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Numerous studies have confirmed that performance can be impaired when athletes are dehydrated.
Endurance athletes should drink beverages containing carbohydrate and electrolyte during and after
training or competition. Carbohydrates (sugars) favor consumption and Na� favors retention of water.
Drinking during competition is desirable compared with fluid ingestion after or before training or
competition only. Athletes seldom replace fluids fully due to sweat loss. Proper hydration during training
or competition will enhance performance, avoid ensuing thermal stress, maintain plasma volume, delay
fatigue, and prevent injuries associated with dehydration and sweat loss. In contrast, hyperhydration or
overdrinking before, during, and after endurance events may cause Na� depletion and may lead to
hyponatremia. It is imperative that endurance athletes replace sweat loss via fluid intake containing about
4% to 8% of carbohydrate solution and electrolytes during training or competition. It is recommended that
athletes drink about 500 mL of fluid solution 1 to 2 h before an event and continue to consume cool or
cold drinks in regular intervals to replace fluid loss due to sweat. For intense prolonged exercise lasting
longer than 1 h, athletes should consume between 30 and 60 g/h and drink between 600 and 1200 mL/h
of a solution containing carbohydrate and Na� (0.5 to 0.7 g/L of fluid). Maintaining proper hydration
before, during, and after training and competition will help reduce fluid loss, maintain performance, lower
submaximal exercise heart rate, maintain plasma volume, and reduce heat stress, heat exhaustion, and
possibly heat stroke. Nutrition 2004;20:651–656. ©Elsevier Inc. 2004
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luid intake and adequate hydration during exercise are ess
nd, more importantly, critical during prolonged training sess
nd competition events. Fluid intake maintains hydration and

o maintain body temperature (thermoregulation), avoid deh
ion, and maintain adequate plasma volume. For events la
onger than 1 h, athletes should consume fluids containing c
ydrates (CHOs) and electrolytes rather than water alone. R

ion in body water, availability of CHOs, and an inadequ
lectrolyte balance during prolonged exercise events will ha
erformance and may lead in some cases to serious m
roblems (heat exhaustion or heat stroke). A 1% reduction in
eight due to water loss may evoke an undue stress o
ardiovascular system accompanied by increases in heart ra
nadequate heat transfer to the skin and the environment, inc
lasma osmolality, decrease plasma volume, and may affe

ntracellular and extracellular electrolyte balance.1

Fluid in the body is contained mainly in two areas (comp
ents). These are the extracellular (fluid outside the cells) an

ntracellular (fluid in the red blood cells) fluids. The extracellu
uid is subdivided into interstitial fluid and blood plasma.
umans, body water constitutes about 60% of an individual’s
eight, with a few minor differences depending on sex,

raining status, percentage of body fat, etc. About 40% of b
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water is housed in the intracellular fluid. On average, blood
ume in an adult accounts for about 7% of a person’s body we
or about 5 L. Blood volume is distributed between plasma (60
blood plasma) and red blood cells (40%). When these leve
challenged during prolonged training sessions and compe
they will singly or collectively result in reduced performance
in some cases may cause serious injury, medical emergen
even death. The sequence of physiologic events affecting th
of water is via breathing, sweating, feces, and urine output. D
prolonged performance, most water is lost in sweat espe
during high environmental temperatures. About 580 kcal is los
every liter of sweat that is evaporated.2 Loss of body fluid can b
determined by changes in body weight resulting from exer
Each kilogram of body weight loss accounts for about 1 L of fluid
loss. Development of sports drinks with appropriate and ade
concentrations of electrolytes and CHOs promotes maintena
homeostasis, prevents injuries, and maintains optimal pe
mance.3 Water balance in the body is regulated by various me
Changes in osmotic pressure or circulating blood volume stim
the osmoreceptors in the hypothalamus and baroreceptors in
and blood vessels. Water balance also is regulated by s
hormones. The renin-angiotensin-aldosterone system regula
dium retention, and vasopressin (antidiuretic hormone) regu
water retention in kidneys. Vasopressin also participates in
moregulation in hypohydrated subjects. Atrial natriuretic pep
secreted by the heart participates in water balance regul
Atrial natriuretic peptide does not participate or only minim
participates in water balance regulation during cold exposu
10°C to 12°C. However, exposure to a�20°C environment whil

wearing warm clothing elicits a two-fold increase in atrial natri-
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retic peptide. Cold-stimulated atrial natriuretic peptide release has
een found to be inhibited by a 3% level of dehydration.4

LECTROLYTE BALANCE, PLASMA VOLUME, AND
LUID SHIFT DURING EXERCISE

umerous investigators have reported changes in plasma electro-
yte concentrations, plasma volume changes, fluid shifts, delayed
atigue, thermoregulation, and hormonal and catecholamine re-
ponses during short, prolonged, and low-, moderate-, and high-
ntensity exercise.4–32 Prolonged exercise may induce Na� and K�

osses and excretion of electrolyte free water in subjects with
therwise normal water balance.33 Sanders et al.25 investigated
odium replacement and fluid shifts during prolonged exercise and
ound that there is an increase in Na� concentration and that most
ater is lost in the form of sweat that comes from extracellular
uid and intracellular fluid, causing an increase in plasma osmo-

ality. An increase in osmolality and a reduction in plasma volume
ause a reduction in skin blood flow and thus directly induce
yperthermia.25 Malhotra et al.34 examined the effect of restricted
� intake and physiologic response during heat exposure. They

ound that in a hot environment the major loss in K� was through
weat. As much as 7 to 8 L of sweat may be lost on a hot summer
ay in a tropical environment. They further stated that urinary
utput during these types of summer days is very small and
eduction in K� may not be attributed to urinary loss alone. They
uggested that K� intake needs to be adequate to reduce deficiency
n K� excretion via urine and sweat because there is no metabolic
onservation mechanism in place to control for excessive K� loss
s there is in the case of Na�.

The effect of acute plasma volume expansion on body temper-
ture response during exercise performance in the heat was studied
y Sawka et al.27 They reported that plasma volume expansion is
n important factor in the heart rate reduction response observed in
heir study of 4 d of heat acclimatization; however, there was no
eduction in core temperature and no increase in performance in
he albumin infusion trial. Dann et al.35 addressed the issue of fluid
ntake on renal function during exercise in the cold. They found
hat when exercising in the cold less fluid is taken in, resulting in
reater dehydration, decreased glomerular filtration rate, reduced
smotic clearance, and reduced urine volume. When fluids were
onsumed, these effects were eliminated. They also suggested that
person of average weight may require about 150 mL/h of fluid

ntake when exercising in the cold. Rintamäki et al.4 also studied
ater balance during physical performance in the cold. Distur-
ances in water balance when exercising in the cold may be due to
he body’s metabolic increase. These are due mostly to heavy
lothing, cost of movement in snow, increased heat production
aused by external cooling, and eating and drinking habits.

Water loss in sport and during weight control was reported by
aghii.2 He found that during heat exhaustion the thermoregula-

ory mechanisms are working, but that individuals cannot dissipate
eat well enough due to reduced blood flow to the skin. This may
e accompanied by an increase in core temperature, weakness,
atigue, headache, vomiting, diarrhea, and muscle cramps. It is not
nusual for elite endurance athletes to lose 1.5 L/h of fluid from
weat during training and/or competition when the rate of gastric
mptying is only about 1.0 L/h. Therefore, endurance event-trained
thletes should be encouraged to take in fluids before, during, and
fter training or competition.

But taking in only water may be problematic for exercise
urations exceeding several hours that produce high sweat rates.
werenbold et al.36 examined the effect of different sodium con-
entrations in replacement fluids during prolonged exercise in
omen. Based on their findings they recommended a sodium

ntake of at least 680 mg/h for endurance exercises lasting 4 h or

onger in women who are in a state of fluid overload to minimize a
he risk of hyponatremia. In addition, they recommended a fluid
ntake of less than 1 L/h for women during prolonged exercise
ecause consuming 1 L/h during a 4-h run was sufficient to cause
uid overload in most of the subjects in their study. Vrijens and
ehrer37 investigated sodium-free fluid ingestion and the effect it
ay have on plasma sodium during exercise in the heat. They

etermined that, even with a lack of fluid overload, decreased plasma
odium concentration and increased risk of hyponatremia can occur
uring prolonged performance exercise in the heat when only sodium-
ree fluids are consumed to replace sweat losses. When a beverage
ontaining low sodium is consumed instead of water alone in this
ituation, the relative sodium deficit can be minimized.

The influence of hydration level on body fluids and exercise
erformance in the heat was examined by Sawka et al.28 They
ddressed the issues of hypo- and hyperhydration and their effects
n performance. Their results indicated a small thermoregulatory
dvantage to hyperhydration that may have been affected by the
rotocol-induced hypervolemia. Van Nieuwenhoven et al.38 stud-
ed gastrointestinal function during exercise by comparing water,
ports drinks, and sports drinks plus caffeine. They reported that
astrointestinal function associated with exercise is not well
nown; however, they cited that one of the most intriguing theories
ay be the exercise-induced reduction in gastrointestinal blood
ow. It is very difficult to measure gastrointestinal blood flow
uring exercise and to assert that at maximal exercise intensity the
ow may be reduced to 20% of the resting value in trained and
ntrained people. They reported that caffeine enhances endurance
erformance, even below the International Olympic Committee
imits. Therefore, supplementation of sports drinks with caffeine
ay be desirable. In this regard, many current sports drinks are

upplemented with 150 mg/L caffeine. They concluded that mod-
rate amounts of caffeinated sports drinks do not affect gastroin-
estinal function. They further reported that caffeine inhibits the
holinergic innervation of the striated muscle component of the
sophagus, leading to lower peristaltic pressure in the midesopha-
us, and that caffeine stimulates glucose uptake in the small bowel.
hirreffs and Maughan39 addressed the issue of replacement of
ater and sodium losses after exercise-induced volume depletion.
hey reported that loss of potassium in sweat is small relative to

hat of sodium. Subjects in their study were depleted by 1.89 �
.17% of their body mass before starting their trials. Forty minutes
fter exercise subjects started to consume drinks containing 0, 25,
0, and 100 mM/L of sodium. The participants consumed virtually
o potassium with a beverage in any trial. However, trials with 100
M/L of sodium resulted in a large secretion of potassium over the

-h recovery period relative to the other trials. They attributed this
lectrolyte excretion (high K� and low Cl�) to metabolic alkalosis
s a result of acetate metabolism. The subjects were deficient in
otassium throughout the recovery period, not due to the loss of
otassium in sweat during exercise but to the loss in urine during
he recovery period. They concluded that 102 mM/L of sodium
rink appears to maximize the acute restoration of fluid balance,
ut its consequences on potassium levels must be considered
nfavorable in terms of whole-body electrolyte balance. Stachen-
eld et al.30 investigated fluid balance and renal response after
ehydrated exercise in well-trained men and women. They re-
orted that, after the dehydrating exercise, well-trained men and
omen had a similar response for the early (�2 h) part of recov-

ry. The women had a significantly greater rate of reabsorption
uring the last 2 h of the 4-h recovery period. The women also had
lightly elevated plasma arginine vasopressin levels relative to
aseline throughout recovery which may in part explain their
reater water reabsorption. In addition, the women had a more
apid recovery of serum aldosterone, which was consistent with
heir lower sodium reabsorption. The sex differences in renal fluid
nd sodium regulatory function may have been due to estrogen
ffects on fluid-regulating hormones and water retention. Despite
hese small differences, the overall fluid balance during exercise

nd recovery were similar between men and women. Sanders et
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l.26 examined water and electrolyte shifts with partial fluid re-
lacement during exercise. They reported that endurance athletes
eldom drink more than 0.5 L/h of fluid during competition and
hat the ensuing dehydration leads to potential increases in plasma
odium and a decrease in plasma volume. They further stated that,
hen athletes replace only about half of their fluid losses during
rolonged endurance performance, they should drink water to
aintain their plasma osmolality and thermoregulation rather than

ttempt to replace their sodium losses. Their results showed that
ater ingestion maintains plasma sodium levels and that saline

ngestion increases plasma sodium levels to values similar to those
ound in athletes performing a test without fluid intake.

The effect of intravenous fluid administration on recovery after
unning a marathon was investigated by Polak et al.40 They studied
wo groups of marathon runners. One group received an intrave-
ous infusion of 2.5 L of a 2.5% glucose and 0.45% NaCl solution.
he other group received a placebo infusion of 0.9% NaCl. They

ound that the group that received 2.5-L infusion required 10.2 d
ersus 9.2 d for the placebo group to recover. The group receiving
.5 L of saline also reported more muscle pain and stiffness. They
urther reported that, although these differences were not signifi-
ant, they were consistent. However, the group receiving 2.5 L of
aline was faster than the placebo group and arrived at the finish
ine at an average of 172 min versus 181 min for the placebo
roup. Their findings suggested that faster athletes need more time
o recover and have muscle pain and stiffness for a longer period.

Nielson et al.21 evaluated cardiovascular, hormonal, and body
uid changes during prolonged exercise in a group of athletes who
ycled and swam for 90 min. They observed a gradual upward drift
n heart rate after 10 min. They also reported that this secondary
ise in heart rate may be due to a reduction in stroke volume caused
y reduced filling of the heart that depends on hemodynamic
ressure and blood volume. The activities of cycling and swim-
ing differ with regard to hydrostatic pressure and to water loss

ue to sweating. They also differ as a consequence of an upright
osition during cycling versus a horizontal position during swim-
ing. These resulted in greater cardiac output and stroke volume

uring swimming. In addition, plasma volume decreased by 5% to
% within the first 5 to 10 min of exercise for both exercise modes
nd remained unchanged throughout the 90 min of exercise. Sweat
oss during cycling was four times greater than that during swim-
ing. Swimming also induced diuresis resulting in only 2.5% less

oss in total water compared with cycling. Despite differences in
weating and peripheral pooling due to hydrostatic forces, the
radual secondary increase in heart rate was the same during
ycling and swimming tests. In addition, the rise in heart rate was
ositively related to the increase in plasma catecholamines, which
ccurred as exercise progressed. In a different study Nielsen et
l.41 investigated fluid balance in exercise dehydration and rehy-
ration with different glucose and electrolyte drinks. In their study
ubjects lost 3% of body weight after exercise. During a 2-h
ecovery period they administered one of four different beverages
ontaining water, high potassium, high sodium, or high sugar
very 15 min. They administered submaximal (30°C for 2 h at 50%
f maximum oxygen consumption [VO2max]) and supramaximal
105% of VO2max) tests before dehydration and then after rehydra-
ion. Dehydration reduced plasma volume by 16%. This process
as reversed during recovery even before fluid ingestion was

dministered due to release of water from exercising muscles.
hey found that the greatest increase in plasma volume was found
fter the sodium-rich drink. The potassium-rich drink produced the
mallest and slowest increase in plasma volume. The investigators
etermined that the sodium-rich drink favored filling the extracel-
ular water compartment, whereas the potassium-rich and high-
ugar drinks favored the intracellular water compartment. Heart
ate during the submaximal exercise test was significantly higher
hen the test was performed after exercise dehydration and sub-

equent rest and rehydration than the test before dehydration.

hese were found even though the plasma volume was higher than o
ormal after the rehydration period. The work capacity was re-
uced by 20% after a supramaximal performance test (105%
O2max) after dehydration and even after 2 h of recovery and

ehydration. The reduction was similar regardless of the compo-
ition of the drink solution. The researchers suggested that this
ecrease may also be due to glycogen depletion.

The interaction between sodium content and fluid volume and
ts effect on rehydration and restoration of fluid spaces and car-
iovascular function were investigated by Mitchell et al.18 Subjects
n this study completed four exercise trials in a hot environment
35°C) until they were dehydrated (2.9% of body weight). Four
ehydration drinks were administered: a high or low volume of
uid replacement and/or a low or high sodium content. For whole-
ody rehydration, they found no benefit in adding sodium above 25
M/L. For fluid compartment restoration, there did not appear to

e an interaction between sodium and volume in relation to intra-
ellular space. Cardiovascular response was restored after 3 h of
ehydration regardless of fluid composition. They concluded that a
inimum level of fluid may be necessary to restore cardiovascular

unction, especially if it is accompanied by a complete plasma
olume restoration. Moquin and Mazzeo20 reported on the effect of
ehydration on the lactate threshold and performance to exhaus-
ion in women. They studied seven moderately trained young
omen who performed two incremental tests. One test was con-
ucted during a euhydrated state and the other during a dehydrated
tate. They reported that dehydration was associated with a de-
rease in performance time to exhaustion. They did not observe
ny significant changes in VO2max in either test. However, they did
bserve an early inflection in blood lactate during the dehydrated
tate and postulated that this may be due to greater acid–base
isturbance in the muscles. However, the peak lactate between the
wo trials did not differ. They concluded that the decrease in time
o exhaustion was highly correlated for the dehydration group and
hat there was a significant time reduction to exhaustion. Maughan
t al.42 examined the effects of postexercise rehydration with fluid
lone or with a meal plus fluid in eight healthy subjects. Subjects
ere dehydrated (2.1% of body mass) before intermittent cyclic

xercise in a warm (34°C) and humid environment (55% relative
umidity). For 60 min starting 30 min after exercise, subjects
onsumed commercially available sports drinks containing so-
ium, potassium, and chloride during two trials (A and B). During
different trial (C) they consumed a standard meal containing
HO, fat protein, sodium, and potassium plus a drink containing

mall amounts of sodium and potassium. Blood and urine samples
ere collected at intervals throughout the study. Blood was ana-

yzed for hematocrit, hemoglobin concentration, serum osmolality,
a�, K�, and Cl� concentrations, and plasma angiotensin II

oncentration. In urine they measured osmolality and electrolyte
oncentration. Dehydration resulted in 5.2% reduction in plasma
olume and only osmolality was higher in trial B than in trial A.
here were no differences in any other parameter. They concluded

hat postexercise fluid replacement can be achieved by ingestion of
ater consumed in sufficient volume with a meal that contains

ignificant amount of electrolytes. Melin et al.43 reported on the
ffect of passive heat and exercise-induced dehydration on renal
ater and electrolyte excretion and several hormones. They found

hat during exercise sympathoadrenal activation plays a major role
y causing a marked decrease in urine flow and sodium excretion
ompared with passive heat exposure. The antidiuresis was not due
o renal concentrating ability even in the presence of high plasma
asopressin concentration. After dehydration, the effect of vaso-
ressin was effective in restoring renal concentrating ability, re-
ardless of previous dehydrating events. They also reported on the
ydration status and hormonal response during moderate exercise
n the heat. They found that catecholamine response decreases
ignificantly during exercise in a rehydrated state. In addition,
ehydration corrected hypovolemia, assisted in establishing better
emodynamic response, and reduced sympathetic activity that was

44
bserved in the dehydrated state.
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ARBOHYDRATE AND ELECTROLYTE FLUID INTAKE
URING EXERCISE

any studies have been conducted with sports drinks, CHO and
lectrolyte solutions, and their effects on hydration/dehydration
tatus, plasma volume changes, gastric emptying, and performance
imes to name a few.10,36,38,41,45–67 Murray at al.60 investigated the
ffect of CHO content on exercise. They reported that beverages
ontaining too much CHO (8% to 10%) delayed gastric emptying,
educed fluid absorption, and compromised physiologic function.
owever, they also reported that beverages containing 6% of

ucrose increased performance after 60 min of exercise. These
ave been attributed to sporting events and training sessions that
ast longer than 90 min, resulting from reduced muscle and liver
lycogen stores. They suggested that water and beverages contain-
ng low CHO (�2.5%) be consumed during shorter exercise ses-
ions and that CHO intake beyond 45 g/h may not increase
xercise performance and may result in decline in exercise or
erformance. Wong et al.66 investigated the effects of a large
olume of CHO and electrolyte solution on rehydration during
ecovery followed by another bout of exercise. They stated that
ehydration and depletion of CHOs are the two most important
actors on an athlete’ s endurance capacity. They found that a
ositive fluid balance can be achieved when athletes consume a
.9% CHO and electrolyte solution or an artificially sweetened
lacebo. They also found that the CHO and electrolyte solution is
ore effective in restoring endurance capacity than the same

olume of placebo solution. Yaspelkis and Ivy67 studied the effect
f CHO supplement and water on exercise metabolism in the heat.
hey found that fluid replacement drinks containing 8.5% CHO
an regulate body temperature and maintain fluid homeostasis as
ffectively as water during prolonged low-intensity exercise in the
eat. They further reported that an 8.5% CHO supplement pro-
ides a sufficient amount of CHO to prevent a decline in CHO
xidation and may slow the rate of muscle glycogen depletion.

Tsintzas et al.64 studied the influence of CHO supplementation
arly in exercise on endurance running capacity in men. Their
ubjects ingested only water or a 5.5% or 6.9% CHO and electro-
yte solution during the first hour before the treadmill test. This
as followed by a treadmill run to exhaustion (70% of VO2max).
uring the treadmill test only water was consumed. In their study

he ingestion of a 6.9% of CHO and electrolyte solution did not
ignificantly improve the time to exhaustion. Their study disagreed
ith the findings of others. These investigators reported that a
.0% CHO solution can delay the onset of fatigue during pro-
onged running. However, they reported that numerous partici-
ants experienced gastrointestinal discomfort with the 6.9% CHO
nd electrolyte solution compared with very few when the 5.5%
HO and electrolyte solution and water were ingested. In addition,

hey reported that gastric emptying rate at rest between the 5.5%
nd 6.9% CHO and electrolyte solutions were similar (about 60
in). However, when using the same amount of water, the gastric

mptying rate appeared to be shortened to approximately 30 min.
hey suggested that the ingestion of 5.5% CHO and electrolyte
olution during the first hour of exercise improves time to exhaus-
ion compared with water. There were no statistical differences
etween the 5.5% and 6.9% CHO and electrolyte solutions, al-
hough more subjects exhibited an improved endurance capacity
hen ingesting the 5.5% CHO and electrolyte solution. These

uthors concluded that sparing of muscle glycogen, rather than
aintenance of blood glucose and CHO oxidation rate toward the

nd of exercise, may have been responsible for the improvement of
ndurance running capacity.

Tsintzas et al.65 also examined the effect of CHO and electro-
yte drinks on marathon running performance. They found that
ngestion of a 5.5% CHO and electrolyte solution in comparison
ith ingestion of the same volume of water before and during a

arathon treadmill run improves endurance performance. They o
eported that their runners were able to maintain their running
peed when consuming the 5.5% CHO and electrolyte solution
ompared with more concentrated (6.9%) CHO and electrolyte
rink or water. Shi et al.68 studied gastric emptying of cold
everages. They found that 6.0% CHO and electrolyte solutions
ontaining one or two CHOs in single or bound forms empty at
imilar rates in humans and rats. Differences in CHO type, number
f transportable CHOs, and beverage osmolalities within the range
f 250 to 434 mOsm/kg H2O did not influence gastric emptying
ate. Intragastric temperature quickly returned to near normal
ithin 5 min after beverage ingestion, suggesting that, if cold
everage does affect gastric emptying, the effects are likely to be
mall and transitory.

Sproule29 studied the influence of no fluid or CHO and elec-
rolyte fluid ingestion and the hot versus thermoneutral environ-
ent on running economy after prolonged high-intensity exercise.
fter prolonged running at 80% of VO2max for 60 min, he found

hat a significant decrease (�3.0 mL · kg�1 · min�1) in running
conomy occurs at the common speed of 10.8 km/h (65% VO2max).
his negative change in running economy after prolonged high-

ntensity running appeared to happen to the same extent irrespective
f whether fluid was ingested or not, regardless of whether the fluid
ontained CHO (6.0%) and electrolytes or just electrolytes, and with-
ut regard for environment, thermoneutral or hot and humid.

Ray et al.23 investigated the effect of sodium in a rehydration
everage when consumed as a fluid or meal. Thirty male and
emale subjects were studied during 2 h of rehydration after an
nitial 2.5% body weight loss. They administered water, chicken
roth, a CHO and electrolyte drink, and a chicken noodle soup.
heir subjects exhibited greater plasma volume recovery and

ower urine volumes when they ingested chicken broth and
hicken noodle soup containing high concentrations of sodium
ompared with those consuming water and CHO and electrolyte
olution. These differences were present despite the ingestion of
nly 350 mL of each beverage at the onset of hydration. The
omposition of a fluid consumed immediately after heat- and
xercise-induced dehydration contributed to body fluid restoration
nd should be considered if rapid rehydration is the objective.
onsuming a meal such as soup has the advantage of providing
uid and electrolytes and minimizing the hunger commonly expe-
ienced after exercise. Passe et al.69 studied the effect of beverage
cceptability (6.0% CHO and electrolyte solution) on fluid intake
uring exercise. They reported that beverages that are often dis-
iked during sedentary conditions increase in acceptance (are more
alatable) and are often preferred over water, although water was
he preferred drink during sedentary conditions. They also reported
hat carbonated drinks lose their acceptability in favor of water and
HO and electrolyte solutions during exercising conditions. Mine-
an et al.70 studied the effect of flavor and awareness of energy
ontent of drinks on preference and fluid balance in nine training
essions of female players of netball and basketball. They found that
ubjects were better able to maintain fluid balance when consuming
avored drink than water alone. Whether the drink contained calories
id not matter with regard to promotion of fluid intake.

Nassis et al.61 studied the effect of a CHO and electrolyte drink
n endurance capacity during prolonged intermittent high-intensity
unning in nine subjects who ran to exhaustion on two separate
ccasions. Subjects consumed water placebo or a 6.9% CHO and
lectrolyte solution immediately before the run (3 mL/kg of body
eight) and every 20 min thereafter (2 mL/kg of body weight).
unners in this study performed 265 � 15-s repeated bouts of fast

unning equal to 80% of VO2max and low-intensity running, sepa-
ated by 10 s. They found that performance times were not different
etween the two trials for the water placebo or the CHO and electro-
yte solution. They concluded that ingestion of water or a CHO and
lectrolyte solution during repeated bouts of submaximal intermittent
igh-intensity running does not delay the onset of fatigue.

Montain and Coyle19 investigated the timing of fluid ingestion

f thermoregulation during exercise and heat stresses in seven
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ndurance-trained cyclists who performed four separate tests of
40 min of cyclic ergometer exercise at 62% to 66% of VO2max in
hot environment (33°C). The subjects drank 1173 mL of the
HO and electrolyte beverage at 0, 40, and 80 min of exercise or

hey consumed the same total volume in small aliquots throughout
he exercise. The exercise produced 1.2 L of calculated sweat loss
nd a body weight loss of 2.9% after 140 min of exercise. This
nvestigation changed the timing of fluid ingestion during exercise
nd heat stresses to determine whether this would affect the
hermoregulatory and cardiovascular responses. They found that
ncreases in temperature and heart rate closely follow hydration.
hese effects were evident by decreased blood volume, increased
erum osmolality, and increased serum sodium concentration. Be-
inning fluid ingestion at the onset of exercise initially attenuated
he increase in core temperature and heart rate when subjects waited
ntil 40 and 80 min to drink the same volume of fluid. These
ifferences no longer existed after 140 min of exercise. They con-
luded that fluid consumption before the exercise provides no ther-
oregulatory advantage over waiting to drink later in the exercise.

EDICAL REASONS FOR FLUID REPLACEMENT
URING EXERCISE

oakes71 historically and very eloquently described medical rea-
ons for fluid replacement during marathon running. He addressed
everal crucial factors that determine the risk of heatstroke, stating
hat heatstroke is not associated with the levels of dehydration
uring exercise but, more importantly, with the rate at which the
thlete produces heat and the capacity of the environment to
bsorb that heat. He further reported that several factors more
mportant than dehydration are responsible for heat stress, heat
llness, or heatstroke. One of these factors is determination of
hen the rate of heat production exceeds the rate of heat loss. The

ate of heat production is determined by the athlete’ s rate of energy
xpenditure, which is a function of the athlete’ s mass and intensity
f effort or running speed. Noakes further explained that the risk
f heatstroke is likely to be greater in athletes who run 10-km races
han in marathon runners because the 10-km race pace is faster
han the marathon race pace. Thus, marathon athletes should drink
d libitum and aim for ingestion rates of about 800 mL/h. Heavier
thletes are also at greater risk for heat-related conditions than are
ighter athletes when both run at the same speed. In a different
tudy Noakes72 addressed the etiology of hyponatremia in distance
unners and fluid and sodium balance during exercise. A clinical
ondition was described in which altered cerebral function was
ssociated with very low serum sodium concentrations (�127
M/L). Noakes attributed the condition to fluid overload as a

esult of voluntary overdrinking and the only factor responsible for
yponatremia of exercise. Severe hyponatremia may cause edema
f vital organs, brain, and lungs. Noakes pointed out that the cause
f hyponatremia is not the ingestion of large quantities of sodium
ontained within drinks most athletes consume during exercise but
he overdrinking that may develop and induce the cerebral edema.
t is cerebral edema and not the sodium concentration that causes
ymptoms of this condition. High rates of sodium ingestion during
xercise reduce the rate of urine production, thereby perhaps
ncreasing the possibility that fluid overload will develop when
oluntary overdrinking is combined with high rates of sodium
ngestion. Dangers of dehydration during exercise was further
ddressed by Noakes.73 He disputed the fact that dehydration is the
ause for heatstroke in all cases of collapse in endurance athletes,
s has been alluded to historically. He further described that there
s good evidence that even mild levels of dehydration impair
erformance. Much greater levels of dehydration are required to
roduce renal failure or even death. He suggested that athletes can
afely maintain low levels of dehydration by drinking enough but

ot too much during exercise. Athletes should be aware that very
igh rates of fluid ingestion (�1.5 L/h) sustained for many hours
an lead to hyponatremia with a potentially fatal outcome. Excessive
ater intake may evoke signs and symptoms of hyponatremia. Hy-
onatremia is usually caused by increased intake and retention of
ilute fluids concurrent with large losses of sodium through sweat.74

ONCLUSION

xercise, athletic competition, prolonged workouts, and long train-
ng sessions in hot, hot and humid, or cold environments challenge
hysiologic function. Dehydration, thermoregulation, fluid bal-
nce, rehydration, electrolyte changes, plasma volume, and car-
iovascular challenges, to name a few, accompany most physical
ctivities, exercise, training, and competition. This is especially
rue during prolonged endurance exercise and competition. Loss of
ody fluids inherently leads to a performance decrease, especially
f the exercise is performed in hot environment. Thus, it is recom-
ended that all individuals who exercise, train, and/or compete

ttempt to rehydrate and replace fluids and electrolytes that have
een lost during exercise, mostly as a result of sweating. Main-
aining proper hydration is not only a physiologic necessity but
lso adds to a performance advantage and reduces risks of medical
roblems or injury due to fluid losses.75–82

EFERENCES

1. American College of Sports Medicine. Position stand on exercise and fluid
replacement. Med Sci Sports Exerc 1996;28:i

2. Naghii MR. The significance of water in sport and weight control. Nutr Health
2000;14:127

3. Powers SK, Lawler J, Dodd S, Tulley R, Landry G, Wheeler K. Fluid replace-
ment drinks during high intensity exercise: effects on minimizing exercise-
induced disturbances in homeostasis. Eur J Appl Physiol 1990;60:54
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3. Mallié JP, Ait-Djafer Z, Saunders C, et al. Renal handing of salt and water in
humans during exercise with or without hydration. Eur J Appl Physiol 2002;86:
196

4. Malhortra MS, Sridharan K, Venkataswamy Y, et al. Effect of restricted potas-
sium intake on its excretion and on physiological response during heat stress. Eur
J Appl Physiol 1981;47:169

5. Dann EJ, Gillis S, Burstein R. Effect of fluid intake on renal function during
exercise in the cold. Eur J Appl Physiol 1990;61:133

6. Twerenbold R, Knechtle B, Kakebeeke TH, et al. Effects of different sodium
concentrations in replacement fluids during prolonged exercise in women. Br J
Sports Med 2003;37:300

7. Vrijens DMJ, Rehrer NJ. Sodium-free fluid ingestion decreases plasma sodium
during exercise in the heat. J Appl Physiol 1999;86:1847

8. Van Nieuwenhoven MA, Brummer RJM, Brouns F. Gastrointestinal function
during exercise: comparison of water, sports drinks, and sports drink with
caffeine. J Appl Physiol 2000;89:1079

9. Shirreffs SM, Maughan RJ. Volume repletion after exercise-induced volume
depletion in humans: replacement of water and sodium losses. Am J Appl Physiol
1998;274(5 pt 2):F868

0. Polak AA, van Linge B, Rutten FLPA, Stijne T. Effect of intravenous fluid
administration on recovery after running a marathon. Br J Sport Med 1993;27:
205

1. Nielsen B, Sjogaard G, Ugelvig J, Knudsen B, Cohlmann B. Fluid balance in
exercise dehydration and rehydration with different glucose-electrolyte drinks.
Eur J Appl Physiol 1986;55:318

2. Maughan RJ, Leiper JB, Shirreffs SM. Restoration of fluid balance after exercise-
induced dehydration: effects of food and fluid intake. Eur J Appl Physiol
1996;73:317

3. Melin B, Koulmann N, Jimenez C, et al. Comparison of passive heat or exercise-
induced dehydration on renal water and electrolyte excretion: the hormonal
involvement. Eur J Appl Physiol 2001;85:250
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