J in all trials was similar ~ 36.9 + GG (Figure 7.6A)
and from 5 min onwards,Jincreased significantly in all trials (p<0.001At 25-min
of running, T. was ~0.8C lower inE20 andD10 compared witfE35 andD35 (p<0.05).
Subjects stopped exercise with: B8.7 £ 0.4C, 38.8 + 0.4C, 39.6 + 0.4C and 39.2 +
0.5°C in E20, D10, E35 and D35, respectively. T in E35 was significantly greater
compared to other trials (p=0.001). No significdiiference was found betwe®B85

(39.2 + 0.8C) andD10 (38.8 + 0.4C) at fatigue.

Resting mean skin temperaturds,] was significantly lower irD10 trial compared
with other trials (Figure 6.6B; p<0.001). At 25smiunning,Tsx was maintained at 31.1
+1.2C, 29.4 + 2.1C and 35.4 + 0.& duringe20, D10 andD35, respectively, but not
in E35 (35.6 + 0.4°C), which was significantly elevatedmpared with resting s
(p<0.05). Mean & remained ~8C higher inE35 and D35, compared witiE20 and
D10 trials throughout the PETs (p<0.05). No differemeT, was found betweeB20

andD10 after 45 min and when nearing the cessation afcese

The T Tsk gradient was significantly greater #20 andD10 from the start of exercise
towards the point of exhaustion compared V&5 and D35 (Figure 7.6C; p<0.05).
SkBF was significantly lower 010 compared with other trials from resting towards

the exhaustion point (Figure 7.7; p<0.05).
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Figure 7.6 Rectal temperature (A), mean skin temperature (BJ aor«-to-skin
temperature (I-Tsy) gradient (C) during PE

a.b.c. &5ignificantly different fromE20, D10, E35 andD35, respectively (p<0.0!

" Significantly different from resting valt{p<0.05)
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Figure 7.7 Skin blood flow (SkBF) at 0, 10, 30, 60-min and theal point of

exhaustion during PETs
a ¢ d5jgnificantly different fromE20, E35 andD35 respectively(p<0.05)
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7.4.5 Haematological Responst

Plasma volume was significantly lower the dehydration trialdD1C: -11.3 + 6.7% and
D35 -13.8 + 9.80) than in the euhydration trialsE20 and E35) before the
commencement of exerciseue to the diuresis effect lfowing administration o

furosemide (LasiX) (Figure 7. p< 0.001). Plasma volume was further reduced c
time in theE20: -12.9 + 6.4%D10: -17.1 + 3.4%E35: -12.0 + 5.0% anD35: -19.8 +
6.6% (p<0.05).Plasma volume iID10 was lower tharE20 during the first 10 min ¢
running; thereafter it remained similar until exbon. No significant differencen

plasma volumavas found betweethe two euhydration trialE£QC vs E35) as well as
between the twalehydration trialsD10 vs. D35). However,plasma volume itD35

was significantly lower the E20 andE35 throughout thexperimentatrials (p<0.05).
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Figure 7.8Plasma volume changes prior to diureticadministration, at 0, 10, 30, -
min and final point of exhaustion during PE

& CSignificantly different fronrE20 andE35, respectively(p<0.05

" Significantly different from resting value (p<0.C
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The baseline values of plasma viscosity in the dedtion trials D10 andD35) were
similar to the euhydration trial€£20 and E35) immediately before commencement of
the trials. Plasma viscosity was significantlylegin the dehydratiotrials due to the
diuretic effect of Lasik compared with the euhydration trials during PETable 7.3;
p<0.01). Plasma viscosity significantly increasaeer time in all trials (p<0.01).
Similarly, serum osmolality rose significantly frorasting pre-exercise to the point of
exhaustion in all trials (Table 7.3; p<0.05), hoeevthe elevated serum osmolality

measures were similar between trials.

No significant difference was observed in bloodcgke or lactate levelst baseline in
all condition trials (Table 7.3; p>0.05). At exlséion, blood glucose and lactate levels
were significantly increased (p<0.05) and no sigaiit difference was found between
trials (p>0.05) except that a greater blood gluctsesl was found inD35 when

compared with other trials (p<0.05).
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Table 7.3Haematological Responses during PETS

Trials
Variable and Time E20 D10 E35 D35
Plasma Viscosity (mPa.s)
Baseline 1.34+0.11 1.33+0.09
0 min 1.29 +0.089 155+0.13*° 1.29 +0.09¢ 1.52 +0.13%¢
Final 158 +0.13 1.89+0.172 1.63+0.07 1.93+0.13°
Serum Osmolality
(mosmol.kg?)
Baseline 288 +6 287 +8
0 min 286+ 9 294 +5 287 +7 296 + 12
Final 299 + & 304 +13 3005 307 +13
Glucose (mmol.L%)
Baseline 5.64 +1.23 5.54 + 0.84
0 min 5.47 + 0.65 5.38 + 0.94 5.39 + 0.70 5.23 +0.53
Final 6.89 + 1.33 7.10+1.72 6.73 + 1.36 7.99 + 1.642b¢
Lactate (mmol.L™Y)
Baseline 1.44+0.14 1.56 +0.23
0 min 1.35+0.43 1.49 + 0.45 1.49 + 0.43 1.99 +0.49
Final 5.66 + 1.96 5.84 + 2.56° 3.95+1.8% 4.83 +2.06

Baseline: Prior to the diuretics administration
a.b.c. dgjgnificantly different from E20, D10, E35 and DBSpectively(p<0.05)
" Significantly different from baseline value (p<0)05
#Significantly different from 0-min valugp<0.05)
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7.4.6 Subjective Responses

The sensation of thirst was simil&20: 1.2 + 1.0,D10: 2.7 + 1.4E35 1.8 + 1.9 and
D35 3.3 £ 3.0 in all trials prior to the commencemehtexercise. From 10 min
onwards, the thirst sensation was greateD3» (6.0 £ 2.0) compared with the other
trials (Figure 7.9; p<0.05). The sensation ofdgihleing greater in the hoE35 and
D35) conditions compared with thermoneutrgR(Q) and cool D10) conditions at the

exhaustion point (p<0.05).

Ratings of perceived exertion (RPE) increased Baamtly across all conditions
(Figure 7.9; p<0.01). From 10 min onwards, sulsjeported their RPE to be
significantly harder irD35 trial compared td&20 andD10 trials (Figure 7.9; p<0.05).
At exhaustion, RPE was similar across all condgi@?0: 17.8 £ 1.2D10: 18.8 + 1.1,

E35: 18.6 £ 0.8 and35: 18.3 £ 1.2).

Thermal comfort scores were similar during both lsonhditions E35 and D35)
throughout the trials (Figure 7.9; p>0.05). A diigant difference was noted iB20
and D10, which was lower tharE35 and D35 (p<0.01) indicating that subjects
perceived the conditions to be significantly coateiboth the cold and thermoneutral

conditions.
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Figure 7.9 Rating of perceived exertion and thermal comfoalerior to the diureti
administration (baseline), at 10 min intervals dgPETs
a begjgnificantly different fronrE20, D10 andE35 respectively(p<0.05

199



7.5 DISCUSSION

The main finding of this study is that dehydratioad a marked effect on prolonged
exercise in hot climatic conditions whereas theas @& limited effect of dehydration on
exercise performance in cool conditions. Our dadaibited a significant difference in
performance time betwed35 andE35 (Figure 7.2), which shows there was a negative
effect of dehydration on endurance performance fimthe heat. It is interesting to
note that dehydration had a minimal effect on eadce performance in cool conditions
despite subjects experiencing a ~4% BW deficit rolwdhe end of exercise in tbd.0
trial. A cool environment with the air temperatusnge from 8 to 15°C is possibly
most suitable for running a marathon race (Zheingl, 1992). This was supported by
both genuine competitive races and laboratoryrtggtcalloway & Maughan, 1997; Ely
et al, 2007) on running and cycling performance, respely. Based on a nomogram
developed by Elyet al (2007) the running time for 120 min at°@resulted in a
performance decrement of ~1.5% whereas when runieng20 min with a higher
ambient temperature (25) the performance decrement was ~4.5%. Similarly,
Galloway & Maughan (1997) found that subjects’ ayglendurance time during a trial

in 10.5°C was ~40 min longer than when cyclingnrembient temperature of 30.5°C.

Urine specific gravity (USG) measurements confirntieat subjects were euhydrated
prior to the commencement of exercise in the eutyah trials and before the
administration of the diuretics drug in the dehydratrials to attain ~3% BW prior to
the experimental trials. Unexpectedly USG in adlls remained similar regardless of a
3-4% BW loss using diuretics as a method to inddelydration. The diuretic drug
was administered prior to the commencement of esekghile progressive dehydration
occurred through sweat loss during exercise inhtst. USG measurement might not

be accurate to determine acute dehydration. Tokoowledge there are limited
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studies which have examined the sensitivity of Uf@Eng acute dehydration induced
by the diuretics method. It has been reported UGG in dehydration trials using
diureticsis significantly lower than a control trial, but eaplanation was made by the
authors (Watsoet al, 2005). It remains unclear why the measures®&re lacking

in sensitivity.

In the present study, the reduction in % PV vali@ds14%) associated with ~3% BW
loss prior to the experimental trials is similar to thegported in the research
literature (Caldwellet al, 1984; Royet al, 2000). Plasma volume decreases were
mainly due to a differential fluid loss across theéd compartments of the body via
urine formation during diuresis in the dehydratimmls (D10 and D35) and sweat
excretion during prolonged exercise in all trialsy general, the reduction in plasma
volume and elevation in plasma / serum osmolaliey associated with the severity of
dehydration incurred. However, we found that seasmolalilty was similar across all
trials (Table 7.3) regardless of a significant eliince in plasma volume (Figure 7.8)
combined with a greater percentage of body weigtg In the dehydration trials (Table
7.3). Our data shows serum osmolality remainedhammged between trials. We
speculate that a significant difference in serumalality can only be detected if >4.5%
BW loss is achieved. These results are supporyedrévious studies in which the
dehydration level from 1.5 to 4.2% did not elevs¢eum osmolality despite a reduction
in plasma volume in either hot or cold conditio@®(zéalez Alonsat al, 2000). A
large increment in plasma osmolality was observild mo further reduction in plasma
volume when a 5% BW loss was elicited (Sawkal, 1985). In the present study, a
slight increase of serum osmolality in all trialewld have potentially mobilized fluid
from the intracellular and extracellular fluid spaso that plasma volume loss can be
replenished or maintained throughout the exerdseséet al, 1988b).
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It is clear from our data thaid libitumfluid intake did not replace sweat loss, resulting
in subjects becoming further dehydrated duringptidonged exercise tests in all trials
(Table 7.3). However, this further reduction irdigaveight did not affect the change in
plasma volume irD10 after 10 min of running. This observation appedirectly
related to the cool environment, which resultechifower sweat rate (~53%), lower
SkBF (~176%), together with a 45% greater time xbagistion compared witB35
(Figure 7.2). It has been shown that both redusieBIF and local J independently
decrease sweating during whole body sweating (Wetgal, 2010). This may be a
possible mechanism to explain why cooler enviroriiéave regularly been shown to
be associated with better performance in marathoB8anilarly endurance time to

exhaustion in the present study was much improneida cool climatic condition.

In the present study, we also found that dehydnatials ©10 and D35) compared
with the euhydration trials5H20 andE35) resulted in a higher plasma viscosity (Table
7.3), reflecting a reduction of plasma volume (Tigigset al, 2004). We propose that
the increase in plasma viscosity causes a dealineemous flow velocity which might
compromise venous return of blood to the centrabtlcirculation. Maintenance of
blood volume is crucial to optimize cardiovascu(@, MAP) and thermoregulatory
systems (Fortnegt al, 1981; Noseet al, 1988a), otherwise exercise performance in

hot conditions will be adversely affected.

With increased heat stress, we found that the HfRedrapproximately 14 beats.nin
from 10 to 45-min irE35 andD35 trials. We did compare the trials at 60-min beseau
only one subject managed to complete the 60-miadgtestate run inD35 trial.
Therefore comparisons between trials were madeéanhia. We alsdound that the

increased HR (approaching ~97 and ~93%.,HRn E35 and D35, respectively)
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reduced SVE35: ~21%,D35: ~18% from 10-min), ultimately compromis€d(E35: -
7.8%, D35; -10.5% from 10-min onwards; to exhaustion (segufé 7.3). MAP
remained constant throughout the initial 60-mincohstant velocity level running,
while a slight increase was observed at the poinextaustion (~7% from 0-min).
However, this slight increment in MAP was not stifint to compensate for a
peripheral displacement of blood volume in the bondition trials E35 and D35),
resulting in a decline i@. Both hypovolemia and peripheral vascular dilaiiothe hot
condition trials are consistent with the reseanstd Aindings of Rowellet al. (1966).
During D10 trial, SV (~148 mL.bed), HR (~147 beats.mit) andQ (~21.4 L.min")
were maintained and accompanied with an increab®AR after 30 min of steady state
exercise despite incurring a pronounced level diydeation. This indicates that
dehydration (3-4% body weight loss) has minimahtoeffect on prolonged exercise

performance in cool conditions.

During all PETsy O, was essentially constant over the initial 60 mimumning at a
constant velocity and zero gradient even though déleydration level and ambient
temperature were varied between trials (Figure. 7lierestingly a 5% BW loss did not
change submaxim&0, during exercise compared with a euhydrated ststegtrong

et al, 2006). However, running in hot conditions eitiwgth or without dehydration at
the point of exhaustion resulted in a similar regtuc in VOonmax (Figure 7.5) and a
lower HRnax compared witiE20 andD10 trials (Figure 7.3). These results suggesting
that the impairment oV Oumax With heat stress alone or with the combination of
dehydration is tightly coupled with the decline 8V (Wingo et al, 2012) and a
consequent 8-11% reduction@n We suggest that a compromisgdeduced oxygen

delivery to the exercising muscles which causedotieet of fatigue during exercise in
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the heat (Mortenseet al., 2005).

It has been proposed that hypohydration-mediate@ases in [ during exercise in the
heat results in a decline in heat loss from theyb@hwkaet al, 1985; Montain &
Coyle, 1992; Buono & Wall, 2000). Roy and colleagu(2000) reported that
hypohydration (~3.8% BW loss) exaggerated thernmal aardiovascular strain by
increasing Te and HR during 60 min of submaximal cycling exezdis thermoneutral
conditions (22-24C; 35-45% rh). The authors proposed that heatagéoin their
hypohydration trial was greater than their euhydratrial, due to a 14.6% decrease in
plasma volume coupled with an increase in(T.6 £ 0.2C). Gonzalez-Alonset al.
(1995) have also reported a significant increasd inwith 4.9% BW loss during
prolonged cycling for 120 min at 62%0.max in a temperate environment (29.
However, our study did not show similar results wlkempared with previous findings.
Tre was identical in both hot condition trial&35 vs D35) regardless of a 2-3% BW
difference throughout the 60 min of PETs (Figur@).7.At the point of exhaustion,el
in E35 was significantly higher than iD35 due to an increased running duration of 25
min. The average I was equally high in both hot condition trials (<B€) compared
with thermoneutral and cool condition trials (~3&)% This may possibly be due to our
subjects’ training status, as athletes are adajudueat transfer from the exercising
muscles and body core through increased skin bflmed and via evaporative sweat
loss. Surprisingly we did not observe any sigaificvariations in sweat rate during the
dehydrated state and euhydrated state tri2B5:(2.08 + 0.47 L.miit vs E35: 2.08 +
0.27 L.min') (Table 7.2). Armstronget al (1997) investigated the effect of
hypohydration, dehydration and water intake on rtfarand circulatory responses

during treadmill walking for 90 min in 3@ and similarly observed that subjects were
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dehydrated (3% of their body weight) towards thel esf exercise, [, plasma
osmolalilty andsweat sensitivity were similar compared withamtrol trial (euhydrated
+ waterad libitum) (Armstronget al, 1997). However, when >5% BW loss was
attained, the increase of plasma osmolality depre$ise sweat sensitivity associated

with an increase of {.

Nielsenet al (1993) proposed that an elevated body tempergitoedes peripheral
feedback from thermal-sensitive sites to the cémiavous system (CNS), resulting in
reduced central neural drive to the exercising megsim hot, dry environments. The
authors reported that each cyclist in their studscahtinued the daily cycle bout
because they had reached their own intrinsic afitore temperatureThe results of
the current study do not support the view thatrgéd exercise performance in the

heat is compromised by hypohydration and an associlagh Tore (Nyboet al, 2001).

If Tre is not the primary factor affecting prolonged exse performance in the heat,
what are the underlying mechanisms impairing eserperformance? Our data clearly
demonstrates that “cool skin” iD10 is advantageous during prolonged exercise
irrespective of a mild to moderate level of hypotagohn (3 to 4.5% BW loss). Our
data shows every 10 of ambient temperature increment was in proportidth a ~
2°C increase iTs. Tsk averaged 28.8°C throughout the 60 rBiho0 (Figure 7.6). The
decrement in time to fatigue iD10 was small (-2.1%) compared witi20 and no
significant difference in performance time was fduetween trials (Figure 7.2). Our
cool condition findings are similar to those of reéick et al (2010), who undertook

the hypohydration trial in ZC with a different exercise mode (running cycling),

duration (60 minvs 30 min) and intensity (65%Omax VS 50%V Osmay) cOmpared

205



with our study. They reported that the performance time trialoththypohydration and

euhydration trials at 2@ were similar.

A vast range of protocols such as active or paskea& exposure, food restriction
(reduced salt) various forms of exercise with oigirhfluid restriction and sauna have
been used in studies to induce BW loss prior todbmencement of experimental
trials (Caldwellet al, 1984; Armstronget al, 1997; Royet al, 2000; Ikegawaet al,
2011). The present study employed a diuretic niettooachieve 3% BW loss and
reduce the effect of potential confounders assediavith other methods, such as
elevated body temperature, muscle fatigue, energfjcitt and time of day for
conducting experiments. Our data demonstrated ThatHR andV O, prior to the
commencement of dehydration trials did not varymfreuhydration trials, which
indicates that the diuretic-induced dehydrationtgrol was successful in eliminating

the main confounding factors.

We are not aware of any study that has investig#tedeffect of diuretic-induced
dehydration during prolonged running performancecaol conditions (1TC). Most
studies have used a cycle ergometer or treadmlkimgaas the mode of exercise for
investigating the effect of dehydration on prolotigexercise performanceCheuvront
et al (2005) have shown that there is no effect of matgehypohydration (~3% BW
loss) and no independent effect of ambient tempe¥a(2C vs. 20°C) on cycling
performance (Cheuvrordt al, 2005). These results were consistent with dlaim
hypohydration study using a walking protocol at S0@pmax for 60 min in either a°€
or a 23C environment (Keneficket al, 2004). In our study we found that

hypohydration has no effect on thermoregulationirduexercise in cool conditions
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(D10) compared with thermoneutral conditio®20). The cool environment limited an
increase in £ despite subjects being dehydrated. ThanTD10 was approximately
0.4°C lower tharD35 at 45-min of steady state run, as well as at thet @b exhaustion.
Given that no change was found iplAetweerD10 andE20 trials and the hot condition
trials (E35 and D35) throughout the PETs (Figure 7.6), it is concluddgt
hypohydration (<4.5% of BW losgjoes not mediate the increase in thermoregulatory

strain especially in cool conditions.

Conclusion

In summary, our study shows that dehydration hachaaked effect on prolonged
exercise performance in the heat whereas thereaviasited effect of dehydration on
exercise performance in cool conditions. The teseflthe current study do not support
the “critical core temperature hypothesis” as thigjects stopped exercising at different
level of T. Our results provide evidence against the exigtert a threshold J of ~
40°C being associated with fatigue. In turn, our lssshow that the significant
reductions in plasma volume and stroke volume, aatam with an increase in HR,
ultimately compromised th€ andV O.ma during prolonged exercise in hot and
dehydrated conditions. Meanwhile, the increasecinculatory strain was further
exacerbated by the rise in SkBF and plasma viscegiich might contribute to a
reduction in central blood volume. It was showat tfurther dehydration (from 3 to 4.5%
of BW loss) and the maintenance of plasma volum&%o-reduction in plasma volume)
throughout exercise in cool conditions did not adel effected prolonged exercise
performance. It appears that ambient temperatode“eool skin” play an important
role in assisting the convective heat transfer frdma body to the environment,

evidenced by a widening of thesTs gradient during exercise in cool conditions.
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The findings of this study have important practicaplications for the efficacy of fluid
ingestion by competitive athletes competing aceosmnge of climatic conditions. A ~3%
BW loss impairs prolonged exercise in hot condgidsut not in cool conditions.
Therefore coaches and athletes should take notieofclimatic conditions during
competitions when preparing a hydration regimen awoid “overdrinking” or

dehydration.
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8.1 ABSTRACT

This study addressed the question of whether erldaRSP expression induced via
glutamine supplementation is beneficial in offsegti the deleterious effect of
hypohydration on exercise performance. The studhér investigates whether alanyl
glutamine administration offsets the reported pngkd exercise-induced decrease in
plasma glutamine concentration. Seven well tramaée endurance runners (age: 32.4
*+ 6.3 yr; height: 177.3 £ 4.8 cm; weight: 70.5 2 &g; 8.4 + 2.3% body fat; maximal
oxygen uptakel Oomax 63.8 + 5.5 mL. kg.min™; training volume: 84.9 + 20.5
km.week') participated in this study. They undertook thtEehr at 65%V Opmax
treadmill running trials spaced over 2-3 weeks wiib first trial CON) while in a
euhydrated state in hot conditions (35°C, 40% fdijpwed by either the5GLUT trial
when dehydrated in hot conditions (35°C, 40% rh}he PCB trial whendehydrated in
hot conditions (38C, 40% rh). The order of undertaking BeUT andPCB trials was
randomised. In th&LUT trial glutamine (0.2 g.k§ body mass per liter) was ingested
with water while in the placebo triaPCB) sugars were ingested (2g of dextrose with
maltodextrin) with water, which was equivalent t0% of the volume of sweat loss
during theCON trial. Time to exhaustion durif@LUT was similar taCON (p=0.112)
but a significant reduction was found duriA@B trial (p=0.044). Similarly, there were
no significant differences betwe€@ON andGLUT in plasma [glutamine] but a lower
plasma [glutamine] was found IRCB when compared withGLUT (p=0.003).
Supplement drinks with glutamine significantly enbad HSP 72 expression@GLUT
when compared witRPCB (72.2 = 14.0%vs.67.2 + 8.4%; p=0.046). The present study
demonstrates alanyl-glutamine ingestion conferseptmn and enhances plasma HSP
72 expression. Furthermore, ingestion of alanytaghine was associated with an

increased time to exhaustion during hot and hypdtgd conditions.
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8.2 INTRODUCTION

During prolonged exercise in hot climatic condispmmetabolic heat production is
dissipated to the surrounding environment via iaseel skin blood flow and sweat
evaporation to achieve heat balance. However, winetabolic heat production
exceeds the capacity for heat dissipation body morperature increases, which further
leads to thermal and circulatory strain (Somtal, 2007). Sweating during exercise
elicits an increase in body fluid losses, which reagcerbate a pre-existing body fluid
deficit whereby the athlete is dehydrated (SawkaN&akes, 2007). Dehydration
associated with a reduction in central blood voluRewell, 1974) indirectly impairs
heat transfer and is recognised as one of theibahirg risk factors for heat illness

(Epstein & Roberts, 2011).

The early reported observation of Robinson (1968&d that highly trained and well-
monitored athletes attained a rectal temperatuxg ¢Ver 40C at the conclusion of 3
and 6 mile track races equivalent metric distar{besnd 10 km). Similarly Pugét al
(1967) reported that the winner of the marathore re@mpleted the race with a rectal
temperature greater than 40°C and bodyweight deffcb.7% as a result of sweating.
The research undertaken by Davies and Thompso®)Edows that highly trained and
well-motivated distance runners race at an intgrgriéater than 96%0O,may OVer 5 to
10 km, while marathon runners sustain an average pace equivalent to 85¥0,max

At these exercise intensities there is a signiticaretabolic heat load which is
associated with considerable storage of heat, féected in the studies of Robinson

(1966) and Pught al. (1967).
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The intensity of exercise for elite distance rusraso limits their capacity to ingest and
absorb fluid at a rate that will offset sweat lo¥8ith sweat rates during marathon races
exceeding 2.0-3.0 L.Hr(Armstrong, 1986) it is not uncommon for theseleits to
experience significant levels of dehydration oves tourse of the race. A recent field
study (Zouhalet al, 2010) found that the fastest runners (less théours finishers)
completing a marathon race were the most dehydnatesh compared with slower
runners with a > 3 hours finishing time. Moreovar7 days dietary monitoring study
on elite Kenyan runners who were preparing for Klemyan Olympic selection trials
demonstrated that these runners had a low fluidkentduring this period of intense
training (Fudgeet al, 2006). It thus appears that the more eliteadis¢ runners do not
practise the advice of the American College of &pbtedicine (ACSM) on Exercise
and Fluid Replacement (Sawle al, 2007). The elite distances runners endure a
significant level of dehydration and success inattan races irrespective of ACSM
guidelines raises the question of whether theyahte to adapt to dehydration and the
associated high metabolic heat loads, or whethesr #éine able to acquire a tolerance to
dehydration. Heat acclimatisation provides a ranfeadaptation which serves to
reduce the metabolic heat load inducting earlieeband more profuse sweating which
paradoxically may lead to greater body fluid losség a cellular level, hot climatic
conditions trigger a range of responsegluding the “heat shock response”, which
enables the stressed cells to restore homeostasignthesizing a small set of proteins
called heat shock proteins (HSPs) (Parsell & Linslgi993). The expression of HSPs
which located in various cellular compartments plagn important role in the
development of thermotolerance and protection fomftular damage (Moseley, 1997;

Kregel, 2002; Wischmeyer, 2006; Ruetlal, 2007; Horowitz & Robinson, 2007).
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Glutamine is an amino acid essential for homeastatnctions in the human body.
Prolonged exhaustive exercise is associated withcaease in plasma glutamine level
possibly due to impaired immune function (Watghal, 1998; Newsholmet al, 2011).
Glutamine supplementation has been shown to befibhén providing a prophylactic
effect and thus reducing the occurrence of uppgpir&tory tract infection in athletes
following intense training sessions (Castell & Néewine, 1997). Furthermore,
research studies have reported that glutamine tiogesenhances lymphocyte
proliferation (Parry-Billings, 1990), improved lold acid-base balance with an increase
in plasma bicarbonate concentration (Welbourne9519and enhanced sport
performance with reduced perception of fatigue riyexercise (Favanet al, 2008).
Lima et al. (2002) also demonstrated that an alanyl-glutarbesed oral rehydration
fluid increased water and electrolyte intestinadaption in a rat model of secretory
diarrhea induced by cholera toxin. This resultsigoported by a recent study by
Hoffman et al. (2010) which showed that an oral rehydration bagercontaining L-
alanyl-L-glutamine (0.05 and 0.2 g-kdoody mass per liter) provided an ergogenic
effect by increasing fluid and electrolyte (Waiptake in ten physically active males.
Based on the aforementioned studies, glutamine lsongmtation is likely to be an

ergogenic aid, increasing performance time to esti@u during mild dehydration.

It has been found that glutamine can enhance strdased HSP expressian vitro
andin vivo and improve cell survival against a variety ofmatli in humans as well as
animals (Wischmeyegt al, 2003; Ziegleet al, 2005; Singleton & Wischmeyer, 2006).
Singleton and Wischmeyer (2006) demonstrated that glutamine administration in
rats significantly enhanced the expression of H&B iaproved survival following
hyperthermia. Further, a clinical trial on critigall patients has shown that parenteral
alanyl-glutamine dipeptide administration 0.5 gliey day for 7 days upregulates serum

217



HSP 70 concentrations and reduces the patientgtHesf stay in an Intensive Care Unit
(ICU) and days on a ventilator (Ziegletr al, 2005). It is worth noting that the patients
in Ziegler et al (2005) were in a hypohydrated state which hasvegice to our

investigation. We therefore speculate that enhldnd&P expression induced via
glutamine supplementation is beneficial in offsegti the deleterious effect of

hypohydrated on exercise performance.

To date, the underlying mechanism explaining tfece$ of glutamine ingestion on
induction of heat shock protein expression durirggnged exercise in a hypohydrated
state have not been clearly elucidated. We hysated that (1) the administration of
alanyl-glutamine would attenuate exercise-inducegtrebse in plasma glutamine
concentration; and (2) alanyl-glutamine ingestioould induce plasma HSP 72
expression during prolonged exercise in hot comd#tiand in a hypohydrated state.
Therefore, the purpose of this study was (1) teereine whether alanyl glutamine
administration attenuates exercise-induced decregskasma glutamine concentration,
and (2) to investigate the relationship betweemyglutamine ingestion and the
induction of plasma HSP 72 expression during prgéahexercise in hot conditions and

in a hypohydrated state.
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8.3 METHODS

8.3.1 Subjects

Seven competitive male endurance runners (age:1#38.3 yr; height: 177.3 + 4.8 cm;
weight: 70.5 + 8.2 kg; 8.4 + 2.3% body fat; maxiraygen uptakey Oomax 63.8 £ 5.5
mL. kg.min™; training volume: 84.9 + 20.5 km.we&k10 km performance time: 35.5
+ 2.7 min; 21.1 km performance time: 78.0 + 5.6 hparticipated in this study. Before
completing a written informed consent documentjesttb were fully informed of the
experimental procedures and risks and benefit<aded with participation in the study.
They completed the Physical Activity Readiness @Qoesaire (PAR-Q) and a Medical
History & Health Screening Questionnaire. Subjewtsre instructed to cease
consuming nutritional supplements for at least 4£kgeprior to the study. This study
conformed with the Declaration of Helsinki guidegéhand was approved by the Human

Research Ethics Committee of The University of Syd(Ref No.13880).

8.3.2 Anthropometric Measurements

Anthropometric data was collected during the prelamy testing session. Height and
body weight with running shorts and socks only wedetermined using a height
stadiometer (Harpenden Stadiometer, Holtain Limité) and an electronic weighing

scale (Mettler Toeldo ID1 Multi Range Scale, ColwspOH, USA), respectively.

Seven sites of skinfolds thickness: triceps, chestiaxillary, subscapular, suprailiac,
abdomen, and anterior thigh were measured twicéhéonearest 0.5 mm using a
skinfold calliper (Holtain, Crymych, UK) to detern@ body density (Jackson & Pollock,
1978). The relative percentage of body fat wasneséd using Siri's equation (Siri &

Lukaski, 1993).
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8.3.3 Preliminary Testing

A familiarisation trial was undertaken prior to tlsebmaximal exercise test. A
submaximal exercise test was undertaken on a mdtiven treadmill (Payne
Engineering, Lidcombe, Australia) with the treadrepeed ranging from 10, 12, 14, 16
km.h ™ (4 min at each speed in a continuous incrementabgol) in thermoneutral
conditions [20C, 40% relative humidity (rh)]. Subjects then cdetgd an incremental
gradient run (12 km.Hrwith the gradient increased by 2% every 2 minyadtional
fatigue to determine maximal oxygen uptak®fms,) and maximal heart rate (HR).
The linear regression equation correlating treadwalocity with the corresponding
oxygen uptake and heart rate was extrapolated ssuned HRay to verify theV Oomax
and to determine the treadmill velocity correspagdio 65%V O,max for each subject’s

subsequent series of prolonged experimental runs.

8.3.4 Experimental Design

This study was a double blind, randomised and orassexperimental design. To
examine the effect of glutamine on prolonged esercin hot and hypohydrated
conditions, subjects performed three experimentbt (1) CON (Control): euhydrated
in hot conditions (38C, 40% rh); (2)GLUT (Glutamine): dehydrated in hot conditions
(35°C, 40% rh); (3PCB (Placebo): dehydrated in hot conditions°@3540% rh). CON
trial was undertaken to determine sweat rate during seeand fluid regimen for the
next set of tests. GLUT and PCB trials were undertaken in randomised order,

separated by at least 7 days between each trial.
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8.3.4.1 Experimental Protocol

Subjects were instructed to drink a prescribed melwf approximately 6 mL.kg BW
(every 2-3 hours, 4-5 sessions per day) of watdherday before and during the day of
testing to maintain euhydration prior to all expgntal trials. Subjects were asked to
refrain from strenuous physical activity, nutritadn supplements, alcohol and
caffeinated drinks within 24 hours before arrivattee laboratory for the experimental
trials. Subjects were also required to maintaginailar record of food and fluid intake
by recording this in a food diary for 24 hours befarrival at the laboratory for the
experimental trials. Subjects were then requicetblow the same diet before each of
the following experimental trials to ensure minimatiance and maximal repeatability

of the data.

Upon arrival at the laboratory, subjects were agkedoid their bladder of urine and a
mid-stream sample of urine was collected. A sgad disposable thermistor probe
(YSI 400 series, Mallinckrodt Medical, USA) secullggda sterilised bead positioned 12
cm from the tip of the probe was then inserted wepth of 12 cm beyond the anal
sphincter to monitor rectal temperaturge;T A Polar Trainer™ heart rate monitor
(Polar Electro Oy, Kemele, Finland) whialas secured on the chest was used to record
heart rate. A resting blood sample was collecfegt anaintaining a seated position for
15 min in a thermoneutral environment (21°C and5%d4rh) to allow equilibration
following insertion of a venous cannula at the @jghvein in the forearm. An
extension tube of 20 cm was attached to the vemansiula and kept patent with

heparinised saline at rest and during exercisdw aepeated blood sampling.

As the subjects proceeded to the climate chamhey, were weighed with the pre-
weighed sports attire (shorts, socks and shoespykndstrumentation using the same
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electronic weighing scale throughout each expertaiemial. Resting HR an#f O,
were measured and subjective reporting of RPEmalecomfort and thirst sensation

was recorded prior to the commencement of eachriengetal trial.

Exercise-Heat Exposure Protocol

For GLUT and PCB trials, subjects performed a walking protocol primr the
experimental runs. Subjects walked at an exetoisest ratio of 25 min exercise to 5
min rest in an environmental chamber set to 3708 6h. The treadmill was set to 5.5
km.hr* with 4% inclination for 90 min. T and heart rate (HR) were monitored
continuously and the 15-point Borg scale (Borg, 2)9r rating perceived exertion
(RPE) was used to record RPE every 25 min. Bodysmaas weighed during each rest
interval. To increase evaporative sweat loss dutite walking protocol, air flow of
2.44 m.g was generated by a large electric fan situated ib front of the subject’s
position on the treadmill. The fan switched onmih after commencing the walking
protocol. No fluid or food was provided throughdlé: exercise-heat exposure protocol.
After completion of the dehydration protocol, alsirumentation was removed (except
the rectal probe) and subjects were positionednsuphile four ice-packs were placed
on the chest and inguinal crease areas at bothaheftright sides to enhance body
cooling in thermoneutral conditions.Was monitored throughout the cooling process
to determine when dhad decreased below 375 Thereafter, subjects were requested
to take a shower, change into their pre-weighedtsgitire and rest for 40 min. Urine
specific gravity and body mass with all instruméiotawere weighed again and 2 cups
of glutamine or placebo solution (see belokxperimental Ruri¥ (207.3 + 26.1mL)

were given to the subjects prior to the experimanias.
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Experimental Runs

During each experimental rusybjects were required to run at 65%,may for an hour
followed by an incremental gradient protocol (+19ery 3 min) until volitional fatigue.
A fan was positioned at approximately 1 m distamcdront of the treadmill which
created an artificial wind resistance of ~12 knl.hrAll subjects were instructed and
encouraged to run for as long as possible. A witdl2 cups of Glutamine (0.2 gkg
body mass per litre, Trans-Alanyl-Glutamine, Metab®utrition®; 13.4 + 5.0g) or
placebo (2g of dextrose with maltodextrin, Equabsai€, Chicago, lllinois) were
mixed with water, which was 70% of fluid replacermbased on sweat loss during the
CON trial were given to the subjects. The first 2 £ugd supplement drinks were
ingested immediately prior to commencing the tidllowed by 1 cup every 5 min and
subjects were encouraged to rapidly finish each augolution. In compliance with
ethical approval, exercise was terminated if .@of 39.9C was attained. Time to
exhaustion was recorded as a measure of exeraikerpance. Following completion
of the experimental trials, clothed body weightprée attire and water cups were
weighed to determine sweat loss. Subjects wereugted to wear the same sports

attire during each experimental trial.

| Steady State Run (65¥:ma,) IC

0O 5 10 15 20 25 30 35 40 45 50 55 60 Final
Performance Time (min)

R B R A

Glutamine / Placebo ingestion

Figure 8.1 Schematic representation of the experimentaktpabtocol
IC: Incremental gradient protocol (+1% every 3 min)
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8.3.4.2 Hydration Measurements

Urine samples were collected upon arrival at theordatory, and after completion of
each experimental run. Urine specific gravity (J$@s analysed using a digital urine
specific gravity refractometer (Ata§dJG-o, Japan) to determine the hydration status:
USG <1.020 was considered to be euhydration. Hneeselectronic weighing scale
(x0.001 kg; Mettler Toledo ID1 Multi Range Scalegl@mbus, OH, USA) was used to
measure subjects’ body mass and sports attireghout the study. These body mass
measurements established a baseline from whichatigdrstatus was determined on the

morning of each experimental trial.

Sweat loss was calculated as the difference in gmd-post-exercise nude body mass,
corrected for fluid intake, urine output, respirgtevater loss, and sweat contained in
sports clothing and running shoes (Pwghal, 1967; Mitchellet al, 1972). Whole
body sweat rate was estimated as: Sweat Rate (LAn8weat loss (L) / Performance

time (min)

8.3.4.3 Cardiorespiratory Measurements

Heart rate (HR) was monitored at rest and every i& imterval during each
experimental run. Oxygen uptakéd,) was measured at 0, 10, 30, 60-min and in the
final minutes prior to the cessation of exercige60 s collection of expired respiratory
gas was collected in a Douglas Bag for later amalyksO, and CQ fraction. Expired
gas fractions were measured usinga®@d CQ analysers (Model 2-3A and Model CD-
3A respectively, Ametek, Thermox Instruments, Biitg, PA) calibrated with a known
gas (Q:15.9%; CQ: 4.03%) and outside air £020.93%; CQ: 0.03%). Gas analyzers

were calibrated immediately before the analysithefexpired respiratory gas samples.
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Expired gas volumes were determined using a dryflgas meter (Parkinson-Cowan,
England) and standard temperature, pressure andgasyvalues were calculated

according to corrected barometric pressure andéeegiyre.

8.3.4.4 Thermoregulatory Measurements

Rectal (T.) temperature was monitored continuously ang data was logged on a
portable temperature data logger (Digi-S&nBeermistor Thermometer, Chemopharm,
US) every 5 min. The data logger was calibratddrieethe study in a water bath and
platinum resistance probe (T1091) within a tempgeatange of 30 to 46. T was
measured at four sites using iButtSntemperature sensors: (i) halfway between the
acromium process and nipple (chest), (ii) delt@id, anterior mid-thigh and (iv) right
lateral calf; which have an inbuilt data logger gabsequent data downloading (van
Marken Lichtenbelt et al., 2006). These were attddo the skin using narrow strips of
Opsite™ surgical bandag&sx was calculated using the equati@ig: = 0.3 (Tehest+ Tarm)

+ 0.2 (Thigh + Tieg) (Ramanathan, 1964) .

8.3.4.5 Haematological Measurements

A total volume of 12 mL of venous blood samples aveollected upon arrival to the

laboratory (baseline measurement), 0-min, and dufie exhaustion point of exercise,
whereas a total of 8 mL of venous blood samplegwelected at 10, 30, and 60-min
of exercise. A 1 mL blood sample was collectedb ilBDTA coated tubes for

haemoglobin and haematocrit analysis. Haemoglauncentration was analysed
(Sysmex KX-21N Hematology Analyser, Kobe, Japar aaematocrit percentage was

estimated using a microcentrifuge (Hawksley) andramhaematocrit reader (Hawksley
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CE/15006, UK). Haemoglobin and haematocrit valuese used to calculate the
percentage change in plasma volume (Dill & Costii/4). Triplicate measurements

were made of haematocrit and haemoglobin.

A 4 mL venous blood sample was collected into Uithiheparin coated tubes,
centrifuged and stored at -20°C for subsequentm@tation of plasma viscosity, total
protein, glucose and lactate concentrations. Riagiscosity was analysed using a
viscometer (Cone and plate Viscometer, LVT with GR-Wells-Brookfield). Plasma
total protein was analysed using a total protetr(&tanbio Total Protein LiquiColBr
Texas). Plasma glucose was analysed usglg@se oxidase colorimetric analysis kit
(TR-1511-200 Thermo ElectrorNoble Park, Victoria, Australia) and lactate

dehydrogenase (LDH) was assayed using the methadran (1975).

Another 4 mL sample of venous blood was were ctdbkaento clot activator coated
tubes, centrifuged and stored at -80°C for subsgqgaealysis of serum glutamine,
osmolality and electrolytes concentrations. Flawetric analysis was used to
determine glutamine concentration, as describedGhyssieet al. (1993). Serum

osmolality and serum electrolytes were analysedguan osmometer (OSMOMAT 030,

Gonotec GmbH) and a radiometer (ABL80 Flex, Denrpadspectively.

An additional 4 mL of venous blood were collectatbiEDTA coated tubes (2 mL in
each aliquot), centrifuged and stored at -80°Cpiasma renin and plasma HSP 72
analysis upon arrival to the laboratory (baselinrsasurement), 0-min, and during the
exhaustion point of exercise. Plasma renin wa$ysed using a Renin active ELISA
kit (IBL International GMBH, Germany) with sampldduted 1:2, as described by the
Renin active ELISA kit instruction manual. Plask@P 72 was analysed with samples
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diluted 1:5 using a commercial ELISA Kit (Stressg&anada). All samples were

analysed in the same assay run to eliminate irg&ayavariance.

8.3.4.6 Subjective Reporting

Perceived thirst sensation was identified usingiree-point thirst scale with verbal
anchors (Engelét al, 1987). Ratings of perceived exertion (RPE) waained using
the 15-point Borg scale (Borg, 1982) and thermahfoot was recorded from a seven
point scale (Bedford, 1936). Thirst sensationsRRd thermal comfort were recorded
at 10-min intervals throughout the testing anchatoint of exhaustion. Subjects were
familiarized with the scales prior to testing ahdge measurements were obtained in a

random order to eliminate an ordering effect.

8.3.5 Statistical Analysis

Power and Sample Size Calculation (PS) softwarBigyont and Plummer (1997) was
used to determine the sample size. A two-way (tkrteial) repeated ANOVA was
performed using Statistical Package for Social ®@e (SPSS 18.0, Chicago, IL) to
compare significance difference within and betwésatments. Where significant
interaction effects were established, pairwiseedghces were identified using Tukey’s
HSD post hoc analysis procedure. Where approprikferences between trials were
also identified using one-way analysis of variandgéh repeated measures. Linear
regression analysis was used to determine reldiprizetween £ and HR response.
All values are expressed as means + SD and thdfis@gite level was accepted at

p<0.05.
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8.4 RESULTS

8.4.1 Performance Time and Plasma [Glutamine]

Four out of seven subjects successfully compldted0 min steady state run in each of
the three conditions with different hydration staind supplement drinks in the heat.
Mean running performance time fGON, GLUT andPCB trials were 68.4 + 6.4, 61.8
+ 14.9 and 59.9 + 13.4 min, respectively. Timexbaustion duringLUT was similar
with CON (p=0.112) but a significant reduction was foundingy PCB trial (Figure 8.2;
p=0.044). Similarly, there were no significantfeiences betweeGON andGLUT in
plasma [glutamine] but a lower plasma [glutamin@sviound inPCB when compared

with GLUT (p=0.003).
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Performance Time (min)
(o2
o
1

55 -

50 -

45

40 . . .

CON GLUT PCB
Trials
Plasma
[Glutamine] Trials
(umol.L™) CON GLUT PCB

Baseline 494.2 £ 98.4 510.5+55.7
0 min 542.6 + 50.1 537.7+91.8 531.2 +£48.3
Final 596.2 + 64.6 633.0 +45.0 547.6 + 68.0

Figure 8.2 Performance time and plasma [Glutamine] mean +SDkinguthree
experimental trials QON, euhydrated in 3&; GLUT, dehydrated in 3&; PCB,
dehydrated in 3%)

®indicate a significant difference fro®LUT (p<0.05)
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8.4.2 Hydration Status

There was no significant difference in body masd @G measurements prior to the
experimental trials (Table 8.1; p>0.05). Approxielg 2.4% body mass loss was
induced by the 90 min of exercise-heat exposuréopob. As the subjects completed
the experimental runs, a greater % body mass charage found inCON when
compared withGLUT and PCB (p=0.005 and p=0.001, respectively). The fixed
supplement drinks intake regimen resulted in alam$ body mass loss GLUT and
PCB trials. Sweat rate was similar in all trials ~3.7 1.81 L.mif* regardless of

different hydration status.

8.4.3 Cardiorespiratory Responses

Subjects ran at ~66.3%0,max during the first 10 min of steady state exerciabe
8.2). At 30 min of running/O, was significantly higher itGLUT and PCB when
compared withCON, but a significant difference in metabolic drifagvfound inPCB

at the end of 60 min steady state run. All sukjstbpped running at a similar relative
percentage of Ozmax CON: 78.8 + 7.69%/ Opmax GLUT: 78.1 + 7.4%/ Osmax and

PCB: 76.3 + 5.5 %/ Oamax (p>0.05).

HR increased dramatically over 60 min of exercisemf 10-min to 60-min in all
experimental trials (p<0.001; Table 8.2). Subjestspped exercise at similar HR
responses (~186 beats.Mjnwhich were 97 + 3, 98 + 5 and 99 + 4% of theR. in

CON, GLUT andPCB respectively (Table 8.2).
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Table 8.1: Hydration status determined by percentage chanfdé®ay mass, urine
specific gravity (USG), sweat rate, and fluid irdakuringCON, GLUT andPCB trials

Trials

Variable and Time

CON GLUT PCB
Body Mass (kg)
Baseline 70.54 +7.72 70.82 + 8.00
0 min 70.46 + 8.09 68.83 + 7.6ﬁ* 69.04 + 7.8§*
Final 68.86 + 8.01 67.79+7.5%"% 68.14+7.85"2
% A Body Mass
Baseline — 0 min -2.43 +0.35 -2.51+0.23
0 min — Final -2.09 +0.79 -0.94 £ 0.56 -1.14 + 0.75
Baseline — Final -2.09+0.79 -3.91 +1.0% -3.80+0.78
USG
Baseline 1.011 + 0.007 1.011 + 0.006
0 min 1.009 + 0.006 1.019 + 0.008 1.017 £ 0.007
Final 1.014 + 0.004 1.024 + 0.003 1.023 + 0.003
Sweat Rate (L.min%)
0 min - Final 1.79 £ 0.23 1.81 £ 0.50 1.73+0.33
Fluid Intake (mL)
0 min — Final 424 + 287 973 + 249 873 + 306

Baseline: Prior to the exercise-heat exposure pobto

a.b. e gjgnificantly different from CON, GLUT and PCB resgively
* Significantly different from baseline value

"Significantly different from 0 min value
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Table 8.2:Oxygen uptake and heart rate measurements dG@ig, GLUT andPCB trials

Variable Performance Time
Trials 0 min 10 min 30 min 60 min Final
VO, CON 42+1.7 41.7+5.1 421+ 4.4 420+ 4.4 50.2 +5.5
(mL.mintkg?)  GLUT 4.8 +1.7 42.4 +3.9 442 +4.3 42.0£4.7 49.6 + 3.6
PCB 4.6+2.1 42.8+4.0 44.4 + 4.8 43.7 +5.P 48.6 + 4.3
HR CON 69 + 8 148 + 9 160+ 8 166 +9 185+ 7
(beats.min’) GLUT 77 +11 156 + 8 167 +9 173 + 13 187 + 10
PCB 78 +12 154 + 8 170+ 9° 178 + 8P 187 + 8

® Significantly different fromCON trial
" Significantly different from 10 min
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8.4.4 Thermoregulatory Responses

T increased significantly from 5-min of running urégxhaustion in all trials (p<0.05;
Figure 8.3). Subjects stopped exercise with 39.5 + 0.8C, 39.7 £ 0.6C and 39.7 £
0.5°C in CON, GLUT andPCB trials, respectively. A significant relationshipas
found between [ and HR response in all trial€ON, r= 0.81;GLUT, r= 0.76 and
PCB, r= 0.76; p<0.001).Ts remained similar ~3& throughout the trials except a
significant increase of =<C was found at 5 to 10-min BLUT andPCB. There was

no significant difference in JandT s between trials throughout the experimental runs.

—o— CON

Steady state run IC

0 10 20 30 40 50 60  Final
Performance Time (min)

Figure 8.3 Rectal temperature { measurements during exercis€d®N, GLUT and
PCB trials

# Significantly different from 0 min
IC: Incremental gradient protocol
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8.4.5 Haematological Responses

No significant difference was observed in plasmuwe with ~ 2.4% body mass loss
after the exercise heat-exposure protocol (p>0Fdgure 8.4). During experimental
runs, plasma volume i@ON was reduced over time: -12.2 £ 5.0% from 0 minht®
point of exhaustion; while plasma volume@LUT andPCB decreased significantly
after 30 min of exercise until exhaustion (-9.6.8% and -9.8 + 6.3%, respectively).
No significant difference was noted between tr{gs0.05). The initial decrease in PV
Is thought to be result of increased metabolitekiwimuscle fibres drawing water into

the fibre.

Performance Time (min)

20 30 40 50 60 70 Final

Baseline

-10 A

Relative A Plasma Volume (%)
&

-14

——CON —©-GLUT —=4—PCB

Figure 8.4 Plasma volume changes after the exercise-heat esgpsotocol and during
exercise iNCON, GLUT andPCB

" Significantly different from baseline value

# Significantly different from 0 min
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Percentage changes of HSP 72 from baseline and dmtal prior to the
commencement of exercise were examined duringiakt The exercise-heat exposure
dehydration protocol induced an increase of HSPexj@ession in botlGLUT and
PCB (31.7 £ 12.2% and 38.1 + 11.4%, respectively; Feg815). In order to examine
the effect of glutamine ingestion on plasma HSPresgion and the possible protective
role of HSP 72 against heat stress and dehydragitmer glutamine or a placebo was
given to the subjects during tUT andPCB experimental runs. Supplement drinks
with glutamine significantly enhanced HSP 72 expi@s in GLUT when compared

with PCB (72.2 + 14.0%/s.67.2 + 8.4%; p=0.046).

100 o EBaseline_0 min @Baseline_Final 00 min_Final
90 + '[

80 - T [ [
70 - [

60 A

Q

50 A

40 A

% A Plasma HSP 72

30 A
20 -
10 -

CON GLUT PCB
Trials

Figure 8.5Percentage changes of plasma heat shock proteir) (HSInCON, GLUT
andPCB trials
&Significantly lower tharCON trial (p<0.01)
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Serum osmolality, plasma viscosity and plasma [tptatein] were similar during
baseline measurements between trials and increaggudficantly throughout the
experimental runs until exhaustion (p<0.05; Tah[®.8 Serum osmolality and plasma
viscosity in GLUT and PCB were significantly greater thaBON during exercise
(p<0.05) except similar values of serum osmolaligre found at exhaustion. Similarly,
greater plasma [renin] was found in the blood samaken immediately prior to the
commencement of exercise and at exhaustigdLidT andPCB when compare@ON

(p<0.05).

No significant difference was noted in plasma ghe&o-4.8 mmol.! and plasma
[lactate] ~2.0 mmol.t during baseline, 0 min and 10 min measurementslitrials
(p>0.05; Table 8.3). Plasma glucose between twals similar during the first 10-min
of experimental runs. However, as subjects pregietso 30-min of running, plasma
glucose was significantly elevated HCB when compared witiCON (p=0.036). A
slight increase was found in plasma [lactate] atr3® in PCB trial when compared
with other trials. At the point of exhaustion, significant differences were observed in

plasma [glucose] and plasma [lactate] betweerst(jz0.05).

Serum [N4] and [CI] were significantly elevated as 2-3 mmét.lafter the exercise
heat-exposure dehydration protocol @.UT and PCB trials. After 10-min of the
experimental runs, serum [Naand [CI] increased significantly itGLUT and PCB
trials when compared wit@ON (p<0.05; Table 8.3), but no significant differengas

noted in serum [K between trials.
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Table 8.3:Haematological Responses during PETS

Performance Time

Variable Trials Baseline 0 min 10 min 30 min Final
Serum Osmolality ~ CON 287 5 291+5 291+5 300+9
(mosmol.kg") GLUT 288 + 6 292 +5 299+6"" 299 +8 " 301+9*
PCB 288 5 294 +5 297+ 5" 297 + 47 299 5
Plasma Viscosity =~ CON 1.46+0.12 1.56 +0.12 1.58 +0.12 1.73+0.14
(mPa.s) GLUT 1.52 + 0.22 1.74 £0.20"* 1.82+0.16" 1.83+0.26 2.04+0.19""
PCB 1.55 +0.16 1.80 +0.15 1.84+0.19" 1.85+0.22 1.89+0.18"
Plasma [Glucose] ~ CON 46+0.4 4.4+0.7 49+0.9 6.5+ 1.8
(mmol.L Y GLUT 49+04 4.6+0.5 45+0.5 56+0.8 7.3+15"
PCB 51+09 46+0.4 49+12 6.0+ 1.7 7.0+1.6"
Plasma [Lactate] ~ CON 1.9+1.2 26+1.7 2414 6.1+3.7
(mmol.LY) GLUT 19+14 20+1.3 22127 25+1.1 51+207
PCB 52415 20+1.4 23+1.4 2.6+ 1.0 4128
Serum [Na] CON 139.0+ 1.6 140.7 + 0.8 1404+ 1.3 1414+ 1.7
(mmol.L7) GLUT 1390+ 1.4 141.4+1.6"% 143.4+1.8° 142.7+2.8° 142.4+2.6
' PCB PO 142.0+2.9" 142.7+2.2" 142.3+2.0" 141.9+2.2

139.3+1.6
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Serum [K']
(mmol.L™)

Serum [CI]
(mmol.L™)

Plasma [Protein]

(9-dL™)

Plasma [Renin]

(pg.mL™)

CON
GLUT
PCB

CON
GLUT
PCB

CON
GLUT
PCB

CON
GLUT
PCB

49+05
49+0.3

107.9+2.0
107.0+ 25

7.25+0.58
7.34 +0.38

29.9+25.7
42.3+34.4

46+0.6
46+05
46+0.3

107.7+1.3
109.4+ 1.8
110.1+3.6

7.44 +0.41
7.59 +0.61
7.88 + 0.55

15.9+8.5
40.1+20.2
49.4+42.0

5.0+0.4%
52+0.3%
52+0.3

111.0+x21
112.3+2.8
111.9+2.4

7.80 +0.53
7.92 +0.39
8.17 +0.40

51+04
52+0.3
52+0.7

111.0x2.1
1129+ 34
112.0+ 3.4

8.02 + 0.4%
8.18 + 0.42*
8.16 + 0.51

46+0.6
4.7+0.6
44+04

1099+1.1
111.6+29
111.0+2.9

8.36 + 0.68
8.19 + 0.41"*
8.28 + 0.34*

134.5+95.6

254.1 + 14434 #
220.0 + 13237 #

Baseline: Prior to the exercise-heat exposure pobto
Significantly different from CON

" Significantly different from baseline value
*Significantly different from 0 min value
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8.4.6 Subjective Responses

Ratings of perceived exertion (RPE) increased Sgmtly over time in all trials
(p<0.01; Figure 8.6) and no significant differeneas found between trials. Similarly,
thirst sensation and thermal comfort scores dusxegycise were similar across different
trials (p>0.05). At exhaustion, RPE was similaralhthree conditionsGON: 17.4 +
2.1,GLUT: 18.6 + 2.1 andPCB: 18.4 = 0.8). Meanwhile thirst sensation was tpea
when compared with immediately prior to the comnegnent of exercise across all
trials and a greater thermal comfort score wasdaniPCB when compared with other

trials (p<0.01).
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Figure 8.6 Rating of perceived exertion (RPE), thirst sensatod thermal comfort
scale during exercise @ON, GLUT andPCB

Significantly different from CON

"Significantly different from 0 min

IC: Incremental gradient protocol
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8.5 DISCUSSION

The purpose of this study was to investigate tiecebf alanyl-glutamine ingestion in
attenuating the exercise-induced decrease in pldghatamine] and to elucidate the
relationship between alanyl-glutamine ingestion #mel induction of plasma HSP 72
expression during prolonged exercise in hot climatonditions undertaken in a
hypohydrated state. This study demonstrates tlatylaglutamine administration
during exercise in hot and hypohydrated conditisnscessfully enhanced plasma
[glutamine] and further enhanced the expressiopladma HSP 72. In addition, the
magnitude of running performance time to exhaustiathe PCB trial was significantly
12.4% less when compared with tBON trial. However, when subjects ingested the
supplement solution containing glutamine, runnimgetto exhaustion in th&LUT
trial did not differ from theCON trial where the subjects were in a euhydrateck stat
prior to the exercise (Figure 8.2 he improvement in running performance occurred
seemingly due to the increase in plasma [glutamasgociated with an enhanced
plasma HSP 72 expression, which may be coupled waithincrease in cell-stress
tolerance to dehydration during exercise in hotdtiions. Indeed, it is has been shown
that resistance to dehydration damage in somdicedl correlates with the presence of

a range of heat shock proteins (Ravindrtal, 2005).

Prolonged exercise is associated with a decreaplasma [glutamine] and it has been
suggested that this may be due to over-training asgbciated immunosuppression
(Parry-Billings et al, 1992). Our data did not show any decrement lasrpa
[glutamine], and therefore we conclude that “immsuq@pression” is not necessarily a
contributing factor to impaired performance whemreising in hot and hypohydrated
conditions. Conversely, our data showed an inerégagplasma [glutamine] during all
experimental trials but with differing magnitudek increase from immediately pre-
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exercise to the point of exhaustion. TGeUT trial exhibited the greatest elevation
(~16.2%) in plasma [glutamine], followed IBON trial with an elevation of ~8.7% in
plasma [glutamine]. Th&CB trial showed the least increment ~2.4% in plasma
[glutamine]. A possible explanation for the ingean plasma [glutamine] in tl&ON

trial could be the release of glutamine from skalatuscles into the circulation (Walsh
et al, 1998; Newsholmet al, 2011), whereas a greater elevation of plasmadgiine]

in the hypohydrated state was experienced irGheT trial due to the ingestion of the
supplement solution containing glutamine when caegbavith no administration of

exogenous glutamine in tiRCB trial.

The potential for glutamine to be used as an oehlydration beverage has been
investigated by Hoffmamt al. (2011). Plasma [glutamine] was significantlyvelied
with the ingestion of 0.2 g.Kgbody mass per liter of L-alanyl-L-glutamine (~2@g3) a
rehydration beverage. Hoffmat al. (2011) found this solution to be associated \aith
significant cycling performance improvement whelisy exercised at 75%0omax t0
volitional exhaustion. The authors concluded thlatamine ingestion mediated an
enhanced fluid and electrolyte uptake while a sigant reduction (~3 mmol.}) in
plasma [N3] was observed. In the present study, we emplayeimilar dosage of
glutamine in solution with water (0.2 g-kdoody mass per liter) during exercise in hot
and hypohydrated conditions. Subjects ingested#280 mL of supplement drinks
containing 13.4 + 5.0 g glutamine, resulting inraager running performance time but
no significant effect on plasma [Na In addition, percentage changes of body mass
during the glutamine supplementation trial (-0.93#6) not differ from the placebo trial
(-1.14%). Similarly, urine specific gravity, serumsmolality, plasma viscosity, plasma
[total protein] and plasma [renin] measurementsewamilar with and without the

glutamine ingestion experimental trial, while boslgight changes, plus haematological
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and urinary indices are often used to assess hydratatus (Kavouras, 2002,
Armstrong, 2007), we found that the ingestion gf@ament drinks with glutamine did
not influence these measures. This evidence gledwbws that the greater running
performance time irlGLUT trial was not due to an increase in fluid and tetdgte

absorption.

Accumulating evidence supports the observationtti@tnduction of HSP expression is
strongly correlated with the development of a @hee to heat stress as well as other
stressors including hypoxia and oxidative streseg®ey, 1997; Kregel, 2002; Ruell
al., 2009). Our findings indicate that exercise t lgonditions (35C; 40% RH)
enhanced plasma HSP 72 expression with a ~2.1% tmadg loss through sweating in
the CON trial (Figure 8.5). However, as the body mass kgsroached ~3.8% in the
GLUT andPCB trials, the presence of plasma HSP 72 was deptessk this seemed
to be associated with the runners being signiflgamgpohydrated (Figure 8.7). To our
knowledge, there is only one study on humans tlest investigated the effect of
dehydration on HSP responses during exercise icdraditions (Hillmaret al, 2011).
The authors of this study did not find any pronaddnfluence of dehydration on
cellular HSP concentration following exercise inttbathermoneutral and warm
environments with and without dehydration. Hillmah al. (2011) suggested that
oxidative stress was a more potent stressor thhpddation, and as such dehydration
did not induce an increase in HSP concentratioheirTsubjects experienced a 3.8%
bodyweight deficit due to dehydration during a prajed exercise trial (90 min cycling)
in warm conditions (33.9 £ (°€) followed by a 5-km time trial. The degree of
dehydration was similar to that observed in thes@né study at the conclusion of the
GLUT andPCB trials. Our data shows that dehydration depresisednduction of

plasma [HSP] expression. However, as a consequdnangesting supplement drinks
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with the glutamine in solution, plasma [glutamim&]s associated with a greater plasma
HSP 72 expression in t&LUT trial when compared with tHeCB trial, and exhibited
greater performance times in t8&UT trial. It is noteworthy that Hillman et al (2011)
investigated cellular HSP concentrations (monocy®® 72 and lymphocyte HSP 32)

in their study, whereas our study measured plasis®[72], which makes comparisons

difficult.
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Figure 8.7  Relationship between percentage change of plasnfaam8 percentage
change of plasma [Glutamine] from 0 min to pointexhaustion during exercise in
CON, GLUT andPCB trials

Increased expression of plasma HSP is associatadawise in core temperature during
both passive and active heat exposure (Ratedll, 2006). The release of plasma HSP
72 may elicit a sensation of fatigue to reduceetffiert of exercise, which acts as a CNS

fatigue-signalling mechanism to prevent life thezabg situations (Heckt al, 2011).
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In the current study, d in all trials was similar and consistently increasduring
exercise in the heat, despite subjects havingestdheir exercise with a different level

of hydration and either a glutamine or placebo tsmhu was ingested during
experimental runs. Subjects stopped exercise aviliimilar T at ~39.7C but with
different levels of plasma HSP expression. Theselts demonstrate that glutamine
seems to be responsible for an enhanced plasma’RBi8ipression during exercise in a
hot and hypohydrated state. Previous reviews Issvn that glutamine depletion
following critical iliness or injury is likely to féect the induction of heat shock protein
expression (Wischmeyer, 2006). Therefore we spéeuthat without glutamine
supplementation during theCB trial there was an associated depression in plasma

[HSP 72].

Oxygen uptake and heart rate responses in botGthelr andPCB trial were similar,
thus indicating that subjects ran at similar effdd exhaustion during the experimental
trial. Similarly our results showed that L-alanyglutamine ingestion did not affect
perceptual ratings of fatigue and none of our stibjeeported gastrointestinal distress
after ingesting supplement drinks with glutamineimiy exercise. To the contrary, a
study evaluating peptide glutamine ingestion 30 nmprior to soccer players
commencing exercise demonstrated that subjects mbested carbohydrate with
peptide glutamine exhibited reduced feelings ofgtee compared with the use of
carbohydrate alone (Favaebal, 2008). Favanet al (2008) also found that there was
an improvement in distance run and exercise toberant is possible that combining
carbohydrate and glutamine ingestion may have dlueimce on blood glucose
concentration and increase time to fatigue duringlomged submaximal exercise.
Further research is required to elucidate the iogiship between combined drinks

(glucose and glutamine) and the induction of plagiB8& 72 expression.
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In conclusion, the present study demonstrates btdntamine ingestion confers
protection and enhances plasma HSP 72 expressiorithermore, ingestion of alanyl-
glutamine was associated with an improved time xbaastion during hot and
hypohydrated conditions. This observation suggtsst supplementation drinks with
alanyl-glutamine are likely to provide an ergogetuenefit for runners who are

competing in hot climatic conditions in a hypohytddhstate.

Acknowledgement

The authors thank all the subjects that particgbatehis study.

245



8.6 REFERENCES

Annan, W. (1975). A method for the determinatiorbtifod lactate and pyruvate using
an LKB 8600 reaction rate analyskted.Lab.Technol32,287-294.

Armstrong, L.E. (1986). Preparing Alberto Salazar the heat of the 1984 Olympic
Marathon.The Physician and Sportsmediciid, 73-81.

Armstrong, L.E. (2007). Assessing hydration stathg elusive gold standard. Am
Coll Nutr. 26,575S-584S.

Bedford, T. (1936). The warmth factor in a comfarivork.Rep. ind. Hith Res. Bd6.

Borg, G.A. (1982). Psychophysical bases of perckmseertion.Med Sci Sports Exerc.
14,377-381.

Castell, L.M. & Newsholme, E.A. (1997). The effectsf oral glutamine
supplementation on athletes after prolonged, exhvaugxercise Nutri. 13,
738-742.

Dill, D.B. & Costill, D.L. (1974). Calculation of grcentage changes in volumes of
blood, plasma, and red cells in dehydratibAppl Physiol37,247-248.

Engell, D.B., Maller, O. & Sawka, M.N. (1987). Tsirand fluid intake following
graded hypohydration levels in humaR&ysiol Behav40, 229-236.

Epstein, Y. & Roberts, W.O. (2011). The pathopysyyl of heat stroke: an integrative
view of the final common pathwa$can J Med Sci Sportal, 742-748.

Favano, A., Santos-Silva, P.R., Nakano, E.Y., Petlij A., Hernandez, A.J. & Greve,
J.M. (2008). Peptide glutamine supplementationtéderance of intermittent
exercise in soccer playefslinics (Sao Paulo)3, 27-32.

Fudge, B.W., Westerterp, K.R., Kiplamai, F.K., Omya, V.O., Boit, M.K., Kayser, B.
& Pitsiladis, Y.P. (2006). Evidence of negative mgyebalance using doubly
labelled water in elite Kenyan endurance runnersrgo competition.Br J
Nutr. 95, 59-66.

Grossie, V., Jr, Yick, J., Alpeter, M., Welbourng, & Ota, D. (1993). Glutamine
stability in biological tissues evaluated by fluoretric analysisClin Chem .39,
1059-1063.

Heck, T.G., Scholer, C.M. & de Bittencourt, P.1({#011). HSP70 expression: Does it a
novel fatigue signalling factor from immune systenthe brainell Biochem
Funct.29,215-226.

Hillman, A., Vince, R., Taylor, L., McNaughton, Mitchell, N. & Siegler, J. (2011).

Exercise-induced dehydration with and without emwimental heat stress
results in increased oxidative stre&ppl Physiol Nutri Metab36, 698-706.

246



Hoffman, J., Ratamess, N., Kang, J., Rashti, SllyK#l., Gonzalez, A., Stec, M.,
Anderson, S., Bailey, B., Yamamoto, L., Hom, L.,g€hak, B., Faigenbaum,
A. & Maresh, C. (2010). Examination of the efficaoy acute L-alanyl-L-
glutamine ingestion during hydration stress in eadoe exercisel Int Soc
Sports Nutri.7, 1-12.

Horowitz, M. & Robinson, S.D.M. (2007). Heat shopkoteins and the heat shock
response during hyperthermia and its modulationaligred physiological
conditions. InProgress in Brain ResearclHari Shanker, S. Ed.) p. 433-446.
Elsevier.

Jackson, A.S. & Pollock, M.L. (1978). Generalizeguations for predicting body
density of menBr J Nutr.40,497-504.

Kavouras, S.A. (2002). Assessing hydration sta@usr Opin Clin Nutr Metab Care5,
519-524.

Kregel, K.C. (2002). Molecular Biology of Thermordgtion: Invited Review: Heat
shock proteins: modifying factors in physiologicatress responses and
acquired thermotolerancé Appl Physiol92,2177-2186.

Lima, A.A.M., Carvalho, G., Figueiredo, A.A., GifgrA.R., Soares, A.M., Silva, E.A.T.
& Guerrant, R.L. (2002). Effects of an alanyl-gimiae--based oral
rehydration and nutrition therapy solution on alglgte and water absorption
in a rat model of secretory diarrhea induced byleraotoxin.Nutri. 18, 458-
462.

Mitchell, J.W., Nadel, E.R. & Stolwijk, J.A. (197.2Respiratory weight losses during
exerciseJ Appl Physiol32,474-476.

Moseley, P.L. (1997). Heat shock proteins and hdaptation of the whole organisih.
Appl Physiol83,1413-1417.

Newsholme, P., Krause, M., Newsholme, E.A., St8al,, Burke, L.M. & Castell, L.M.
(2011). BJSM reviews: A to Z of nutritional supplents: dietary supplements,
sports nutrition foods and ergogenic aids for theaitd performance—Part 18.
Bri J Sports Med45, 230-232.

Parry-Billings, M. (1990). A communicational linletween skeletal muscle, brain, and
cells of the immune systermt J Sports Medl1, S122-S128.

Parry-Billings, M., Budgett, R., Koutedakis, Y.,d8hstrand, E., Brooks, S., Williams,
C., Calder, P.C., Pilling, S., Baigrie, R. & Newkhe, E.A. (1992). Plasma
amino acid concentrations in the overtraining sgnu: Possible effects on the
immune systemMed Sci Sports Exer24,1353-1358.

Parsell, D.A. & Lindquist, S. (1993). The functi@f heat-shock proteins in stress
tolerance: Degradation and reactivation of damagetkins. Annual Review of
Genetics27,437-496.

Pugh, L.G., Corbett, J.L. & Johnson, R.H. (1967@cfal temperatures, weight losses,
and sweat rates in marathon runnihdppl Physiol23, 347-352.
247



Ramanathan, N.L. (1964). A new weighting systenmfiean surface temperature of the
human bodyJ Appl Physiol19,531-533.

Ravindran, R.K., Tablin, F., Crowe, J.H. & OliveA.E. (2005). Resistance to
dehydration damage in Hela cells correlates withgresence of endogenous
heat shock proteirCell Preserv TechnoB, 155-164.

Rowell, L.B. (1974). Human cardiovascular adjusttedgn exercise and thermal stress.
Physiol Rev54, 75-159.

Ruell, P.A., Thompson, M.W. & Hoffman, K.M. (2009)eat shock proteins as an aid
in the treatment and diagnosis of heat strdkehermal Biol 34, 1-7.

Ruell, P.A., Thompson, M.W., Hoffman, K.M., Brotheod, J.R. & Richards, D.A.
(2006). Plasma Hsp72 is higher in runners with mgggous symptoms of
exertional heat illnes&ur J Appl Physiol97, 732-736.

Ruell, P.A., Thompson, M.W., Hoffman, K.M., Brotheod, J.R. & Richards, D.A.B.
(2007). Lymphocyte HSP72 following exercise in hypermic runners: The
effect of temperaturel Thermal Biol32,406-412.

Sawka, M.N., Burke, L.M., Eichner, E.R., Maughan).RMontain, S.J. & Stachenfeld,
N.S. (2007). American College of Sports Medicingipon stand. Exercise and
fluid replacementMed Sci Sports Exer89, 377-390.

Sawka, M.N. & Noakes, T.D. (2007). Does dehydraiiopair exercise performance?
Med Sci Sports Exer89,1209-1217.

Singleton, K.D. & Wischmeyer, P.E. (2006). Oral tglmine enhances heat shock
protein expression and improves survival followimgperthermia.Shock.25,
295-299.

Siri, W.E. & Lukaski, H.C. (1993). Body compositidrom fluid spaces and density:
Analysis of methods: Prospective OvervieNutri. 9.

Sonna, L.A., Sawka, M.N. & Lilly, C.M. (2007). Ex@mal heat illness and human
gene expression. IArogress in Brain ResearcfHari Shanker, S. Ed.) p. 321-
346. Elsevier.

van Marken Lichtenbelt, W.D., Daanen, H.A., Woutdrts Fronczek, R., Raymann,
R.J., Severens, N.M. & Van Someren, E.J. (2006xluation of wireless
determination of skin temperature using iButtdPisysiol Behav88, 489-497.

Walsh, N.P., Blannin, A.K., Robson, P.J. & Gleesbh,(1998). Glutamine, exercise
and immune function. Links and possible mechanispparts Med26, 177-
191.

Welbourne, T.C. (1995). Increased plasma bicarlgoaatd growth hormone after an
oral glutamine loadAm J Clin Nutri.61, 1058-1061.

248



Wischmeyer, P.E. (2006). Glutamine: the first dally relevant pharmacological
regulator of heat shock protein expressi@?r Opin Clin Nutr Metab Care9,
201-206.

Wischmeyer, P.E., Riehm, J., Singleton, K.D., Rén,Musch, M.W., Kahana, M. &
Chang, E.B. (2003). Glutamine attenuates tumorasesifactor-[alpha] release
and enhances heat shock protein 72 in human pealphl®od mononuclear
cells.Nutri. 19, 1-6.

Ziegler, T.R., Ogden, L.G., Singleton, K.D., Luo,,Nfernandez-Estivariz, C., Griffith,
D.P., Galloway, J.R. & Wischmeyer, P.E. (2005). ePggral glutamine
increases serum heat shock protein 70 in critiglliyatients.Intensive Care
Med.31,1079-1086.

Zouhal, H., Groussard, C., Minter, G., Vincent, &etual, A., Gratas-Delamarche, A.,
Delamarche, P. & Noakes, T.D. (2010). Inverse i@tahip between
percentage body weight change and finishing timé48 forty-two-kilometre
marathon runner®r J Sports Medl5, 15.

249



CHAPTER 9

KEY FINDINGS & RECOMMENDATIONS

250



9.0

KEY FINDINGS

9.0.1 Hypohydration and Prolonged Exercise Performace (Study One)

1.

Elite Kenyan distance runners completed the hatf adl marathons during
SCKL Marathon 2009 with a BW loss (up to 3%) in mahumid climatic
conditions (26C, 90% rh). They completed the races as the fasthers but
ran slower than their previous best performance tduthe adverse impact of
environmental factors.

Elite Kenyan distance runners are able to cosgtenwell by increasing the
sweating rate regardless of the volume of fluidestgd or percentage of BW

loss in the warm and humid conditions 1@690%rh).

9.0.2 Running Economy with Hypohydrated and Simulatd Hyperhydrated State

(Study Two)

1.

V0, (mL.kg*.min* and mL.kg’">min™), caloric unit cost, & (kcal.kg'.km™)
and gross oxygen cost of running (mLdgm™) in hypohydrated state (-3 and -
4% BW) are significantly greater than when in ayelrated state.

Simulated hyperhydration does not increase tRkggen cost of running

proportionally with the added gross weight (+3 ad&o BW).
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9.0.3 Hypohydration and Hyperthermia: Circulatory and thermoregulatory

responses (Study Three)

1.

Hypohydration (~ 4% BW loss) significantly inases cardiovascular strain (i.e.
increases HR and decreases 8\4nd MAP) during prolonged exercise in hot
climatic conditions (3%, 40% rh) whereas there is a limited effect of
hypohydration on exercise performance in cool cionk (10C, 35% rh).

The reduction iV Oymax at the point of exhaustion immediately following
prolonged exercise in the heat with progressiveohydration is associated with
a lower HRhay Which is tightly coupled with the decline in SWd).

A marked increase in thermal strain (i.@, Tsxand SkBF) during prolonged
exercise in the heat with mild and moderate hypaddtyah (~2.2% BW loss and
~ 4.4% BW loss, respectively) significantly imparsning capacity. The time
to exhaustion in hot conditions was significanttypger than thermoneutral and
cool conditions.

The running performance time in the heat is ingoawith ~4.5% BW loss of
hypohydration (~25 min shorter than thermoneutriéih veuhydrated conditions
trial). However, this decrement of performance(446) is not associated with a
high T, (~39.2C).

The reduction in plasma volume (-19.8%) dueh® diuresis effect and sweat
loss during prolonged exercise is associated wiigmificant increase in plasma
viscosity, consequently exacerbating the cardiavasstrain.

A cool environment limits the increase ip {i.e. ~38.8°C at fatigue) an@'s,
(i.e. ~ 28C at fatigue) despite hypohydration (~4% BW lossheing attained,
consequently maintaining the performance time ofgmged exercise.

Every 10C of ambient temperature increment is in proportwith a ~2C
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9.04

increase inT g, which impairs prolonged exercise performance hia heat

irrespective of a mild to moderate level of hypotatobn (3 to 4.5% BW loss).

Hypohydration and Thermotolerance (Study Fouy

The administration of alanyl-glutamine (0.2 g'kbody mass per litre) has
attenuated the exercise-induced decrease in plagatamine concentration
during prolonged exercise in the heat°@3540% rh) while in énypohydrated

state (~4% BW loss).

The induction of plasma [HSP] expression is dsped by hypohydration.
However, with the alanyl-glutamine ingestion a ¢eeaplasma HSP 72
expression is induced during prolonged exercigaaerheat.

The ingestion of alanyl-glutamine as an oralydeation beverage has no
significant effect on plasma [Njg urine specific gravity, serum osmolality,

plasma viscosity, plasma [total protein] and plagreain].
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9.1

RECOMMENDATIONS

Further studies should investigate whether thereany adaptive metabolic
response to hypohydration in elite runners withulag training in hot and
hypohydrated conditions. The adaptive responsediten runners may increase
their tolerance to high body temperatures and bwdyer deficits during
prolonged exercise in warm / hot conditions.

Investigating the relationship between physimalgresponses and behavioural
perception (i.e. thirst and RPE) may help in un@deéding the factors which
elicit a sensation of fatigue during prolonged eis® in the heat.

The combining carbohydrate and glutamine ingasthay have an influence on
blood glucose concentration and increase time tmgua during prolonged
submaximal exercise. Further research is requoeslucidate the relationship
between combined drinks (glucose and glutamine)thadnduction of plasma
HSP 72 expression, which may enhance thermotoleraheing prolonged

exercise in the heat.
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