Creatine supplementation increases muscle total creatine
but not maximal intermittent exercise performance
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McKenna, Michael J., Judith Morton, Steve E. Selig,
and Rodney J. Snow, Creatine supplementation increases
muscle total creatine but not maximal intermitient exercise
performance. J. Appl Physiol 87(6): 2244-2252,1999.—This
study investigated creatine supplementation {CrS) effects on
muscle total creatine (TCr), creatine phosphate {CrP}, and
intermittent sprinting performance by using a design incorpo-
rating the time course of the initial increase and subsequent
washout period of muscle TCr. Two groups of seven velun-
teers ingested either creatine [Cr; 6§ X (5 g Cr-H,0 + 5 g

dextrose)/day)}or a placebo (6 X 5 g dextrose/day) aver 5 days..

Five 10-s maximal cycle ergometer sprints with rest intervals
of 180, 50, 20, and 20 s and a resting vastus lateralis biopsy
were conducted before and 0,2, and 4 wk alter placebo or CrS:
Resting muscle TCr, CrP, and Cr were unchanged after the
placebo but were increased (P < 0.05) at 0 (by 22.9 * 4.2,
8.9 = 1.9, and 14.0 * 3.3 (SE} mmol/kg dry mass, respec-
tively} and 2 but not 4 wk after CrS. An apparent placebo
main effect of increased peak power and cumulative work was
found after placeba and CrS, but no treatment {(CrS) main
effect was found on either variable. Thus, despite the rise and
washout of muscle TCr and CxP, maximal intermittent sprint-
ing performance was unchanged by CrS.

ergogenic aids; creatine washout; muscle performance; fa-
tigue

CREATINE SUPPLEMENTATION {CrS} in humans has been

reported to elevate muscle total creatine content (TCx},

as well as enhance maximal intermittent exercise
performance (6, 15, 19). Demonstrated mechanisms for
this perfermance enhancement include a reduced ATP
degradation during maximal exercise, due to elevated
muscle Cr phosphate (CrP) content, particularly in
type II muscle fibers {6}. In additicn, an accelerated
rate of CrP resynthesis has been reported in some
individuals after CrP depletion induced by electrical
stimulation (16) but not veluntary exercise (6, 33).
Three studies have reported an ergogenic effect of
CrS on maximal intermittent exercise performance,
together with verification of an elevated musele TCr or
CceP (2, 6, 37). The first two studies employed an
ordered, single-group, nonblinded experimental de-
sign. Therefore, it cannot be excluded that their re-
ported performance enhancement resulted from a pla-
cebo effect {2, 6). Although an ergogenic effect was
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found in cne study {37}, no such gain was found after
CrS in a similar study by the same authors (38).
Enhanced performance has also been reported during
maximal intermittent cycling exercise after Cr§, but
these studies failed to sample skeletal muscle and thus
verify the efficacy of their supplementation protocol (1,
4, 8, 10). This is an important omission, because the
potential ergogenicity of CrS is thought to depend on
the magnitude of increase in muscle TCr after CrS {6,

15, 16). The lack of muscle data in these studies would

not be a major limitation if the nature of the improve-

‘mént in intermittent exercise performance after CrS
were similar between studies. However, this varies

marked!ly, therefore confounding interpretation of these
studies. For example, perfermance was enhanced in the
initial exercise bout in one study (4) but in the later
exercise bouts in others (1, 17). Similarly, studies
reporting no ergogenic effects of CrS may also be
criticized for having failed to verify anincreased muscle
TCr (3, 5, 7, 8, 28, 31, 36). Therefore, to properly
investigate the effects of CrS on intense intermittent
exercise performance, it is also necessary to verify a
large gain in muscle TCr. No studies have combined
measurements of muscle TCr and performance during
brief (<10 s), maximal, repeated efforts.

A good model for investigating the possible benefits of

~CrSonintermittent exercise performance is to measure

both muscle TCr and peak muscular performance be-

foré CrS and, on several occasions over a number of

weeks, afterward. If CrS does enhance maximal inter-
mittent sprinting performance, then performance
should be initially improved with CrS but then decline
over time back toward the contro! levels, as muscle TCr
aiso returns to normal. The time course for normaliza-
tion of muscle TCr and CrP after CrS in humans was
reported to be 4 wk or less {11, 21, 38). Noermalization of
muscle CrP was incomplete 1 wk after cessation of CrS
(38}, but TCr had returned to basal levels by 2 wk
past-CrS {21). Only one of these studies has also

reported muscle performance data (11). They found

that muscle TCr did not significantly differ from resting
levels at 4 wk after cessation of CrS, but the exact time
course of this recovery was not determined (11). In
addition, the magnitude of increase in TCr after CrS in
that study was relatively small. Furthermore, the
intermittent performance model did not use maximal
exercise but rather used constant-load exercise, and
performance was unchanged after CrS.

:-The present study had two major purpeses. First, we
wanted to provide further information on the time
course of Cr disappearance from human skeletal muscle,
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by measuring muscle TCr and CrP before, and at 0, 2,
and 4 wk after, CrS. Second, we wanted to investigate
the effects of CrS on performance during maximal
intermittent cycle sprinting, by determining whether
thanges in performance after CrS correspond tempo-
rally with the initial increase and subsequent decline in
muscle TCr and CrP.

METHODS
Subjects

Fourteen healthy, young, recreatienally active male or
female physical education students were randomly allocated
into two groups of seven subjects and received either creatine
(Cr) or placebo supplements. None of the subjects was specifi-
cally trained in sprint cycling events. Diet and physical
activity were not menitored, but subjects were requested to
maintain their normal dietary and physical activity habits
thraughout the duration of the study. Physical characteristics
ol the groups are shown in Table 1. Allsubjects were informed
of the risks invelved and gave written informed consent, The
study was approved by the Human Research Ethics Commit-
tee, Victaria University of Technelogy. Subjects refrained
from food and caffeine intake for at least 4 h before exercise
testing. Exercise was avoided on the day of the test, with only
light exercise permitted on the previous day.

Experimental Design

Each subject performed a maximal intermittent exercise
session an a cycle ergometer on five separate ocecasions,
comprising familiarization, contrel, and at 0, 2, and 4 wk
postsupplementation {Fig. 1). All exercise tests were con-
ducted in the afterncon, at similar times in all irials. A muscle
biepsy was taken at ~8 AM on the morning after each of the
four intermiftent sessions {Fig. 1). Although muscle sampling
has been shown not to interfere with exercise performance,
the biopsy was taken en days separated from the exercise test
as a grecautionary measure. Exercise performance was as-
sessed after 4.5 days of supplementation, whereas a musele
biepsy sample was taken after 5 days of supplementation,
Because muscle was sampled 15-17 h after the second sprint
trial, it is possible that further Cr loading may have oceurred
in the CrS group between the second sprint trial and muscle
sampling. The second sprint trial was performed 2 h after a
8-g dose of Cr, and a further twao or three 5-g doses of Cr were
ingested between the exercise beut and muscle sampling.
Thus 90~93% of the total Cr dose preceded the sprint exercise
trial (f.e., 135-140 g of 150 g; see Supplementation Proce-
dure). Therefore, the muscle uptake of only 10-15 g of Cr
{T-10%) could have been influenced by the sprint exercise
trial. Furthermore, the facilitatory effects of acute endurance
exercise on muscle Cr leading appears to oceur only during
the first few days of CrS (19). Thus a significant increase in
muscle TCr and CrP stores between the second exercise trial
and biopsy seems unlikely. Therefore, the short time delay
{overnight) between performance measures and musele sam-
pling does not invalidate a comparison between perfarmance
and muscle TCr.

Table 1. Subjects’ physical characteristics

n (F. M} Age, yr Ht, cm Body Mass, kg
Creatine 7 (4.3) 189+ 3 1703+ 14.8 63.28 549
Flacebe 7 (2,5} 213 176.56+ 8.6 67.25 9,78

Yalues are means £ 5D, o, No, of subjects; F, female; M, male.
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Fig. 1. Experimental overview. Filled bars, exercise trials; crass-
hatched bars, 5-day supplementation period; arrows, muscle hiopsies,

Supplementation Procedure

A double-blind procedure was used, with subjgcts randomly

'allncated to either a Cs3 or placebo supplementation group.

Whién entering the study, all subjects were informed that they
would receive either a placeho or Cr supplement, that Cr is
thought ta enhance intermittent sprinting performance, and
that the time course for this positive effect to diminish is
unknown. The CrS procedure was based on the work of
Harris et al, (19). The supplements were taken as a dry
pewder in prelabeled packets, with instructions to consume a
packet at ~2-h intervals during the day. Because three
packets were taken at mealtimes, it is highly likely that
~50% of the Cr supplements were taken with additional
carboh}'drate Subjects consumed 5 g of Cr monchydrate plus
5 g dextrose in 200 ml of fluid, six times/day, for 5 days before
each test, The total Cr intake was 30 g/day and 150 g overall.
For the placebo supplement, 5 g dextrose in 200 ml of fluid
were taken six times/day, for 5 days before each test.

Exercfse Performance

An exercise trials were conducted on a modified air-braked
cycle ergometer (Repce, Melbourne, Australia}, The operating
prmmples of the a;r -braked cycle ergometer and their applica-
tier in "ail-out” exercise tests have been described and
vahdated elsewhere (24, 35}, Briefly, subjects pedal against
dif“fesistance caused by air vanes attached perpendicularly
ta the axis of rotation of the flywheel. Subjects attain their
peak pedal cadence and thus, peak power sutput, during the
first few seconds of a maximal effort, with both then declining
rapidly as the subject fatigues, making this ergometer well
sifited to maximal power output testing (27, 33, 35). Power
output was determined from the cube of pedaling velocity
{35), which was sampled at 83 Hz, using a tachometer (Hall
effect device and a cog at the wheel hub}. The peak power,
cumulative work output, and fatigue index were caleulated
fer-each sprint beut by a computer. Peak power and work are
expressed relative to body mass, because independent groups
were used, The fatipue index was defined as the relative
decline in power output from the peak power attained in the
first few pedal strokes to the final power at the end of each
individual 10-s sprint bout and was expressed as a percent-
age. Because of a technical error, performance data in the Cr
group are reported for n = 6 subjects, with 5 = T for the
placebo group.

Subjects were welghed before exercise (Sauter type E 1200
balance). Each sprint bout was conducted with the subject
remaining seated at a comfortable saddle height, with feet
secured to the pedals by toeclips. The subjects were verbally
encouraged to produce their maximum effort as rapidly as
pessible and to maintain this throughout each bout. Maximal



2246

intermittent sprint performance was assessed by performing
five, maximal-effort 10-s sprint bouts, with the following
variable recovery intervals: 3 min after the first sprint beut,
50 s after the second bout, and then 20-s recovery intervals
after the third and fourth bouts. A high-intensity, intermit-
tent exercise protocol was chosen because such protocels are
most ikely to respond beneficially to CrS (e.g..Refs. 2,8, 38).
Repeated maximal-effort 10-s sprint bouts were utilized
because the highest rates of CrP hydrolysis occur during
brief, maximal exercise and because repeated maximal efforts
induce large decreases in muscle CrP content (13}, The
protocol was also selected te replicate peak demands expected
in intermittent field sports such as Australian-rules football,
as this duration represents the longest high-intensity efferts
required during such sperts (26). The reproducibility of the
3 X 10-s intermittent sprint test protocol was rested in five
healthy subjects (4 men, 1 woman). Excellent reproducibility
was found for peak power and work, for each 10-s maximal
sprint bout, expressed per kilogram bedy mass. The coeffi-
clent of variation and intraclass correlation coeflicents were
3.4% and r = 0.977 for peak power and 2.3% and r = 0.998 far
waork, respectively. This variability was similar to or Jess than
that reported for peak power and/or cumulative work during
a single (25) or repeated maximal 30-s sprint bouts (5),
Higher variability was found for the fatigue index in each 10-s
exercise bout, with a coefficient of variation of 11.7% and an
intraclass correlation coefficient of 0.523.

Muscle Biopsy Procedure and Analyses

The resting muscle biepsy was obtained with the subject
supine on a laboratery bed. Under local anesthesia (1%
lignocaine injection) a small incision was made in the skin
overlying the middle one-third of the vastus lateralis m uscle,
and a needle biopsy was taken. The excised muscle was
rapidly frozen and stored In liquid nitroger until later
analyses. All musele was freeze-dried, weighed, dissected free
of any cennective tissue, and powdered. The powdered tissue
[2 mg dry mass {dm)] was extracted according to Harris et al.
{18) and assayed enzymatically for ATP, CrP, and Cr by using
fluorometric detection (23), as previously described {34). All
Crand CrP data were corrected to the highest ATP content for
that individual, to minimize variation due to connective
tissue er other nenmuscle constituents. The nermal correc-
tion to the highest TCr obviously could not be conducted in
this study, but ATP is a suitable alternative because CrS does
not influence muscle ATP content {6, 19, 21).

Statistics

All experimental data are presented as means *+ SE.
Exercise performance data were analyzed by a thres-way
analysis of variance (treatmenc: Cr v5. placebo; trial: control,
0.2, and 4 wk postsupplementation; bout: sprint bauts I1-5),
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with repeated measures for two factors (trial, bout), All
muscle data were analyzed by a two-way analysis ef variance
with repeated measures (treatm ent, triai). Post hoc analyses
used the Newman-Keuls pracedure. Significance was ac-
cepied at P < 0.05.

RESULTS
Body Mass

A significant trial main effect was found for body
mass, with a greater mass at 4 wk postsupplementa-
tion compared with control (£ < 0.05). No significant
increase in body mass due to CrS was found {Table 2).

Exercise Performance

Peak power. A significant exercise bout main effect
was found; peak power did not differ between the first
two sprint bouts but then declined successively during
the three subsequent sprint bouts (P < 0.05, Fig. 2). A
significant trial main effect was found: peak power
during the control {presupplementation) trial was lower
(P < 0.05) than for the two subsequent trials (0 and 2
whk'postsupplementation trials) but similar to the final
trial {4 wk postsupplementation). No significant treat-
ment main elfects or interactions were found, indicat-
ing-that CrS did not significantly influence peak power
output.

Cumulative work. A significant exercise bou t-by-trial
interaction was found. A consistent finding for all four
trials was that work output was similar for the first two
sprint bouts but then declined successively during the
three subsequent sprint bouts (P < 0.05, Fig. 3). The
work performed in the first and second exercise bouts in
the first (presupplementation) trial was less than in the
three subsequent trials (0, 2, and 4 wk postsupplemen-
tation, P < 0.05), between which work output did not
differ. The work performed in the third and fifth
exercise bouts did not differ for the four trials. However,
the work performed in the fourth exereise bout was
higherin the 0-wk postsupplementation trial com pared
with the control and 4-wk pestsupplementation trials
(P < 0.05). No significant treatment main effects or
interactions were found, indicating that CrS did not
significantly influence work output.

- Fatigue index. A significant exercise bout main effect
was found; the fatigue index rose progressively from
the first through the fourth bout (P < 0.05), with no
further change the fifth bout {Fig. 4). A significant

Table 2. Body mass and resting vastus lateralls muscle ATP content determined before (control), after 5 days

of supplementation, and at 2 wk and 4 wk postsupplem enta"(fpn

Dwk . Zwh A wk
Variahle Control Postsupplementatibn Pastsupplementaiion Pastsupplementation
Placebe proup
Body mass, kg 67.25 = 3.69 67,38 3.80 67.45* 3.64 67.84+ 3.72*
ATP, mmolfkg dm 2i.4+0.9 22.9% 1.3 238x1.1 22.6£ 0.6
Cr group .
Body mass, kg 63.29* 2,08 64.02* 2,08 64.22 + 2.02 G4.31x2.22¢%
ATP, mmolikg dm 22.0+{.8 2Zfxl.2 ., 22.1x 1.3 23,5+ 1.1

Values are means * SE;n = 7 subjects/group. Cr, creatine, Supplements were either Cr man ohydrate (5 X 30 giday) or a placebo (dextrose).

*3ignificant main effect for trial, week 4 > contral, P < 0.05.
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Fig. 2. Peak power output during maximal intermittent execcise, . -

which comprised 5, 10-s exercise beuts (EB1-EB5), with intervening
recevery intervals of 180, 50,720, and 20 s. Exercise trials were
conducted on 4 occasions: presupplementation and at 0, 2, and £ wk
after {post) b days of creatine {Cr) monohydrate {Cr3; A; 30 p/day) or
placebo {B; dextrose) supplementation. Vajues are means = SE; Cr:
n = & placebo; n = 7. No significant CrS treatment effects were
found. See text for details.

trial-order effect was found, with a higher fatigue index
found in the 0- and 2-wk postsupplementation trials
than in the control (presupplementation) trial {P <
.05}, No significant treatment effects or interactions
were found for the fatigue index (Fig. 4).

Muscle Substrates and TCr

Muscle ATP was unchanged after either CrS or
placebo treatment and did not differ between the
groups (Table 2). Consequently, muscle CrP, Cr, and
TCr were corrected to the highest ATP content for that
individual. Significant trial-by-treatment interactions
were found for muscle CrP, Cr, and TCr (P < 0.05).
None of the muscle Cr, CrP, or TCr contents varied
significantly in the placebo group over the four measure-
ment times {Fig. 5). In addition, there were no signifi-
cant differences in these measurements in the control
{presupplementation) biopsy between the Cr and pla-
cebo groups. For the Cr group, Cr, CrP, and TCr were
each elevated at 0 and 2wk after CrS {P < 0.05) but did
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* not, differ from presupplementation levels 4 wk after

CrS (Fig. 5). Muscle Cr, CrP, and TCr were greater at 0
wk after CrS than at all times in the placebo group (P <
0.05). In addition, muscle Cr, but not CrP, was greater
at 2 wk post-CrS than in the placebo group presupple-
mentation trial (P < 0.05). Thus CrS significantly
increased muscle TCr relative to beth Cr and placebo
group centrol levels, and this increase comprised eleva-
tions in both Cr and CrP {P < 0.05).

The increase in TCr at 0 wk after CrS was 22.9 * 4.2
(range 7.2-40.3) mmeol/kg dm (18.0 = 3.6%, P < 0.05).
The increase in TCrat 0 wk after CrSwas 220 mmol/kg
dm in five of seven subjects, with gains of ~7 and 14
mmol/kg dm in the remaining two subjects. The gain in
TCr comprised increases in CrP of 8.9 £ 1.9 mmolkg
dm (9.8 = 2.1%, P < 0.05) and in free Cr of 14.0 = 3.3
mmol/kg dm (40.9 = 11.3%, P < 0.05).

Muscle TCr-Performance Relationships

-+ Regression analyses were performed with the Cr
group data, between the percent increases in muscle
TCr (%ATCr) and in performance, at 0 wk postsupple-
mentation compared with presupplementation. The

110

100
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100
a0
o
a0 -8 Prasupplemant
- . —%— {wK post
T -k 2wk post
o 70 - w4 WK post

0 40 ag 163 200

240 280 320
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Time (s}

Fig. 3. Cumulative work production during maximal intermitient
exercise, which camprised 5, 18-5 EBs, with intervening recovery
intervals of 180, 50, 20, and 20 s. Protocsl, data analysis, and
significance are as described in Fig, 2.
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Fig. 4. Fatigue index during maximal intermittent exercise, which
comprised 5, 10-5 EBs, with Intervening recovery intervals of 180, 50,
20,and 20 s, Protacol, data analysis, and significance are as described
in Fig. 2.

%ATCr after CrS was not significantly related to the’

percent increase (%A} in highest peak power attained
after CrS (% Apeak power = 0.05-%ATCr + 4.28, r =
0.10, not significant). Similarly, the %ATCr was not
related to the %Acumulative {ie.,, 5 X 10 s) werk
(%Awork = 0.07-%ATCr + 4.50, r = 0.11, not signifi-
cant).

Gender Effects on Muscle TCr and TCr Loading

The muscle TCr before CrS did not differ between
women and men (n=6,125.3* 4.9, n=8,1209= 1.7
mmol/kg dm, respectively). Furthermere, no gender
differences were found in the magnitude of TCr loading
after 5 days of CrS fwomen (2 = 4) vs. men {n = 3),
23.8 = 4.4 and 26.0 £ 6.6 mmol/kg dm, respectively].

DISCUSSION

Two major findings emanate from this study. First,
we provide important additional information on the
time course of Cr washout from skeletal muscle after
CrS. The CrS procedure successfully increased muscle
TCr and CrP contents, which remained elevated for at
least 2 wk and had returned to control values at 4 wk
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after cessation of CrS. Thus the Cr washout period was
complete within the time period between 2 and 4 wk.
Second, despite the initial inerease and subsequent
decline In muscle TCr and CrP, maximal intermittent
exercise performance was unchanged relative to the
placebo group. Significant increases in peak power and
work output were found in the second trial, but this was
true for both the CrS and the placebo supplementation
groups. This strongly suggests that this increase in
performance was due to a placebo effect, rather than an
ergogenic effect of CrS. Thus no ergogenic effect was
found for CrS with the intermittent exercise model
used in this study.

Efficacy of Cr-Loading Protocol

The Cr8 procedure used was effective in elevating
muscle TCr content in all subjects, with a mean in-
crease of 23 mmol/kg dm and individual increases
ranging from 7 to 40 mmol/kg dm. This was comparable
to most other reports, in which the CrS protocol did nat
include a large carbohydrate intake {2, 6, 11, 14, 16, 19,
21}. Considerable individual variability was found in
the rise in muscle TCr after CrS. This variability did
not. appear to depend on gender, because both the
presuppplementation TCr and the magnitude of load-
ing of TCr after CrS did not differ between men and
women. Our finding that gender did not influence
resting muscle TCr contrasts with that of Forsberg et
al. (£2), who found that women had a 10% higher
muscle TCr than men. The reason for this is not clear
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Fig.5. Muscletotal creatine (TCr: A), Cr (B}, and creatine phosphate
(CrP; C) contents before and at 0, 2, and 4 wk after 5 days of Cr
manohydrate (30 g/day) or placebo (dextrose) supplementation. Val-
ues are means = SE; p = Tigroup. *Significantly greater than
pre-CeS trial, P < 0.05. #Significantly greater than all placebe trials,
P < 0.05.
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but may reflect the small sample size analyzed in this
study, To our knowledge, no studies have specifically
examined the possibility of gender differences in muscle
Cr loading. '

It is possible that the observed variation in the
magnitude of Cr uptake in our study after CrS may be
influenced by the effects of acute exercise {19) and by
differences in training status. Although the subjects in
the present study were all regular participants in
physical activity and were all encouraged to maintain
their normal activity levels throughout the duration of
the study, we have no objective evidence that their
activity levels remained constant, However, it is un-
likely that variations in activity after the CrS period
affected muscle Cr content, because neither endurance
training (22) nor high-intensity sprint training (34)
influenced muscle CrP or TCr contents.

Another factor that petentially might influence the
extent of muscle Cr loading is fluctuations in dietary Cr
intake (i.e., vegetarians vs. omnivores). Because we did
not control for diet, we cannot account for the possible
effect of any such fluctuations. It is unlikely, however,
that this emissicn alters the interpretation of the
findings in the present study, because others have
found ne differences between vegetarians and carni-
vores in either muscle TCr content or in changes in TCr
after 5 days of CrS (20).

Body mass was heavier in bath CrS and placebo
supplementation groups at 4 wk postsupplementation
compared with control measurements. An explanatien
for this finding is not readily apparent but mustinvolve
an increased energy intake and/or a decreased energy
expenditure. The lack of effect of CrS on body mass is
consistent with some studies (3, 31, 37) but not others,
in which an increase was found immediately after CrS
(1.2,9, 14, 16, 28). However, because musele TCr was
elevated after CrS in the present study, a lack of change
in body mass cannot he attributable to a faiture to }oad
the muscle with Cr.

Cr Washout Time

Our data confirm that muscle CrP, Cr, and TCr had
returned to basal levels at 4 wk post-CrS, consistent
with previeus studies (11, 21, 38). Qur data clearly
indicate that muscle CrP, Cr, and TCr each remained

- significantly elevated above presupplementation levels
at 2 wk pestsupplementation. This is consistent with a
recent report that muscle CrP remained elevated at
I wk postsupplementation (38} but cantrasts with a
finding that muscle CrP, Cr, or TCr did not differ
significantly from presupplementation levels at 2 wk
postsupplementation (21). An important difference be-
tween the present and the former study {21) was that
we found significant increases in muscie CrP, Cr, and
TCrimmediately after CrS. In the study by Hultman et
al. (21}, muscle TCr was elevated immediately after
CrS in the six subjects in their study 1, but muscle CrP
was only significantly increased when a larger pool of
subjects was used. This apparent type Il error with the
small sample size in their study I may aiso explain why
their muscle TCr was net significantly elevated above
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presupplementation levels at 2 wk after CrS. In the
present study the muscle TCr declined toward the
presupplementation levels at a rate of ~0.68 mmol-kg
dm~T-day~!. This rate is similar to that reported by
Hultman et al. (Ref. 21; ~0.43 mmol kg dm~!.day-1)
and to that calculated from the data presented by
Febbraio et al. (Ref. 11; ~0.67 mmaol-kg dm~!-day~!).

Unchanged Performance After CrS

Muscle Cr, CrP, and TCr were elevated at 0 wk and
remained elevated at 2 wk postsupplementation. On
the basis of previous studies (2, 6, 37), an ergogenic
effect might then be anticipated during the maximal
intermittent exercise performance trials at these time

- points. The magnitude of increase in TCr was previ-

ously suggested te play an important role in any
performance enhancement after CrS {6, 16). In the
present study an increase in TCr 2 20 mmol/kg dm
accurred in five of seven subjects, with gains of 7 and 14
mmol/kg dm in the remaining two subjects (a woman
and a man, respectively}. However, we found no effects
of CrS on peak power cutput, cumulative work produc-
tion, or the fatigue index during five bouts of 10-s
maximal intermittent cycling sprints. Furthermore, we
found no significant relationships between the percent
gain in muscle TCr and the percent improvements in
the highest peak power, or the cumulative work output
during sprint exercise. Peak power output was in-
creased after the presupplementation trials (0 and 2 wk
postsupplementation} in both the placebe and Cr groups.

A similar order effect was seen for cumulative work

production, with greater work in three of the five sprint
bouts in the 0- and 2-wk postsupplementation trials.
This may indicate a Iearning effect in both groups and
suggests that the familiarization employed was insuffi-
cient for the purposes of stabilizing peak power develop-
ment and work autput. However, the low coefficients of
variability for the Intermittent protocol argue against
this as a likely explanation. We cannot exclude the
passibility that a learning effect occurred only for the
placebo group, whereas a Cr-induced ergogenic effect
occurred only for the Cr group. This would account for
the greater peak power and work in the 0-wk postsupple-
mentation trial for each group, but this seems quite
unlikely. The stability in peak power and cumulative
work observed for both placebo and Cr groups in trials 2
and 3, as well as the subject recruitment from a
common recreationally active poal (physical education
students}, argues against differential effects for these
groeups. A more probable explanation for the order effect
for ‘peak power and work is that a placebo effect
occurred for both groups, consistent with information
given to subjects when entering the study.

- Twe recent studies in which CrS was shown to
elevate muscle TCr and reported to enhance perfor-
mance utilized a single-group, ordered design, such
that contrel testing always preceded Cr$ testing {2, 6).
Importantly, both studies did not report use of a placebo
or employ a blinded design, and therefore subjects
presumably knew that they were to receive Cr. The
information and instructions given ta the subjects were
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not reported in either of these studies. Thus, despite
the familiarization undertaken in these studies, there
is a very strong possibility that the enhanced perfor-
mance reported after CrS in both studies was due ta a
placebo effect, in line with subject expectations of a
performance enhancement. Because CrS had no effect
on peak power or cumulative work output, together
with the low coefficient of variability for these measure-
ments, our results cannet suppert an ergogenic effect of
CrS fer brief bouts of maximal-intensity, intermittent
exercise. Alternately, if any ergogenic effect was derived
from CrS, it must have been less than the sensitivity of
the intermittent test protocol. Despite the excellent
repreducibility of our test protocel, it is possible that
small increases of <2-3% in peak power and cumula-
tive work occurred after CrS but that we were unable to
detect these. Thus we cannot exclude a possible type II
error, due to the large intersubject variability, cur small
sample size, together with the miner limitation in test
precision. A large number of subjects would be required
to detect such small changes using the present experi-
mental conditions. Qur conclusions of unaltered perfor-
mance after CrS are also consistent with those of
numerous other reports (Table 3), who failed to detect
any performance enhancement after CrS (1, 3, 5, 7-9,
30, 33,37, 38), even when muscle TCr was elevated (30,
33). In contrast, several studies have reported en-
hanced performance after CrS, in studies in which
muscle TCr was increased (6}, or was not measured {4,
10, 17). Furthermare, although an ergogenic effect was
found after CrS during 5 series of 30 maximal dynamic
arm flexor contractions (37}, no such gains were found
in a later study by the same authors {38). Therefore, at
best, the benefits of CrS en maximal sprint perfor-
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mance are equivocal. We cannot exclude the possibility
that the lack of ergogenic effect after CrS in the present
study was due to the different exercise model used than
In other intermittent exercise studies {e.g., 2, §, 17, 37).
The two purported mechanisms of performance en-
hancement after CrS are reduced ATP degradation
during exercise due to increased muscle CrP content (6}
and an accelerated postcontractile rate of CrP resynthe-
sis {18). The repeated maximal sprint bouts together
with the short intervening recovery intervals in the
intermittent exercise model used in this study would be
expected to induce large reductions in muscle ATP and
CrP (2, 13). Given the marked fatigue evidenced by the
decline in peak power and cumulative work during the

latter sprint bouts {(Figs. 2 and 4), it seems likely that

the intermittent exercise meodel used in this study
would respond positively te CrS. Because muscle bi-
opsy data were not obtained before and-after exercise
we cannot make conclusions regarding the effects of
CrS on muscle ATP degradation during exercise or on
postexercise CrP resynthesis rates. However, it should
be neted that neither of these variables nor perfor-
mance during 20-s and 60-s maximal-effort sprints was
improved after CrS in recent studies conducted in our
laboratory (33; R. J. Snow, M. J. McKenna; unpublished
observations). It is likely that numerous facters in
addition to depletion of musele CrP limit intense inter-
mittent exercise performance, including impairments
in sarcoplasmic reticulum calcium refease and muscle
membrane excitability (29, 39). Thus augmenting
muscle CrP and Cr after CrS may attenuate only one of
several mechanisms of exercise limitation and there-
fore fail ta attenuate muscular fatigue during intense
intermittent exercise.

Table 3. Effects of Cr supplementation on resting muscle CrP, Cr, TCr, and maximal exercise

performance in humans

Study Desipgn Dese, CeP.  Cr, TECr, TCrn . Performance Peclarmance
(Rel. No.} )] g b %A A %A Measurements Results
Crdered, single blind (11) & 100 22t 1 188 158 Cyecle:d X 1 minat~115% NS time to fatigue
VOymax. then single bout to
fatigue
Ordered, nonblinded (2) T 120 10 291 23% 1B¥  Cyele:5X 651X 105, con- Final bout }4% cadence
. stant work (30-s rest) declinef
Vertical jump NS
Ordered, nonblinded {6) g 100 10t  36% 23t 19 . Cyecle: 2X 30-s sprint (4-min {4% peak work bouls ! and 2§
"interval) {4% total work bouts ! and 21
Crossover, double blind (37) 9 3* 4% " “Knee extenslon: Isometric NS
o MYC
| Knee extension:3X 30,4x 20, NS5 fatigue index; | mean
<L IX10MYC torque
Crossover, dauble blind (30} 9 60 NSt 1311 Cycle: 1% 30-s sprint NS peak power, fatigue index,
wark
Ordered, double blind (38) 10 &0 i} Arm flexion: 5 X 30 MVC NS fatigue index; mean torque
Crossover, douhbie blind (33) 8 150 3 22} 1zt 9% Cyele: 1 X 20-s sprint NS peak power, fatigue index,
Co work
Independent groups, four T 158 105 41t 23%  18F Cycler 5% 10-s sprint {180, NS peak power, fatigue index,
repeated measures, double 50-, 2 X 20-s intervals) work

blind (present study)

2, No, of subjects. Change {A} in total Cr {TCr) is expressed in mmolikg dry mass (dm). CrP, creatine phosphate; VOzmas, maximal O;
consumption; MVC, maximal veluntary contraction; N5, not significant; ], increase; |, decrease. Double-blind crossover studies are listed in
order of trial washout period (3, 2, and 4 wk, respectively). Studies cited are thase that measured bath muscle Crstatus as weilas performance;
these have a single-group design except where indicated. * Cr dose in gfkg. 1 Raw data not reported, CrP/ATP and TCr/ATP ratio, $ P < 0.05.

§F < .06,
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In conclusion, CrS significantly increased skeletal
muscle TCr, CrP, and free Cr contents, and these
remained significantly elevated 2 wk after cessation of
supplementation. Each had returned to control levels
by 4 wk after CrS. Despite these muscle adaptations,
peak power and work output during five bouts of
maximal 10-s cycle sprints were unchanged by CrS,
either acutely or for up to 4 wk after supplementation,
in comparison to the placebo group. Thus CrS did not
increase maximal intermittent sprinting performance.
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