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Context: Sodium replacement during prolonged exercise in
the heat may be critically important to maintaining fluid and
electrolyte balance and muscle contractility.

Objective: To examine the effectiveness of sodium-contain-
ing sports drinks in preventing hyponatremia and muscle
cramping during prolonged exercise in the heat.

Design: Randomized crossover study.
Patients or Other Participants: Thirteen active men.
Intervention(s): Participants completed 4 trials of an exer-

cise protocol in the heat (306C) consisting of 3 hours of exercise
(alternating 30 minutes of walking and cycling at a heart rate of
130 and 140 beats per minute, respectively); a set of standing
calf raises (8 sets of 30 repetitions); and 45 minutes of steep,
brisk walking (5.5 km?h21 on a 12% grade). During exercise,
participants consumed fluids to match body mass loss. A
different drink was consumed for each trial: carbohydrate-
electrolyte drink containing 36.2 mmol/L sodium (HNa), carbo-
hydrate-electrolyte drink containing 19.9 mmol/L sodium (LNa),
mineral water (W), and colored and flavored distilled water (PL).

Main Outcome Measure(s): Serum sodium, plasma
osmolality, plasma volume changes, and muscle cramping
frequency.

Results: During both HNa and LNa trials, serum sodium
remained relatively constant (serum sodium concentration at the
end of the protocol was 137.3 mmol/L and 136.7 mmol/L,
respectively). However, a clear decrease was observed in W
(134.5 6 0.8 mmol/L) and PL (134.4 6 0.8 mmol/L) trials
compared with HNa and LNa trials (P , .05). The same trends
were observed for plasma osmolality (P , .05). Albeit not
significant, plasma volume was preserved during the HNa and
LNa trials, but a reduction of 2.5% was observed in the W and
PL trials. None of the volunteers experienced cramping.

Conclusions: The data suggest that sodium intake during
prolonged exercise in the heat plays a significant role in
preventing sodium losses that may lead to hyponatremia when
fluid intake matches sweat losses.
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Key Points:

N Under environmental conditions in which fluid intake matched body mass loss, relatively moderate amounts of sodium
added to the hydration solution attenuated the decline in sodium concentration of plasma and preserved plasma volume at
pre-exercise levels.

N Sodium supplementation did not increase serum sodium even when participants consumed a carbohydrate-electrolyte
drink containing 36.2 mmol/L sodium.

N A relationship between sodium supplementation and the prevention of exercise-associated muscle cramps cannot be
established from the environmental and exercise factors of this study.

N Further research using appropriate exercise protocols is needed to clarify the effect of sodium supplementation on the
propensity to cramp during exercise.

E
xercising in the heat often leads to dehydration.
Dehydration may increase cardiovascular strain by
disproportionately elevating heart rate with a

concomitant reduction in cardiac output,1 may decrease
the body’s ability to dissipate heat,2 and may ultimately
hamper performance during endurance exercise.3,4 Re-
searchers have found that the sodium content of rehydra-
tion solutions provided after exercise-induced dehydration
is a significant factor in the restoration of body water loss,
especially plasma volume.5,6 It has also been demonstrated
that administration of high-sodium solutions results in a
selective restoration of plasma volume at even higher levels
than predehydration values.5,6 When investigators included

small quantities of sodium in fluid-replacement drinks
during exercise, they did not find consistent improvements
in retention of ingested fluid in the vascular compartment,
reporting either a better maintenance of plasma volume7,8

or no effect.9–11 Possibly, the sodium test drinks in these
studies failed to produce a clear difference in plasma-
sodium concentration compared with control drinks
because of the small quantities of the sodium provided7

or because of the exercise protocol’s short duration.9

Maintenance of plasma sodium during prolonged exercise
would theoretically benefit the athlete because it would
promote the stabilization of plasma volume and would
limit the cardiovascular strain of exercise.
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Given the increasing popularity of long-lasting endurance
events, researchers have focused on the effects of drinking
patterns (both quantity and composition of sports drinks) on
exertional hyponatremia. Although severe hyponatremia is
commonly associated with ultra-endurance sport events, a
high incidence of mild hyponatremia also has been docu-
mented in sports of shorter duration, such as the marathon.12

Proposed mechanisms for exercise-induced hyponatremia
include excessive sodium loss from sweating; ingestion of
low-sodium fluids and solid foods during exercise13; overload
of the extracellular fluids by excessive fluid intake13–15;
impairment of renal function13; failure to suppress antidi-
uretic hormone secretion14,15; and the use of medications,
such as nonsteroidal anti-inflammatory drugs.13

The efficacy of sodium supplementation in preventing
hyponatremia during exercise has not been systematically
examined. Twerenbold et al16 showed that consumption of
sodium-containing drinks in excess of fluid needs during a
4-hour run decreased the incidence of hyponatremia
compared with overconsumption of sodium-free fluids.
Vrijens and Rehrer17 found that sodium-free fluid intake
during 3 hours of low-intensity exercise at a rate to match
fluid loss decreased plasma sodium compared with
ingestion of a carbohydrate-electrolyte drink. However,
Speedy et al18 and Hew-Butler et al19 reported that large
amounts of sodium supplemented in the form of tablets
(700 mg/h and 40 tablets that each contained 620 mg of
table salt) during the Ironman triathlon did not confer any
advantage in the preservation of serum sodium. It is
important to note that in these studies, participants had a
weight loss of about 4% at the end of the race.

Another incident that could limit endurance perfor-
mance is muscle cramps. Although experimental data are
lacking, proposed theories for the cause of exercise-
associated cramping include abnormalities in substrate
metabolism, fluid balance, and electrolyte concentrations,
especially under extreme environmental conditions of heat
or cold.20 Consumption of a carbohydrate-electrolyte
solution has been shown to delay the onset of exercise-
associated muscle cramping during calf-fatiguing exercise
compared with no fluid ingestion.21 In a study of athletes
participating in an ultra-endurance run, Schwellnus et al22

found that plasma sodium concentration at the end of the
race was lower in those runners who experienced muscle
cramping than in those who did not, although at
nonhyponatremic values. In addition, Stofan et al23

showed that football players with a history of cramping
had larger exercise-induced sodium losses compared with
players who had no history of cramps. However, such
experimental protocols do not allow conclusions to be
drawn about the effect of electrolyte or water balance on
the development of muscle cramps.

The purpose of our study was to examine the effective-
ness of drinks with different sodium concentrations in
maintaining plasma volume and preventing hyponatremia
during long-duration exercise in the heat when fluid
supplementation matches fluid lost to sweating. We
hypothesized that a high-sodium drink would maintain
plasma sodium concentration, resulting in preservation of
plasma volume. Additionally, we hypothesized that a
higher plasma sodium concentration would minimize
cramping and related symptoms, such as pain and muscle
stiffness.

METHODS

Participants

Thirteen healthy, physically active, untrained men (age 5
24.5 6 2.1 years, height 5 178 6 8 cm, mass 5 77.9 6
10.4 kg, body fat 5 17.4 6 5.4%) were recruited to participate
in the study. Each participant gave written informed consent,
and the protocol was approved by the institutional review
board. Eligibility criteria for participation in the study
included a normal physical examination; absence of any
metabolic, cardiovascular, or renal disease; and normal body
weight and fat for height (body mass index ,25 kg/m2). Body
composition was assessed by dual-energy x-ray absorptiom-
etry (model DPX-MD; GE Lunar Corp, Madison, WI).

Experimental Protocol

We used a randomized crossover design with 4 different
test drinks during exercise. The 4 test drinks consisted of
the following: (1) a low-sodium carbohydrate drink (LNa,
19.9 mmol/L sodium) (Gatorade Endurance; PepsiCo Inc,
Purchase, NY); (2) a high-sodium carbohydrate drink
(HNa, 36.2 mmol/L sodium) (European Gatorade Thirst
Quencher; PepsiCo Inc); (3) artificially sweetened, fla-
vored, and colored distilled water (PL) that was calorie free
and sodium free (Crystal Light; Kraft Foods Inc, North-
field, IL); and (4) mineral water (W) with trace amounts of
sodium (,0.3 mmol/L of sodium). The LNa drink and
HNa drink contained 6% (6 g per 100 mL) carbohydrates
and 3.2 mmol/L potassium and 9.6 mmol/L potassium,
respectively.

All trials were performed between 8 and 10 AM (within a
designated hour for each participant) after an overnight
fast of at least 10 hours and at an ambient temperature of
approximately 306C. Trials were separated by at least 1
week. Participants were instructed to refrain from vigorous
physical activity the day before each trial, to drink
liberally, and to consume a high-carbohydrate diet. At
the end of the first trial, participants noted the evening
meal consumed on the previous day and were instructed to
consume the same evening meal at the same time on the
day before each subsequent trial.

On their arrival at the laboratory, participants were
instructed to void their bladders, and a venous catheter was
placed into a forearm vein and kept patent by periodic
flushing with heparinized saline solution (20 U/mL).
Special attention was given to preventing a substantial
amount of heparin from entering the circulation. After
20 minutes of rest, blood samples were collected, and
participants began to exercise.

The first phase of the exercise protocol included 30-
minute intervals alternating between walking and cycling
for 3 hours to induce sweating sodium loss. Each 30-
minute period consisted of 25 minutes of exercise and
5 minutes of rest. The intensity of exercise was adjusted to
elicit a heart rate of 130 and 140 beats per minute during
cycling and walking, respectively. Body mass was recorded
at the beginning of the protocol and immediately after
every 25-minute period of exercise. Body mass loss was
replenished by an equal amount of the test drink.

The second phase of the exercise protocol included 8 sets of
standing calf raises (30 repetitions per minute) in 1:1 minutes-
of-exercise-to-rest intervals. This protocol has been shown to
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induce glycogen depletion of the gastrocnemius muscles by
75%.24 After completion of this phase, body mass loss was
also recorded, and an equal amount of fluid was provided.

The third phase of the protocol included steep walking at
5.5 km/h on a 12% grade on a treadmill for 45 minutes.
During this phase, drinks were provided at a rate of
150 mL every 15 minutes. This rate was chosen because it
is within the range of guidelines for fluid replenishment of
the American College of Sports Medicine25 and because
preliminary testing showed that this fluid supply is
sufficient to prevent sweat-induced body mass reduction
at the given exercise and environmental conditions.

Blood samples were collected every 60 minutes during
phase 1 of exercise, at the end of phase 2, and every
15 minutes during phase 3. The experimental design of the
study is presented schematically in Figure 1. Participants
were asked to report any muscle cramping or precramping
symptoms, such as deep pain and stiffness, during the last 2
phases of the exercise protocol.

Analytical Measurements

Blood samples (approximately 15 mL in each draw) were
analyzed immediately in triplicate for hematocrit (microhe-
matocrit method) and hemoglobin (cyanmethemoglobin
method, Drabkin reagent; Sigma-Aldrich, St Louis, MO),
and the Dill and Costill26 equation was used to calculate
changes in plasma volume. Lactate was also measured in
whole blood in duplicate (Accutrend Lactate system; Roche
Diagnostics, Mannheim, Germany). In the remaining blood,
serum and plasma were separated from the blood cells by
centrifugation (10 000 rpm for 10 minutes at 46C). Aliquots
of blood plasma were used fresh for the determination of
plasma osmolality by freezing-point depression (3D3
Osmometer; Advanced Instruments Inc, Norwood, MA).
The remaining blood plasma and serum were stored frozen
(2806C) for subsequent analysis of plasma glucose and free
fatty acids, serum sodium, potassium, and aldosterone.
Glucose and free fatty acids were measured by enzymatic
analysis in an automated biochemical analyzer (ACE;
Schiapparelli Biosystems Inc, Fairfield, NJ), and electrolytes
were measured by selective electrode conductivity in an

automated analyzer (Ektachem DT60 II system; Eastman
Kodak Co, Rochester, NY). Aldosterone was measured by a
radioimmunoassay kit (Coat-A-Count Aldosterone; Sie-
mens, Los Angeles, CA).

Statistical Analysis

Data were analyzed using analysis of variance with
repeated measures with 2 within-subjects factors (drink,
time). When a main effect was detected, we used the Tukey
honest significant difference test to perform post hoc
comparisons. The a level was set at .05. Values are
presented as mean 6 1 SEM.

RESULTS

The amount of fluid provided was the same in all trials
and resulted in body mass stability throughout the exercise
protocol, as required by the study design. Mean cumulative
fluid intake was 2108 6 209 mL for HNa, 2008 6 245 mL
for LNa, 2015 6 323 mL for PL, and 1931 6 213 mL for
W (F3 5 0.585, P 5 .629).

Figure 1. Schematic presentation of the study’s experimental
design.

Figure 2. Changes in A, plasma volume and B, plasma osmolality
during the experiment. Values are means 6 SEs. Abbreviations: LNa,
carbohydrate-electrolyte drink containing 19.9 mmol/L sodium; HNa,
carbohydrate-electrolyte drink containing 36.2 mmol/L sodium; PL,
colored and flavored distilled water; W, mineral water. a Denotes
difference compared with colored and flavored distilled water trial
(P , .05). b Denotes difference compared with mineral water trial
(P , .05). c Denotes difference compared with carbohydrate-
electrolyte drink containing 19.9 mmol/L sodium (P , .05).
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Figure 2 shows changes in plasma volume and osmolal-
ity during the experiment. Sodium supplementation during
HNa and LNa trials resulted in stable plasma volume
(changes at the end of the protocol were 20.5 and 0.5%).
In the PL and W trials, plasma volume tended to decrease
over time, reaching 22.7% and 22.3% at the end of the
protocol (P . .05). After the first 15 minutes of steep

walking, plasma volume was greater for the HNa trial than
for the PL trial (P 5 .003). Sodium-containing drinks also
caused a small increase in plasma osmolality, whereas in
PL and W trials, we noted a tendency for decrease at the
end of calf raises and at the end of the whole protocol.
Plasma osmolality values were different for HNa compared
with W and PL at the end of phase 1 and thereafter (P ,
.001 for both comparisons). Similar trends were shown for
LNa, but differences were significant only at the end of
phases 2 and 3 for both comparisons (P , .001). The HNa
drink resulted in slightly higher plasma osmolality values
compared with the LNa drink, with the difference being
significant only at 15 minutes into phase 3 (P 5 .012).

Serum sodium concentration showed a similar pattern to
that seen with plasma osmolality, but no differences were
observed for LNa and HNa trials (Figure 3A). During PL
and W trials, participants experienced reductions in serum
sodium concentrations, reaching values less than
135 mmol/L at the end of the exercise protocol (PL versus
LNa, P 5 .001; PL versus HNa, P 5 .064; W versus LNa,
P , .001; W versus HNa, P 5 .018). No differences were
observed for serum potassium among trials at any time
(Figure 3B). Serum aldosterone increased over time, with a
more profound increase during the PL and W trials
(Figure 3C). Aldosterone responses between sodium sup-
plementation trials (LNa and HNa) were not different
during the whole experiment.

Figure 4 depicts plasma glucose, plasma free fatty acids,
and blood lactate values. The LNa and HNa drinks, which
contained carbohydrates, produced higher plasma glucose
values at the end of phase 2 (P , .05) than W or PL. At the
end of the whole protocol, glucose values for PL and W
trials were slightly lower than initial values and LNa and
HNa trials, but differences were not significant (P . .05).
Marked fatty acid mobilization was observed for PL and
W trials at 120 minutes of exercise and increased toward
the end of the protocol (P , .001 for PL or W compared
with HNa or LNa for all points after 120 minutes). We
also observed a slight increase in free fatty acid concen-
tration during the HNa trial that was different from the
corresponding value during the LNa trial at the end of the
protocol (P , .001). Because work output was the same
during all trials, lactate values did not differ among the 4
trials, as expected.

Four of the 13 participants experienced precramping
signs with pain and stiffness in the gastrocnemius muscle.
Three of these 4 participants developed signs during either
the PL or W trial, whereas the fourth participant developed
the same signs during the LNa trial. No participant
reported muscle cramping throughout the 4 trials.

DISCUSSION

We examined the effectiveness of sport drinks with
different sodium content to prevent hyponatremia, a
decrease in plasma volume, and muscle cramping during
prolonged exercise of moderate intensity in the heat. Our
major finding was that under environmental conditions in
which fluid intake matched body mass loss, even a
moderate amount of sodium added to the hydration
solution was adequate to attenuate the decline in sodium
concentration of plasma and to preserve plasma volume at
pre-exercise levels.

Figure 3. A, Serum sodium; B, serum potassium; and C, serum
aldosterone concentrations during the experiment. Values are
means 6 SEs. Abbreviations: LNa, carbohydrate-electrolyte drink
containing 19.9 mmol/L sodium; HNa, carbohydrate-electrolyte
drink containing 36.2 mmol/L sodium; PL, colored and flavored
distilled water; W, mineral water. a Denotes difference compared
with colored and distilled flavored water trial (P , .05). b Denotes
difference compared with mineral water trial (P , .05).
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Our results regarding sodium concentrations are in
agreement with those of Vrijens and Rehrer,17 who showed
that a low-sodium drink prevented the decline in plasma
sodium concentration observed when a sodium-free fluid is
ingested. In both their study and ours, fluids were ingested
at a rate similar to the rate of water loss. However, plasma

volume responses during exercise were completely different
between the studies. Vrijens and Rehrer17 found a plasma
volume decline at the end of the 3-hour exercise period of
approximately 10%, whereas we found a conservation of
plasma volume. We have no apparent explanation for this
discrepancy, but it may reflect differences in the exercise
protocol between the studies. Nevertheless, the conserva-
tion effect of sodium supplementation in plasma volume
has also been confirmed in another study by Sanders et al27

in which fluid consumption equaled fluid loss during
prolonged exercise of moderate intensity. Specifically, they
showed that, although a drink of 5 mmol/L sodium
decreased extracellular fluid, a drink containing 50 mmol/
L sodium stabilized extracellular fluids. In addition, they
found that a drink of 100 mmol/L sodium resulted in a
small increase in the extracellular fluid at the end of
exercise.

In our study, sodium supplementation was unable to
produce an increase in serum sodium concentration even
during the HNa trial. We propose 2 possible mechanisms
for this observation. First, excessive sodium intake during
exercise may have resulted in an increased excretion of
sodium in the urine or the sweat. Second, part of the
additional sodium provided with sodium-containing drinks
was diluted in the plasma volume that was retained
compared with the no-sodium supplementation trials. Both
mechanisms could play a role. Note that both sodium
supplementation trials suppressed the increase in plasma
aldosterone during the experiment, indicating that the
overall sodium load during these trials was adequate to
produce physiologic responses regarding electrolyte bal-
ance.

Given the virtually identical values in serum sodium and
plasma volume at the end of exercise in sodium supple-
mentation trials, some degree of excessive excretion of
sodium should have existed in the HNa trial compared
with the LNa trial. However, because sodium losses in the
urine and sweat were not measured, definite conclusions
cannot be drawn. Sanders et al27 showed that although a
solution of 50 mmol/L sodium did not suppress urine
volume during prolonged exercise, it did increase overall
sodium loss in the urine. They also found that sodium
excretion in sweat was insensitive to sodium supplementa-
tion even at relatively high sodium intakes.

The possibility that the sodium supplemented during
exercise is diluted in the preserved plasma volume is better
supported in both laboratory and field studies in which the
researchers did not observe a decline in blood sodium when
participants drank water alone.7,18,27 In all these studies,
drinking sodium-free solutions caused a marked decrease
in plasma volume that was possibly more profound than
sodium losses, resulting in normal blood sodium during
exercise. When sodium was also provided, the conservation
of plasma volume prevented an increase in blood sodium.
These observations may be much more critically important
when fluid intake is higher than fluid losses during exercise.

Exercise-associated hyponatremia may result in confu-
sion, disorientation, nausea, vomiting, pulmonary edema,
cardiorespiratory arrest, coma, and even death.13 Most
cases of exertional hyponatremia have been attributed to
overload of fluids due to excessive water intake.15 To
prevent the development of hyponatremia during exercise,
Hew-Butler et al14 recommended that athletes participating

Figure 4. Changes in A, plasma volume and B, plasma osmolality
during the experiment. Values are means 6 SEs. Abbreviations: LNa,
carbohydrate-electrolyte drink containing 19.9 mmol/L sodium; HNa,
carbohydrate-electrolyte drink containing 36.2 mmol/L sodium; PL,
colored and flavored distilled water; W, mineral water. a Denotes
difference compared with colored and flavored distilled water trial
(P , .05). b Denotes difference compared with mineral water trial
(P , .05). c Denotes difference compared with carbohydrate-
electrolyte drink containing 19.9 mmol/L sodium trial (P , .05).
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in long-lasting endurance events should avoid excessive
drinking and that drinking only according to thirst could
be an effective strategy to avoid overdrinking. However, it
is well-established that thirst perception is an insufficient
means to match fluid losses during exercise.28 In addition, a
body mass reduction of 3% or even less during 16 km of
walking or running under the extreme environmental
condition of heat stress29 or during a marathon30 has been
associated with a decrease in plasma volume. These studies
suggest that restoration of fluids lost via sweating should
be promoted during prolonged, moderate-intensity exercise
in the heat to ensure cardiovascular and thermoregulatory
stability. However, according to our results, replacement of
sodium should also be promoted to prevent the drop in
serum sodium concentration.

Another aim of our study was to examine the effect of
sodium supplementation during exercise on the prevention
of muscle cramps. We applied a mixed-exercise protocol of
both endurance and dynamic exercise that was predicted to
simultaneously challenge electrolyte balance and fluid
dynamics, glycogen stores, and muscle contractility fatigue.
However, none of our volunteers experienced muscle
cramping symptoms in any of the 4 trials. Based on our
results, a relationship between sodium supplementation and
the prevention of exercise-associated muscle cramps cannot
be established at the given environmental and exercise
conditions. The exercise protocol that we applied may not
have sufficiently targeted a specific muscle in a way that
could alter its neuromuscular function and subsequently
induce cramping. Jung et al21 examined the effect of a much
more targeted and more intense exercise protocol on muscle
cramping. Cramping was observed in most of their
participants. In their study, participants were tested only
during euhydration with a carbohydrate-electrolyte drink or
during dehydration with no fluids provided. Further
research that applies appropriate exercise protocols is
needed to clarify the effect of sodium supplementation on
the propensity to cramping during exercise.

CONCLUSIONS

Relatively small amounts of sodium (19.9 mmol/L) in a
sport drink consumed at a rate equal to body mass change
effectively prevented the decrease in plasma sodium concen-
tration typically observed when sodium-free fluids are ingested
during prolonged exercise. Additional sodium intake did not
confer further advantage under these specific conditions.
Possible limitations of our study include inadequate control of
dietary sodium intake before each trial and the lack of
measurements of sodium losses in the urine and sweat.

As recently suggested by the American College of Sports
Medicine,4 endurance athletes should avoid excessive
dehydration during exercise; however, when sweating is
excessive and the goal is to restore fluid loss during exercise,
special attention should be paid to the replenishment of
sodium. This may be accomplished either by consuming a
sodium-containing sport drink or by consuming solid foods
containing sodium along with adequate fluids.
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