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Abstract

Abstract

Fluid intake, electrolyte balance, and effort irsién during one best of three set
indoor singles tennis match (17 + 2°C, 42 + 9% hdity) was measured in 16 male
University tennis players. Sweat samples were cw@te through application of an
absorbent sweat patch to the forearm, calf, thigth back of each player. Effort
intensity was measured through comparisons of amtdwart rates to data obtained

from a maximal treadmill test.

The mean sweat loss was 1219 + 417 ml, mean fhtiske was 1087 + 625 ml
(players replaced on average 89% of fluid lostlamehole body sweat rate was 0.72
+ 0.26 I/h and no significant body mass loss waseoled from pre to post match.
However, a large inter-individual variability e»est (range 0.43 - 1.28 I/h). 15 out of
16 players chose to consume water during their maied these fluid intake choices
were sufficient to on the whole maintain plasmaiwwodlevels. Two players provided
pre-match urine samples above 900 mOsmol/kg wimiteheer four provided samples
approaching this level, indicating some playersengypohydrated prior to match
play. The mean sweat sodium concentration was 45 mmol/l suggesting lower
heat acclimation statuses than in players competingarmer environments, and total
sodium losses during match play were 1.12 + 0.4Bagge 0.46 — 1.93 g). Again,
large individual variations existed. On averagetallyy and on-court electrolyte intake
exceeded electrolyte loss during match play by msicerable margin, but in some
player’'s there was not a great difference. Muscéenping could occur if players fail
to adequately replace both fluid and electrolytesés that occur during match play,
even in a comfortable indoor environment. Finaligdoor match play largely
consisted of moderate intensity exercise, belowilory threshold, with a smaller

high intensity contribution.

This study showed that in cool ambient conditisweat rates reached 1.28 I/h, and
players ingested sufficient fluid to replace 89 7%l of sweat losses, suggesting that
contrary to footballers, runners, and in some o#ipanrts, fluid replacement is easier

to achieve in tennis due to the regular breaksatcmplay.
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Introduction

Professional tennis is played in a wide varietycbiactic conditions across the
world, and players may be faced with travellingdad competing in, a hot climate
and on to a cooler one in quick succession. Onbeomajor challenges faced by elite
players is being able to replace the fluid andteddgde losses that they will invariably
experience in a range of environments, in ordendcease their chances of avoiding
dehydration and muscle cramping, and perform at thighest level. Players must be
able to dissipate heat effectively, even in the tnabsllenging conditions if they are
to avoid rapid dehydration, and must also ensuet they replace all fluid and
electrolyte losses. This can often be very demanslince elite tennis match play has
been previously shown to induce sweat rates of @erl/h (Bergeron 2003), and
players must implement fluid intake strategies #ismpt to fully replace these sweat
losses. Because of this, it is important that pleyanderstand the effects of
dehydration and electrolyte losses on performaace] are aware of their own

potential fluid and electrolyte losses during maaty.

The extent of sweat rates and electrolyte lossasany different sporting contexts
has been comprehensively described; however rdsaddressing these topic areas in
tennis players is less widespread. Work has temolddcus on team sports such as
football, basketball, and American football, anddemance sports such as long-
distance and marathon running, and in a rangeraditions. Bergeron and colleagues
(1995a, 1995b, 1996, and 2003) have detailed theatswates, sweat electrolyte
concentrations, and fluid intake strategies of i®nplayers outdoors in hot
environments, including consecutive days of matty,pand in players with a
tendency to suffer heat cramps. However, infornmai® lacking on sweat rates,
electrolyte concentrations, and fluid balance ointe players in cool and moderate
temperatures, especially indoors where the heatneschanism of convective cooling
is much lower. Bergeron et al. (2006) also invesgd voluntary fluid intake and core
temperature responses in adolescent players anchi26°C, but again this was held
outdoors. Singles tennis matches can often last twe and a half hours, and
although many tournaments are held in challengimgrenments, the majority of
competitive tennis in Great Britain is played in iadoor environment, which is a

valid reason for investigating these environmeataiditions.
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Introduction

Sweat sampling techniques used by previous stuthes been lacking in certain
areas. Bergeron et al. (1995a) took sweat sampes the non-dominant forearm of
players, but only left the collection patches on6.4 + 4.1 minutes, and they were
removed at a convenient changeover (mostly at theé ef the first set), so
concentration estimates could have been low. Indstedan et al. (2005) suggest that
sweat sodium concentrations can increase by upO8b s exercise training
progresses from the first hour to the second hblkerefore, in any study absorbent
sweat patches that will stay in place for the darabf the match should be applied to
remove this potential source of error. The userafiased patches to collect sweat
samples has been the subject of much scrutinyitdrad been suggested that samples
obtained by this method have overestimated actuahelectrolyte concentrations by
up to 30 to 40% (Shirreffs et al. 2006; Weschled&0 However, it remains the only
practical method of obtaining sweat samples intspgpisituations without any major
obstruction or hindrance to an individual's perfame, and virtually all studies

addressing electrolyte balance in sport have usedrtethod.

The occurrence of dehydration during exercise hesnbshown to induce many
physiological and thermoregulatory problems, angni® players face a constant
challenge to fully replace fluid losses during nmafday. With this known, players
have still been observed to commence a match ypahydrated state (Hornery et al.
2007; Bergeron et al. 2006). Dehydration levelsl@d + 0.9% body mass loss
following a three set singles match have been teddoy Bergeron et al. (1995) at
32°C, while others have shown slightly lower deficand a dehydration level of 2%
has been shown to impair power production (Coylealet2004), and cognitive
function (Gopinanthan et al. 1998). Body fluid lesdiave been measured at a variety
of temperatures in football (Shirreffs et al. 2Q06)ong with American football
(Fowkes Godek et al. 2005), basketball (Boatwrightal. 2003; Osterberg et al.
2005), and ice hockey (Palmer & Spriet 2008), havewone have addressed tennis

players in either indoor, or comfortable environtaéoonditions.

Sweat rates of between 1.7 I/h and 2.4 I/h haven veeorded for single three set
tennis matches in warm conditions (Bergeron etl8P5a), while players with a
history of heat cramps were shown to experienceaswates of up to 3.4 I/h

(Bergeron et al. 2003). These high sweat ratesbwitlg about significant body fluid
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deficits if players fail to rehydrate sufficientlgp it is a factor that players should be
aware of. It is very difficult to rehydrate at de@hat matches these high sweat losses,
because it is simply uncomfortable for some playelisgest the necessary amount of
fluid at changeovers. As well as the considerakiiel fosses that can occur during a
match, sweating can lead to a large electrolytécileBergeron (2003) showed that
sweat sodium concentrations of 17 male tennis ptagietemperatures ranging from
28.9°C to 35.6°C ranged between 23.0 mmol/l anan8%l/l, and these results are
similar to a wide range of studies that have lookkdweat sodium concentrations in
different sports and at different temperatures. €xegent of sodium loss in sweat
varies largely between individuals, and is linkeddsely to an individuals heat
acclimation status; the more acclimated a playethien the greater sweat rate they
experience, and the less sodium they tend to foseveat (Sparling 2000). However,
for all players, maintaining an electrolyte balareital to limit dehydration, fatigue
and muscle cramping. Players must also be awatehba dietary intake of sodium
may predispose them to suffering sodium depletionnd matches, and should
address this accordingly (Kovacs 2006).

Player’s heat acclimation statuses could poteptafect the results from the present
study, because athletes with a high level of heatimmation have been shown to
produce a greater sweat rate, but with a reduceshtssodium concentration when
compared to non-acclimated individuals in the saheations (Sparling 2000). The
results from studies on fluid and electrolyte batawill give an indication as to how
well acclimatised the players are to heat, whichoksiously important when

competing in warmer environments, and it would b&resting to compare these

results to players who have been studied in wanoeditions.

Heat cramping or muscle cramping is believed tothee direct result of sodium
depletion during exercise. Heat cramp sufferersl ttenbe salty sweaters (Eichner
2007), with research showing a greater magnitudsodium loss in sweat in athletes
prone to cramping versus those who were not (Stefaal. 2005; Bergeron 2003).
Bergeron (2003) suggests that the loss of fluidsowlum causes a contraction of the
interstitial volume causing an increase in ionicl areurotransmitter concentrations;

however the specific mechanisms behind the onskeaf cramping remain elusive,
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and it is not thought that the protocol in the prasstudy could bring about such

problems, however it is always a possibility inrerte cases.

Effort intensity has been investigated using a toop different methods. Some have
simply measured heart rate responses across a (Saioher et al. 1973; Kindermann
et al. 1981; Mitchell et al. 1992), while some haadculated on-court heart rates as a
percentage of maximal heart rates observed durmgpf&court test, such as a
maximal run in a treadmill (Hornery et al. 2007;riStmass et al. 1998; Bergeron et
al. 1991). These studies have observed that on-beart rates seem to vary between
60% and 85% of a player's maximal heart rate. ®eligf al. (1973) managed to
calculate the relative aerobic and anaerobic imerontribution to match play.
However, they used a complicated protocol contgironly 10 minutes of actual
match play: too short to allow players to reach imak effort levels. Finally,
Bernardi et al. (1998) used the direct measurexyfjen uptake using a portable
metabolimeter to quantify effort intensity of thredifferent playing styles,
demonstrating that predominately baseline playesskvat a higher effort intensity
(mean 59% VQyax).

Study Aims

The main aims of the present study are to thereforebserve the fluid intake
strategies, electrolyte losses, and match playsities of elite tennis players in an

indoor environment.

The key objectives are:

1. To assess the fluid intake strategy of playersndumdoor tennis match play
in a moderate to cool environment;

2. To examine fluid balance and electrolyte balancer av period of indoor
match play;

3. To quantify the intensity of match play in a moderado cool indoor
environment;

4. To make recommendations for future work, and tovige individuals with
feedback about their fluid intake habits.

15
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Hypothesis

It is hypothesised that the sweat rates and elgt#rbalances recorded will be at the
lower end of the range reported by many of theistuthat have addressed this topic.
This is because the study will be carried out imdpand the environment should not
be challenging enough to induce sweat rates abobel/i, and sweat sodium
concentrations above 50 mmol/l, which is at thehigend of results reported by
previous studies. Sodium losses throughout the dfetsiree set match should not be
high enough to threaten the daily dietary intakesadium observed through analysis
of player’s dietary intake, unless a player’s dgeparticularly poor, or they are very
poorly acclimated to heat, which would cause gres¢elium loss for a given sweat
rate. It is predicted that in accordance with prasistudies looking at pre-exercise
hydration in tennis players, some players may conu@e tennis match in a poorly
hydrated state, similar to observations from Hoyredral. (2007), and Bergeron et al.
(2006). There should be a significant body mass fbsm pre to post match, in
accordance with other studies looking at fluid ketatrategies in tennis, however the
percentage of body mass loss should be less thase tlobserved in warmer
conditions, as the environment in this study is lelsallenging. Seliger et al. (1973)
suggested that the energy contribution to matcly plas around 88% aerobic and
12% anaerobic; however Fox (1979) has suggestedhtaerobic contribution is a
lot lower; around 30%. These figures will vary besa of the procedures used, so it is
hypothesised that intensities observed in thisystidl be somewhere in the middle

of these figures.

It is intended that the results from this study @@nconsidered alongside those of
studies addressing fluid intake and electrolyteabed in elite players competing in
warmer environments, and it could help to improvayer's knowledge of the
electrolyte depletion that is possible during undating environmental conditions.
Raising awareness of these factors is consider@driant for players to optimise

their performance.

16



Review of Literature

Chapter 2

Review of Literature

17



Review of Literature

This review of literature aims to detail the widenge of research carried out
previously that has investigated sweating responsiefiydration, fluid intake,

electrolyte balance, and exercise intensity in dewange of sporting contexts, and in
doing so will focus on the following main topic aseto provide a comprehensive

overview.

- Thermoregulation and the sweating response.

- Sweat rates in sporting environments.

- Dehydration, its physiological effects, and resti effects upon
performance.

- Thirst and fluid intake during sport.

- Electrolyte balance, and total electrolyte lossesport.

- Effort intensity during match play.

- Metabolite responses during match play.

2.1 Thermoregulation and the Sweating Response

The hypothalamus is the body’s temperature contehtre, and keeps body
temperature at 37°C, = 2 or 3°C in all but the medteme of conditions (Maughan
2003). During exercise, core body temperature am@e, because roughly three
quarters of the energy produced from metabolisninduexercise is in the form of

heat, with only a quarter being converted to mowvanfidosey & Glazer 2004).

The main ways the body’s heat loss mechanismsdainated are by either feedback
from thermal receptors in the skin, or by changethé blood temperature around the
hypothalamus itself. The dissipation of heat iseasal during exercise, and the body
has four mechanisms of heat transfer; radiatiomduaotion, convection, and

evaporation (Kovacs 2006; Bass & Inge 2001). Ragiaheat exchange in tennis
would tend to lean towards the gain of heat frofarsenergy, but also can occur
through heat gain from the court surface. Heattlossugh conduction occurs through
direct contact with other particles, while heasltisrough convection is dependant on
the air temperature: if the air temperature is éighan body temperature there is no

gradient for heat transfer. When the air is saifl,is the case in indoor environments,
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any heat transfer by convection is reduced toutath can be created by movement
through the still air. When the air temperatureatder than skin temperature, then
heat can be dissipated through radiation and ctoiovecas well as by evaporation
(Kovacs 2006), but when the air temperature excdmaldy temperature these
mechanisms are compromised, leaving evaporatiaiheasnost effective method of
heat transfer during exercise (Dawson et al. 198&jticularly when the ambient
temperature is above 20°C (Sparling 2000). Accagrdia Sparling (2000), the
evaporation of sweat continues to dissipate heah fthe body, even if the air
temperature is higher than the core temperatureveier, if the level of humidity is
high, sweat vaporisation is reduced and body cgols severely compromised.
Because of this, under conditions of high-intensixgrcise in hot humid conditions,
evaporative cooling through sweating may becomefiicgent making these the most

challenging conditions in which to play.

The main hormones involved in regulating the sweptesponse are aldosterone and
vasopressin (Armstrong 2000). Exercise stimulatiesterone, which helps to
increase sodium conservation in the kidney. Thipshéo reduce the osmolality of
sweat, thus the concentration of sodium in the sweareases during repeated heat
exposure. This aids to conserve electrolytes. Aés@rcise and/or hypohydration
(reduced body fluid level) stimulates vasopressisq called antidiuretic hormone),
which increases the permeability of the kidneysrprove fluid retention (Armstrong
2000).

2.2 Sweating Rates, Dehydration & Fluid Intake

2.2.1 The Sweating Rate

The most efficient cooling mechanism is the evaponaof sweat from the skin
(Hosey & Glazer 2004). The sweating rate has béewss to vary largely between
individuals, and depends principally on factors hsuas exercise intensity,
environment, heat acclimatisation, level of aerobitoess and hydration status
(Maughan et al. 2004, 2005; Bergeron et al. 199%985b, Maughan & Shirreffs
1997; Fowkes Godek et al. 2005; Kovacs 2006; Sisret al. 2006; Bass & Inge
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2001; Hosey & Glazer 2004). Bass & Inge (2001)estahat the sweat response is
much less efficient in children than adults, notdiese of fewer sweat glands, but

because each gland produces less sweat.

2.2.2 Sweat Rates in Sporting Environments

Studies have recorded the sweat rates of athletasiide range of sports, and have
unsurprisingly recorded a wide range of resultsuifean et al. (2005) sampled 17
professional footballers during a 90-minute tragnisession in a cool (5°C)
environment, and recorded a mean sweat rate oflitrd® per hour (I/h), with a range
of 0.71 to 1.77 I/h. In comparison, Shirreffs et(@D05) sampled 26 footballers using
the same methods with the same duration of traisgggion, but in much warmer
conditions (32°C) heat, and recorded a mean swaéatof 1.46 I/h, with a range from
1.12 to 2.09 I/h. In another study by Maughan e{2004), they measured the same
sweat collection sites during a training sessior2é4fpremiership footballers at 24-
29°C, and recorded a mean sweat rate of 1.35 H0/h.

Passe et al. (2007) recorded sweat rates of 21kgyiml in experienced endurance
runners during a 10-mile track race at 20.5 + 0.{#P@y failed to state the mean body
mass pre-exercise, thus making it impossible toutale sweat rate in I/h). Fowkes

Godek et al. (2005) studied 10 American Footbaléard 5 cross-country runners in

temperatures ranging from 26.1°C to 34.4°C, andutaled sweat rates of 2.15 I/h for

the American Footballers and 1.56 I/h for the cromsntry runners. However, no

sweat collection actually took place in this stuByofan et al. (2005) suggested that
the clothing worn by American footballers creataseavironment that increases fluid

loss, as well as sodium loss through the skin, @adin (2003) has suggested that
increasing the level of clothing imposes barrierb¢at transfer and evaporation from
the skin surface. This could also be applicabliegdhockey players, where Palmer &

Spriet (2008) showed sweat rates of 1.8 £ 0.1 Uitindl an intense practice session at
13.9°C.

Sweat rates in elite tennis players has been lem®ughly investigated, however

Mitchell et al. (1992) recorded sweat rates of appnately 1.0 I/h in tennis players
during a three-hour tennis match outdoors at a WBGZ7°C, which appears quite
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low for the warm conditions. Bergeron et al. (199Baamined twenty Division 1
NCAA tennis players who played three matches iedhiays outdoors in 32°C heat
and recorded sweat rates of between 1.71 I/h ahd/t2. However, this study only
collected sweat from the non-dominant forearm chesubject, and this may not have
been representative of whole body sweat rateseBati et al. 2000). Also, Bergeron
(1996) recorded sweat rates of 2.5 I/h for a 1#-pédhjunior tennis player who had a
history of suffering from heat cramps during magloé an extended duration, but
again only the non-dominant forearm was used faraswollection. Furthermore, all
the studies looking at tennis players have beemiechrout outdoors in hot
temperatures (between 27 and 32°C), and none heare d¢arried out indoors, where

the process of convective cooling as a method af loss is reduced.

Body mass losses in sporting environments obviowslyy with environmental
conditions, type of sport (opportunities for fluidgestion), and the individual;

however most sports observe body fluid deficitbetiveen 1 and 3%.

Shirreffs et al. (2006) showed that during footb@#ining sessions at differing
temperatures, players lost on average 1.5 + 0.5%eif body mass throughout the
90-minute sessions. Furthermore, Bergeron et 8B54) showed that male college
tennis players lost 1.3 + 0.8% of their body massnd) a best of three set tennis
match outdoors in 32°C heat. Laursen et al. (2806ed that 10 well-trained male
athletes lost on average 2.3 + 1.2 kg during the42Bonman Western Australia
event, but the body mass losses were well tolerberhuse there was no evidence of
thermoregulatory failure. In a different contexth8ffstall et al. (2001) stated that
dehydration that results in a 1.5% body mass logsrifantly decreased one-
repetition maximum bench press performance, butthieeeffects of dehydration were

overcome after a two-hour rest period and watesgmption.

Boatwright et al. (2003) showed that each individoa an American college
basketball team lost 2.2% of their body weight epiattice, and this continued over
18 days of practice prior to their first game. Hoes as there was no mention of the
intensity or duration of the practice sessionssitifficult to compare this to other
studies. Clearly effective fluid replacement isesdi&l across this long duration as

repeated fluid loss could be detrimental to perfmmoe. Finally, Osterberg et al.
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(2005) showed that 26% of players exceeded 1.58ebydration across the duration

of a basketball game.

To conclude, Maughan & Shirreffs (1997) report thakat rates of 1.0 to 2.0 I/h are
characteristic of most forms of activity involvimgoderate to hard exercise, but rates
of over 2.0 I/hare not uncommon during strenuous exercise or guhiigh
temperatures. Indeed, sweat rates over 2.0 I/h Hsen noted in American
footballers, which could arise from the clothing woFinally, Sawka & Pandolf
(1990) stated that fit, well-hydrated athletes dasiveat up to 3.5 I/h during cycling
or running in a hot environment. Given this ran§esweat rates and the large inter
individual variation it is of interest to playeradaicoaches to examine the sweat rates
during indoor tennis match play to add to the raofjelata available and to assess

whether players can maintain a euhydrated stadeighiout play

Euhydration is the term used to indicate the normaly body water content.
Hyperhydration and hypohydration define conditiohgnhcreased and decreased body
water content, respectively, while dehydrationefiried as the process of losing body
water that can occur when an individual progressm® a hyperhydrated state to
euhydration, and then onto hypohydration (Greenleafal. 1992). However,
according to Barr (1999), the term ‘dehydrationha&fer to both hypohydration,
which the author classes as dehydration induceat poi exercise, and to exercise-
induced dehydration, classed as dehydration thaeldes during exercise. It is
considered important to distinguish between thesedonditions (Noakes 1993; Barr
1999).

2.3 Dehydration, its physiological effects and resting impact upon
performance

Unless individuals commence exercise in a euhydratate, and fluid which is lost
during exercise is replaced, then physiologic fiom;t thermoregulation and
ultimately performance will be impaired. This hash shown extensively in different
sporting contexts by Armstrong et al (1985); Bar®99); Cheuvront et al. (2003);
Walsh et al. (1994) amongst others.
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2.3.1 Research on Dehydration: A Brief History

According to Noakes (1993), the building of the MeoDam in Nevada, USA, in the
1930’s motivated some of the earliest studies uitiflosses and electrolyte balance.
Indeed, Talbott et al. (1933 as cited in Noakes3)9%emonstrated the clinical
features of heat cramps in workers on the builgiraject. Other important studies in
this field include Pitts et al. (1944), who analysmibjects who marched uphill on a
treadmill for periods of 1 to 6 hours at 3.5mpheyhmeasured heart rate and core
temperature responses as well as oxygen utilisatiater conditions of dehydration
and fluid replacement, and found that heart ratecame temperature were maintained
well under fluid replacement conditions, while undenditions of dehydration these
variables increased steadily from the onset of @serand exercise capacity was

impaired.

The Second World War provided the basis for a seok studies that addressed
dehydration (Adolph 1947 as cited in Noakes 1983hong the important findings

were that maximal sweat rates in a desert enviromnmvere about 1.7 litres per hour,
subjects developed dehydration even when givemiteldl access to fluids, and heart

rates and rectal temperatures increased lineatlyimcreasing dehydration.

Despite several studies indicating the effects elfiydration upon heart rate and
temperature responses during exercise, it stikapa that many athletes and coaches
believed that fluid restriction was beneficial tiblatic performance many years ago.
Noakes (1993) cited the 1957 marathon record hpldleo stated, “There is no need
to take any solid food at all, and every effort dddbe made to do without liquid, as
the moment food or drink is taken, the body hastaot dealing with its digestion and

in so doing some discomfort will almost invariably felt.”

By the late 1960’s it was discovered that athletesld lose significant amounts of
body weight during exercise and experience an asgeén core temperature (Pugh et
al. 1967 as cited in Barr 1999), however Barr ()98@&tes that any detrimental
effects on performance were not recognised sineewtimners of endurance races
tended to be those experiencing the highest lefalehydration. It was not until the
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1970's that the negative effects of dehydration nugxercise performance were
demonstrated (Barr 1999; Noakes 1993).

2.3.2 Effects of Dehydration on the Body

The effects of dehydration on an individual cancheegorised into three main areas:

thermoregulatory strain, cardiovascular strain, @ffieicts upon mental function.

Exercise-induced dehydration has been shown teaser core temperature responses
during exercise in both moderate and hot climaBsvka et al. 2001; Noakes 1993;
Sawka et al. 2007). It was suggested by Sawka.dgR@01) that this rise in core
temperature occurs from a reduction in the effectéss in the heat dissipation
mechanisms during exercise, as there is no signifieffect of dehydration on the
metabolic rate, which could have also explainedisa in core temperature. A
dehydration level of as little as 1% of body weighiring exercise was associated
with a significant increase in rectal temperaturenpared to the same exercise with

normal hydration (Claremont et al. 1975).

The onset of dehydration forces the body to redheesweat rate and blood flow to
the skin in an attempt to conserve body fluidsyal as maintaining the central blood
volume and cardiac output. The maximal capacitpaduse the skin with blood is
also reduced with dehydration (Murray 1992). Fumi@re, when athletes start to
perform in a dehydrated state, the onset of swgatimd the increase in skin blood
flow begin at a higher body temperature, and botblays represent a
thermoregulatory disadvantage. This supported bgrostudies that have looked at
the effects of dehydration on the body (Noakes 1993

Interestingly, Morgan et al. (2004) investigated #ifects of dehydration upon sweat
composition during prolonged exercise in the h@dtey found that dehydration
resulted in an increased concentration of sweatusocdcompared to those in a
euhydrated state, and this couldn’'t be put dowa wifference in sweat rate since
there was no significant difference in sweat ratdwieen the dehydration and
euhydration trials. The authors concluded that thlevated sweat sodium

concentration caused by dehydration was “potegtralated to a greater extracellular
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fluid sodium concentration, plasma aldosterone,spmpathetic nervous system
activity” (Morgan et al. 2004).

With hypohydration / dehydration there is a reducateé of gastric emptying, which
reduces the rate of rehydration of ingested beesiaand this can predispose athletes
to feelings of bloatedness, nausea, and general@dsstress (Murray 1992; Noakes
1993). Plasma osmolality is increased (Murray 199Pstrong et al. 1994), because
as fluid is lost, the concentration of particlett Ie increased, which may influence
thirst mechanisms. Finally, Noakes (1993) also satgyl that ratings of perceived

exertion during exercise are increased in proportbothe fluid deficit.

As the level of dehydration increases, there iga@uction in venous return to the
heart, which consequently reduces the stroke vol(vharay 1992; Cheuvront et al,
2003). The heart rate then increases to compefwmatee drop in stroke volume, in
an attempt to maintain the cardiac output (Dill &3l 1974; Noakes 1993). This
was demonstrated by Coyle & Montain (1992), whovat that for each litre of
sweat loss, the heart rate increases by 8 beatmipete with a corresponding 1.0
litre per minute decrease in cardiac output. Dugnb-maximal exercise, it has been
shown that 3 - 4% dehydration decreased the camlifjuut, because the heart rate
could not increase sufficiently enough to compen$ait the decreased stroke volume
(Sawka et al. 1979). Furthermore, Armstrong et (4097) suggested that mild
dehydration (1% to 2% body mass loss) increasedimascular strain and the
increase is directly related to the magnitude d¢fydeation accrued during prolonged

exercise.

Mild dehydration (classed as 1% to 2% loss of bowss), has been shown not to
affect mental function (Shirreffs et al. 2007). Bha et al. (1986) showed no
significant change in mental work under dehydratéri%, 2% or 3% compared to
normal conditions, while Edwards et al. (2007) sbdwhat 1.5% to 2% dehydration
did not impair mental concentration. However, Maargi{2003) suggested that the
ability to concentrate and self-ratings of alertndsclined progressively even when
only a 1% to 2% body fluid deficit existed. It waisggested by Cian et al. (2000) that
above 3% dehydration will affect mood and mentatust, and also that the reduction

in performance and mental readiness is proportohatthe degree of dehydration
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beyond 3% of body mass losses (Shirreffs et al.7R0Blielsen et al. (2001)
hypothesised that fatigue due to hyperthermia duprolonged exercise in the heat
was due in part to alterations in front corticahibr activity. They showed that
alterations in the “electroencephalographic (EE@)ivdy in the frontal cortex
reflected activity changes in the parts of the rbrimvolved in the hyperthermia-

associated reduced ability to exercise.”

In conclusion, exercise-induced dehydration hasnbs®wn to affect the body’'s
thermoregulatory and cardiovascular responsesstutties have also speculated that
there may be an effect upon mental function. Sa&kandolf (1990) state that all of
these responses serve to reduce an athlete’s Aimesapacity, muscular endurance,
maximal aerobic power, and physical work capacand will clearly cause a

decrement in performance.

2.3.3 Effects of Dehydration on Endurance Perforgean

Noakes (1993) observed that relatively few modéudies have looked at the effects
of dehydration on performance, and this is trueayods our understanding of elite
athlete’s hydration practices under competitionaibns remains limited. Instead of
studying hydration, many researchers have focuesethe actions of carbohydrate
supplementation on performance. However, dehydrdéeels of between 1 and 2%
have insignificant effects on performance, whilehytlration of greater than 2%

appears to significantly impair endurance perforoesaat 20 - 21°C (Coyle 2004).

Armstrong et al. (1985) induced dehydration on emgkn using a diuretic, who then
completed randomised races of 1,500 metres, 5,@¥fes and 10,000 metres while
normally hydrated or with plasma volume reductiofi@round 10%. There were no
conditions of thermal stress. They found that tgiothe decrease in body weight,
performance times increased by 0.16 minutes, 1.3iutes, and 2.62 minutes
respectively. The 5,000 metres and 10,000 metmeestiunder a condition of
dehydration were significantly different to timeshile euhydrated. Walsh et al.
(1994) found similar results; they rode six trainedle subjects for 60 minutes at
70% of their VQ yax at 32°C, then to exhaustion at 90% of their,\fax. They

ingested a 400 ml bolus of 20 mmol/l sodium chilerad no fluid before, and 120 ml
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of sodium chloride or no fluid every 10 minutesidgrthe trial. This fluid ingestion
significantly reduced the weight loss in the sutge@and that that cycling time to
exhaustion was significantly increased under camkt of no-fluid intake (9.8 + 3.9

min versus 6.8 = 3.0 min).

Below et al. (1995) cycled eight males at 80% @finttvO, uax for 50 minutes in a

warm environment, followed by a performance testam occasions, and during the
exercise they ingested either a carbohydrate soluir water. They found that both
fluid replacement and carbohydrate ingestion inddpatly improved high-intensity
cycling performance compared to no fluid ingestiand their effects were additive.
However, Robinson et al. (1995) showed that watgestion during a 1-hour
performance cycle ride in a moderate environmenl@iC did not significantly

improve the distance covered in the ride.

It appears that a dehydration level of 2% in wamai®nments has the capacity to
decrease endurance exercise performance (Walsh 29%4; Below et al. 1995),
while a dehydration of 2% body weight in coolemudites appears to have a less
significant impact (McConell et al. 1997). This gegts that when athletes are
exercising in warmer conditions, their main priprithould be to fully offset sweat
losses, while athletes in more temperate conditomad withstand this level of
dehydration and prevent a reduction in performaQmg/le (2004) states that from a
practical point of view, research should attempidintify sports and environments
where athletes can tolerate up to 2% dehydratidhowt this causing a reduction in

performance, and resulting heat illness etc.

To conclude, a dehydration level of between 2% #dconsistently reduces exercise
performance (Cheuvront et al. 2003), and this iadoordance with the vast majority
of literature on this topic. However, Coyle (20@4iggests that athletes can tolerate a
dehydration level of up to 2% in cooler conditioaad future work should attempt to

identify these occurrences in different sportingiemments.
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2.3.4 Hypohydration and Possible Effects on Performance

Hypohydration is classed as the induction of a badyer deficit prior to exercise,
and is induced by fluid restriction, heat exposorehrough the use of diuretics (Barr
1999). One major difference of hypohydration comparto exercise-induced
dehydration is that hypohydration leads to a ladgerease in plasma volume, as
opposed to the plasma volume remaining relativelystant during exercise-induced
dehydration. Sawka et al. (1985) showed that hypation clearly impacts upon
aerobic endurance, while the effects of hypohydmatipon muscular strength and
endurance are not clear (Barr 1999). Interestingdprnery et al. (2007) have
suggested that technical elements of the servitienaevere affected by adverse

physiological conditions, including hypohydration.

2.3.5 Pre-exercise Hydration Status

Calculation of an individual’'s pre-exercise urinsnmwlality, and also their Urine
Specific Gravity (USG) levels have been used afat of determining pre-exercise
hydration status (Maughan & Shirreffs 1997; Shigedt al. 2005). If an individual’s
pre-exercise urine osmolality is less than 900 m@#mg, then they are considered to
be in a euhydrated state, while a USG greater 1325 g/ml classes an individual as
dehydrated. However, the ACSM’'s position stand eomag exercise and fluid
replacement (Sawka et al. 2007) suggests that-axaneise urine osmolality of less
than 700 mOsmol/kg is indicative of euhydration.v&al incidences of

hypohydration have been observed, especially imisguiayers.

The majority of 38 football players tested were fduto start a training session
euhydrated (Shirreffs et al. 2005), while Maughtiale(2004) found one professional
footballer who had a reading of 1254 mOsmol/kg pt@a training session, which

was classed as severely hypohydrated. 14 adoletarenis players tended to turn up
for training in a dehydrated state, shown by amaye USG measurement of 1.025 *
0.005 g/ml prior to the session being completedrdBen et al. 2006), while an

average pre-match urine specific gravity readind.0R2 + 0.004 g/ml for 14 male

professional tennis players during an internatideahis tournament was observed
(Hornery et al. 2007).

28



Review of Literature

Bergeron et al. (1995a) showed that 12 male areirtaie US college tennis players
did not, on average, start tennis matches in adraksd state: over half of the players
had USG readings of greater than 1.025 g/ml. HoweReduzzi et al. (2005)
recorded pre and post practice USG readings fant@igokie NFL players, and
showed mean pre-exercise USG readings of 1.010@&10g/ml compared to post-
exercise readings of 1.022 + 0.006 g/ml. This esgh&d osmolality readings of 672 +
217 mOsmol/kg pre-exercise, and 740 + 213 mOsm@ldsy exercise which showed
that the rookie NFL players started practice weltifated, and maintained their

hydration levels well throughout the course of phactices.

2.3.6  Hyperhydration and Possible Effects on Parémrce

It has been clearly demonstrated that both hypattiar and dehydration can impair
performance through several factors; thereforeethmay be sufficient cause to
investigate whether commencing exercise in a hyukdted state can provide any
advantage. Sawka et al. (2001) stated that mamwlyestin this area have been poorly
designed, and that some studies report lower eonpératures and higher sweat rates
during exercise following hyperhydration, while serstudies have not. Sawka et al.
(2001) also suggested that studies have proved glyaerol can improve fluid
retention. However, Murray (1992) concluded thgbdmnydration does not provide a

meaningful advantage compared to remaining weltdigd during exercise.

2.3.7 Possible Errors in the Estimation of Hydmai®iatus from Changes in Body
Mass

The method of estimating an individual's hydratgiatus or alternatively calculating
dehydration levels from changes in their body miasextensively used; however,
Maughan et al. (2007) suggested that there mightsdneral sources of error,
potentially leading to inaccurate results. Thetf@urce of error can arise through the
amount of water that is lost through the respisatpassages, thus affecting
calculations of sweat loss. Secondly, the wateméut from the oxidation of

metabolic fuels should be considered, and also tisrdisturbances may be sufficient
enough to affect thirst perceptions and the rat® amset of sweating. Therefore,

precise determination of the change in hydratiatustcannot be assessed by simply
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measuring changes in body mass, but studying ckamgéody mass is useful to
identify large discrepancies between fluid losses #luid intake from ingested

drinks.

2.4 Thirst and Fluid Intake

Thirst is defined by Greenleaf (1992) as the “st#osaof dryness in the mouth and
throat associated with a desire for liquids, aredtibdily condition (as of dehydration)
that induces this sensation or better describetieaslesire to drink resulting from a
water deficit.” Under resting conditions, the stiomiof thirst is adequate for fluid
replacement because water balance is well maimidiren day to day. However,
under physiological conditions of stress thirst slowt appear to be a sufficient
stimulus for maintaining body fluid, and this isdwn as involuntary dehydration;

where subjects drink to satiety but a water defitik exists.

Up to 1.5 litres of body water could be lost befany feelings of thirst are felt by the
athlete (Armstrong et al. 1985; Greenleaf 1992, lsyr1992), and by this time the
negative effects of dehydration may already havamenced (Greenleaf 1992). This
is supported by Bergeron et al. (1995a), who foom@orrelations between perceived
thirst following a tennis match and sweat ratesboady weight percentage change,
which shores up the theory that the perceptiorhivétt does not accurately indicate
body water status. It also suggests that thirabisa sufficient stimulus to prevent a

substantial net body water loss during exercisehiot environment (Greenleaf 1992).

The mechanisms behind the onset of the sensatiahist are not well known.
However, Bergeron et al. (1995b) suggested thatotmgiamic osmoreceptors,
extracellular fluid volume, angiotensin Il, a dryouth, and many other associated
factors e.g. plasma sodium level, blood pressuaeppressin and aldosterone levels

all play roles in the mechanisms that controlssthand fluid intake.

2.4.1 Voluntary Dehydration

The concept of voluntary dehydration is importaritew considering the effects of

dehydration and an individual's fluid replacememtategy. The term ‘voluntary
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dehydration’ appears to have no exact definitiostdéad it appears to arise from ad
libitum drinking strategies (Sawka et al. 2001; $east al. 2007), or more precisely
when a fluid deficit occurs even when an individbak sufficient time and fluid on
hand to replace the body fluid they have lost fg#tto do so (Armstrong et al. 1997).
Murray (2007) stated that there are two main resadon voluntary dehydration;
firstly that fluid losses can be large, and secpmidht the desire to ingest fluid rarely

keeps pace with the rate of fluid loss.

The extent of voluntary fluid intake in adolesceéannis players was measured by
Bergeron et al. (2006), and it was found that sptagers were seemingly dehydrated
when they arrived for training even before any etser induced fluid losses had
occurred. This was shown by Urine Specific Grayih5G) readings of 1.025 g/ml
before both days of tennis play. In this study,rfeen adolescent tennis players
completed two 120-minute training sessions drinleitger unflavoured water in one
session, or a carbohydrate electrolyte solutioinduhe second session. On average,
the players consumed 1693 + 544 ml of water and2183% 644.5 ml of a
carbohydrate electrolyte solution in the respectias. However, this fluid intake
was not sufficient to match their fluid losses thigh sweating: the players lost 2290.8
+ 707.8 ml in the water trial and 2171 + 576.5 mlthe carbohydrate trial. This
situation of voluntary dehydration has been obskrve other pieces of research:
Dawson et al. (1985) who reported that during termatches of one-hour duration
only 27% of the fluid lost by the players was regld during the match, and players
drank between only 130 ml and 600 ml. This resuited body mass deficit of 1.3%
of body weight, which may not in itself be signém during a short match, but will

most probably prove to be so during three set masting over 2 hours.

Passe et al. (2007) investigated the relationskipvden runner’s perceptions of their
fluid needs, and their drinking behaviour underttstieess. Eighteen marathon runners
carried out a 10-mile track race, with limitless @#rbohydrate-electrolyte solution
available at miles 2, 4, 6 and 8. Also before aftdrahe race they indicated how
thirsty they felt, as well as a written survey aftiee test to find out their views on
their sweat losses and hydration status. The seshtiwed a prevalence of voluntary
dehydration among the subjects, as on averagesivest loss was three times greater

than their average fluid intake, even though liestl fluid was available. Furthermore,
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the runners were able to estimate their level ofdflintake well, but they vastly
underestimated their sweat losses: their percemtidiuid loss was only 42.5% of
actual fluid losses. This is interesting as thedgtused experienced runners who
regularly competed in marathons and road races,tacmlld be assumed that they

would have been well informed on their fluid intaked sweat losses during a race.

Armstrong et al. (1997) suggests voluntary dehyaoinats a complex behaviour,
involving psychological and physiological comporgrand results in an increased
core temperature and cardiovascular strain evan ihdividual commences exercise
in a euhydrated state. Barr (1999) suggested that deficits could arise through
maximal gastric emptying rates being below maxiswaéat rates. However, this is
unlikely as many voluntary fluid intakes are lowrthermore, Noakes (1993) stated
that most athletes are “reluctant drinkers,” anttéaingest fluid at rates that match
their sweat loss. However, the factors behind vialgndehydration remain elusive
(Noakes 1993). These issues make it of real intévestudy the fluid intake habits of

players and to inform them about their hydratioacpces.

2.4.2 Fluid Replacement, Gastric Emptying, and Glaydrate-Electrolyte Drinks

The most effective defence against heat illnegwasided by maintaining adequate
hydration, and the ideal hydration protocol willdrace water loss with water intake.
Meeting this requirement is usually difficult besalathletes tend to rehydrate poorly,
often only replacing half the fluid that they halast (Noakes 1993). This was
previously addressed in the section on voluntatyydeation. It can also be difficult
to rehydrate effectively if regular opportunities fehydration are not available, as is
the case in certain sports such as football, rugty (Bergeron et al. 1995b).
However, the issue of gastric emptying must be esk#d while considering

rehydration strategies.

Bergeron et al. (2006) reported that during a tra@hparing the fluid intakes and core
temperature responses of adolescent tennis playginswater or a carbohydrate
electrolyte drink, several players indicated feglsome gastrointestinal discomfort
following carbohydrate ingestion. Gastrointestid@aicomfort can occur when athletes

consume a solution containing too great a levelcafbohydrate; increasing the
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carbohydrate level of a drink reduces the rateastric emptying of the fluid into the
stomach, causing gastrointestinal distress (Bergetoal. 1995b). Mitchell et al.
(1992) investigated the effects of a carbohydraiakdon performance and fluid
balance on 12 competitive players during two threer tennis matches. They
showed that the ingestion of carbohydrate providedparticular improvement in
performance, which was measured by a serve-veltestiyand a shuttle run. Also,
they found that the rate at which the researchdmirastered the drinks to the
subjects: 11.5 ml/kg/hwas sufficient to prevent any significant dehydratiindeed

on average only 1% of body mass was lost, and & w@ncluded that this was
relatively acceptable for a three hour tennis maBdrtolozzi et al. (2005) showed
that body weight and urinary hydration measuresndidchange during the first nine
days of preseason training in sodium supplementeld players, and they concluded
that by supplementing with two to four times mooelism than in commercial sports

drinks, body weight could be maintained.

Ideal fluid replacement beverages should taste gowhnot induce gastrointestinal
distress (Bergeron et al. 1995b). They should ¢orgame carbohydrate (6 to 8g per
100 ml) to help maintain blood glucose (Sawka eR@0D7). Carbohydrate ingestion
also helps to increase fluid osmolality. It shoaldo contain sodium, which helps
maintain the extra-cellular fluid volume withoutfedting thirst. Most sports drinks
contain 10-20 mmol/l, which is adequate for eldgt® restoration. The topic of
rehydration, incorporating the content of sportskd and amounts that should be
ingested is addressed further on. Finally, Boatwret al. (2003) suggest a standard
post-exercise rehydration strategy of drinking alutsan containing 5-8%
carbohydrates and approximately 60 mmol of soditnoukl be implemented after

basketball games

The majority of studies that look at the ideal camication of a carbohydrate drink
seem to differ in their recommendations; howevene tideal carbohydrate

concentration appears to be between 3% and 8%.

Studies have looked at the both the effects ofmeland carbohydrate content on the
rate of gastric emptying, while the osmolality, @hd temperature are considered of
lesser importance (Maughan & Leiper 1999). MaugBaheiper (1999) state that
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gastric emptying is largely affected by the voluwifefluid in the stomach, and
increasing the fluid volume will speed the emptyrate. However, gastric emptying
is slowed by increasing the carbohydrate conterthefsolution (Vist & Maughan
1994, 1995), however the concentration at which tuicurs varies on the literature,

probably because of the range of protocols used.

Vist & Maughan (1994) compared the rate of gastnptying of 20 g/l, 40 g/l and 60
g/l glucose solutions against water over a one-lpeuiod. 20 g/l solution emptied at
same rate as water. After the first 10 minutes,40gy/l and 60 g/l solutions were
emptied slower, while unexpectedly the greateragecconcentrations delivered more
glucose to the small intestine. This study demauestt that glucose solutions of 20 g/l
emptied at same rate as water, while increasesgguconcentrations emptied slower.
Vist & Maughan (1995) similarly reported that madidute carbohydrate solutions
empty faster, but deliver less carbohydrate to #meall intestine than more
concentrate solutions. Alternatively, Gant et &0(Q7) studied gastric emptying
during prolonged (60-minute) intermittent shuttleinming at 30C using a
carbohydrate solution and flavoured water, and dono differences between total
fluid volume emptied from stomach during each 15ute exercise period. However,
core temperature was increased following carboltgdrimgestion, and sprint

performance was enhanced

Studies have compared the effects on performancénggsting solutions with
different carbohydrate concentrations (Tsintzaslet1995). Murray et al. (1989)
found that when compared with a 6% solution, tiveas no benefit of consuming an
8% or 10% carbohydrate solution, while Tsintzaale{1995) concluded that a 5.5%
carbohydrate solution produced a better performathes a 6.9% carbohydrate
solution in a marathon run. It can be concluded nioeoptimal concentration has been
found: according to Murray et al. (1989), this echuse the physiologic, sensory, and
performance responses of ingesting different carth@tte solutions have not been

well researched.
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2.4.3 Hydration Issues in Tennis

There are certain factors unique to tennis whiakliccafluence a player’s body water
status. As a player walks to the changeover, they mot be motivated to drink even
though a body fluid deficit may exist, as has beemonstrated in other sports.
However, during changeovers, players can be séateg to 90 seconds, and during
this period there is a positive postural influecethe plasma volume, and no large
muscle group activity, which causes the potentalaf hypovolemic stimulus to drink
to be reduced (Bergeron, 1995b). Even if therenisugh fluid at courtside and a
player is motivated to drink, it is often difficulb consume enough fluid to offset
sweat loss. However, opportunities to drink areulady available, and therefore

large fluid deficits should be preventable.

Again, the effect of gastric emptying must alsodomsidered. The rate of gastric
emptying rarely exceeds 1.2 I/h, and to keep pate 20 I/h sweat rates is difficult,
verging on impossible, because it is uncomfortablmgest large amounts of fluid in
one sitting (Bergeron et al. 1995b). Bergeron e{2006) suggested that as previous
research has shown that players should take in t1@.24 | of fluid at every
changeover, sweat rates of over 2.0 I/h could Iealedy fluid deficit of up to 50%,
which could severely impair cardiologic functiomciease core temperature, and
decrease performance. Therefore, the challengeffiois players is clear.

2.5 Electrolyte Balance

Sodium (N4) is the predominant extracellular cation, andasnid primarily in the
extracellular fluids of the body (Bergeron et @9%b). It is absorbed in the upper
small intestine, and although sodium can be redalesbby the tubules of the kidneys,
some sodium is lost daily in sweat and faeces. gtlfone helps in the maintenance
of sodium homeostasis by increasing sodium reakbisargn the kidney, while
Angiotensin Il aids in sodium conservation at loerisn sodium concentrations.
Sodium plays a role in the maintenance of fluidahaé and osmotic pressure in the
body, and functions in nerve impulse transmissionyscle contraction, and in

formation of the bone mineral apatite (Bergeroralett995b). The major source of
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dietary sodium is common table salt (NaCl). Rededras examined the extent of
sodium losses during all types of exercise, and dlas investigated the role of
sodium losses in the onset of heat-related musalems. The other main electrolytes
lost in sweat are chloride (§land potassium (K. Magnesium and calcium are also

lost, but in insignificant amounts (Bergeron et24l05b).

2.5.1 Sweat Electrolyte Content

Electrolyte losses can impair cardiovascular arefnttoregulatory function, and if
electrolyte losses are of a sufficient magnitutient performance can be adversely
affected (Maughan et al. 2004; Sawka et al. 200Lyrdy 1992; Bergeron 2003;
Kovacs 2006 etc.). Potassium, magnesium, and delaie also lost in sweat, but
they are not lost in sufficient volume to have affect on performance. Table 1
shows a summary of studies that have examined weatssodium concentrations

during exercise.

Maughan et al. (2005) recorded a mean sweat sodamentration of 49 mmol/|
from 17 male footballers following a 90 minute tiaig session in a cool environment
and this is comparable other studies that havesssdefootballers at a range of
conditions (Shirreffs et al. 2005; Maughan et &04). Bergeron recorded sweat
sodium concentrations of 22.4 + 9.4 mmol/l for Uflege tennis players outdoors in
32°C (Bergeron et al. 1995a), and also recordednaemtration of 35.9 mmol/l for
one male junior tennis player who had a historgudfering heat cramps (Bergeron et
al. 1996).

Bergeron et al. (1995a) recorded a mean sweatgiotasoncentration of 4.5 mmol/l
during midday singles matches across a four-daipgeln addition, Bergeron (1996)
recorded a sweat potassium concentration of 5.4 Ifhimoa study of one tennis

player who suffered from heat cramping.

To summarise, the sweat sodium concentrationshtétat recently reported in a wide
range of sports fall between 20 and 60 mmol/l, sl supports the work of Shirreffs
et al. (1997), who stated that sweat electrolyteceatrations tend to fall inside the

range of between 20 and 80 mmol/l for sodium, 8 tamol/l for potassium, and 20

36



Table 1: A summary of studies examining sweat gadioncentrations during exercise in a range of &satpres.

Review of Literature

Authors Sport

Subjects

Protocol/Conditions

Sweat collection sites

Sweat Sodium(Mean + SD

where applicable)

Bergeron et al. (1995a) Tennis 20 US College Davisi 3 days: 2 singles 1 doubles Non-dominant forearm Males: 22.4 + 9.4 mmol /I
players matches per day
(12 male 8 female) 32.2°C Females: 21.4 + 12.1mmol/l
53.9% humidity
Bergeron (1996) Tennis One 17 year old elite male 1 best of three set match Non-dominant forearm 35.9 mmol/l
player with a history of heat 31.6°C
cramping during matches 62% humidity
Shirreffs et al. (2005) Football 26 male profesaispresults 90 min practice session Chest, arm, back and thigh 30.2 + 18.8 mmol/l
collected from a subgroup of 7 32.3°C
20% humidity
Maughan et al. (2005)  Football 17 male professifmatballers 90 min practice session Chest, forearm, back, thigh 43 mmol/l
5°C
81% humidity
Greene et al. (2007) American 9 male heat cramp sufferers and2 hour practice session on 3 Upper forearm Crampers: 55.7 £ 20 mmol/l
Football 9 male control team-mates consecutive days Non-crampers: 44 + 18

WBGT: 79.5

mmol/|
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Table 1 (continued):

Maughan et al. (2004)  Football 24 male premiersbipballers 90 min practice session between Zhest, forearm, back, thigh 49 mmol/l
29°C
Stofan et al. (2005) American 5 division 1 male college playersTested during the first 30 minutes Forearm 54.6 £ 16.2 mmol/l in
Football with a history of heat cramps, of a practice session players with cramping
and 5 male team-mates who had22.7 — 26.0°C history
never cramped 25.3+£10.0 mmol/lin

players with no cramping
history
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to 60 mmol/l for chloride. The vast majority of stuslieave reported sweat electrolyte
concentrations within these ranges (Maughan €204, 2005; Shirreffs et al. 2005;
Bergeron et al. 1995a; Fowkes Godek et al. 2003 s& studies also demonstrate the
considerable variation that exists between indigidun terms of electrolyte losses,
shown by large ranges in results (Sawka et al. ROAccording to Maughan &
Shirreffs (1997), training status and acclimatmatican account for part of the
variation, but it has been shown that in some ¢asesindividual can lose up to five
times as much sodium than another during the saangirntg session when equally
acclimated (Shirreffs et al. 2005).

2.5.2 Total Electrolyte Losses

The total electrolyte losses that occur during eiser can be important to know if
there is any possibility of experiencing a substdusiodium loss, which could lead to
a variety of problems if the magnitude is great wgio (Bergeron 1995Db).
Observations range depending on the individualsreiiitensity, their predisposition

for electrolyte loss during exercise, and the emimental conditions.

Maughan et al. (2004) studied footballers durin§Oaminute training session in a
cool environment, and measured an average totalrsodss of 73 mmol, which is
similar to the results of Shirreffs et al. (200&ho recorded an average total sodium
loss of 67 mmol over the same duration of trairsegsion in the warm conditions.
However, the results ranged from 26 mmol of sodlost to 129 mmol of sodium
lost, showing how dependant upon the individuattetdyte losses, as well as sweat
rates, can be. Bergeron (1996) found that a 17-glebmale tennis player with a
history of suffering heat cramps lost 88.9 mmosodium per hour of play in a warm
environment, which came close to exceeding hisamesdaily sodium intake. It was
recommended that the player increased his dietadjusy intake to reduce the

chances of heat cramps occurring.

2.5.3 Effect of Heat Acclimation on the SweatincgsRense

Heat acclimation occurs when a person moves fraoohato a hot climate or from a
hot-dry to a hot-wet climate (Sparling 2000). Ipigally requires 10 to 14 days in the

warmer climate, but 75% of the adaptation occurghm first 5 days (Armstrong
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2000). Acclimation can increase the sweating capdmm about 1.5 I/h to 4.0 I/h,
and this is accompanied by a more complete and @wgénibution of sweating, which
can be advantageous in humid heat. Sweat sodiusedodecrease because of an
increased secretion of aldosterone. Furthermoeenimg in the heat encourages
physiological changes that promote exercise capdbiurray 1992; Sawka et al.
2001). Cutaneous blood flow increases, and thisntaty of blood to the skin
improves heat loss from the body (Sparling 200®ke Plasma volume is increased,
less sodium is lost in sweat, the onset of sweading) the rise in skin blood flow
occurs at a lower core temperature. The fall instheating threshold is important for
keeping core temperatures from increasing rapidiyng the early stages of exercise.
In addition, the author states that heat acclimtta enhances voluntary fluid

consumption, reducing the extent of voluntary deagdn.

To conclude, being acclimatised to a hot environniers several physiological and
thermoregulatory advantages. Essentially, acclsedtindividuals can exercise with
lower core and skin temperatures, as well as atcedt heart rates, compared to a

non-acclimatised person.

2.5.4 Relationship between Sweat Sodium Conceotraind Sweat Rate

Many studies have reported the heat acclimatiorsesa significant decrease in
sweat sodium ion concentration (Kirby & Convertit886; Nielsen et al. 1997).

However, according to Buono et al. (2007), thesgliss have failed to take into

account the effect that changing the sweat rate l@are on the sweat sodium
concentration. It was also stated in this papert @fzanges in sweat sodium
concentration following heat acclimation could besleading if they are not presented
in relation to sweat rate, because the amountditisoions that escape reabsorption

is known to increase linearly with increasing sweaa¢ (Buono et al. 2007).

In the study by Buono et al. (2007), eight healthgle subjects completed a 10-day
heat acclimation protocol. They found that sweana@slity was reduced for a given
Ssweat rate as a result of heat acclimation. Dulovg levels of sweat production,
significant amounts of sodium and chloride ions barreabsorbed from the sweat as

it moves along the duct. However, the rate of smdand chloride reabsorption has a
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finite capacity, and at high sweat rates therenssifficient time for reabsorption to
occur. As mentioned previously, this is shown bg fact that the sweat sodium
concentration increases linearly with increasingeawrate. Buono et al. (2007)
showed that heat acclimation shifted this line he tight, suggesting that heat
acclimation improves the reabsorption of the swaatt. This suggests that as an
individual becomes more acclimatised, they are abfgoduce higher sweat rates but
with a lower electrolyte concentration as compatedan individual who is not

acclimatised.

2.5.5 Evidence of Sodium Depletion in Heat Cramps

Water and sodium losses from profuse/repeated Bweladive been cited as primary
contributing factors to onset of heat cramps, adtmn which begins with the subtle
twitching of muscles and can progress to the craghmf whole muscle groups
(Stofan et al. 2005; Bergeron et al. 1995a, b, 129®3; Maughan et al. 2004,
Shirreffs et al. 2005, 2006; Hosey & Glazer 200éhBer 2007, Sawka et al. 2007).

Stofan et al. (2005) carried out an observatiotadys where Division 1 collegiate

American footballers who had a history of sufferimgat cramps were matched with
team-mates who had never cramped. By taking swaraples from a patch on the
player's forearms, they found that the sweat sodaamcentrations in those with a
history of cramping were almost double that of ¢hego did not cramp: 54.6 + 16.2
mmol/l compared to 25.3 = 10.0 mmol/l.

Bergeron (1996) studied a 17-year-old nationallykesl male tennis player who had
often suffered heat cramps in his quadriceps, hamgstand calf muscles for two

years. During a singles match against a compditinetched opponent, sweat was
collected form the subject’'s non-dominant forearamd this took place at a

changeover around 20 minutes into the match. Bengyund that the player had a
sweat rate of 2.5 I/h, and that his sweat sodiuss fates were extensive (89.8 mmol
per hour of play). It was recommended that the grlagicrease his dietary sodium
intake to 261-348 mmol, which is higher than therage daily sodium intake, and in
the 9 months post study, the player had not expesi@ any heat cramps. Also,
Bergeron (2003) stated that heat cramps tend taroot the later rounds of
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tournament competition, where a period of extengiagning or match-play has
closely succeeded the onset of the cramps. Thé iglsupported by Bergeron et al.
(1995a), as it was shown that playing tennis matohe repeated days caused a
cumulative deficit in plasma sodium levels. If ay#r feels the onset of muscle
cramping, the first step in treatment should bedhesumption of an appropriate salt
solution: Bergeron (2003) recommended 3g of sasalved in 16-20 ounces of

Gatorade.

Conversely, Jung et al. (2005) suggested that @dahigd and electrolyte losses were
not the sole causes of exercise-associated musoigps, because in a study using a
protocol of several different cramp-inducing exsesi 69% of subjects experienced
cramping when they were supplemented with eled&slyand fully hydrated.
However, this study would not have taken into aot@ny previous exercise, which
is relevant due to the nature of repeated sodiusse® on the incidence of muscle

cramping.

To conclude, research is undivided on the primayses of heat cramps. Some
studies have suggested a increased sodium lossampeaffected athletes, while
Sulzer et al. (2005) concluded that muscle cramesewor associated with higher
dehydration levels, or serum electrolyte differenaghile instead they concluded that
cramping may be caused by an increased neuromusatigity (shown by increased
EMG amplitudes).

2.5.6  Hyponatremia

The ingestion of large volumes of plain water faling exercise-induced dehydration
causes a fall in plasma osmolality and in the ptaswdium concentration (Maughan
& Shirreffs 1997), and this could, in extreme casesd to hyponatremia. Also known
as low sodium concentration or water intoxicatibrgan occur as a result of “whole
body fluid overload,” (Noakes 2002) which resulismh continued high water or fluid
intake. It is diagnosed when serum sodium conceoms falls below 135 mEqg/l

(Swain 2004).
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Hyponatremia exists in either symptomatic or asymyatic forms (O’Connor 2006).
Athletes suffering from symptomatic hyponatremis tmore serious of the two, are
those that lose the least body weight during egercand are the ones who have
excessively ingested water, thus having the loveestm sodium levels. Noakes
(1992) states that hyponatremia becomes symptomdten the volume of fluid
ingested exceeds 2 to 3 litres. Asymptomatic hypensa tends to occur when
athletes fail to replace fluid losses sufficientiyd present milder symptoms of the

condition.

The overwhelming consensus in the literature i tha most common cause of
hyponatremia is an excessive intake of fluid, mainbter, during exercise. Noakes
(2002) states that the belief held by athletesaathes that individuals should drink
as much fluid as possible during exercise has asa@ the occurrence of this
condition, and its prevalence could be “eliminateain sport immediately” if all

athletes were made aware of how the condition sriged the dangers of suffering

from it.

Hyponatremia is a relatively common condition amangra-endurance athletes,
demonstrated by Hew-Butler et al. (2003)’s obséowathat 21 out of 55 finishers of
the 2000 Houston marathon that required intravencaie were found to be

hyponatremic.

2.5.7 Fluid and Electrolyte Replacement

Optimal rates of fluid replacement during exeradistate to the athlete’s ability to
tolerate fluid ingestion, and the body’s ability @bsorb it. As demonstrated
previously, Robinson et al. (1995) showed that wegplacement does not improve 1
hour cycling performance in ambient temperaturebjlevBelow et al. (1995)
suggested that fluid and carbohydrate ingestioepaddently improved performance
during 1 hour of exercise. These differences maydben to the differences in
exercise intensity, and differences in protocolsdusiowever, McConell et al. (1997)
showed an improved performance with fluid replacemmllowing 2 hours of
exercise. As a matter of habit, athletes should tairfully replace sweat losses, at a

rate that as closely matches sweat rates as pp$€ibyle 2004).
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The need for sodium supplementation stems for #eslrio replace electrolyte losses
that could be sustained through exercise. Alsoardahydrate-electrolyte solution
promotes fluid absorption more effectively thaniplavater (Bergeron et al. 2006).
This is because in the presence of glucose, watesort is enhanced. Bergeron et al.
(2006) also state that sodium present enhancesapdily, and replaces the portion of

the sodium pool lost in sweat.

Maughan & Lieper (1995) showed that urine outplibfeing ingestion of a sodium-
containing fluid in a dehydrated state was invgrsgioportional to the sodium
content of the ingested fluid. Also, between trialsh 2 mmol and 100 mmol of
sodium, there was a fluid balance difference of @8,/which is clearly a substantial
difference in hydration status. Furthermore, Baiwi et al. (2005) concluded that by
supplementing with two to four times for sodium rihéhat present in commercial
sports drinks, body weight can be maintained; ssiug that there are not sufficient

electrolyte levels in some commercial sports drinks

The American College of Sports Medicine guidelinmsggest that rehydration
strategies should focus on re-establishing bodygkedo pre-exercise levels, and this
could involve ingesting up to 150-200% of fluid $es because of urine production.
Optimal rehydration is only achieved if the elebttes lost in sweat are replaced
along with water (Maughan & Shirreffs 1997). Maugl& Shirreffs (1997) stated the
typical sports drink contains between 10 and 25 tfined sodium. Increasing the
sodium concentration in drinks could leave themalaable, meaning salt tablets
may be a preferred method of supplementation. Hewekie sodium concentration of
many rehydration solutions to treat diarrhoea irdudehydration is 80 mmol/l,
which is at the upper limit of sweat sodium concatns observed in many different
sporting environments, and these drinks are noteaspnt to taste. The 2007 ACSM
position stand for fluid and electrolyte replacemsmggests a sodium concentration
of 20-50 mmol/l to aid sodium replenishment (Sawkal. 2007).

Hew-Butler et al. (2005) studied 413 triathleteattbompleted the 2001 Cape Town
Ironman Triathlon to assess whether sodium suppiéatien is necessary to maintain
serum sodium concentrations during prolonged emaeraxercise and prevent the
development of hyponatremia. They found that adisletho ingested either placebo
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or salt tablets ad libitum all maintained theirusarsodium concentrations within the
normal range while completing the Ironman Triathlthus concluding that sodium
supplementation was unnecessary during prolongédrance exercise. They also
found in this study that sodium supplementationrditiresult in any improvement in
performance; there were no significant differengedinishing times between the

placebo and sodium groups.

2.5.8 Dietary Sodium Intake for Athletes and NoimAtes

In the Institute of Medicine’s (IOM) 2004 releask ietary Reference Intakes for
Water, Potassium, Sodium, Chloride, and Sulfaterediommended that the daily
sodium intake in healthy males between 19 and B@syef age was 1.5 g of sodium
(corresponding to 3.8 grams of salt). This papeo atated that this recommended
level is way below the estimated 3.2 grams per aflagodium consumed daily on
average by individuals in the United States. Olddults and the elderly require
somewhat less sodium based on lower energy int&#agsathletes, these guidelines
do not apply, as sodium is lost through sweat, ibus useful to be aware of

recommendations for normal individuals.

Work that has addressed athlete’s sodium intakdn wéispect to training and
competition is less readily available, as many istuthstead focus on the deleterious
effects of dehydration upon performance. Stofamalet(2005) assessed five US
college football players with a history of heatrogs, and recorded that across a two-
day period, with two practices on each day, onayetthe players took in 5.7 £ 3.2 g
of sodium in their fluids, along with 10.3 + 4.1 afj sodium in food. This was
compared to 1.5 + 1.8 g and 7.4 + 3.3 g in thein-ommping team-mates.
Furthermore, they found that the players with &onysof cramping lost twice as

much sodium in their sweat when compared to tle@mtmates.

Shirreffs et al. (2006) stated that 43 out 48 afbdtballers were observed to lose less
than 3 to 4 grams of sodium during a 90-minutentr@ session, or a match and the
authors stated that these losses would not beciuritito warrant specific attention, as
dietary intake should be large enough. The maxireadium loss observed was 5.1 g,

and in this case, some attention should be pasddaim replacement during exercise.
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It appears that in tennis for example, if matchesbeing played on consecutive days,
then there is a case to increase the sodium imatke player’s diet to counterbalance
the effect of a lowered sodium plasma level, asfoby Bergeron et al. (1995a).
However, if matches are just being played on a affiddasis, there seems little
evidence to increase the intake of sodium befor@has a carbohydrate-electrolyte

drink ingested during the match should provide ghooenefit.

When exercise sessions are separated by sevemltidaly no special attention to
sodium replacement should be required, and the aladiatary sodium intake should
be sufficient (Maughan et al. 2005). However, itlison losses of up to 120 mmol
occurs, like those recorded in some footballerMayghan et al. (2005) and Shirreffs

et al. (2004), then the normal diet is unlikelattequately replace these losses.

According to Bergeron, (2000), there are also iidial differences in sodium
balance, and those who suffer from dehydration leeat cramps are those who lose
an extensive amount of sodium in their sweat, a$ agehaving a typically low salt
intake in their diet. Adding salt to the diet caglphprevent a sodium deficit, however
for serious athletes it is recommended to followsgecific plan so they are
accustomed to it for competition. Furthermore, sf ia tennis there is a need to
compete more than once in day, an electrolyte aanta sports drink should be
consumed so it can be rapidly digested (Berger@3R0

2.5.9 Methods of Sweat Collection: Whole Body Wamsk versus Local Sampling
Methods

Although a wide variation in sweat electrolyte lsvbave been observed in many
studies, there may be significant errors in thecpss used for data collection
(Shirreffs & Maughan 1997). The two main methodsweat sampling used are the
collection of sweat from a specific region of thedp using a patch or enclosing bag,

or some variation on the whole-body wash down tepien

Using a patch or enclosing bag to collect sweat hesn shown to over-estimate

electrolyte concentrations, and this has beerbaterd to a difference in composition
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caused by the restriction placed by the patch erbidg on the evaporation of sweat
(Weschler, 2008, Shirreffs & Maughan 1997). Thi®gadure may overestimate
whole-body sweat sodium losses by approximately@%- (Shirreffs et al. 2005).

Patterson et al. (2000) aimed to assess whethaat ssollected from different sites
could accurately estimate whole-body concentrati@ys collecting sweat from 11
different sites, as well as the whole-body, thescavered that the whole-body sweat
rate derived from the 11 sites overestimated thelevbody mass loss. In addition,
they showed that the regional sweat sodium andridel@oncentrations were much
larger than the whole body values. This study alsmwved that several sampling sites
possessed strong relationships with whole-body eaination of constituents.
Patterson et al. (2000) demonstrated that takiegnban of eight skin sites was no
more accurate than taking the mean of four skiessitoncluding that the sweat
sodium concentration and electrolyte loss can loeirately predicted from regional
sweat collections. The thigh, forearm, calf, foad lower back sites displayed the
greatest correlation coefficients to whole-body awerates and electrolyte
concentrations, and this influenced the decisiomde the thigh, calf, forearm, and

lower back sites in the present study.

The vast majority of studies that investigate swests and electrolytes in different
athletes tend use patches to absorb sweat durimgetdgion, as this method is the
least obstructive to athletic performance. Thisnideed the case in tennis, where
studies by Bergeron (1995a), Bergeron (1996), Berg€003), and Mitchell (1992)

have used adhesive patches to collect samplediimgduses the least amount of
hindrance. However, the study by Bergeron et &9%&) only placed a sweat patch
on the subjects for an average of 26 + 4.1 mindtesg the match and only from the

non-dominant forearm of the player.
Shirreffs & Maughan (1997) devised a new methodswkat collection, which

involved a variation on the whole-body wash dowchteque, but this could only be

effective when the exercise is performed stationsuigh as on a cycle ergometer.
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2.6 Effort Intensity during Match play

Tennis is characterised by intermittent exercidealternating short bouts of high
intensity (4-10 seconds) exercise, and short regovmouts (10-20 seconds)
interrupted by breaks of longer duration (60-900ses) (Fernandez et al. 2006).
Effective playing time is between 20% and 30% ofahaluration on clay courts, and
10-15% on faster courts (indoor hard, grass). Maejors can affect the intensity of
tennis match play, including a player’s tacticalh&eour, playing surface, and
environmental factors. Indeed, men and women patie in significantly longer

rallies at the French Open (slow clay court surfatean other Grand Slams, and
similarly rallies at Wimbledon (fast grass courtfane) are significantly shorter. A
summary of the main studies relating to on-coudrheates and match intensity is

provided in Table 2.

Several studies have investigated heart rate resgaituring singles match play, with
a calculation of exercise intensity through comgariwith heart rates and ¥®cores
recorded during sub-maximal exercise. This has bd@me based on the linear
relationship between heart rate and oxygen consamgVO,) which is observed
during sub-maximal continuous exercise (Dill 194Zhere exists an important
limitation of this method however: in that assegsaffort intensity in this way
presents problems linked to dehydration and cody hlemperature regulation. This
issue, termed “cardiovascular drift” is associatétth sweating and a redistribution of
blood so that peripheral circulation is increasgidce fluid is lost through sweating,
venous return is reduced, decreasing the strokemel The heart rate then increases
to maintain a constant cardiac output. Heart ratetleen shown to increase by 10 to
15% (Achten & Jeukendrup 2003), and is accentulyeiticreasing dehydration and

heat stress.

Hornery et al. (2007) studied 14 male tennis plsiyIring tournament play on two
court surfaces (hard and clay), and recorded aeeregrt rates of 152 beats per
minute (hard) and 146 bpm (clay). These values 98fé (hard) and 94% (clay) of
the maximal heart rates previously recorded whenstibjects completed a 20 metre
shuttle max test. Christmass et al. (1998) recoedetlR Max of 86.1% during rallies

from the second end-change to the end of a matdhlert showed that a significant
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Table 2: A summary of the main studies relatingriecourt heart rates and match intensity.

Authors Subjects Protocol/Conditions Average/Maximum Heart Percentage of Maximum
Rates Heart rate (% MaxHR)
(Mean £ SD)
Elliot et al. (1985) 8 male college tennis players Four one hour singles matches at Average heart rate while 82.5% of maximum heart
21.5°C WGBT serving = 157 bpm rate while serving

Average heart rate while 77.4% of maximum heart

receiving = 148 bpm rate while receiving

Bergeron et al. (1991) 10 male Division 1 college 10 matches lasting 85 minutes,  Average heart rate = 144.6 #61.4% of maximum heart
tennis players indoors on hard courts at 13.2 bpm rates

approximately 17°C

Christmass et al. 8 state level tennis players 8 singles matchesntps0 Maximum heart rate = 189 86.1 + 1% during rallies

(1998) minutes after a 10-minute warm-upt 3 bpm 82.8 + 1.1% during recovery
on outdoor hard courts at (excluding change of ends)
20+ 1°C

Seliger et al. (1973) 16 Nationally ranked Czech 16 matches, indoors on hard court®\verage heart rate ranged No calculation of

male tennis players 5 minute warm-up, then 10 minute from 132 to 151 bpm percentage of maximum

match followed by 26 minute heart rate carried out in the
recovery (temperature not stated) study.
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Table 2 (continued):

Docherty (1982) 42 men split into three ability 30 minute singles match after a 10Not stated in bpm Percentage of maximum
groups minute warm-up, played outdoors heart rates ranged between
on hard courts between 20 and 65% and 71% for the 3
24°C ability groups.

Dawson et al. (1985) 8 male college tennis players Four one hour singletehes at  Average heart rate = 152 + Percentage of maximum
21.5°C WGBT on an outdoor hard 4.0 bpm heart rate = 79 + 2.0%
court

Bernardi et al. (1998) Seven regionally ranked {non 15 matches (each subject played 2Baseline: 165 + 7 bpm Baseline: 82.5%

professional) players, grouped matches) on a clay court Attacking: 121 + 15 bpm Attacking: 63.6%
into three playing styles Whole court: 153 + 6 bpm  Whole court: 79.6%

(baseline/attacking/whole court)
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standard 85 minutes of singles tennis was 144.8.2 ipm. This corresponded to 61.4%

of the maximal heart rate score obtained duringadmill test.

Some studies have simply stated the average andnalakeart rates observed during
tennis matches, which is a less useful indicatibmatch intensity. Seliger et al. (1973)
studied 16 tennis players indoors, who underto@knainute warm-up, followed by 10
minutes of match play, and then a 26-minute regoperiod. Average heart rate readings
of between 132 to 151 bpm were recorded. The pobtemployed in this study is
unusual, and seems unlikely to be able to give temesentations of average and
maximal heart rates. Kindermann et al. (1981) medran average heart rate of 145.9 +
19.8 bpm in a singles tennis match of one hourtturawhile in a squash match of the
same duration the average heart rate was high8:3 #514.8 bpm.

Mitchell et al. (1992) studied heart rate variaipmmong other factors, in 12 tennis
players who played a three-hour tennis match hastimgumed either a 7.5 g per 100 ml
carbohydrate drink, or a water placebo. They fothrad after 10 minutes of match play
the heart rates in both trials were around 155 bgomad, in the water placebo trial heart
rates reduced steadily over time to about 141 bpamparatively, in the carbohydrate
trial each drop in heart rate was then followedahyse, ultimately reaching around 140
bpm after 3 hours. Smekal et al. (2001) recordextaaye heart rates for 20 male tennis
players of 151 + 19 bpm across 10 matches of SQ#miduration.

Smekal et al. (2001) also recorded respiratoryep@hange measures every 10 seconds
for both tennis players during 50-minute matchastotal, 135 games were analysed in
this study, and the average ¥Y@ax value was 29.1 = 5.6 ml/kg/min and for a single
game, the value ranged from 10.4 to 47.8 ml/kg/ihry reported that these score were
similar to VO, yax values of U.S collegiate players, but lower thhose obtained for
professional players, and also concluded that tieegy demands of tennis were rather
low. They proceeded by assuming that average valoesot effectively represent the
physical activity patterns during a tennis matche highest average \(@btained for the
entire game recorded was 47.8 ml/kg/min and theyedt that the scores for high
intensity games may serve as a guide for energyaddmrequired to sustain high-
intensity periods predominantly by aerobic mechasisf energy supply. The mean ¥O
vax results from Smekal et al. (2001) support theaemdy Fernandez et al. (1996), who
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stated that players range between 46% and 54%eof\I0, wax (between 23 ml/kg/min
and 29 ml/kg/min).

Bernardi et al. (1998) assessed three differetestyf tennis players (baseline, attacking,
and whole court players), on a clay court, and destrated that the longer the duration
of a rally, then the higher the intensity of exseci By calculating the ventilatory
thresholds of these players using a maximal trelhtest, they were able to quantify the
intensity of effort. Baseline players achieved eambeart rate of 165 + 7 bpm, equating
to 82.5% of maximal heart rates: 40 bpm greaten ttiese classified as attacking
players. The mean percentage of Mfax recorded for baseline players was 59%, which
the authors classified as being sufficiently hight@ induce longer-term cardiovascular
adaptations. The more attacking, and whole coayipy styles were not of sufficient

intensity to maintain or develop cardiovasculardgs.

Tennis is characterised by both anaerobic and aemktabolic responses, although

conclusions differ as to the contributions of th@gsghways (Christmass et al. 1998),

attributed to limitations in the study design. §efiet al. (1973) suggested that that tennis
involves 88% aerobic activity and 12% anaerobidvagtfrom their study analysing

energy metabolism in tennis.

Interestingly, Elliot et al. (1985) showed that thercentage of maximal heart rates
during points and in recovery were higher duringyisg games as opposed to when they
were receiving: 82.5% of maximum heart rate wheeving compared to 77.4% while
receiving. The authors attributed this to both phgsical effort involved in serving, and
potential emotional effects of serving on hearesatFinally, Docherty (1982) showed
that heart rate responses in tennis were significéower than those recorded in squash
and badminton, and this was attributed to the eéxténthe margin of error; it was
considered higher in squash because of the nafutkeosport, because it is walled,

compared to tennis where it is more open.

To conclude, several studies have investigatedh¢laet rate responses to playing singles
tennis. The average heart rates observed appdss between 140 to 150 bpm, while
maximal heart rates reach up to 179 bpm (Bergetal. €991). Bernardi et al. (1998)

recorded average heart rates of 165 bpm on a olay. Some studies have expressed the
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heart rates as a percentage of maximal heart cateslated through off-court methods

(Dawson et al. 1985; Bergeron et al. 1991; Chrissret al. 1998, Bernardi et al. 1998),
and this is a more informative way of representhintensity at which players work at

during a match. Players in the studies reviewece Hasen shown to work at between
61.4% and 86.4% of their maximal heart rates. Stheeaverage physiological responses
to tennis match play have been shown to be moHestandez et al. (2006) suggest that
the stop-start natures of tennis cause mean védulese their importance. Instead, they
state that the high intensity periods should beenctwsely analysed.

2.6.1 Metabolite responses during Match play

Several studies have suggested that lactate caatiens remain low during tennis
match play (Konig et al. 2000; Bergeron et al. 1994 the study by Smekal et al.
(2000), during 10 tennis matches lasting 50 minubésod lactate concentrations were
measured at the end of each game and the average lbkctate level was 2.07 + 0.88
mmol/l, with a range from 0.7 to 5.2 mmol/l. In aiwh, Christmass et al. (1998)
recorded a pre-exercise plasma lactate concentrafid®2.13 + 0.32 mmol/l, and also
showed that the lactate concentration increasedfisantly to reach a peak of 5.86 +

1.33 mmol/l at the sixth changeover during a siaghatch.

Fernandez et al. (2006) found that blood lactatecentrations were significantly higher
during service games while compared to returningesg however Smekal et al. (2001)
suggested that there was no difference betweeningerand returning games.
Interestingly, Ferrauti et al. (2001) suggested kgh lactate concentrations during long
rallies may influence certain point situations. ¥h&howed that when the recovery
between rallies is too short, the running speedtiamke preparation, and the stroke speed
is decreased, meaning that if lactate is not méizgabeffectively performance may be

adversely affected.

Blood glucose levels did not significantly changeni pre to post exercise following 85
minutes of singles tennis match play indoors atCl{Bergeron et al. 1991). They also
showed no changes in plasma lactate during play tlsis was attributed to the subjects
being well endurance trained, as endurance tramididuals have been shown to have

lower lactate concentrations than untrained indigld. Kindermann et al. (1981)
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suggested that during a one-hour singles tennishmglucose levels remained unaltered;

whereas a slight depletion of glucose levels thhoug) squash match play was observed.
To conclude, blood lactate appear to stay fainy turing match play, and there exists a

possibility that lactate concentrations increasanguserving games (Fernandez et al.

2006). There also appears to be little changedadblucose levels pre to post match.
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16 male subjects between the ages of 18-37 fronUthieersity of Stirling Scholarship
Tennis Squad and the Club Performance Programme neeruited for the study through
a process of individual communication with eachjscib 14 subjects were currently or
had been in the previous year nationally ranked/é&en 15 and 750 in Great Britain, and
competed regularly in tournament play, while twguiarly competed in tournaments but
were not nationally ranked. Subject characteristiese age; 21.5 + 4.4 years, weight;
75.6 £ 8.6 kg, height; 179.5 + 6.9 cm, peak,y@46 £ 0.62 I/min.

The research project was approved by the Univerdit§tirling Sports Studies Ethics
Committee. The experimental procedures and possibks were explained to each
subject and they gave their consent to participetiere were two main parts to the study:
a graded running test to exhaustion on a treademil a best of three set tennis match

indoors at the University Tennis Centre.

3.1 Graded Running Test to Exhaustion:

The participants arrived at the Gannochy Sportsr€eand underwent a graded maximal

running test to exhaustion to determine their,\W@ak and their heart rate responses to
exercise. Upon arrival, the subject completed aparticipation screening questionnaire

to confirm they were fit to participate in the sfu®ubject’s age, height and weight were

recorded, their resting blood pressure and heaet was recorded using a portable

machine, and a heart rate monitor (Polar S625X)ati@ehed to their chest.

The subject’'s V@ and \£, and heart rate were measured continuously usidme gas
analysis system (Sensormedics VMax 29, Holland) anaontinuous incremental
protocol performed on a Marquette 2000 treadmillméuthpiece and nose clip was
attached to the subject, and the heart rate mopdsitioned. Once baseline expired gas
analysis measures were obtained then the treadumllincreased to the starting speed of
10km/h for each subject. The gradient was set atd %kart. For the first 6 minutes the
speed increased by 1 km/h every 2 minutes. Aftenirtutes, the gradient was increased
by 2% every minute until the participant reachetitremal exhaustion. Once the subject
reached exhaustion, they were instructed to steathdl running belt, and the speed and
gradient were reduced to 3.5 km/h and 1% respdgtige the subject could walk for

recovery. Finally, the mouthpiece and nose clipem@moved. The data from the test
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was then averaged over 1 minute intervals and feeenesl into Microsoft Excel for

analysis.

3.1.1 Calculation of heart rate and MOr translation of on-court heart rate data

The calculation of heart rate zones for the on{ctest was carried out as follows: YO
results were plotted againstgVesults for each playeand the end of zone 1 (first
ventilatory threshold) was taken as the first paimtich corresponded with a break in
linearity. Zone 2 started from this point, and thieished with the next break in linearity,
and this was repeated to give the third zone (&)n€he VQ value corresponding to the
beginning and end of each zone was then enteréteirquation which was provided,
from plotting the heart rates with \d@esults obtained at one minute intervals. This gave
the equivalent heart rate value of each boundahjs method provided three zones of
intensity (Seiler & Kjerland 2006), from which itag possible to calculate how long each
player spent in a specific zone during their maidie breakpoints and zones identified

were independently verified by having two peopleess the figures.

Example

- VO, was plotted againstMn Microsoft Excel (Figure 1). The three zones were
then calculated from the breaks in linearity.
- Inthis example, Zone 1 =< 2.25
Zone 2=2.25t03.75
Zone 3 =>3.75
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Figure 1: Graph showing V{plotted against VE gained from the graded runnasg, tand zones

calculated from breaks in linearity.

- Heart rate was then plotted against MBigure 2). The boundary of each zone
was then substituted into the equation providethftbe best fit line, to give the
heart rate boundaries (bpm)

- This corresponds to Zone 1 = <149 bpm

Zone 2 =149 -185 bpm
Zone 3 =>185 bpm
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140 - *
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120
110
100 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 1

o~y = 24.986x + 90.598
R? = 0.9425
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Figure 2: VQ plotted against heart rate responses from the drad®ing test, with V@zones

substituted into equation produced from bestfié¢ li
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3.2 Best of 3 Set Tennis Match

3.2.1 Data Collection

Subjects arrived at the tennis centre having cotagla food and fluid intake diary for
the previous 48 hours. No dietary or lifestyle nietbns were placed on them. Upon
arrival, they were asked to provide a urine samatel then their nude body mass was
measured using a set of precision balance scalege@s were also required to provide a
small capillary blood sample. Blood samples weketafrom either their'3 or 4" finger

on the non dominant hand. The finger was wipednclgih an alcohol wipe, wiped dry
with a tissue, and the blood was drawn using arttAChek Soft Clix-pro’ sampling pen.
The first drop of blood drawn was wiped clean wvatlissue, and a 175ul capillary tube

was then filled.

Subjects then attached a heart rate monitor (FB826X) to their chest, placed the heart
monitor watch around their wrist, and these rentihere for the duration of the match.
Sweat patches (3M Tegaderm absorbent patches]1@oed) were then applied to four
sites on the subjects body; the midpoint of thatriigh between the knee and hip, the
middle of the widest point of the right calf, theside of the right forearm midway
between the elbow and wrist, and the middle ofloeer back, just above the short line.
All sites were shaved with a hand-held plastic rdmfore applying the patch, ensuring
the site was free of any hair that could preventipdrom staying on throughout the
entire duration of the match. The patches weregolamn the subject’s body after each
skin site was prepared by wiping with an alcohgbayiwashing with deionised water,
and drying with a clean electrolyte-free swab galgefore the patches were applied,
each patch (and all its accompanying wrapping) waghed using a set of electronic
scales (Amlab ACB 300, weighed to two decimal picAfter the patches were applied,
all the left over wrapping and packaging associatél the patch was weighed, giving

the exact weight of the patch that had been applied

The participants then completed a standard 5-mima&ch warm-up, which included
players warming up groundstrokes, volleys and serVeey then played a best of three
set match against a competitively matched oppofitiayers were required to wear only

shirts and shorts: no tracksuits were permitted,@ponents were matched as closely as
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possible by Lawn Tennis Association rating andareti ranking). Players were required
to retrieve their own balls during the match. Theauth rate monitor was started when
subjects started their match and this began stottieg heart rate data at 5-second

intervals.

The temperature and humidity of the tennis centes wiecorded on a digital meter
(Radiometer Copenhagen). The subjects were alldwezbnsume any fluid that they
wished during the match, however there were nomftd to consume immediately
before or after the match. At the end of every geaover their drinks bottle was
removed and weighed using a set of electronic sq@&aus CS-2000 Compact) to find
out exactly how much they had consumed. The timeach changeover was also noted.
Also, a small sample of the beverage consumed ant eeas stored and analysed to
discover its electrolyte content. Subjects werepssmitted to spit out any of the fluid in

their drinks bottles, or use it to wet their hairface.

Once the match had been completed, subjects wereithmediately taken back to the
laboratory, where a three-minute post-match capiltdood sample was taken using the
protocol outlined previously. The sweat patchesewiben removed using a pair of sterile
forceps (a new pair for each patch), and were glaeside a plastic tube which was in
turn placed inside a sterile urine collection tultee empty tube had been weighed
previously). This tube with the patch inside wasrtlweighed, to obtain the volume of
sweat that was absorbed by the patch. Care was takensure that the researcher’'s
hands did not touch any of the patches at any tonensure that no contamination
occurred. The patches were placed inside the tolbleas the inside of the patch (that had
been in contact with the skin surface) was facimgatrds the outside of the tube, to

improve the chance of all of the sweat being rerdaling centrifugation.

The subjects then provided another urine sampbe twitheir final nude body mass being
recorded. Subjects were instructed to towel themseflown before weighing to remove

any excess sweat that would influence their weight.

The four sweat patches in their containers wern thlaced in a centrifuge (Jouan BR4),
and spun at 5000 rpm for 10 minutes to separatevieat from the patch. Once this had

been completed, the sweat that was obtained frarth patch was pipetted out and into
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separate eppendorf tubes. A new pipette tip wad fmeeach sweat sample to avoid
contamination. The weight of the eppendorf tube @nedsweat recovered was measured
on the electronic scales so that the amount of tsthe& was actually removed from the
patch was measured. This information meant it wassiple to see how much of the
sweat absorbed in the patch was recovered afterifagation. The sweat samples were

labelled, and stored in the fridge until furtheabysis was carried out.

3.2.2 Urine Analysis

The pre and post match urine samples were sepapaled into a measuring cylinder
to accurately record the volume obtained. Therarapde of the pre-match urine sample
was pipetted into an eppendorf tube, and dupliaditpiots were tested for osmolality
using the freezing point depression technique (RogbOsmometer). Prior to the

samples being analysed, the osmometer was calibrastng standards of known

concentration and distilled deionised water blan@sensure accurate results. The
measurement process was then repeated with depbdigiuots of the post-match urine

sample.

To obtain the concentrations of the electrolytesrine, 150ul of the pre-match and post-
match urine samples were mixed in an eppendorf wibe 300ul of urine diluent
(Radiometer Copenhagen). Different pipette tipsemesed for measuring each urine
sample and the urine diluent. An aspirator tube thas placed in the eppendorf tube,
and the sample analysed using an electrolyte migababoratory (Radiometer EML
105, ion selective electrode method). These samplese measured for sodium,

potassium and chloride concentrations.

3.2.3 Sweat Analysis

Sweat samples were also analysed using the EML@8kyser, previously validated as
shown in Appendix A. For each sampling site, 150filsweat was pipetted into an
eppendorf tube, and 300ul of diluent (Radiometepedtagen) was added. The samples
were then aspirated through the Radiometer EML d@&lyser in the same way as the
urine samples, and also measured for sodium, potasand chloride levels. The drinks
consumed on-court were also entered into the EM& difalyser in the same way, and

measured for sodium, potassium and chloride levels.
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Sweat samples were also tested for osmolality usig freezing point depression
technique (Roebling Osmometer), using the sameepoe as for urine osmolality

analysis.

3.2.4 Estimation of Fluid Losses

No account of respiratory water losses, or watesds due to substrate exchange was
made when calculating sweat rates and whole bodatlesses from change in nude
body mass. This is in accordance with previousareseby Maughan et al. (2004) and
Shirreffs et al. (2005). All the calculations aresbd solely on fluid intake and body mass
change because the respiratory water loss and Veseithrough substrate exchange is

likely to be small.

3.2.5 Blood Analysis

The pre and post match capillary blood samples e analysed using the EML 105
analyser immediately after they had been collectedich analysed the sample for
glucose, lactate, sodium, potassiamd chloride. All safety measures were taken to
prevent blood transmission between the subjectrebearchers, and any work surfaces

used.

3.2.6  Heart Rate Data

All heart rate data was uploaded from the heaet maonitors and was stored in the Polar
ProTrainer application. It was then converted ireadsheet form and transferred into

Microsoft Excel for analysis.

3.2.7 Dietary Analysis

Subjects completed a two-day record of their fond #uid intake prior to the on-court
test. This diet was then analysed for macronutreamttent and electrolyte content to
determine habitual intake. All dietary analysis wemried out using the Microdiet
application (University of Salford, UK referencetalaase).
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3.2.8 Statistical Analysis

Pre and post match blood glucose, lactate, sogiomassium and chloride values, as well
as sweat electrolytes and osmolality concentrati@ml pre and post match urine
electrolytes and osmolality were analysed usingeparl -tests. Values from different skin
sites were compared directly by comparison of mesnes. Correlation analysis was
performed to investigate relationships between rpagch urine osmolality and fluid

intake, sweat rate and drinking rate, and wholeylsweat loss and total fluid intake and
were completed using Pearson’s correlation analpdistatistical tests were undertaken
using SPSS version 15.0 (Statistical package fer Social Sciences). All data are

reported as Mean £ SD.
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16 players completed the study. Each match wasg@laydoors on a hard court surface.
The mean temperature was 17 + 2 °C, and the meaidhy was 42 =+ 9 %. The mean

playing time was 75 + 14 minutes.

4.1 Blood Electrolytes / Metabolites

Table 3 shows blood glucose, lactate, sodium, patas and chloride concentrations

both prior to, and 3 minutes following a best akthset match.

Table 3: Blood glucose, lactate, sodium, potassamd chloride concentration pre and post
match. No significance was observed in any meadwetgeen pre and post exercise. Values are

mean + SD for 16 subjects.

Pre Match Post Match
Glucose (mmol/l) 6.16 £ 1.04 5.69+0.91
Lactate (mmol/l) 1.24 +0.32 2.03+1.08
Na" (mmol/l) 139 +1.27 139 +2.44
K* (mmol/l) 42+0.3 41+0.7
CI" (mmol/l) 105+1.61 105 + 2.56

4.2 Fluid Intake

The mean fluid intake during a best of three satikematch among 16 subjects was 1087
+ 625 ml. This ranged from 303 ml in a match lati8 minutes 45 seconds minutes to
2509 ml in a match lasting 1 hour and 17 minutdse Tluid intake observed for each
player is shown in Figure 3. The mean fluid intglee hour was 947 + 604 ml/h (range
311 to 2535 ml/h).

Fifteen out of sixteen players consumed tap wateing their match. Analysis of the
water revealed that it contained 4 mmol/l of sodilGnmmol/l of potassium, and 6
mmol/l of chloride. One player consumed a comméidiiated orange flavoured drink,
and consumed 1226 ml throughout the duration ofntegch. This drink contained 8

mmol/l of sodium, 1.4 mmol/l of potassium, and 1raW! of chloride.
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Figure 3: Fluid intake of 16 subjects during a ldghree set tennis match, and mean + SD fluid

intake.

The mean fluid intake and mean percentage of fhial intake that was consumed at
each change of ends during the matches, as wilkasean playing time of each change

of ends are shown in Table 4.

From this table, it can be seen that the studiegiges drinking habits were relatively
varied. Also, players gain an opportunity to repllaid between every 6 to 10 minutes.
By looking at Figure 4, which demonstrates the mfaad intake pattern across a match,
players consumed the most fluid in the first changends. The level of fluid intake

declined progressively until changeover 5, and remeelatively constant throughout the

remainder of the match.
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Table 4: Fluid intake, percentage of total fluithike and mean playing time at each changeover.
Values are mean * SD for 16 subjects, apart frochahgeover 9 (13 players), 10 (10 players),
11 (7 players), 12 (4 players), and 13 (1 player).

Changeover Fluid Intake (ml) | % of Total Intake | Mean Playing Time
(Mean £ SD) (Mean £ SD) (min) (Mean = SD)

1 171 +127 16+11 2.57+1.08

2 114+ 78 12+5 8.38 £ 3.02

3 111 + 77 11+9 15.47 £ 4.35

4 101 + 82 9+4 23.03+£5.43

5 88 + 86 75 30.35+6.21

6 130+120 12+6 36.09 £6.36

7 81 + 83 66 42.04 £ 6.53

8 87 £ 47 10+7 50.43£7.13

9 (13 players) 103 + 74 8+8 56.55 + 7.51

10 (10 players) 85 + 62 4+4 62.36 + 7.01

11 (7 players) 79+79 34 70.34 £ 8.43

12 (4 players) 109 + 104 3+5 80.14 + 11.19

13 (1 player) 0 0 86.20
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Figure 4: Graph showing mean fluid intake (ml) atlte changeover across the duration of the
matches. Values are mean = SD for 16 players ffitet eight changeovers, then 13 players at
changeover 9, 10 players at changeover 10, 7 aigelozer 11, 4 at changeover 12, and 1 player

at changeover 13.

4.3 Body Mass Changes

Figure 5 shows the range of percentage body massgyel observed from pre match to
post match for the 16 players. Body mass changegedhfrom 1.6% dehydration, to
1.3% gain in mass. The average body mass changa \eass of 0.11 + 0.55 kg. There
was no significant difference in body mass betweenand post match (p>0.05), and it

can be seen clearly from Figure 5 that a wide rarigmdy mass changes occurred.
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Figure 5: Body mass changes across a match. Vshoen are the percentage of body mass lost

from pre to post match.

4.4 Whole Body Sweat Loss and Sweat Rates

The mean whole body sweat loss during the beshrektset tennis match was 1219 +
417 ml. This ranged from 463 ml to 2298 ml. The mediole body sweat rate was 0.72
+ 0.26 I/h. The range observed was between 0.43 &&ll/h.

4.5 Electrolyte Concentration, Osmolality and LoBaleat Rates at Sample Sites

Table 5 displays the sweat electrolyte concentnatisweat osmolality, and sweat rate at
each of the four sampling sites. Sweat sodium ahlbride concentrations were
significantly higher at the back site than any otlsampling sites (p<0.05). No
significance was observed in sweat osmolality betwsampling sites. The sweat rate
from the back site was significantly greater thaont the other three sites, while the
sweat rate from the forearm was also significagtBater than that obtained from the calf

site (p<0.05).
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Table 5: Sweat electrolyte concentrations, osntglalnd local sweat rate at each of the four

sweat sampling sites. Values are Mean * SD forulfests. * indicates significant differences

between back and all other sites, p<0*0Bdicates significant difference to calf site (pa%).

Na’ K* cr Osmolality Sweat Rate

(mmol/l) (mmol/l) (mmol/l) (mOsmol/kg) | mgem?min'
Forearm 3714 49+20 31+13 111+ 21 0.54190
Calf 38+14 5.0%2.0 34+14 118 + 26 0.36+0.1
Thigh 38 +12 45+2.0 34+12 112 +13 0.43 0.2
Back 49 + 18* 45+1.0 46 + 19* 125 +13 0.94 3¢
Meant 41 + 15 47 +1.7 36 15 117 +35 0.57190.
Range 2310 79 2.8107.0 19to0 73.5 96 to 160 8 .94

t - indicates an equally weighted mean value frioenfour sampling sites.

4.6 Urine Measures

Table 6 displays the mean urine volumes, elecgobncentrations, and osmolality

obtained in samples collected before and aftenthihes.

Table 6: Urine volume, electrolyte concentratiomg @smolality pre and post match. * indicates

significant difference between pre and post mattheuvolume (p<0.05). Figures are mefn

SD.

Pre Match Post Match
Volume (ml) 44 + 32 94 + 63*
Na’ (mmol/l) 115 +54 52 + 38
K* (mmol/l) 49 + 26 54 + 32
CI'(mmol/l) 139 + 74 107 + 54
Osmolality (mOsmol/kg) 788 £ 158 695 + 207

Two players had a pre-exercise urine osmolalitglufve the previously stated threshold

for dehydration of 900 mOsmol/kg (Shirreffs 200Bpur more players had pre-exercise

urine osmolality readings of close to this thredhdlhe range of readings was 366 to

1099 mOsmol/kg.
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4.7 Net Fluid Balance

There was a mean net body fluid deficit of 132 +n83from pre to post match (Fig.6).
Thus, players ingested sufficient fluid to repla®® + 47% of fluid losses due to

sweating.
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Figure 6: Mean fluid intake, mean whole body sweas, and resultant mean net body fluid

balance of players following a best of three seiclmadoors. Values are mean * SD.

There was a significant relationship (p <0.05, 8.51) between whole body sweat loss
and total fluid intake during the matches (Fig.fipwever this is not clearly visible.
However, no relationship existed between sweataatedrinking rate (p >0.05, r = 0.21,

Fig.8), or total fluid intake and pre match urirsmmlality (p >0.05, r = 0.06, Fig.9).
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Figure 7: Relationship between whole body sweas Igml) and total fluid intake (ml). A
relationship was observed between these two vasajpk0.05).
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Figure 8: The relationship between sweat rate @ftg) on-court drinking rate (I/h). No significant
correlation was observed (p>0.05)
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Figure 9: The relationship between total fluid keaml) and the pre-exercise urine osmolality.

No correlation was observed (p>0.05).

4.8 Electrolyte Losses and Electrolyte Balance

The mean * SD electrolyte losses (from sweat ammueuosses) observed during the
matches, as well as the mean dietary electrolytek@s are displayed in Table 7.
Electrolyte ingestion was calculated from each @tayhabitual dietary intake on two
days, and averaged to give mean values.

Table 7: Sweat and urine electrolyte losses, aethdi electrolyte intake, shown as Mean + SD.

Sodium (g) Potassium (g Chloride (g) Energpke
(kcal)
Sweat + Urine Loss 1.12 + 0.46 0.23+0.15 1.550 | N/A
Dietary Intake 2.75+1.06 2.22 £ 0.67 4.32 +1.74| 1752 + 347
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The net electrolyte balance is shown in figurestd@2 with a net positive sodium

balance, a net positive potassium balance and positive chloride balance based on
habitual dietary intake versus electrolyte losagind the match play.

6-
= -
o 4
(7]
o
|
B —
X
8 2-
=
e
=
-8 0 T ] J
N
D E—
Q X [*4)
ESY & &
< S N
S Q& 7
N N
Q 2 S
& P S
B & 2
S W

Figure 10: Sodium ingestion (daily diet plus ingastduring match), sodium loss in sweat, and

resultant net sodium balance of 16 players. Vatwesnean + SD.
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Potassium Intake/Loss (g)

Figure 11: Potassium ingestion (daily diet plusestgpn during match), potassium loss in sweat,

and resultant net potassium balance of playersiégshre mean + SD.
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Figure 12: Chloride ingestion (daily diet plus istien during match), chloride loss in sweat, and

resultant net chloride balance of players. Valuesw@ean + SD.
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Given that 15 out of 16 players ingested water dobntaining 4 mmol/l sodium), then
for the tennis match period alone there would hbgen moderately large electrolyte

deficits.

4.9 Dietary Analysis

The mean carbohydrate fat and protein contributionhe player’s daily dietary intake
are shown in Figure 13. This amounted to a meakébf 209 g of CHO, 73 g of fat,
and 69 g of protein per day. The mean total enargke was 1752 + 347 kcal.

@ CHO
| Fat

O Protein

59%

Figure 13: Dietary analysis of 16 tennis playerali¢s are the mean of a two-day recording
period, and show percentage contribution of carbodte, fat and protein to total Kcal intake

using the Atwater factors.

4.10 On-Court Match Intensity

Heart rates on court ranged from 75 bpm to 192 bpticating intensities in the range

from rest to almost maximal intensity.

7€



Results

Players spent on average 74% of playing time maihtensity zone. They spent 25% at
a high intensity, in a zone above the ventilatbngshold, and they spent 1% in a zone of
near maximal effort However, only two of sixteemy®rs spent any playing time in the
maximal intensity zone: one player spent 12% is ttone, while the other spent 2%.

This is shown in Figure 14.
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Figure 14: Graph showing the percentage of platimg spent in Zone 1 (low intensity), Zone 2
(high intensity), and Zone 3 (maximal intensityjoef zones. Values are mean + S&r 16
subjects. The heart rate zones ranged between bfiid3o <174 bpm for Zone 1, 123-180 bpm
to 174-196 bpm for Zone 2 and >167 bpm to >197 EkpmZone 3.

The mean heart rate over the course of a matcthasrs in Figure 15. The mean

percentage of maximum heart rate was 71.4 + 6.14#Aging from 62.5% to 85.1%.
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Figure 15: Graph showing the mean heart rate dnecourse of a match. Values are Mean + SD.

The mean heart rate corresponding to the firstitegoty threshold is also displayed.

78



Discussion

Chapter 5

Discussion
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This study characterised the fluid and electrobatance of nationally ranked male tennis
players during indoor match play. The key obseoretiin the present work were that the
players were largely involved in moderate intengikercise and sweat rates similar to
those expected in a warm environment in tennisiatibtensity (Bergeron et al. 1995a)
were observed in the majority of players. Also, sieeat rates observed in the present
study (0.72 £ 0.26 I/h) fit in with those obsenieyl Galloway & Maughan (1997), who
showed that cycling at 70% brought about sweatrat®.65 I/h and 0.78 I/h at 11°C and
21°C respectively. A wide range of sweat electmlgbncentrations were observed and
consumption of water was the norm during match .plityne osmolality measurements
indicated that some players were moderately debsdnarior to, and upon completion of
match play. Varied fluid volume intakes were obsekvbut on average the players
replaced 946 + 602 ml/h, which approximately eqdate sweat losses (89 = 47%

replacement) without any change in plasma sodiunc&atration.

Only a handful of studies have examined electrdigtiance and fluid intake strategies in
tennis players, and this is the first to examineséhfactors in an indoor environment,
where the temperature did not exceed 20°C on acgsian. It is also the first to closely

analyse players’ on-court fluid ingestion patterns.

5.1 Pre-Match Hydration Status

Several players appeared to be hypohydrated, og wlese to being so, prior to their
match. The mean pre-exercise urine osmolality v&&s+7158 mOsmol/kg; however two
players had results of 935 mOsmol/kg and 1099 m@kmaespectively, with both
being greater than the 900 mOsmol/kg level for dedwyon stated by Shirreffs et al.
(2003). As well as two players commencing theirahatehydrated, seven other players
had results greater than 800mOsmol/kg, approacthegthreshold for dehydration,
which is concerning but not entirely surprising, iashas been reported before by
Bergeron et al. (2006) and Hornery et al. (2003} tennis players had a tendency of
commencing match play hypohydrated. It is not ciehether this is a pattern evident in
other sports as well, but Maughan et al. (2004icedtthat some footballers were mildly
hypohydrated, and one severely so (1254 mOsmolfxgdr to a 90 minute training
session, while Palmer & Spriet (2008) showed thafr@aup of 44 junior ice hockey
players were largely on the verge of hypohydrapanor to an intense one hour practice
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session. An athlete who commences exercise in ahygpated state is at an increased
risk of suffering heat iliness, and will more thikely not perform at optimum levels
(Sawka & Pandolf 1990). Indeed, Hornery et al. @0Suggested that even technical
elements of the service action were affected byees#v physiological conditions,
including hypohydration. However, the environmerntahditions during which players
performed in the present study are unlikely to pasg threat to thermoregulation.
Studies have recommended that individuals drink@pmately 500 ml, or 6-8 ml per
kilogram body mass, of water or a carbohydratetadgte drink two hours before they
go on court (Maughan & Shirreffs 1997; Shirreff@kt2006), or in the hour before (Casa
et al. 2000). Indeed, the ACSM’s 2007 position dté®awka et al. 2007) suggests 5-7 ml
per kilogram body mass slowly consumed within fbaurs of the beginning of a match.
This should improve hydration status pre-trainimgsson or match, but this may not
always be possible if players train or competeyearl in the day. However, players
should aim to adhere to these guidelines wheresgsible to avoid commencing a match

in a hypohydrated state.

Despite some players commencing exercise in a lygrvated state, they did not
consume more fluid during the match than the opteyers, nor did they have a different
sweat rate. Also, somewhat surprisingly, no retetiop was observed between pre-
exercise urine osmolality and fluid intake, as iginh be suggested that if a player started
a match dehydrated, he should consume more fluidytand correct this. However, it
has been demonstrated that thirst is not a goddata of body water status (Greenleaf

1992), so a small fluid deficit could exist withdbe player’s knowledge.

5.2 Match play Intensity and Environmental Condifio

In an entirely unrestricted indoor environment, chaplay consisted of largely moderate
intensity exercise, below the ventilatory threshetith a quarter of the time spent above
the ventilatory threshold. This can be comparethéowork of Seliger et al (1973), who
suggested tennis included 88% aerobic and 12% a@imaecontributions, and Fox et al.
(1979), who suggested that the aerobic contributvas as low as 30%. However, the
data from the present study could be considerec mediable as it does not place any
restrictions on the length of matches; if the lanigt controlled, there is a risk of the

players not having the opportunity of reaching rttéghest effort levels. In the study by

81



Discussion

Seliger et al. (1973), the analysed match-playtéuravas ten minutes, which is not long
enough to get a full profile of exercise intensifjhe range in time spent above the
ventilatory threshold in the present study couldatiebuted to differing effort levels on
the player’'s part; however, an important factoa {glayer’'s or opponents playing style. If
a player has an aggressive style and regularlyeseamd volleys or approaches the net,
the points will be shorter, and may prevent theggria heart rate from increasing as high
as if they were regularly competing in long ralli¢towever, often rushing to the net
could cause heart rate to increase, whereas goselif@ play could result in less
strenuous work being performed, and a lower heset Bernardi et al. (1998) showed
that mean and maximal heart rates and, ¥€dres of baseline players were higher than
whole-court players and more aggressive playe® day court surface, and showed that
the baseline players reached on average 59% of\fliivax, suggesting that long-term
cardiovascular adaptations could be achieved, sibge maintain or develop
cardiorespiratory fitness, exercise should be betw&0 and 85% VOuax. This was
confirmed by Fernandez et al. (2006), who suggestatplayers who were considered
attacking or more aggressive were found to haveltoWwD, values than baseline players.
This suggests a relationship between rally lengtid @&xercise intensity. Another
important factor is the court surface; the pressntly used a fast indoor hard court
surface, which tends to induce shorter rallies, iaigdpossible that a slower outdoor hard
court or clay court would provide results with agter intensity. However, this will
obviously depend on the individual, as some playdgtsnaturally play with a higher
intensity than others will.

The conditions in the present study were similah&conditions found in many national
indoor tournaments; and probably fairly similarttmse tournaments held outdoors in
Great Britain, except with the absence of any wifile conditions were probably

slightly lower than indoor conditions in summer rtits) since the data collection took
place between October and January. However theetatyes and humidities were most
probably lower, and less challenging than the nitgjof tournaments held overseas, both
indoors and outdoors, so the conditions will hagerbmore comfortable for the players

involved.
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5.3 Sweat Sodium Concentrations and Total Sodiugsé®

The vast majority of sweat electrolyte concentragiobserved in the study fell into the
normal physiologic ranges for sweat electrolyte camrations of 20 to 80 mmol/l for
sodium, 4 to 8 mmol/l for potassium, and 20 to 6@atil for chloride (ranges stated by
Shirreffs et al. 1997), apart from one reading ®n@mol/l at the back site for one player.
Sweat sodium concentrations observed in this s{ddy+ 15 mmol/l at 17 £ 2°C) are
fairly similar to those results observed in a rargfesports, including professional
footballers (30 £ 19 mmol/l at 32 + 3°C (Shirreffsal. 2005), and 49 + 12 mmol/l at 24
to 29°C (Maughan et al. 2004)). However, the obsgmesults were slightly higher than
observed in cooler (5°C, Maughan et al. 2005) dwomk in professional footballers, and
in elite University tennis players outdoors at m&&r2 + 1.5°C (Bergeron et al. 1995).
That the sweat sodium level was slightly highenthmother tennis players who train and
compete regularly in warmer environments suggédsis several players in the present
study were not as well heat acclimated as the AmarriCollege players studied by
Bergeron et al (1995a). The more exposure a plagsr at warmer environmental
conditions, then both sweat sodium concentratiahsaameat osmolality are reduced for a
given sweat rate, through increased reabsorptiiigyadi the eccrine sweat duct (Buono
et al. 2007). Indeed, one player experienced a meaat sodium concentration of 78.5
mmol/l, which is at the top end of the normal pbisgic range. This was achieved
indoors at a temperature of 20°C, humidity of 568d during a match lasting 57
minutes, which certainly are not challenging enwinental conditions. This player
experienced the second largest total sodium logsd)l in the shortest match duration,
however he managed to maintain his body weight fppento post match. This player’s
sweat rate was only 0.53 I/h and this low swed, rabupled with a high sweat sodium
concentration, suggests that he was not heat aeldnThis player would struggle with
both sodium depletion and an inability to lose hibabugh evaporation if he played in
warm humid conditions, whereas a more heat acaichg@iayer would have a lower
sweat sodium concentration, helping to delay soddepletion, as well as have the

ability to dissipate heat more effectively throughigher sweat rate.
Players in the present study understandably losthmess sodium during their match
compared to tennis players who suffer heat crampgarm conditions (Bergeron 2003),

and American footballers with same heat crampingdimns (Stofan et al. 2005).
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However, the sodium losses were comparable to remyz afflicted American
footballers in between 22.7°C and 30.8°C (Stofaal.e2005). Three players experienced
sodium losses that were dangerously close to dadiy dietary sodium intake, in fact one
player recorded a daily dietary sodium intake &fl1g, yet lost 1.75 g of sodium during
his match. If this player was to compete in two chat in the same day or on
consecutive days throughout a week or two-weekodemvith the same dietary sodium
intake, then there is a considerable risk of hirpegiencing problems from a chronic
sodium deficit. Players should be made aware oir theetary sodium intakes and
potential sodium losses during match play, andidbe @ make the necessary increases in
dietary sodium intake in days leading up to thertstd a tournament, during a
tournament, and also on-court through food anddflimgestion. The ingestion of a
carbohydrate-electrolyte drink both off and on-¢osinould help to maintain sodium
levels if a player is due to compete in multipletoh@s on the same day. Bergeron et al.
(1995a) demonstrated that when three matches wayedon consecutive days, there
was progressive depletion in plasma sodium levels fthe previous day, and this trend

continued onto a fourth day.

If the players involved in the present study wertb ia tournament situation, where they
are required to compete more than once, they shoatdase their dietary sodium intake
to combat the sodium depletion that would occurmentioned before, sodium depletion
has been shown to be the primary cause of heapstamhich can be disastrous during a
match, and increasing sodium intake becomes evea iportant when the tournament
is played at higher temperatures and humiditiexolisuming a full meal in between

matches in not comfortable, then players shouldidrgonsume salted snacks, to help
maintain sodium levels (Sawka et al. 2007), andsaonng a carbohydrate-electrolyte

drink at changeovers will help further.

The wide range of standard deviations observedim study demonstrates the large
variability that exists between individuals with spect to sweat electrolyte
concentrations, and means that looking at the rafigesults reveals more than simply
looking at standard deviations. This allows onédtmntify specific individuals who may
warrant further investigation. Consequently, idifficult to make a general conclusion
on the sweat sodium concentrations of teams or pgraecorded, or make direct

comparisons to other groups or teams. Howevelodis provide support to the theory
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that individual advice is vital (Maughan et al. 830®almer & Spriet 2008), and should
not be aimed at groups or teams of players beaa@egsenmendations that might help one

player could have no affect on another.

Overall, the sweat electrolyte concentrations adsth elite British University tennis
players observed fell into the normal reported eandnowever they were slightly higher
than recordings in American College tennis playatswarmer temperatures. This
suggests a poorer level of heat acclimation in sohtke players in the present study, not
surprising considering the amount of training anthpetitive tennis played indoors, and
the climate in the UK when playing outdoors. Side¢a was collected between October
and January, the average daily temperature woultblwer than that in summer, so
electrolyte losses could have been greater in thiesers if data collection was carried
out in summer months. Total sodium losses for allsmanber of players came close to
exceeding dietary sodium intake, and players mestnformed on how to increase

sodium intake both in the diet, before and betweatcthes, and on-court during a match.

5.4 Sweat Rates & Fluid Intake

The average whole body sweat rate of 0.71 = 0.B5id/lower than recorded in
professional footballers in cool conditions of 5(Maughan et al. 2005), and at hot
conditions of between 24 and 29°C and 32 + 3°C @han et al. 2004; Shirreffs et al.
2005), American footballers at between 22.7°C a2 (Stofan et al. 2005),
endurance athletes in comfortable (20.5 + 0.7°Q)ddmns (Passe et al. 2007), and
tennis players in hot (32.3 + 1.5°C) environmemsrfjeron et al. 1995). The sweat rate
in the present study is also over 1 I/h lower tbaserved in American footballers and
runners across two days of training at 31.3 + 0.@BGwkes Godek et al. 2005). The
uniform worn by American footballers could increasseat rates: Gavin (2003) has
suggested that increasing the level of clothingasgs barriers to heat transfer and
evaporation from the skin surface. The low wholdybsweat rate observed in the present
study could be a direct result of the undemandimgrenmental conditions, but could
again be an indicator of a low level of heat acalion in the players involved, as
increased heat acclimation causes an increased sateawhich improves heat loss via
evaporative cooling. Results are also lower thanlt® + 0.1 I/h observed in elite junior

ice hockey players during an intense practice sessi 13.9°C. However, the low sweat
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rate in the present study is more likely to bedithko players only being allowed to wear
t-shirt, shorts, socks and shoes in a mean temyeratf 17°C, and with relatively lower

exercise intensity, so the player’s state of acafiom would be less of a factor.

The mean fluid intake of 1087 + 625 ml, at an agermatch length of 75 + 14 minutes,
is similar to observations in professional footbedlduring 90 minute training sessions in
both cool (Maughan et al. 2005) and warm tempeeat(@aughan et al. 2004; Shirreffs
et al. 2005), but distinctly lower than tennis m@es/ in warmer outdoor environments
(1700 = 500 ml at 32.2 + 1.5°C). On average, playeplaced 89 + 47% of their whole

body sweat loss in the present study, which iselatigan reported by Elliot et al. (1985),

where the mean fluid intake across one 60 minuigless match was 250 ml, representing
only 27% of the total fluid loss. However, resultere similar to Hornery et al. (2007),

where players replaced 77% and 89% of total flagslduring hard and clay court singles
matches. This suggests that the players in theeptrestudy had good drinking habits to

replace such a large proportion of sweat losses.

Despite players on the whole managing to replae@ #weat loss, these cases must be
addressed individually. The range in fluid intakieserved in the present study was
massive, and importantly three players consumegifgigntly less fluid than they lost
through whole body sweating, indeed one only corzu31 ml, but lost 1631 ml
through sweating (so only replaced 26% of fluicsks and incurred a 1.6% loss of body
mass. If the three players mentioned were compatitggher environmental temperature
conditions, or during longer matches in the sameditmns, then by replacing only a
fraction of the fluid they lost they will experiemgreat body mass deficits. Dehydration
of over 2% body mass can reduce performance byirmggower production (Coyle et
al. 2004), and cognitive function (Gopinanthan [etl898) and these are likely to occur
in tennis if players fail to adequately rehydraternery et al. (2007) also suggested a
negative impact of dehydration upon service teammigvhereby they showed that the
consistency in the height of the throwing arm dit fedease was inversely correlated with
both progressive match time and body mass deffcihese players competed at much
warmer and humid conditions with the same levekbiydration, then they are at serious
risk of developing heat illness.

86



Discussion

Due to the nature of tennis, match play always iples/ opportunities for regular
rehydration and the changeovers appear to haveussgheffectively in the players who
prevented a body fluid deficit. However, the obs¢ion that some players failed to
replace their sweat losses with unrestricted fliuithke supports the presence of
“voluntary hypohydration” observed in many diffetesporting environments (Passe et
al. 2007; Palmer & Spriet 2008). With the lack ofyasevere environmental conditions,
there appears to have been no great strain upoh ohdbe players involved in the
present study, but the players who failed to replaoywhere near their fluid losses
should be made aware of the implications. There riitl appear to be a relationship
between poor fluid replacement and success in tathm All other studies looking at
dehydration in tennis players have reported a Bogmt body mass loss from pre to post
match, however this was not the case in the presady (only a mean body mass loss of
0.15%) Elliot et al. (1985) showed an average floss of 0.91 kg (1.3% body weight)
after one singles match outdoors at WGBT 21.5°CilewBergeron et al. (1995a)
reported a mean body mass loss of 1.8% followingingles matches and 1 doubles
match on the same day, but this was to be expditeduse of the greater amount of
match play in the study, and the more environmgntdiallenging conditions (32.2 +
1.5°C). Hornery et al. (2007) demonstrated an ayeta05% body mass loss following
one match on hard courts, and 0.32% following ormcmon a clay court. It could be
possible that the lack of any severe environmeatadditions, and the short match
duration may have prevented any significant bodgsrlass over time in the present
study, but most players tended to replace, or neatly replace their sweat losses.
However, the issue that some players failed toampleven half of their whole body
sweat loss, and experienced a fairly large bodysnda$icit during a match lasting little

over an hour suggests that education of these rslayeequired.

5.5 Drink Choice

The drink choice employed by players also raisesrgrortant point regarding players’
attitudes towards hydration during match play. ¥ @6 players observed, 15 players
chose to drink water during their match, and the player who did not only consumed a
commercial orange flavour concentrate drink, whias diluted down with water. This
could suggest that this group of players made peverage choices when it comes to

rehydration strategies during matches, and thdytdatiake into account any electrolyte
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depletion that they could suffer when they compéteernatively, it could be that they

realised they were playing one match in a non-exd¢renvironment, they were unlikely
to experience any problems, and were satisfiedcinasuming water would be sufficient.
If players went into repeated matches lasting tha @alf hours plus and consumed only
water, especially in more challenging environmentainditions, they could put

themselves at risk of developing severe dehydratasnwell as experiencing muscle
cramping and possibly induce hyponatremia in exérecases if excess fluid was

consumed.

Players should as a matter of habit consume a lewdbate-electrolyte drink during
match play, because the benefits of replacing dladéus lost in sweat, as well as water
are clear. With electrolyte ingestion, voluntanyidl intake is greater, while fluid loss in
urine is significantly lower for a given fluid irka volume (Maughan & Leiper 1995;
Nose et al. 1988), and the ingested sodium helpsiamtain plasma sodium levels,
preventing heat illness. Bergeron et al. (2006p alkowed that when tennis players
consumed a carbohydrate electrolyte drink duringa&ch, they experienced a lower core
body temperature than when the consumed watereTiaesors represent a clear benefit
to the hydration status of a player. The ingestiboarbohydrate in fluids ingested during
performance may provide an improvement in skill fpenance. Results are not
conclusive, but Bottoms et al. (2006) showed tleater squash shots missed a scoring
zone during a skill test when fatigued if carbolagdrhad been ingested during the
fatiguing exercise. Studies in other sports sucBaxser have shown that carbohydrate
ingestion can improve skill in tests such as sopessing tests and shooting tests (Ali et
al. 2007). However, Mitchell et al. (1992) observes skill benefit when testing serve
velocities, shuttle run tests, and counts of s@ereentages and unforced errors during
three hour tennis matches. Therefore, ingestiocadfohydrate is at worst likely to have

no impact upon skill performance but at best camiprove skill retention when fatigued.

In support of the players drinking strategies, thagintained their serum sodium levels
well. The mean serum sodium level was maintained@post match even though fifteen
out of sixteen players drank water; 139 mmol/l pratch to 139 mmol/l post match.
Therefore, consuming water was sufficient in maimiey serum sodium levels from pre
to post match overall, suggesting that on the whdéer intake matching sweat losses

does not result in a reduction in plasma sodiuncentration under the environmental
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conditions in the present study. This could be wuthe short length of matches in the
present study, and in more extreme environmentaditions, or if more than one match
was being played and larger were fluid volumes wegested, then some level of
sodium depletion may have been observed. This woegd to be addressed accordingly,

through increases in dietary sodium and/or elegahgestion.

5.6 Fluid Intake Patterns during Match-Play

No specific pattern existed in terms of whethewgta “front loaded” or “back loaded”
with fluid during a match. Each player seemed teehtheir own individual pattern of
fluid consumption, with some consuming the majoafytheir fluid totals in the first half
of the match, some consuming more fluid towards e¢hd of the match, and some
maintaining a consistent fluid intake at every aeover. Several players failed to
consume any fluids at certain changes of ends, dstrating poor habits, and players

should be made aware of the effects of fluid los$ @ehydration to prevent these.

Players have very regular opportunities to constimd during matches; in this study
changeovers occurred on average every 6 to 10 esntiterefore a player not consuming
any fluid and suffering dehydration is self-infect, more so than in sports such as
football, rugby and athletics where breaks areragtlar. No other study has attempted
to monitor fluid intake at each changeover, sa Wifficult to suggest optimal intakes at
certain points in matches, but it could be adviteat players maintain an even fluid
intake throughout the course of a match, or frawaidl with fluid in the first half of a
match. Maintaining an even fluid balance throughowmatch can be recommended from
consideration of gastric emptying rates, as consgmoo much of a carbohydrate-
electrolyte drink at one changeover could causé&rgatestinal discomfort (Febbraio et
al. 1996). Studies have adopted a “front-loadingétimd of sorts in investigations of
performance effects: for example Anantaraman e{1#95) studied the difference in
performance between a sweetened placebo and a [L@¥sg solution, and gave 300ml
immediately prior to exercise, and then a smallaoant every 15 minutes during 60
minutes of cycling at 90% VQuax. Gastric emptying studies would suggest thatuiifl
ingested during exercise is to benefit the playefiole the end of the match then the

player would need to ingest this fluid early ontjgaitarly in shorter matches.
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Front-loading with a carbohydrate-electrolyte drihkting a match would allow a greater
carbohydrate store at a player’s disposal for lagtages of matches, but may cause
gastrointestinal discomfort during the earlier pant matches if the carbohydrate content
was too great. Coyle (2004) suggests that ath#dtesld aim to consume enough fluid to
finish exercise with up to a 2% reduction in bodgight, provided that the drinking
pattern minimises the volume of fluid in the gutvesds the end of exercise, and they
could achieve this by “front-loading” with fluid @ on during exercise, and then
maintaining an even fluid volume throughout. Thidbecause it is often difficult to offset
dehydration when the sweat rate exceeds 1.1 ibeghis requires an athlete to perform
with a gastric fluid volume of between 0.6 litres 1.0 litre of fluid, which could be
uncomfortable. Alternatively, maintaining an evduoid intake across a match would
provide a constant fluid and carbohydrate deliverthe intestine, and should keep pace
with sweat rate up to a certain point. For examplarathon runners should attempt to
ingest fluid at a constant pace that will match ridwe of dehydration that occurs (Coyle
and Montain 1992).

5.7 On-Court Fluid Intake

In a one-off match lasting up to an hour and halihon-challenging conditions, then
consuming water should be sufficient during changem However, players should
consider a carbohydrate-electrolyte drink regagjlesecause it is impossible to
accurately predict the length of a match. If a fhgicogresses past one to one and half
hours in duration, then consuming a carbohydragetadlyte drink during changeovers is
vital. This will help to replace a proportion ofetlsodium lost in sweat, help to maintain
serum sodium levels, and minimise urine output rigleo to maintain hydration levels.
Also, a lower core body temperature may result Beon et al. 2006). The ideal
carbohydrate content should be between 4% and 6%aulse any greater than this has
been shown to reduce the rate of absorption in® blody, as well as cause
gastrointestinal discomfort (Bergeron 1995b). Tdeai electrolyte content varies largely
between individuals; however typical sports driksitain 10 to 25 mmol/l of sodium
(Maughan & Shirreffs 1997). Players should be madare of their typical sodium
losses during match play at a variety of tempeeatunowever being able to fully match
electrolyte intake with sweat electrolyte loss hbyrhour is nearly impossible and may

be of limited practical value (Maughan & Shirreff897). As well as the stated benefits
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from electrolyte ingestion, the carbohydrate conteili help to delay fatigue if a match
progresses for longer periods of time. Skill imgment is inconclusive, but any effect
can only be beneficial to performance. Recommeadatior fluid volumes during match
play vary, but players should aim to replace 100P4tfloid loss during exercise,

particularly if intervals between matches are short

5.8 Sodium Supplementation in the Diet

When a match lasts for little more than an houd ah comfortable temperatures and
humidities, there is little evidence to warrantisod supplementation, and normal dietary
intakes should suffice (Bergeron et al. 1995a, Ntaimget al. 2004). However, when the
player competes in tournament situations, espgdrallvarmer and more humid climates,
then additional sodium supplementation could balviFirstly, the player should be

aware of his/her heat acclimation status, so thilyb& aware of whether they lose a
large amount of sodium in sweat, and what volumsw#at they produce per hour under

different environmental conditions.

With research suggesting that there is progregdaema sodium depletion across three
days of tennis match play (Bergeron et al. 1993%aygrs should aim to increase their
dietary sodium intake on days during the tournan@ebmbat the sodium losses in later
rounds of tournaments. If players are competingawn one day, they should aim to
consume a large amount of sodium (1 - 2 g basedmye of sodium losses observed) in
their meal between matches to help replace theusodoss caused by the previous
match. Sometimes players may not be able to stormdatge meal in between matches,
so carbohydrate-electrolyte drinks can be useeptenish electrolyte stores. Aside from
meals, players should consider consuming smakdalhacks, to help maintain sodium
levels. These can also be consumed if comfortablghangeovers during match play,

since regular opportunities exist.

Muscle cramping stems from the triad of fluid losalt loss, and muscle fatigue (Eichner
2007). Stofan et al. (2005) demonstrated slightbhér gross fluid losses, and much
higher sweat sodium concentrations in Americanfali¢rs who suffered heat cramping
compared to non-cramping team-mates, while Bergetoal. (2003) showed greater

sweat rates and sweat sodium concentrations irthiyeadale tennis players who had a
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history of heat cramping. The players most susbkpto suffering this condition in the
present study would be those “salty sweaters’pl&yers with the highest sweat sodium
concentrations who suffered the greatest fluiddesthroughout their match. Bergeron
(2003) has suggested that sodium and fluid lossestfact interstitial volume to
mechanically deform nerve endings and increase cioand neurotransmitter
concentrations” (Bergeron 2003, as cited in Eich2@®7). However, the mechanisms

behind the onset of these cramps remain largelyplamed.

In not so challenging conditions, the above recomga&ons do not become so vital.
However, if poorly acclimated players are competitigen the recommendations still
apply, and they should aim to increase their diesadium intake, as well as consume
electrolytes on court at changeovers to offset thigiher sweat losses and less effective

heat loss mechanisms.

5.9 Recovery from Match Play

If a player will return to court up to an hour faling the completion of a previous
match, then they should aim to fully replace tlikiild and electrolyte losses (Sawka et
al. 2007), as well as consume either liquid ordsafirbohydrate to optimise glycogen
resynthesis (Bergeron et al. 1995b). A carbohydesdetrolyte drink should be
sufficient, as some players may not feel comfodabying to consume a meal in short
spaces between matches. According to Gisolfi & Dnah (1992), the carbohydrate-
electrolyte drink should contain sodium concentradiin the region of 30 to 40 mmol/I,
while Maughan & Shirreffs (1997) suggest that 1@%ommol/l should suffice. Sawka et
al. 2007 suggest that if rapid recovery from dehgidn is required, then players should
drink up to 1.5 litres per kilogram of body weidgbst. The ACSM’s position stand on
fluid and electrolyte replacement suggests thétié permits, regular meals, as well as
plentiful water and carbohydrate intake should mlesufficient fluid and electrolytes to
restore euhydration, so this should be sufficigntmatches are on successive or

alternative days.
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5.10 Limitations of the study

5.10.1 Sweat Collection: Problems with Local Swgatpling

This study collected samples from the forearm,, ¢hlgh and back sites, and the sweat
sodium and chloride concentrations were signifiganigher from the back site than the

other three sites. These four sampling sites wetected from results presented by
Patterson et al. (2000), who demonstrated that eviimdy concentrations of sweat

sodium and chloride could be accurately predictgidgian area weighted mean of four
skin sampling sites. The four sites chosen for shigly were the ones that showed the
greatest correlation coefficients for analysis lesw regional and whole body sweat

sodium and chloride concentrations.

However, there is much debate as to the relialwlityweat sampling from local skin sites
using enclosed coverings like in the present stdgschler (2008) stated that electrolyte
concentrations obtained from local sampling usiatcipes or coverings are artificially
high, as they restrict the process of evaporailiterefore, the sampling methods used in
this study may have overestimated sweat electrotytecentrations, and this is in
accordance other studies including Palacios e{(28l03), and Shirreffs & Maughan
(1997) who have also noted the same problems. Toevibody wash-down technique is
known to provide more accurate measurements oftssleetrolyte concentrations, since
it does not restrict the evaporation of the swhatyever difficulties lie in being able to
take these measurements while players compete nestuicted conditions, and their
performance is not hindered by measurement. Stir&fMaughan (1997) reported an
improved method of sweat collection, but implem&atainto studies on tennis players
would be impossible because of the obstructive reatd the sampling method, which
involved placing a large plastic bag over a cyctgometer upon which subjects

exercised.

5.10.2 Measurement of Body Core Temperature

Another possible limitation to the study is that meeasurements of body core
temperature took place, which would have been @ goarker of thermal load during the

matches studied. Gant et al. (2006) investigatedvididity of results from ingestible
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temperature sensor capsules, as measuring coreraome using traditional methods is
invasive and not possible during exercise. Theywslab small test-retest variability

between results using these capsules during intemhishuttle running, and this method
could be applied to future studies in this arearasccurate way of measuring core body

temperature during competitive environments.

5.10.3 Effort Intensity Calculation

There are a couple of potential limitations whicblated to the effort intensity
calculations adopted in the present study that iesnhentioned. Firstly, using an effort
intensity measurement based on heart rate obsemsatn itself brings about certain
problems linked to an occurrence termed “cardiowkscdrift,” which can arise from
increasing dehydration and thermal stress. Sintendrd exercise will bring about sweat
losses, there is resultant fluid shift from thespha to the tissues. The progressive fall in
plasma volume decreases the cardiac filling presstausing a reduced stroke volume.
This will cause a compensatory heart rate increasattempt to maintain a relatively
constant cardiac output: cardiovascular drift dessrthis gradual increase in heart rate
which occurs as exercise progresses. Achten & delnip (2003) stated that increases in
both core temperature and dehydration are closétgd to increases in heart rate. This is
noted by reviews looking at matchplay intensitytsas Fernandez et al. (2006), who

state that care should be taken when interpregagtinate responses during match play.

Secondly, the use of the pulmonary ventilation (Migthod to calculate the ventilatory
thresholds (used in the present study) could be dekable than using the ventilatory
equivalents method of assessing exercise interdig. equivalent method is calculated
by plotting VE/VG, against VE/VCQ, and taking the ventilatory threshold as the first
rise in VE/VQ without an associated rise in VE/VGO'his method is considered more
reliable as it uses two assessment criteria (a ohedhod of intensity assessment). The
VE method used in this study also runs the riskinbérpreting the first ventilatory
threshold as the respiratory compensation poinfQ)RThe increment of VE against YO
has, in fact, two inflection points (Nakano 200Dhe first is termed the first ventilatory
threshold, which occurs at a lower ¥Qvhile the second inflection point, which occurs
as exercise becomes heavier, is where a steepeagecin VE and VQoccurs. This

point is termed the RCP. However, care was maddanpresent study to distinguish
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between these two points, and ensure an accuraessment of the first ventilatory
threshold.

5.11 Conclusions

The results of this study provide an overview @& #lectrolyte balance and fluid intake
strategies in British nationally ranked tennis gy In a comfortable indoor
environment (17 + 2°C, 42 + 9% humidity), the swelattrolyte concentrations recorded
all fell at the lower end of the normal physiologanges stated by Maughan & Shirreffs
(1997), yet were slightly above results observedother studies carried out in elite
sportspeople in hotter more humid conditions. Thiy reflect the lower sweat rates but
also suggests that the players studied were noehdeat acclimated when compared to
other sportspeople, who would presumably be usediilning and competing at warmer
temperatures. The total electrolyte losses fromchailay did not come close to
exceeding the average daily electrolyte intake sectbe whole group, yet in individual
cases sodium losses from match play did come étos®tching the daily sodium intake.
This is an issue that players should be made asfaard could be important in multi-day
tournament situations. The whole body sweat rateHis group of players was 0.72 +
0.26 I/h, which was lower than previous recordinfisweat rates in elite tennis players
but previous reports were from higher ambient tamoee conditions with players who
were presumably more heat acclimated and would thexme a higher sweat rate
(Bergeron et al. 1995a; Bergeron 1996, 2003). Garame, players managed to maintain
their body weight fairly well from pre to post egeme (89 + 47% of fluid lost was
replaced), with there being no significant body snlss over time, however the range
observed was large, with some players consumingntae fluid than they lost in sweat
(one player replacing 148%), but some only repaaround 25% of their sweat loss. On
the whole, fluid intake habits were good, but itsndear that certain players required

education.

There is a strong basis for recommending thate§é¢hplayers are due to compete at high
temperatures and humidities, they should be aveethey could suffer a high sodium
loss, which could predispose them to suffering leeamps. Players should supplement
with a carbohydrate/electrolyte drink, to maint#teir electrolyte levels and reduce the
risk of suffering dehydration, fatigue, and heaneps, as well as be able to increase their
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dietary sodium intake to combat sodium depletionthie scope of this study, however,
this was not necessary: it was shown that playensitained their serum sodium levels
from pre to post match, by only consuming wated aranaged to prevent a significant

body fluid loss across the whole group.
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Appendix A

Additional work was undertaken to validate thealility of the Radiometer EML 105
ion electrode analyser. Sodium Chloride and PatassChloride standards of known
concentration were prepared, and following calibratl0 samples of each were run

through both the ion electrode analyser, and tmadl photometer.

The coefficients of variation for both standards through each machine are shown in

Table 8, and the mean * SD results for the stasdasthg the ion electrode analyser are

shown in Table 9.

Table 8: Coefficients of variation of 10 samplesN#CI| and KCI standards analysed using the

Radiometer EML 105 ion electrode analyser and flaimatometer.

Standard CV% Radiometer EMLCV% Flame Photometer
105

37.5 mmol sodium 1.34 2.09

75 mmol sodium 1.33 2.32

150 mmol sodium 1.37 1.19
300 mmol sodium 1.49 0.58
21.875 mmol potassium 1.24 1.54
43.75 mmol potassium 0.93 0.75
87.5 mmol potassium 1.45 1.28
175 mmol potassium 1.53 0.78
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Table 9;: Meant SD of 10 samples of NaCl and KCI standards analysétgufie Radiometer

EML 105 ion electrode analyser.

Standard

Mean + SD Radiometer
EML 105 (mmol)

37.5 mmol sodium

38.4+0.5

75 mmol sodium

72.6 £0.9

150 mmol sodium

2
5
145.7 £2.90
6

300 mmol sodium 299.1+4.4
21.875 mmol potassium 21.3+0.26
43.75 mmol potassium 42.4 +0.89

87.5 mmol potassium 86.3+1.25
175 mmol potassium 174.9 £ 2.68
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