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Context: Creatine monohydrate (CrM) use is highly prevalent
in team sports (eg, football, lacrosse, ice hockey) and by ath-
letes at the high school, college, professional, and recreational
levels. Concerns have been raised about whether creatine use
is associated with increased cramping, muscle injury, heat in-
tolerance, and risk of dehydration.

Objective: To assess whether 1 week of CrM supplemen-
tation would compromise hydration status, alter thermoregula-
tion, or increase the incidence of symptoms of heat illness in
dehydrated men performing prolonged exercise in the heat.

Design: Double-blind, randomized, crossover design.
Setting: Human Performance Laboratory.
Patients or Other Participants: Twelve active males, age 5

22 6 1 year, height 5 180 6 3 cm, mass 5 78.8 6 1.2 kg,
body fat 5 9 6 1%, V̇O2peak 5 50.9 6 1 ml·kg21·min21.

Intervention(s): Subjects consumed 21.6 g·d21 of CrM or
placebo for 7 days, underwent 48 6 10 days of washout be-
tween treatments, and then crossed over to the alternate treat-
ment in the creatine group. On day 7 of each treatment, sub-
jects lost 2% body mass by exercising in 33.58C and then
completed an 80-minute exercise heat-tolerance test (33.58C 6
0.58C, relative humidity 5 41 6 12%). The test consisted of
four 20-minute sequences of 4 minutes of rest, alternating a 3-
minute walk and 1-minute high-intensity run 3 times, and walk-
ing for 4 minutes.

Main Outcome Measures: Thermoregulatory, cardiorespi-
ratory, metabolic, urinary, and perceptual responses.

Results: On day 7, body mass had increased 0.88 kg. No
interaction or treatment differences for placebo versus CrM dur-
ing the exercise heat-tolerance test were noted in thermoreg-
ulatory (rectal temperature, 39.3 6 0.48C versus 39.4 6 0.48C)
cardiorespiratory (V̇O2, 21.4 6 2.7 versus 20.0 6 1.8
ml·kg21·min21; heart rate, 192 6 10 versus 192 6 11
beats·min21; mean arterial pressure, 90 6 9 versus 88 6 5 mm
Hg), metabolic (lactate, 6.7 6 2.7 versus 7.0 6 3.0 mmol·L21),
perceptual thirst (thirst, 7 6 1 versus 7 6 1; thermal sensation,
8 6 2 versus 8 6 1; rating of perceived exertion, 17 6 3 versus
17 6 2), plasma glucose (0–20 minutes of exercise heat-tol-
erance, 6.5 6 1.2 versus 6.8 6 0.8 mmol·L21), plasma (297 6
5 versus 300 6 4 mOsm·kg21) and urine (792 6 117 versus
651 6 134 mOsm·kg21), urine specific gravity (1.025 6 0.003
versus 1.030 6 0.005) and urine color (7 6 1 versus 6 6 1)
measures were increased during CrM. Environmental Symp-
toms Questionnaire scores were similar between treatments.
The levels of dehydration incurred during dehydration and the
exercise heat-tolerance test were similar and led to similar cu-
mulative body mass losses (24.09 6 0.53 versus 24.38 6
0.58% body mass).

Conclusions: Short-term CrM supplementation did not in-
crease the incidence of symptoms or compromise hydration
status or thermoregulation in dehydrated, trained men exercis-
ing in the heat.

Key Words: hydration, thermoregulation, cardiovascular sys-
tem, metabolism, ergogenic aids

Creatine monohydrate (CrM) loading (eg, 20 g·d21 for 5
to 7 days) can cause muscle phosphocreatine content
to increase by as much as 50%,1–3 toward what appears

to be an upper storage limit of 160 mmol·kg21 dry muscle.4
This increased phosphocreatine content provides more sub-
strate for the phosphagen system and enhances its resynthesis
rate during intense muscular contraction.5 Consequently, max-
imal or near maximal bursts of strength and power, anaerobic
performance, and rapid recovery between explosive exercise
bouts can be improved.6–10 Not surprisingly, then, CrM use is
highly prevalent in team sports such as football, lacrosse, and
ice hockey and by high school,11–13 collegiate,14,15 profession-
al,16 and recreational17 athletes.

Concerns have been raised about creatine use, however, be-
cause of anecdotal observations of increased cramping, muscle
injury, and heat intolerance18 and suggestions that it increases
the risk of dehydration via fluid shifts into the intracellular
space.3,19 These concerns are especially relevant to exercise
performed in conditions that limit heat dissipation, because
exercise performance and, more importantly, individual health
depend on temperature regulation and hydration state.

Because of these concerns, the American College of Sports
Medicine, in recommendations titled ‘‘The Physiological and
Health Effects of Oral Creatine Supplementation,’’20 stated,
‘‘. . . there are concerns about the possibility of altered fluid
balance, and impaired sweating and thermoregulation in ath-
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Figure 1. Schematic representation of the day 7 protocol. S indi-
cates standing; BM, body mass; ESQ, Environmental Symptoms
Questionnaire; EHT, exercise heat-tolerance test; and RPE, rating
of perceived exertion.

Figure 2. Changes in body mass as a result of supplementation,
dehydration, and the exercise heat-tolerance test. *Significant in-
teraction, CrM indicates creatine monohydrate. P , .05.

letes acutely loading with creatine in settings where there is
potential for thermal stress.’’20 Further, ‘‘. . . high-dose crea-
tine supplementation (ie, 20 g·d21) should be avoided during
periods of increased thermal stress, such as sports activities
performed under high ambient temperature/humidity condi-
tions.’’20 However, no scientific evidence is presented to sup-
port this recommendation and, to our knowledge, no studies
to date support it.

Anecdotal claims of increased incidence of cramps and in-
jury were not supported by results from a 3-year observation
of National Collegiate Athletic Association Division IA col-
lege football players using CrM during training and competi-
tion.21 Moreover, the 4 groups of authors22–25 who examined
CrM use during exercise in the heat reported that creatine use
either did not alter22 or attenuated23–25 the thermal stress ex-
perienced by euhydrated individuals. Specifically, creatine re-
sulted in decreased heart rate,24,26 a decreased rise in rectal
temperature during exercise,24–26 and decreased metabolic
rate.24 Indeed, the osmotic property of creatine, which results
in a concomitant influx of water into the cell, increases body
water23,24,26–28 through a combination of increased extracel-

lular fluid and intracellular fluid,23,24,26,29 and may have aided
subjects by delaying the progression of dehydration.

Our purpose was to examine the influence of creatine sup-
plementation on heat tolerance in dehydrated males during
prolonged exercise interspersed with high-intensity bouts. This
scenario is important because of the high incidence of creatine
use among athletes who participate in demanding sports activ-
ities in which there is potential for thermal stress and because
dehydration accentuates the thermal and cardiovascular stress
of exercise in the heat30 and is recognized as an intrinsic risk
factor for heat illness.31,32 We hypothesized that creatine sup-
plementation would not alter thermoregulatory, cardiorespira-
tory, metabolic, or perceptual responses.

METHODS

Design Overview

A double-blind, randomized, placebo, crossover design was
used. The study consisted of 2 duplicate trials (with the ex-
ception of the treatment), each lasting 10 days. A random sam-
ple of 6 subjects consumed 21.6 g of placebo (18 capsules)
per day for 9 days, and 6 subjects consumed 21.6 g of CrM
(18 capsules, Mega Creatine Fuel, Twinlab Laboratories, Inc,
Ronkonkoma, NY) per day for 9 days. Subjects consumed
21.6 g·d21 because this is equivalent to a typical recommended
loading-phase dose (eg, 20 g·d21 for 5 to 7 days). Subjects
consumed half of the dose with breakfast and half with lunch.
Subjects crossed over to the alternate treatment after a 48 6
10 day washout period. On day 7 of each treatment, subjects
reported to the laboratory at 7:00 AM (12 hours postprandial)
to perform an exercise heat-tolerance test (EHT).

We requested that subjects maintain their normal exercise
regimens throughout the study, except on day 7 of each treat-
ment, when the EHT was performed. Subjects were asked to
maintain the same dietary habits during the study and to keep
daily diet records during both trials. During the second trial,
they were asked to replicate, as closely as possible, their diets
as recorded during the first trial. Subjects were provided with
detailed written and verbal instructions regarding recording of
food and fluid intake before and during the study.

Subjects

Twelve non–heat-acclimated, physically active males (age
5 22 6 1 years, height 5 180 6 3 cm, mass 5 78.8 6 1.2
kg, body fat 5 9 6 1%, V̇O2peak 5 50.9 6 1 mL·kg21·min21)
served as subjects. Possible participants were excluded if they
had been exposed to high ambient temperature for at least 1
week within the previous 2 months before the study. Before
testing, each subject reported, via a training history question-
naire, that he participated in a minimum of 8 hours of exercise
training per week, the intensity of which was subjectively rat-
ed as moderate to intense, and that he maintained this level of
activity during his involvement in the study. Additionally,
screening information was obtained via a medical history
questionnaire, to ensure that subjects had no history of (1)
chronic health problems, (2) exertional heat illness, (3) car-
diovascular, metabolic, or respiratory disease, or (4) creatine
use during the past year. Subjects received verbal and written
instructions of the testing procedures and the benefits and risks
of the study and signed an informed consent document that
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Table 1. Urinary Responses Before Dehydration and Before and After the Exercise Heat-Tolerance Test

Variable Treatment Before Dehydration
Before the Exercise
Heat-Tolerance Test

After the Exercise
Heat-Tolerance Test

Urine osmolality (mOsm·kg21)

Urine specific gravity

Placebo
Creatine
Placebo
Creatine

492 6 292
704 6 289

1.013 6 0.007
1.019 6 0.008

619 6 212
793 6 193

1.016 6 0.006
1.025 6 0.007

792 6 117
651 6 134†

1.025 6 0.003
1.030 6 0.005*

Urine color (range, 1–8)

Urine volume (L)

Placebo
Creatine
Placebo
Creatine

3 6 2
5 6 1

0.173 6 0.172
0.169 6 0.134

5 6 1
5 6 2

0.243 6 0.186
0.180 6 0.108

7 6 1
6 6 1*†

0.84 6 0.47
0.72 6 0.52

*Indicates significant time effect within treatment (P , .05).
†Indicates significant interaction for treatment by time (P , .05).

had been approved by the Institutional Review Board for Stud-
ies Involving Human Subjects, which also approved the study.

Preliminary Tests

Before the first trial, subjects’ peak oxygen uptake
(V̇O2peak) and body composition were assessed. Skinfold
thickness was measured on the right side of the body at the
chest, abdomen, and thigh using calipers (Holtain Ltd, Cry-
mych, UK). We used the equation of Jackson and Pollock33

to determine body density and the Siri34 equation to calculate
percentage of body fat. The V̇O2peak was assessed with a pro-
gressive treadmill protocol graded by acceleration and con-
ducted in a 278C environment. Treadmill speed started at 9.66
km·h21 and was increased by 1.61 km·h21 every 2 minutes
until the subjects reached volitional fatigue. Oxygen consump-
tion (V̇O2) was measured throughout the test using online,
open-circuit spirometry (model CPX-D; Medical Graphics,
Inc, St. Paul, MN) calibrated according to the manufacturer’s
guidelines before each test.

Testing Protocol, Day 7

On day 7, the subjects entered the environmental chamber
(temperature 5 33.5 6 0.58C, relative humidity 5 41 6 12%;
model 2000; Minus-Eleven, Inc, Malden, MA) and remained
there until completion of the EHT. Subjects consumed half of
their daily treatment dose (CrM or placebo) and then posi-
tioned a rectal thermistor. An 18-gauge Teflon (Du Pont, Wil-
mington, DE) catheter was placed in a superficial forearm
vein, and the subject then stood for 20 minutes to allow equil-
ibration of body fluids. While standing, subjects completed an
Environmental Symptoms Questionnaire (ESQ), after which
blood was drawn to allow analyses of hematocrit, hemoglobin,
plasma osmolality, plasma lactate, total plasma protein, plasma
glucose, plasma sodium, and plasma potassium. Subjects then
provided a urine sample (for assessment of urine osmolality,
urine specific gravity, urine color, and urine volume) and were
weighed in shorts on an electronic scale to the nearest 50 g
(model 700M; SR Instruments, Tonawanda, NY).

Subjects then performed 120 minutes of submaximal exer-
cise by alternating 30 minutes of walking (6.6 6 0.32 km·h21)
on a treadmill with 30 minutes of cycling (model 818E; Mon-
ark, Stockholm, Sweden). During cycling, power output was
modified to elicit a heart rate response similar to walking. The
goal was to dehydrate the subjects by 2.0% of body mass.35

After exercise, subjects dried their skin surfaces and were
weighed as before. They then sat quietly in the chamber and
consumed a standardized meal that consisted of a commer-

cially available nutrition bar (Gatorade energy bar; Gatorade,
Chicago, IL) containing 261 calories, 46 g carbohydrate, 8 g
protein, and 5 g fat; 200 mL of water; and their midday doses
of CrM or placebo capsules. Thirty minutes after completing
the meal, subjects provided a urine sample and were weighed.

An hour after completing the dehydration protocol, subjects
stood for 30 minutes before blood and urine samples were
collected and analyzed as described above. Additionally, heart
rate, blood pressure, and rectal and skin temperature (at the
calf, thigh, chest, and triceps) were recorded. Mean weighted
skin temperature was later calculated using the skin tempera-
ture values in accordance with the 4-site method of Ramana-
than.36 Subjects then performed 80 minutes of exercise that
consisted of four 20-minute sequences of standing for 4 min-
utes, alternating a 3-minute walk (6.6 6 0.3 km·h21, 37.0 6
5.8% V̇O2peak) and a 1-minute high-intensity run (19.0 6 0.6
km·h21, 114.9 6 5.3 % V̇O2peak) 3 times, and walking (6.6
6 0.3 km·h21, 37.0 6 5.8 V̇O2peak) for 4 minutes. During the
4-minute rest, a blood sample was taken, and ratings of per-
ceived exertion (of lower-body [leg] exertion, central [respi-
ratory] exertion, and overall [whole body] exertion); thirst;
thermal sensation; heart rate; blood pressure; and rectal and
skin temperatures were recorded. At minutes 17, 37, 57, and
77, V̇O2, respiratory exchange ratio, minute ventilation, and
respiratory rate were measured continuously for 3 minutes us-
ing online, open-circuit spirometry. Figure 1 illustrates the day
7 protocol.

Air flow (2.3 m·s21) was generated by a fan directed at the
subject during the EHT. All timekeeping devices were hidden
from the subject’s view. The exercise session was terminated
if subjects stopped because of volitional fatigue, had rectal
temperature $408C, had heart rate $185 beats·min21 for 5
consecutive minutes, exhibited signs and symptoms of heat
illness, or could not continue running at the predetermined
speed. One subject became exhausted and was stopped from
exercising at 60 minutes during his first EHT; consequently,
he was stopped at 60 minutes during his second EHT. After
exercise, subjects completed an ESQ and then walked from
the environmental chamber into a cooler environment (248C)
and consumed 1 L of water within 10 minutes. They remained
standing for 1 hour, during which time blood was drawn and
lower body, central, and overall ratings of perceived exertion;
thirst; thermal sensation; skin and rectal temperatures (for cal-
culation of mean weighted skin temperature); heart rate; and
blood pressure were recorded every 20 minutes.

Instrumentation and Measurement Techniques
Rectal temperature was measured using a rectal thermistor

(model 401; Yellow Springs Instruments, Yellow Springs, OH)
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Figure 3. Environmental Symptoms Questionnaire scores recorded
before dehydration and after the exercise heat-tolerance test. No
interaction or treatment differences were noted. *Scores were in-
creased after the exercise heat-tolerance test.

inserted 10 cm past the anal sphincter. Skin temperature was
measured using an infrared tympanic temperature scanner
(model HTTS-3000; Exergen Corp, Newton, MA).37 A Phys-
iological Strain Index was calculated to evaluate heat stress
using rectal temperature and heart rate according to the for-
mulas of Moran et al.38

Heart rate was measured via telemetry (Polar Vantage; Polar
Electro, Port Washington, NY). Blood pressure was obtained
via an aneroid sphygmomanometer and stethoscope over the
brachial artery. Mean arterial pressure was calculated as dia-
stolic blood pressure 1 1/3 (systolic blood pressure 2 dia-
stolic blood pressure).

Perceived thirst was identified using a 9-point thirst scale
with verbal anchors ranging from 1 (not thirsty at all) to 9
(very, very thirsty).39 Thermal sensation was identified using
a 17-point scale ranging from 0 (unbearably cold) to 8 (un-
bearably hot) in 0.5-point intervals.40 Ratings of perceived
exertion were obtained using the 15-point scale.41

Blood samples were acquired from a superficial forearm
vein with a flexible 18-gauge Teflon catheter and an attached
Luer adapter. The catheter port and male Luer adapter were
kept patent with 1.5 mL of a heparin flush (10%) solution after
each sample collection. Hematocrit was determined in tripli-
cate from whole blood by the microcapillary technique. He-
moglobin was measured in triplicate by the cyanmethemoglo-
bin method (kit 525; Sigma Chemical, Inc, St. Louis, MO)
using a spectrophotometer (Spectronic 88; Bausch & Lomb,
Rochester, NY). Percentage change in plasma volume was cal-
culated using the method of Dill and Costill.42 Plasma and
urine osmolality were measured in duplicate with a freezing-
point depression osmometer (model 3DII; Advanced Instru-
ments, Inc, Needham Heights, MA). Sodium and potassium
levels in plasma and urine were measured in duplicate via ion-
sensitive electrodes (model 984-S; AVL Scientific Corp, Ros-
well, GA). Plasma glucose and lactate were determined in trip-
licate using enzymatic techniques (model 2003, Glucose/
Lactate Analyzer; Yellow Springs Instruments, Inc, Yellow
Springs, OH). Urine specific gravity and total plasma protein
were measured by refractometry (model A300CL; Spartan, To-
kyo, Japan). Urine color was determined according to the tech-
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nique described by Armstrong et al.43 The urine color chart
has been published in the National Athletic Trainers’ Associ-
ation position statement on fluid replacement for athletes.35 At
7:00 AM on days 8–10 of each treatment, subjects reported to
the laboratory for an assessment of their health and hydration
status.

Statistical Analysis

Data are reported as mean 6 standard deviation. To evaluate
the effects of CrM on the experimental variables, 2-way with-
in-subjects analyses of variance (ANOVAs) were used to eval-
uate for significant interaction and main effect differences dur-
ing dehydration, the EHT, and recovery from the EHT. The
independent variables were treatment, with 2 levels (CrM and
placebo), and time (for which the number of levels differed
by variable and period, ie, dehydration, EHT, and recovery).
The alpha level for statistical significance was set at P , 0.05.
All significant time effects and interactions were analyzed us-
ing paired t tests with sequential Bonferroni corrections. All
statistics were computed with the Statistical Package for Social
Sciences (version 11.0 for Windows; SPSS Inc, Chicago, IL).

RESULTS

Body Mass

A significant interaction (F5,50 5 6.435, P 5 ,0.001, h25
0.392) but no significant main effect for treatment (F1,10 5
2.973, P 5 0.115, h25 0.229) was noted. Follow-up analysis
indicated a significant interaction in the change in body mass
from day 1 to day 7 (t11 5 22.898, P 5 0.015), as illustrated
in Figure 2. During dehydration, body mass was reduced by
21.9 6 0.5% and 22.0 6 0.5% during placebo and CrM,
respectively. The cumulative loss in body mass (measured
from before dehydration to after EHT) was 24.09 6 0.53%
during CrM and 24.38 6 0.58% during placebo. Total sweat
losses were similar during the placebo and creatine conditions,
as indicated by similar decreases in body mass during dehy-
dration exercise (placebo 5 1.5 6 0.4 kg, CrM 5 1.6 6 0.4
kg, t10 5 0.616, P 5 .552) and the EHT (placebo 5 0.8 6
0.3 kg, CrM 5 1.0 6 0.4 kg, t11 5 1.423, P 5 .183).

Urine

Urine osmolality, urine specific gravity, urine color, and
urine volume values are presented in Table 1 and the ANOVA
summary statistics in Table 2. Significant interactions were
seen in urine osmolality and urine color, with a treatment dif-
ference in urine specific gravity. Follow-up analysis indicated
that urine color increased during placebo but remained similar
during CrM from before dehydration to before the EHT (t11
5 23.811, P 5 0.003) and from before to after the EHT (t11
5 24.109, P 5 0.002). Also, urine color was higher before
dehydration during placebo (t11 5 23.246, P 5 0.008). Urine
osmolality increased during placebo but remained similar dur-
ing CrM from before dehydration to before the EHT (t11 5
24.310, P 5 0.001) and increased during placebo but de-
creased during CrM from before to after the EHT (t11 5
24.109, P 5 0.002). Urine specific gravity was significantly
higher during CrM before dehydration (t11 5 22.500, P 5
0.030), before the EHT (t11 5 23.578, P 5 0.004), and after
the EHT (t11 5 23.180, P 5 0.009).
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Figure 4. Heart rate responses during the exercise heat-tolerance
test and recovery. No interaction or treatment differences were not-
ed. CrM indicates creatine monohydrate.

Figure 5. Rectal temperature and mean weighted skin temperature
(MWST) responses during the exercise heat-tolerance test and re-
covery. No interaction or treatment differences were noted. CrM
indicates creatine monohydrate.
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Environmental Symptoms Questionnaire Scores

No interaction (F1,10 5 0.623, P 5 0.448, h2 5 0.059) or
treatment effect (F1,10 5 0.402, P 5 0.540, h2 5 0.039) was
demonstrated, but scores were significantly increased after ex-
ercise (F1,10 5 42.639, P , 0.001, h2 5 0.810) (Figure 3).

Dehydration Exercise

The ANOVA summary statistics for all variables measured
during dehydration are presented in Table 3. Only a significant
interaction for plasma glucose and a treatment main effect for
plasma osmolality were identified (Table 3). Follow-up anal-
ysis indicated that plasma glucose decreased more during CrM
than during placebo (t9 5 3.826, P 5 0.004), and plasma
osmolality was significantly higher during CrM before (t10 5
22.495, P 5 0.032) and after dehydration (t10 5 22.921, P
5 0.015). No other significant interactions or treatment effects
for the variables measured before and after dehydration were
seen.



Journal of Athletic Training 25

Ta
b

le
6.

M
et

ab
o

lic
an

d
H

em
at

o
lo

g
ic

R
es

p
o

n
se

s
B

ef
o

re
an

d
A

ft
er

D
eh

yd
ra

ti
o

n
an

d
D

u
ri

n
g

th
e

E
xe

rc
is

e
H

ea
t-

To
le

ra
n

ce
Te

st
an

d
R

ec
o

ve
ry

V
ar

ia
bl

e
T

re
at

m
en

t

D
eh

yd
ra

tio
n

P
re

P
os

t

E
xe

rc
is

e
H

ea
t-

T
ol

er
an

ce
T

es
t

T
im

e
(m

in
)

0
20

40
60

80

R
ec

ov
er

y
T

im
e

(m
in

af
te

r
te

st
)

20
40

60

P
la

sm
a

vo
lu

m
e

(p
er

ce
nt

ag
e

ch
an

ge
)

P
la

ce
bo

C
re

at
in

e
— —

0.
5

6
3.

5
1.

4
6

3.
2†

— —
8.

3
6

6.
7

1.
4

6
5.

2†
8.

4
6

6.
9

0.
7

6
5.

1†
7.

8
6

8.
1

2.
4

6
6.

3†
7.

7
6

8.
5

1.
8

6
6.

6†
10

.6
6

8.
7

2.
5

6
6.

9
11

.7
6

10
.2

5.
7

6
7.

5
13

.2
6

8.
5

5.
8

6
6.

9

P
la

sm
a

os
m

ol
al

ity
(m

O
sm

·k
g2

1
)

P
la

ce
bo

C
re

at
in

e
28

3
6

6
28

8
6

4†
28

7
6

6*
29

2
6

3†
*

28
7

6
6

29
3

6
3

29
0

6
6

29
6

6
3

29
3

6
7

29
7

6
3

29
4

6
6

29
9

6
4

29
7

6
5*

30
0

6
4*

29
1

6
5

29
7

6
4†

28
8

6
6

29
2

6
5

28
7

6
6*

29
1

6
6*

G
lu

co
se

(m
m

ol
·L

2
1
)

P
la

ce
bo

C
re

at
in

e
6.

5
6

1.
3

6.
1

6
1.

2
5.

0
6

0.
5*

5.
1

6
0.

4*
5.

3
6

0.
3

5.
2

6
0.

5
5.

3
6

0.
7

6.
0

6
0.

7†
6.

0
6

0.
7

6.
6

6
0.

8†
6.

3
6

1.
0

6.
7

6
0.

8
6.

5
6

1.
2*

6.
8

6
0.

8*
‡

6.
2

6
1.

2
6.

5
6

0.
6

6.
0

6
1.

1
6.

3
6

0.
9

5.
3

6
0.

9*
5.

5
6

1.
0*

La
ct

at
e

(m
m

ol
·L

2
1
)

P
la

ce
bo

C
re

at
in

e
2.

7
6

0.
4

2.
6

6
0.

4
1.

1
6

0.
3*

2.
0

6
0.

5†
*

2.
7

6
0.

2
2.

7
6

0.
3

1.
1

6
2.

3
1.

4
6

2.
2

1.
6

6
2.

7
1.

6
6

3.
0

6.
7

6
2.

8
6.

9
6

3.
2

6.
7

6
2.

7*
7.

0
6

3.
0

7.
2

6
1.

5
6.

4
6

1.
7

7.
2

6
1.

5
7.

6
6

1.
2

3.
4

6
1.

1*
3.

9
6

0.
7*

T
ot

al
pl

as
m

a
pr

o-
te

in
(g

·L
2

1
)

P
la

ce
bo

C
re

at
in

e
7.

2
6

0.
4

6.
9

6
0.

3
7.

4
6

0.
4*

7.
3

6
0.

5*
7.

7
6

0.
4

7.
4

6
0.

8
7.

9
6

0.
5

7.
5

6
0.

9
8.

0
6

0.
4

7.
6

6
0.

7
8.

1
6

0.
4

7.
6

6
0.

7
7.

9
6

0.
5*

7.
7

6
0.

4*
8.

0
6

0.
4

7.
7

6
0.

4
7.

7
6

0.
3

7.
4

6
0.

6
7.

8
6

0.
5*

7.
5

6
0.

4*
P

la
sm

a
so

di
um

(m
E

q·
L2

1
)

P
la

ce
bo

C
re

at
in

e
14

5.
4

6
2.

7
14

6.
0

6
2.

1
14

9.
3

6
2.

4
15

0.
1

6
2.

2
14

9.
9

6
2.

8
15

0.
0

6
3.

6
15

3.
2

6
2.

9
15

2.
9

6
3.

7
15

3.
2

6
2.

4
15

2.
2

6
2.

3
15

3.
2

6
2.

2
15

3.
9

6
3.

0
15

4.
4

6
2.

5*
15

3.
6

6
1.

7*
15

1.
4

6
3.

4
15

1.
7

6
2.

3
14

7.
9

6
2.

8
14

8.
6

6
2.

6
14

8.
3

6
2.

4*
14

8.
9

6
2.

4*
P

la
sm

a
po

ta
ss

iu
m

(m
E

q·
L2

1
)

P
la

ce
bo

C
re

at
in

e
4.

18
6

0.
45

4.
11

6
0.

37
4.

58
6

0.
41

4.
66

6
0.

48
4.

56
6

0.
45

4.
47

6
0.

33
4.

13
6

0.
34

4.
25

6
0.

40
4.

18
6

0.
33

4.
14

6
0.

34
4.

52
6

0.
45

4.
23

6
0.

32
4.

30
6

0.
40

*
4.

37
6

0.
45

*
4.

54
6

0.
43

4.
33

6
0.

23
4.

69
6

0.
60

4.
34

6
0.

37
4.

76
6

0.
56

*
4.

50
6

0.
56

†*

*I
nd

ic
at

es
si

gn
ifi

ca
nt

tim
e

ef
fe

ct
w

ith
in

tr
ea

tm
en

t
(P

,
.0

5)
.

†I
nd

ic
at

es
si

gn
ifi

ca
nt

be
tw

ee
n-

tr
ea

tm
en

te
ffe

ct
(C

rM
ve

rs
us

pl
ac

eb
o,

P
,

.0
5)

at
co

rr
es

po
nd

in
g

tim
e.

‡I
nd

ic
at

es
si

gn
ifi

ca
nt

in
te

ra
ct

io
n

(t
re

at
m

en
t

by
tim

e,
P

,
.0

5)
.

Ta
b

le
7.

T
h

er
m

o
re

g
u

la
to

ry
an

d
B

lo
o

d
P

re
ss

u
re

R
es

p
o

n
se

s
D

u
ri

n
g

th
e

E
xe

rc
is

e
H

ea
t-

To
le

ra
n

ce
Te

st
an

d
R

ec
o

ve
ry

*

V
ar

ia
bl

e
T

re
at

m
en

t

E
xe

rc
is

e
H

ea
t-

T
ol

er
an

ce
T

es
t

T
im

e
(m

in
)

0
24

44
64

84

R
ec

ov
er

y
T

im
e

(m
in

af
te

r
te

st
)

24
44

64

R
ec

ta
lt

em
pe

ra
tu

re
(8

C
)

M
ea

n
w

ei
gh

te
d

sk
in

te
m

pe
ra

tu
re

(8
C

)

P
la

ce
bo

C
re

at
in

e
P

la
ce

bo
C

re
at

in
e

37
.8

6
0.

3
37

.9
6

0.
3

34
.1

6
0.

4
34

.3
6

1.
1

38
.4

6
0.

3
38

.5
6

0.
4

34
.1

6
0.

8
34

.2
6

0.
7

38
.8

6
0.

3
39

.0
6

0.
4

34
.2

6
1.

0
34

.5
6

0.
7

39
.1

6
0.

4
39

.2
6

0.
4

34
.3

6
0.

9
34

.6
6

0.
7

39
.3

6
0.

4†
39

.4
6

0.
4†

34
.6

6
0.

8†
34

.8
6

0.
7†

38
.9

6
0.

5
39

.0
6

0.
5

32
.1

6
1.

0
32

.5
6

1.
3

38
.3

6
0.

4
38

.3
6

0.
5

32
.3

6
0.

8
32

.7
6

0.
7

37
.9

6
0.

4†
38

.0
6

0.
4†

32
.6

6
0.

5
32

.8
6

0.
6

P
hy

si
ol

og
ic

al
S

tr
ai

n
In

de
x

D
ia

st
ol

ic
bl

oo
d

pr
es

su
re

(m
m

H
g)

P
la

ce
bo

C
re

at
in

e
P

la
ce

bo
C

re
at

in
e

— —
75

6
8

78
6

7

3
6

1
4

6
1

77
6

7
82

6
9

4
6

1
5

6
2

80
6

6
78

6
8

7
6

1
7

6
2

75
6

9
74

6
9

7
6

1†
7

6
1†

74
6

10
†

71
6

7†

5
6

1
4

6
2

73
6

6
73

6
10

2
6

1
1

6
3

— —

0
6

1†
0

6
2†

72
6

8
75

6
9

S
ys

to
lic

bl
oo

d
pr

es
su

re
(m

m
H

g)

M
ea

n
ar

te
ria

lp
re

ss
ur

e
(m

m
H

g)

P
la

ce
bo

C
re

at
in

e
P

la
ce

bo
C

re
at

in
e

11
1

6
7

11
0

6
4

87
6

7
88

6
5

12
0

6
10

12
0

6
8

91
6

6
94

6
8

12
1

6
13

12
4

6
19

93
6

7
93

6
7

12
3

6
15

11
9

6
9

91
6

7
89

6
8

12
2

6
14

†
12

1
6

11
†

90
6

9†
88

6
5†

11
5

6
10

11
2

6
5

87
6

3
86

6
7

— — — —

11
1

6
5†

11
0

6
4†

85
6

5
86

6
7

*N
ot

e:
N

o
si

gn
ifi

ca
nt

in
te

ra
ct

io
ns

w
er

e
de

m
on

st
ra

te
d.

†I
nd

ic
at

es
si

gn
ifi

ca
nt

tim
e

ef
fe

ct
w

ith
in

tr
ea

tm
en

t
(P

,
.0

5)
.



26 Volume 41 • Number 1 • March 2006

Ta
b

le
8.

P
er

ce
p

tu
al

R
es

p
o

n
se

s
D

u
ri

n
g

th
e

E
xe

rc
is

e
H

ea
t-

To
le

ra
n

ce
Te

st
an

d
R

ec
o

ve
ry

*

V
ar

ia
bl

e
T

re
at

m
en

t

E
xe

rc
is

e
H

ea
t-

T
ol

er
an

ce
T

es
t

T
im

e
(m

in
)

0
20

40
60

80

R
ec

ov
er

y
T

im
e

(m
in

af
te

r
te

st
)

20
40

60

P
er

ce
iv

ed
th

irs
t

(r
an

ge
,

1–
9)

T
he

rm
al

se
ns

at
io

n
(r

an
ge

,
0–

8)

P
la

ce
bo

C
re

at
in

e
P

la
ce

bo
C

re
at

in
e

4
6

1
5

6
2

5.
0

6
0.

5
5.

0
6

0.
5

5
6

2
6

6
2

5
6

1.
0

6.
0

6
0.

5

6
6

1
6

6
1

6.
0

6
2.

0
7.

0
6

2.
0

7
6

1
7

6
1

7.
0

6
2.

0
8.

0
6

1.
0

7
6

1†
7

6
1†

8.
0

6
2.

0†
8.

0
6

1.
0†

4
6

2
4

6
2

5.
0

6
2.

0
4.

0
6

1.
0

4
6

1
4

6
2

4.
0

6
0.

5
4.

0
6

0.
5

5
6

2
4

6
2

3.
5

6
0.

5
4.

0
6

0.
5

O
ve

ra
ll

ra
tin

g
of

pe
rc

ei
ve

d
ex

er
tio

n
(r

an
ge

,
1–

15
)

C
en

tr
al

ra
tin

g
of

pe
rc

ei
ve

d
ex

er
tio

n
(r

an
ge

,
1–

15
)

P
la

ce
bo

C
re

at
in

e
P

la
ce

bo
C

re
at

in
e

8
6

1
7

6
1

7
6

1
7

6
2

12
6

2
12

6
2

12
6

3
12

6
2

14
6

3
14

6
3

14
6

3
14

6
3

16
6

3.
0

16
6

3.
0

16
6

3.
0

16
6

3.
0

17
6

3.
0†

17
6

2.
0†

17
6

3.
0†

17
6

3.
0†

10
6

2
10

6
2

9
6

2
10

6
2

8
6

7
8

6
3

8
6

2
7

6
2

7
6

1†
7

6
2†

7
6

1†
7

6
1†

Lo
w

er
bo

dy
ra

tin
g

of
pe

rc
ei

ve
d

ex
er

tio
n

(r
an

ge
,

1–
15

)
P

la
ce

bo
C

re
at

in
e

7
6

1
7

6
2

12
6

2
12

6
2

15
6

3
14

6
3

16
6

3.
0

16
6

3.
0

17
6

2.
0†

16
6

2.
0†

10
6

2
11

6
3

9
6

2
9

6
3

8
6

2†
8

6
2†

*N
ot

e:
N

o
si

gn
ifi

ca
nt

in
te

ra
ct

io
ns

or
tr

ea
tm

en
t

di
ffe

re
nc

es
w

er
e

de
m

on
st

ra
te

d.
†I

nd
ic

at
es

si
gn

ifi
ca

nt
tim

e
ef

fe
ct

w
ith

in
tr

ea
tm

en
t

(P
,

.0
5)

.

Exercise Heat-Tolerance Test

The ANOVA summary statistics for all variables measured
during the EHT are presented in Table 4. Significant interac-
tions were identified for plasma glucose, minute ventilation,
and respiratory rate. Follow-up analysis indicated that plasma
glucose increased significantly more with CrM during the first
20 minutes of exercise than with placebo (t10 5 4.348, P 5
0.001), minute ventilation increased significantly more with
placebo from minute 17 to minute 77 than with CrM (t10 5
23.286, P 5 0.008), and respiratory rate increased signifi-
cantly more with CrM from minute 37 to minute 77 than with
placebo (t10 5 3.355, P 5 0.008).

Significant treatment main effects were identified for plasma
glucose, percentage change in plasma volume, plasma osmo-
lality, and total plasma protein. Follow-up analysis showed
that plasma glucose was significantly higher during CrM at
minutes 20 (t10 5 27.578, P 5 ,0.001) and 40 (t10 5
24.485, P 5 0.001) than with placebo. The percentage change
in plasma volume was significantly greater with placebo than
with CrM at minutes 20 (t10 5 5.828, P 5 ,0.001), 40 (t10
5 7.127, P 5 ,0.001), 60 (t10 5 3.260, P 5 0.009) and 80
(t10 5 3.753, P 5 0.004). No differences were demonstrated
with follow-up analysis of the treatment effect in plasma os-
molality and total plasma protein. Figure 4 illustrates the sim-
ilar heart rate responses, and Figure 5 illustrates the similar
rectal temperature and mean weighted skin temperature re-
sponses during CrM and placebo.

Recovery

The ANOVA summary statistics for the variables measured
during recovery are presented in Table 5. Significant treatment
main effects were identified for plasma osmolality, percentage
change in plasma volume, and plasma potassium. Follow-up
analysis indicated that plasma osmolality was significantly
greater with CrM 20 minutes into recovery compared with
placebo (t10 5 23.321, P 5 0.008), and percentage change
in plasma volume was significantly greater with placebo at 20
(t10 5 5.008, P 5 0.001), 40 (t10 5 3.184, P 5 0.010), and
60 (t10 5 4.356, P 5 0.001) minutes into recovery compared
with CrM. No differences were indicated by follow-up anal-
ysis to the treatment effect in plasma potassium.

Thermoregulatory and blood pressure responses before and
after dehydration and during the EHT and recovery are pre-
sented in Table 6. Thermoregulatory and blood pressure re-
sponses during the EHT and recovery are presented in Table
7. Perceptual responses during the EHT and recovery are pre-
sented in Table 8. Cardiopulmonary responses during the EHT
are displayed in Table 9.

DISCUSSION

Concern has been expressed about possible alterations in
fluid balance and impairment of thermoregulation in athletes
acutely loading with creatine in settings with the potential for
thermal stress.20 To examine this, we compared thermoregu-
latory (rectal temperature, mean weighted skin temperature,
sweat loss), cardiopulmonary (V̇O2, minute ventilation, respi-
ratory exchange ratio, respiratory rate, heart rate, blood pres-
sure), metabolic (plasma glucose, lactate), and perceptual re-
sponses (thirst, thermal sensation, ratings of perceived
exertion) in dehydrated men during 80 minutes of exercise (a
typical length of time of a practice session or game in nu-
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Table 9. Cardiopulmonary Responses During the Exercise Heat-Tolerance Test

Variable Treatment

Exercise Heat-Tolerance Test Time

Minute 17 Minute 37 Minute 57 Minute 77

V̇O2 (ml·kg21·min21)

Minute ventilation (L·min21)

Respiratory exchange ratio

Respiratory rate (breaths·min21)

Placebo
Creatine
Placebo
Creatine
Placebo
Creatine
Placebo
Creatine

20.2 6 1.3
20.8 6 1.5
53.9 6 6.1
53.8 6 16.7
1.03 6 0.04
1.05 6 0.06

43 6 7
42 6 9

20.7 6 1.4
21.0 6 1.6
59.2 6 8.4
55.9 6 17.1
1.01 6 0.04
1.03 6 0.05

46 6 9
44 6 10

20.9 6 1.5
21.0 6 2.0
62.1 6 11.0
58.7 6 18.7
1.01 6 0.05
1.02 6 0.06

47 6 10
49 6 12

21.4 6 2.7
20.0 6 1.8
65.1 6 7.2*
54.4 6 20.6*†
1.00 6 0.04*
1.01 6 0.06*

50 6 8*
56 6 7*†

*Indicates significant time effect within treatment (P , .05).
†Indicates significant interaction (treatment by time (P , .05).

merous sports) interspersed with high-intensity exercise bouts
after a week of either CrM or placebo supplementation.

We found that CrM was associated with better maintenance
of plasma volume and slightly higher (but normal) plasma glu-
cose during exercise. Additionally, we found that urine os-
molality and urine color were greater before exercise and that
urine specific gravity was higher before and after exercise with
CrM, indicative of increased creatine and creatinine excretion
during CrM. These urine data are important because if urine
specific gravity and/or urine color (2 common hydration in-
dices) are used to assess the hydration state of athletes sup-
plementing with CrM, then these athletes may appear more
dehydrated or hypohydrated than they actually are.

No difference was noted in the ESQ scores before and after
exercise between CrM and placebo, suggesting that short-term
creatine use was not associated with any symptomatic side
effects. Of particular interest, the incidence of cramping was
not increased with CrM, probably because there were no ab-
normalities in plasma sodium and potassium, no difference in
dehydration level incurred during exercise (CrM versus pla-
cebo), and no metabolic abnormalities, all of which have been
presented as hypotheses to explain muscle cramping.44 Our
data, therefore, show that hydration state and thermoregulation
were not adversely affected by short-term CrM supplementa-
tion in these men exercising in the heat, nor did CrM increase
the incidence of symptoms of heat illness compared with pla-
cebo.

We found that 1 week of CrM supplementation increased
body mass an average of 0.88 kg versus no change with pla-
cebo. This is consistent with previous findings (10.7 to 2.0
kg),22,24,27,45,46 although significant increases are not always
observed after a 7-day loading phase.27 The body mass gain
likely involved water retention, which occurs as a consequence
of the osmotic load of CrM, as evidenced by the significantly
higher plasma osmolality with CrM versus placebo at rest be-
fore dehydration (289 versus 283 mOsm·kg21, P , 0.001) and
during the EHT (296 versus 291 mOsm·kg21, P 5 0.028).
Small increases in contractile protein synthesis have been ob-
served after CrM supplementation,47 but the contribution to
increased body mass is minimal compared with water reten-
tion, and the subjects in this study were not performing high-
intensity activity. Previous researchers27 have shown that dur-
ing creatine supplementation, retained fluid is distributed
normally between the fluid compartments. In our study, then,
it is likely that approximately two thirds of the body mass gain
resulted from water retained in the intracellular fluid space and
that the remaining third of the gain was because of fluid re-

tained in the extracellular fluid space. Consequently, plasma
volume may have increased slightly (;50 mL) with CrM.48

Dehydration resulted in similar losses of body mass and
plasma volume for CrM and placebo. During the initial 20
minutes of the EHT, however, plasma volume was significantly
reduced with placebo but not with CrM; both values decreased
similarly thereafter until the end of exercise. This result con-
trasts with the findings of Volek et al,22 who observed no
difference in percentage change of plasma volume during 35
minutes of intense cycling in the heat. Our data suggest that
creatine use may limit the movement of fluid out of the plasma
and into the intracellular fluid space at the onset of exercise
in the heat, when subjects are dehydrated. However, the main-
tenance of plasma volume and the increase in total body water
were not associated with a change in sweat loss or with de-
creases in rectal temperature, heart rate, blood pressure, or
perceptual responses (thirst, thermal sensation, and ratings of
perceived exertion) and, therefore, CrM did not provide a mea-
surable hydration or thermoregulatory advantage. It is unclear
why plasma volume was maintained with CrM, but extracel-
lular volume may have been maintained as a consequence of
the osmotic property of creatine and increased plasma osmo-
lality.

In agreement with previous findings22,24 and as indicated by
similar body mass losses for CrM and placebo, the overall
level of dehydration attained by the end of exercise was not
affected by CrM. Consequently, athletes should not be con-
cerned that creatine supplementation alone may contribute to
whole-body dehydration while exercising for prolonged peri-
ods under significant thermal stress.

In this study, CrM supplementation had no effect on V̇O2,
plasma lactate, or respiratory exchange ratio, which is in
agreement with previous research examining creatine use dur-
ing exercise in the heat.24 Contrasting results for V̇O2 during
submaximal exercise in a temperate environment have been
observed; however, because V̇O2 either was unaltered49 or was
attenuated (along with lactate accumulation),50 neither neces-
sitate concern about CrM use. Our data support the suggestion
of Kilduff et al24 that muscle bioenergetics are unaffected by
creatine during exercise in the heat, and ours are the first data
to show this in dehydrated men.

Currently, no evidence exists to support an independent and
contrasting effect of CrM on minute ventilation and respiratory
rate. Consequently, as there were no interaction or treatment
differences in V̇O2, plasma lactate, or respiratory exchange ra-
tio, the contrasting interactions found for minute ventilation
(increasing more in placebo) and respiratory rate (increasing
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more in CrM) are difficult to explain. Both effect-size statistics
(h2) for these interactions were weak, however.

The elevation of plasma glucose with CrM is also difficult
to explain. However, evidence suggests that creatine supple-
mentation disrupts glucose homeostasis. For example, Rooney
et al51 showed elevated blood glucose in subjects after they
ingested a 75-g glucose load following creatine supplemention
for 42 days. The changes in plasma glucose were independent
of changes in plasma insulin, but a mechanism to explain the
disruption in glucose homeostasis was not established. It is
possible that a similar disruption in glucose homeostasis re-
sulted from the 46 g of carbohydrate contained in the meal
eaten 90 minutes before the EHT. In neither study, however,
was plasma glucose ever abnormally high.

We found no effect of CrM on exercise heart rate and blood
pressure responses, and to our knowledge, these are the first
data to show these results with the added component of mod-
erate dehydration. Previous research shows contrasting find-
ings: creatine supplementation during exercise in the heat ei-
ther had no effect on heart rate and blood pressure22 or
attenuated heart rate.24 Methodologic differences (duration and
intensity) likely explain these contrasting results, but again,
cause for concern about short-term CrM supplementation in
this population was not supported.

Body temperature (rectal temperature and mean weighted
skin temperature), thermal sensation, and the Physiological
Strain Index (a criterion of heat strain)38 were not altered by
CrM supplementation. Previous authors who have examined
creatine use and exercise in the heat have shown that body
temperature responses are similar to placebo22 or that creatine
attenuated the rise in body temperature versus placebo.23–25

Our data extend these findings and are the first to indicate that
creatine does not significantly affect temperature regulation
and cardiovascular responses in trained, dehydrated men per-
forming intense exercise under high thermal stress.

Overall (ie, whole body exertion), central (ie, exertion as-
sociated with breathing) and lower body (ie, leg exertion) rat-
ings of perceived exertion were not affected by short-term
CrM supplementation. Kilduff et al,24 however, found that cre-
atine supplementation significantly reduced ratings of per-
ceived leg fatigue during exercise and increased the ease of
exercise after supplementation. In contrast to our study, Kil-
duff et al also found that creatine significantly decreased heart
rate, rectal temperature, and sweat rate to provide a mechanism
for reduced heat strain and dehydration during exercise.

Acute urine volume was unaltered by CrM supplementation
but urine osmolality was higher during CrM supplementation.
Previous investigators have reported increased22 and de-
creased3 24-hour urine volumes after a week of creatine load-
ing. The CrM altered urine color, urine specific gravity, and
urine osmolality. These changes were likely because of in-
creases in the urinary content of creatinine52 and creatine53

resulting from creatine supplementation.

CONCLUSIONS

Our data add to the growing number of studies showing that
short-term CrM supplementation does not adversely affect
thermoregulatory, cardiorespiratory, metabolic, or perceptual
responses in people exercising under thermal stress. Our study
was the first to show this in dehydrated individuals. Further-
more, short-term CrM supplementation was not associated
with increased incidence of negative side effects (ie, cramping

or heat illnesses and injuries). Consequently, concern for
trained men who supplement with creatine, at least in the short
term, and exercise under thermal stress remains unfounded.
The general recommendation for people not to use creatine
while exercising under thermal stress should be reconsidered.
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