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Creatine, a natural nutrient found in animal foods, is alleged to be an effective nutritional ergogenic aid to
enhance sport or exercise performance. Research suggests that oral creatine monohydrate supplementation may
increase total muscle creatine [TCr], including both free creatine [FCr] and phosphocreatine [PCr]. Some, but
not all, studies suggest that creatine supplementation may enhance performance in high-intensity, short-term
exercise tasks that are dependent primarily on PCr (kK80 seconds), particularly laboratory tests involving
repeated exercise bouts with limited recovery time between repetitions; additional corroborative research is
needed regarding its ergogenic potential in actual field exercise performance tasks dependent on PCr.

Creatine supplementation has not consistently been shown to enhance performance in exercise tasks
dependent on anaerobic glycolysis, but additional laboratory and field research is merited. Additionally, creatine
supplementation has not been shown to enhance performance in exercise tasks dependent on aerobic glycolysis,
but additional research is warranted, particularly on the effect of chronic supplementation as an aid to training
for improvement in competitive performance.

Short-term creatine supplementation appears to increase body mass in males, although the initial increase is
most likely water. Chronic creatine supplementation, in conjunction with physical training involving resistance
exercise, may increase lean body mass. However, confirmatory research data are needed.

Creatine supplementation up to 8 weeks has not been associated with major health risks, but the safety of
more prolonged creatine supplementation has not been established.

Creatine is currently legal and its use by athletes is not construed as doping.

Key teaching points:

Phosphocreatine (PCr) is a major source of muscular energy during short-term, high-intensity exercise bouts lasting from
approximately 2 to 30 seconds.

Creatine supplementation, particularly with concomitant carbohydrate intake, may significantly increase intramuscular [TCr],
[FCr], and [PCr], particularly in those consuming meat-free diets.

In general, research supports the finding that creatine supplementation may enhance performance in certain repetitive, high-
intensity, short-term exercise tasks.

Research findings do not generally support an ergogenic effect of short-term creatine supplementation on exercise tasks dependent
on anaerobic or aerobic glycolysis, but recommended research includes possible ergogenic effects associated with interaction
effects of concomitant chronic physical training and creatine supplementation.

Short-term creatine supplementation, up to 8 weeks, has not been associated with major health risks, but few safety data are
available regarding chronic supplementation protocols.

Creatine supplementation has not been prohibited by athletic governing bodies, so its use is currently regarded as legal.

INTRODUCTION adenosine triphosphate (ATP) and phosphocreatine (PCr) as the
primary energy substrate. PCr is constituted in the muscle from

Athletes successful in strength/power/speed sports associ-Creatine and phosphate, and although the role of creatine in
ated with high power production use intramuscular stores of human metabolism has been understood for over a half-century
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[1], only recently has its potential as a sport ergogenic been used in attempts to increase [TCr], particularly [PCr]. The most
explored. Previous reviews [2-9] regarding the ergogenicity of commonly used protocol is to ingest a daily total of 20 to 30 g
creatine supplementation have been published, but coverage ofof creatine, usually creatine monohydrate, in four equal doses
its effect on exercise performance was limited because few of 5 to 7 g dissolved in fluids over the course of the day, for 5
studies were available. A considerable number of studies haveto 7 days, although some studies used lower doses or supple-
been published subsequently, meriting an update. This review mented for fewer days.
will highlight the theory of creatine supplementation and its Using 20 to 30 g of creatine monohydrate/day for 2 days,
effects on muscle concentration of PCr, various types of phys- Harris et al [10] reported a significant increase in the [TCr] of
ical performance, body mass, health-related issues, and legalthe quadriceps femoris muscle, indicating that 20 to 40% of the
and ethical concerns. increase in [TCr] was accounted for by [PCr]. They noted that
muscle uptake of oral creatine supplementation was greatest in
the first 2-day supplementation period, with smaller increases
THEORY UNDERLYING CREATINE in subsequent days. Casey et al [11] also reported significant
SUPPLEMENTATION increases in muscle [TCr] (about 18%) and [PCr] (about 10%)
following supplementation with 20 g creatine monohydrate for
Creatine is a nitrogenous amine. Normal daily dietary intake 5 days. Other studies have also reported increases in both [TCr]
of creatine from an omnivorous diet approximates 1 g. Exog- and [PCr], and the [PCr]/[ATP] ratio [12-18].
enous dietary sources of creatine include meat, fish, and other  Hultman et al [19] employed several strategies, including a
animal products, but it may also be formed endogenously in the rapid protocol involving 6 days of creatine supplementation at
liver, kidney, and pancreas from the amino acids glycine, a rate of 20 g/day, and a slower protocol with supplementation
arginine, and methionine. Harris et al [10] indicate the normal for 28 days at a rate of 3 g/day. Following the rapid protocol,
daily requirement from either exogenous or endogenous they also studied a maintenance dose of 2 g/day for 28 days.
sources approximase? g toreplace catabolized creatine, which  Both the rapid and slow protocols produced similar findings,
is excreted from the kidneys as creatinine. One-half kg of fresh, about a 20% increase in muscle [TCr]. The elevated [TCr] was
uncooked steak contains atdug creatine. maintained when supplementation was continued at a rate of 2
Approximately 120 g of creatine is found in a 70 kg male, g/day. However, although [PCr] increased, the increase was not
95% in the skeletal muscle. Total creatine (TCr) exists in the significant in each separate group studied, but was significant
muscle as both free creatine (FCr) and phosphocreatine (PCr).when the results from the groups were combined.
About 60% of the TCr is PCr, and the remainder is FCr. Greenhaff et al [20], using a 20 g dose for 5 days, noted a
Creatine is an important source of chemical energy for muscle mean 25% increase in TCr, but no increase in [PCr]. However,
contraction because it can undergo phosphorylation that is both PCr resynthesis after muscle contraction was increased by 35%.
rapid, with the formation of PCr, and reversible, with donation These are the first data that an increase in muscle FCr concen-
of the phosphate group to adenosine diphosphate (ADP) to tration, resulting from dietary creatine supplementation, can
form adenosine triphosphate (ATP). This phosphorylation- accelerate the rate of muscle PCr resynthesis during recovery
dephosphorylation reaction, catalyzed by the enzyme creatinefrom exercise.
kinase, is a rapid source of high-energy phosphate for perform-  Not all studies have shown positive effects. For example,
ing high-intensity, short-duration physical activity. one study [21], using ogl2 g creatine monohydrate/day for 6
Intramuscular supplies of both high-energy phosphagens weeks showed no beneficial effects on either muscle TCr or
ATP and PCr are limited, with the combined total being esti- PCr levels. Even in those studies [10,20] that have reported
mated to sustain very high-intensity exercise for approximately significant group increases in muscle [TCr], the investigators
10 seconds [2]. Theoretically, creatine supplementation could did note substantial individual differences. For example,
increase [TCr], possibly facilitating the generation of intramus- Greenhaff et al [20] noted that five of their eight subjects
cular [PCr] and subsequent ATP formation, prolonging the increased muscle [TCr] following supplementation, while three
duration of high-intensity physical activity [2]. subjects did not. Individuals who increased muscle [TCr] most
were those who had subnormal levels before supplementation,
about 120 mmol creatine/kg dry matter or less, such as vege-

CREATINE SUPPLEMENTATION: tarians. Individuals who have somewhat higher levels of mus-
EFFECTS ON MUSCLE [TCr] cle creatine are less responsive to creatine supplementation.
AND [PCr] However, studies by Green et al [22,23] have shown that

combining the creatine with a simple carbohydrate, such as

For creatine supplementation to be effective, it must in- glucose, will increase creatine transport into the muscle even in

crease the amount of TCr or PCr within the muscle, and these subjects with near normal levels of muscle creatine, possibly
increased stores must help rapidly replenish PCr and ATP via an insulin-mediated effect. The solution consisté# g of

during exercise. Various supplementation strategies have beencreatine and about 90 g of simple carbohydrate, consumed 4
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times per day. Both the creatine and the creatine-carbohydrateadaptations and changes in performance associated with crea-
supplements increased [TCr] and [PCr], but the creatine-car- tine supplementation [31], this review is limited to human
bohydrate supplement increased [TCr] by 60% and [PCr] by studies. Published abstracts are included if adequate informa-
100% compared to the creatine supplement alone [23]. Evention is provided regarding subjects, supplementation dosage
one subject with a high initial [TCr] experienced a 43 mmol/ and protocol, and performance results. Personal contact with
kg/dry muscle increase as a result of the creatine-carbohydrateauthors of published abstracts provided additional details.
supplement.

Normal muscle creatine content approximates 125 mmol/kg

dry matter, and human muscle appears to have an upper limit OfATP-PCR ENERGY SYSTEM
creatine storage of 150—-160 mmol/kg dry matter [3]. Subjects

yvho increase muscle [TCr] by 20 m.mollkg dry matter may Anecdotal reports indicate that several British track athletes,
increase the rate of PCr resynthesis during recovery from including the gold medal winner in the 100 meter dash, used
exercise [20]. Casey et al [11] suggest that any performance creatine supplements in conjunction with the 1992 Barcelona
benefits may be related to increased creatine within the type I Olympic Games [32]. It is known that the generation of peak
muscle fiber;. _ _ anaerobic power (highest force attainable) and anaerobic ca-
Most studies used absolute doses of creatine, not basing thepacity (maintenance of peak muscular force production) in
amount supplemented on body weight. However, Hultman et al short-term, high-intensity exercise tasks may be dependent
(19] rgcommend a loading dose of 0.3 g_/kg body mass/day for 5on endogenous levels of ATP and PCr, particularly PCr as a
a period of 5 to 6 days, followed by a maintenance dose of 0.03 means to rapidly regenerate the more limited intramuscular
g/kg body mass/day thereafter. supply of ATP for anaerobic capacity. Theoretically, elevation
of [FCr] through exogenous supplementation is a potential
ergogenic mechanism for rapid replenishment of PCr, which in

CREATINE SUPPLEMENTATION: turn could provide a means of rapid ATP synthesis during
EFFECTS ON PHYSICAL intermittent, high-intensity, short duration activity. The key
PERFORMANCE question addressed by the studies reviewed in this section is

) ) o o whether oral supplementation with creatine, and the possible
Creatine supplementation primarily has been studied in at- increased muscle [FCr] and [PCr] can enhance performance in
tempts to increase energy production in the ATP-PCr energy pigh-intensity, short-term (4 to 30 seconds) exercise.
system. The ATP-PCr energy system has the greatest power

potential. Muscle stores of PCr may split and release energy for
the rapid resynthesis of ATP, although the supply of PCr, like
ATP, is limited. The combined total of ATP and PCr might Several groups have investigated the efficacy of creatine
sustain energy production for approximately 5 to 10 seconds of supplementation as an ergogenic aid in the performance of high
maximal effort, and thus would be the primary energy source in intensity short-term £30-second) tasks in a laboratory-based
track events ranging from 50 to 100 meters. Fatigue in such setting. These studies, presented alphabetically by author’s
events may be attributed to the rapid decrease in PCr. Addi- name in Table 1, are grouped and discussed below according to
tionally, Stroud et al [24] cited anecdotal reports that creatine type of performance task.
supplementation may influence the pattern of substrate utiliza-  Isotonic Strength and Endurance.Becque et al [33] stud-
tion and improve performance during more prolonged, sub- ied the effect of creatine-supplemented strength training [(6-
maximal exercise. Over the past 5 to 6 years, investigators haveweek periodized program beginning with 8-repetition maxi-
used various approaches, including laboratory and field studies,mum (RM) and ending with 2-RM)] on 1-RM performance.
in order to evaluate the effect of creatine supplementation not Twenty-three experienced male weight-lifters were assigned in
only on exercise tasks associated with the ATP-PCr energy a double-blind, non-randomized manner to either creatine sup-
system, but also on exercise tasks associated with the desigplementation (20 g/day for 7 days, followed by 2 g/day) or
nated lactic acid (anaerobic glycolysis) and oxidative (particu- placebo (sucrose) groups. Strength training significantly in-
larly aerobic glycolysis) energy systems. creased 1-RM in both groups, but the creatine-supplemented
This review includes only those studies that have investi- group experienced greater increases in 1-RM compared to the
gated the effect of pure creatine, primarily creatine monohy- placebo group.
drate, on exercise performance in humans. Studies that have Earnest et al [34] randomly assigned eight weight-trained
evaluated the ergogenic potential of commercial supplements males to either placebo-control or creatine supplementation (20
containing not only creatine monohydrate, but other substancesg/day for 14 days) in a double-blind manner. Significant in-
such asB-hydroxy8-methylbutyrate (HMB), taurine, L-gluta-  creases in bench press 1-RM (6%) and bench press repetitions
mate, and yeast-derived RNA, are not included [25-30]. Al- at 70% of 1-RM (35%) were observed in the creatine group.
though animal models have been used to study biochemical = Goldberg and Bechtel [35] randomly assigned 34 male

Laboratory Studies

218 VOL. 17, NO. 3



NOILIHLNN 40 39371700 NVOId3INY FHL 40 TvNdINOor

6T¢

Table 1. Effect of Creatine Monohydrate Supplementation on Short-Ter30(Seconds) High-Intensity Performance—A Review of the Literature

Investigator Year N  Gender Population Design Cg}d%‘;se Days '\Ssgsklggd Mode® Description Ergogenic effect?
Balsom et al [43] 1993 16 M Active/well trained RDBPC 25 6 N CE 2 protocols<@&ec) Y Atéenuat;}dlcéecline in power for
outs 7—
Balsom et al [17] 1995 7 M Physically active SGRM 20 6 Y-B CE X@sec; X10-sec Y Increase in power during 10-s trial
Barnett et al [50] 1996 17 M Recreationally active RDBPC 20 4 N CE X 1@-sec sprints N
Becque et al [33] 1997 23 M Weight-lifters DBPC 20 7 N IT Bicep curl 1-RM Y  28% increase in bicep curl 1-RM
Birch et al [44] 1994 14 M Healthy, not highly RDBPC 20 5 N CE X 30-sec Y Increase in peak power, mean
trained gower and work for bouts 1 and
Burke et al [51] 1996 32 MIF Elite swimmers RDBPC 20 5 N CE X 1D-sec N
Swim 25-m/50-m swim N
Casey et al [11] 1996 9 M Healthy SGRM 20 5 Y-B CE X 30-sec Y 4% increase in peak power
(p=0.052); 1% increase in total
work
Cooke et al [52] 1995 12 M Untrained RDBPC 20 5 N CE X I5-sec N
Dawson et al [45] 1995 18 M Healthy active RDBPC 20 5 N CE X 1D-sec N
22 M Healthy active RDBPC 20 5 N CE *@-sec Y Increall(se in peak power and total
wor
Earnest et al [34] 1995 8 M Weight trained RDBPC 20 14 N CE Wingate t€8J ( Y Increase in total work
IT 1-RM; reps @ 70% 1-RM Y Increase in isotonic strength and
endurance
Goldberg and Bechtel [35] 1997 34 M Varsity football and RDBPC 3 14 N IT 1-RM Bench N
track athletes
Jump Vertical Jump Y  2.6% increase with\YBMI as a
covariate
Gonzalez de Suso et al [53] 1995 19 M/F Trained RDBPCX 21 14 Y-NMR CE XT7-8ec N  Equivocal (7% increase in
PL—CM group; no change in
CM—PL group)
Greenhaff et al [41] 1993 12 MIF Physically active RDBPC 20 5 N IK 30 rpsets Y Greater absolute leg torque;
attenuated decline in leg torque
Greenhaff et al [18] 1994 6 M Healthy SGRM 20 5 Y-B CE Isokinetic cycling) Y Increased total work in 2nd test
Grindstaff et al [49] 1997 18 MIF Junior competitive RDBPC 21 9 N AE X20-sec maximal swim bench N
swimmers
Hamilton-Ward et al [38] 1997 20 F Athletes RDBPC 25 7 N IK Elbow flexion torque N
IT Elbow flexion 1-RM N
Johnson et al [36] 1997 18 MIF Volunteers RPC 20 6 N IK Bilateral muscle fatigue test ¥f 6% increase in concentric power
knee extensors
9% increase in eccentric power
IT Y 25% increase in concentric work
15% increase in eccentric work
Kirksey et al [39] 1997 36 MI/F Track and field athletes RDBPC Oi3 g 42 N CE Wingate testX5) Y 13% increase in mean peak power
kgil-
IT Vertical Jump performance N
Kurosawa et al [42] 1997 5 MIF Healthy SGRM 5 14 Y-NMR IM High intensity Y 20°§:-untrained arm (35%-trained
arm
Grip Strength
Lemon et al [12] 1995 7 M Physically active RDBPCX 20 5 Y-NMR IM Ankle (2B0-sec max) Y 11% increase in total force; 12%
increase in maximal force
Mujika et al [56] 1996 20 MI/F Swimmers RDBPC 20 5 N Swim 25-m/50-m swim N
Odland et al [54] 1997 9 M Physically active SGRM 20 3 Y-B CE Wingate test N
Prevost et al [46] 1997 18 MIF Active college students RPC 18.75 5 N CE . _Time to exhaustion at 150%
2.25 7 pmax
30-s work/60-s rest Y 61% increase
20-s work/40-s rest Y 62% increase
10-s work/20-s rest Y 100% increase
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% football and track athletes in a double-blind manner to either a
g £ 5 gé s placebo or creatine group in order to study the effects of a
5 qé ééé é‘? § low-dose creatine supplementation regimen (3 g/day for 14
3 Ti g 225 E% = day) on vertical jump, lower body strength.and 1-RM bench
% s i 5%3 gﬁa § press performance. During the study, subjects were concur-
£ ; § E‘“gé g §3 k5 rently engaged in off-season resistive training and Were tesf[ed
% g ‘Eé 3?3@ ;gg § at baseline, 7 days and 14 days of supplementatlon. Using
g % §§ q§§§§ %%% = ANCOVA with percent change in body mgss index as a cq-
z> E SI a %'E 8 EEEN § variate, the mvestlgators r(.epor_ted that creatine supplzerg;ntstlon
z - g significantly improved vertical jump pgrfqr_mance py .5%. No
TEETEE g g other performance measures were significantly improved fol-
8 2 lowing creatine supplementation. . _
® = £ Johnson et al [36] measured concentric and eccentric work
= g g) g 8 in a bilateral knee extensor test to exhaustion prior to and
g2 3 X 9 § following creatine supplementation (20 g/day for 6 days) in 18
g’ g—% = %f@ §§§ § a;; males gnd females who were randomly assigned tg either
8 g§>§ % 5; ég ol 5 é 5 placebo or creatine groups. Following supplemgntatlon, in-
g § g ; g >8 é 8 § 9 B creases of 25 and 15% were reported for concentric and eccen-
%2 g x f, B . d% tric work for the dominant .(right) leg. Thg agthprs co_ncludei
W | & W w - u 8 thellt creatll(ne supplementation was effective in improving mu
8| °° E<¢ = ok s cular work.
= = Eé = % Volek et al [37] assigned 14 healthy, active males in a
Be % s % double-blind manner to either placebo or crgatlne supplimenh-
é% zJ2 > 5 - z é tation (25 g/day for 7 days). De.pender?t variables Werg enc
£5 z < o 2 press performance (5 sets to failure using a 1Q-RM res.lstanc;e)
T © = s and jump squat performance (5 sets of 10 repetmor_w_s using _30 %
é\ o5 %’ of squat 1-RM). Creatine supplementation significantly in-
o |Bowd Ro o Q % creased power out.put.ln the number of 10-RM bench press
sz o Ng' N “ £ repetitions and all five jump squat sets._
;%’ - § Using a double-blind design, Hamllto_n-Ward et al [38]
UC <09 g S o g § randomly assigned 20 female athletes Ipalred on body c_ompo-
¢ 5 z 53 8 % & o 2 sition and age to either placebo or creatine sup_plementgtlon (2_5
5|28 2 ce z : 2’ g/day for 7 days) groups. Dependent variablgs included |sc_)ton|c
g8 8 e |5 = elbow flexion 1-RM and muscle fatigue durlr;g elbow'\;‘lle::(lont,h
% g g 8 § measured as the number of repetitions at 70% of. 1-RM. For the
é i rzc: % § § creatine group, the number of post-supplementation elbow flex-
2 E E g ‘% g = § ion repetitions (15.6:1.3) was 16% greater than the numbgr of
5 ‘E ;E ﬁ % £ ; § é § g pre-supplementation repetitions (12.9.1). However, this
%—”% g iz § E ?‘3 % § é g change was not statistically significant. It was concluded that
TeTe - g % § creatine supplementation did not affect muscle strength or
g = g3 endurance. _
E L\EL § =s w= L\EL ‘% % ; Kirksey et al [39] used a longer sgpplementation regimen
Qo o o E é (42 days) to study the effects of creatine on powe_r output. In a
= [N27 - - ” @ 3 3 double-blind manner, 36 male and female collegiate track and
5 8825 §§ g § § é % field athletes were randomly assigned to eiFher placebo or
SRR o 3 - = Cal creatine (0.3 g/kg/day{20 g/day]) groups. Static and counter
2 % '; movement vertical jump (CMVJ) performance was measurgd
L) 3 Ik using a force plate before and after the 6-weeK supplementation
§ 5 |l © EE] g E 2 % period. The_re vv_as no apparent effect of creatine supplementa
S| g Es%_ - T g ol i tion on vertical jump performance. . )
é g g %5 = 5 2 @ § 2o f Stout et al [40] compared the effects .of a creatine mo?o y-
" =8 5% ;j %% ‘a“nj é bLEES drate and glucose supplement (CM) with a supplemen con_
) 53 2% =5 3 S & a4 E taining creatine monohydrate, sodium and potassium phos
E E § é 5 =3 = N ? 8 3 e phates and taurine (Phosphagen HP™) on 1-RM bench press,
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and vertical jump performance in football players. Twenty-four also measured peak shoulder internal rotation velocity (°/sec-
athletes were randomly assigned to either CM, Phosphagenond), as well as concentric and eccentric torque prior to and
HP™ or placebo control for 8 weeks of supplementation, following creatine supplementation (25 g/day for 7 days). Iso-
during which they also were engaged in speed drills and resis- kinetic performance remained unchanged following creatine
tive training. Compared to the placebo, the CM supplementa- supplementation.
tion regimen (21 g/day for 5 days, then 10.5 g/day for 51 days) Vandenberghe et al [15] randomly assigned 20 females to
did not significantly increase 1-RM bench press or vertical either a placebo or high-dose creatine supplementation phase
jump performance, due in part to large intra-group variance. (20 g/day for 4 days), followed by a low-dose supplementation
Overall, these studies suggest that a creatine monohydratephase (5 g/day for 10 weeks). Muscle [PCr]/[ATP], measured
supplement of 20 to 25 g/day for 7 to 14 days may improve via **P-NMRS, was increased following the high dose phase,
isotonic strength and endurance performance. but elbow flexion power output at 70% 1-RM was unchanged.
Isokinetic Torque. Greenhaff et al [41] investigated the Muscle [PCr)/[ATP] remained elevated throughout the low-
influence of creatine monohydrate supplementation on muscle dose phase. However, elbow flexion power output increased in
torque during repeated bouts of maximal voluntary exercise in the creatine group following the low-dose phase.
12 physically-active, but not highly-trained subjects randomly Although the results are not unanimous with regard to the
assigned to a placebo or treatment group. Subjects completed Sergogenicity of creatine, there is evidence that supplementation
bouts of 30 maximal voluntary isokinetic contractions, inter- with 20 to 40 g/day for 4 to 7 days may improve isokinetic
spersed with 1-minute recovery periods, before and after 5 daystorque force production and attenuate the decline in power
of placebo or creatine monohydrate (20 g/day) supplementa- during repetitive isokinetic exercise in a laboratory setting.
tion. For their analysis, the 30 contractions were partitioned
into three segments: 1-10, 11 to 20, and 21 to 30 contractions.
No difference was seen in muscle torque production during
exercise before and after placebo ingestion. However, muscle In a single-group repeated measures study combining cre-
peak torque production after creatine supplementation was atine supplementation with isometric training, Kurosawa et al
greater in all subjects during the final 10 contractions of exer- [42] trained five subjects using a 2-week grip exercise protocol.
cise bout 1, throughout the whole of exercise bouts 2, 3, and 4, Subjects trained the non-dominant forearm 6 sessions/day iso-
and during contractions 11 to 20 of the final exercise bout. An metrically to exhaustion at a rate of 1/second at 30% of max-
observed lower accumulation of plasma ammonia during exer- imal voluntary contraction, during which they also consumed
cise after creatine ingestion suggested that dietary creatine5 g creatine monohydrate/day. Prior to and following training,
supplementation may accelerate skeletal muscle phosphocre-high-intensity (measured in nm/second) and low-intensity grip
atine resynthesis, and that the increased availability of phos- performances (time to exhaustion using the training protocol)
phocreatine would maintain better the required rate of ATP were measured in both dominant and non-dominant arms. Fol-
demand during contraction. lowing supplementation, forearm muscle [PCr], measured by
Johnson et al [36] measured concentric and eccentric isoki- *'P-NMRS, was significantly increased in both arms. In addi-
netic power production of the knee extensors of the dominant tion, significant increases of 20 and 35% in high-intensity grip
leg at 60°/second prior to and following creatine supplementa- strength were observed in the non-trained and trained arms,
tion (20 g/day for 6 days) in 18 males and females who were respectively. The authors concluded that 2 weeks of creatine
randomly assigned to either placebo or creatine groups. Con-supplementation increased muscle [PCr] and enhanced high-
centric and eccentric power increased by 6 and 9%, respec-intensity exercise performance.
tively, in the creatine group with no change in the placebo In a cross-over design, Lemon et al [12], using seven active
group. The authors concluded that creatine supplementationmen as subjects, studied the effect of creatine monohydrate
can improve muscular power production. supplementation (20 g/day for 5 days) on total integrated force
In one of several cross-over designs in the literature, Van- in 20 30-second maximal isometric ankle extensions with a
denberghe et al [13] measured isokinetic torque production in 16-second recovery between contractions. The washout period
nine males before and after creatine supplementation (40 g/daywas 5 weeks. The supplement increased the pre-exercise mus-
for 6 days). Muscle [PCr])/[ATP] increased as measured by cle [PCr]/[ATP] ratio and significantly increased total inte-

Isometric Force

31p-nuclear magnetic resonance spectroscopP-lIMRS). grated muscle force by 11%. The authors also noted that the
Subjects performed maximal voluntary contractions in three effect of the supplement was somewhat prolonged, since the
interval series of 3 sets30, 4 setx20, and 5 sets10 con- [PCr])/[ATP] ratio, as measured by*P-NMRS, was still ele-

tractions separated by 2-minute rest. Isokinetic torque produc- vated in one of the three subjects who received the creatine

tion increased by 10 to 23% following creatine supplementa- monohydrate supplement as the first treatment.

tion, with the most noticeable improvement observed As part of their previously described study, Vandenberghe

immediately after the 2-minute rest between sets. et al [13] also measured maximal static (isometric) quadriceps
In their study of female athletes, Hamilton-Ward et al [38] force production at 95°, 120°, and 145° in nine healthy males.
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No improvement in isometric force production was observed at and 2) were observed in the creatine group. The authors con-
any of these joint angles following creatine supplementation cluded that whole body performance can be improved in the
(40 g/day for 6 days). first two of three maximal 30-second bouts. There were no
As evident, the literature is scant and somewhat equivocal effects of creatine supplementation on [lactic acid], but creatine
regarding the effect of creatine monohydrate on isometric force ingestion did lead to a lower accumulation of plasma [NH
production, although the majority of the studies report signif- - syggestive of an enhanced effect on muscle ATP turnover.
icant improvement in isometric exercise performance following In a single group design, Casey et al [11] measured maximal
creatine supplementation. isokinetic cycle ergometer performance (2 bowd§-seconds
Arm and Cycle Ergometer Performance.Various short- 4t go rey/minute with 4-minute rest) in nine healthy males

Ferm, .hlgh-lntensny. ergometer protocols have ] been used to before and after 5 days of creatine supplementation (20 g/day).
|nv_est|ga_te the possible erg"ge“'c effect of creatine SIJppl("\men'Creatine supplementation resulted in a significant 19% increase
tation, with time frames ranging from 6 to 30 seconds. . . .

in muscle [TCr] as measured by biopsy. Total work increased

Balsom. et al [43] .randomly assigned 16 highly mot.lvated significantly by about 4% in both bouts. The authors reported
male physical education students to a placebo or creatine sup-_ ~ . i o
the increases in peak and total work to be positively correlated

lement (25 g/day) group and had them undergo two intermit-
P (25 g/day) group g with the increases in muscle [TCr], specifically in Type Il

tent high-intensity cycle ergometer exercise protocols before fib Th luded that the i s K outout
and after 6 days of supplementation. The exercise task involved Ioers. 1hey conciuded that Ine iImprovements ih work outpu

10 6-second bouts of high-intensity cycling interspersed with were related tf) enhanceq ATP resynthesis secondary to in-
30-second of passive rest. One of the protocols was designed toC'€@sed [PCr] in Type Il fibers.
induce fatigue so that subjects would be unable to maintain N one of two studies presented in the same report, Dawson
force output throughout each 6-second period over the 10 €t @l [45] measured cycle ergometer sprint performance (6
exercise bouts. The investigators partitioned the work output of Pouts<é seconds with a 24-second recovery period between
each 6-second bout into three intervals: 0 to 2 seconds; 2 to 4bouts) in 22 subjects who were randomly assigned to either
seconds; and 4 to 6 seconds. Theoretically, creatine supplemenplacebo or creatine supplementation (20 g/day for 5 days)
tation would be most beneficial in the latter intervals, i.e., 4 to groups. Significantly greater increases in peak power output
6 seconds, and indeed the authors noted that significant differ- and total work were observed in the creatine group following
ences in this time frame between the groups began after the 7thsupplementation. Additionally, the creatine group completed
bout, with the creatine group experiencing a significantly lower more work in sprint one (in isolation) compared to the placebo
decrease in performance compared to the placebo group. Ex-group, which is in contrast to the results for the 10-second
amination of their data plots also indicated that although the performance test in the other study presented in this report [45],
performance of the placebo group declined from bout one gnd described later.
through bout three, the performance of the creatine group  ysing three Wingate tests (30 seconds) interspersed with a
actually increased during these first three bouts. However, the 5_minyte rest as their test protocol, Earnest et al [34] studied the
differences became increasingly greater following trial four and gffect of creatine monohydrate (20 g/day for 14 days) ingestion
became significant after trial seven. _ ~ on peak anaerobic power (highest power output in a 5-second
In a later study by Balsom et al [17], seven highly moti- o o) in eight weight-trained men who were matched accord-
vatgd, physwa]ly active male subjects pgrformed repeate(_j bOUtSing to mean anaerobic capacity and assigned to the placebo or
of fixed-intensity cycle grgometer exercise{(6 seponds with treatment group. They also evaluated the effects of the creatine
30-second recovery periods), followed by a maximal 10-second . . . .
bout to determine maximal power output, before and after 6 supplementation on anaer_obl_c' capamj[y (total work in 30 sec-
. . . onds). There were no significant differences between the
days of creatine supplementation (20 g/day). Following sup- . . .
groups relative to peak anaerobic power; however, the creatine

plementation, subjects were able to maintain power output, as ) o ) . )
demonstrated by an attenuated rate of decline in pedal fre- group experienced a significant improvement in anaerobic ca-

quency at the end of the 10-second bout. They concluded thatpacity performance in all three trials, while the placebo group
the enhanced fatigue resistance following creatine supplemen-€XPerienced no changes.

tation was associated with greater [PCr] and decreased muscle N @ Single-group ordered repeated measures design, Green-
lactate]. haff et al [18] investigated the effect of creatine supplementa-

Birch et al [44] measured maximal isokinetic cycle perfor- tion (20 g/day for 5 days) on isokinetic cycle ergometer exer-
mance (3 bouts30 seconds at 80 rev/minute with 4-minute cise (2 boutx 30 seconds at 80 rev/minute with 4-minute rest
rest) in 14 healthy, but not highly trained males who were interval) in six healthy male subjects. Creatine ingestion re-
randomly assigned in a double-blind manner to either placebo sulted in a 19% increase in muscle [TCr], as well as a signif-
or creatine supplementation (20 g/day for 5 days). Significant icant increase in total work in the second bout. Following
increases in peak power output (8% for bout 1), mean power creatine supplementation, the authors noted a 50% reduction in
output (6% for bouts 1 and 2) and total work (6% for bouts 1 ATP loss in the second exercise bout despite increased work
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performance, suggesting that a possible consequence of in-presence of considerable inter-individual response with regard
creased [TCr] ([PCr[Cr]) is an attenuation of ATP degrada- to repeated trials.
tion during intense work. In a double-blind, placebo-control, matched-group design,
In their previously mentioned study of track and field ath- Barnett et al [50] reported no effect of creatine supplementation
letes (=36 males and females), Kirksey et al [39] measured (~20 g/day for 4 days) on peak power output or mean power
cycle ergometer performance X80 seconds with 1-minute  output during sprint cycle performance (seven b&u8 sec-
recovery) prior to and following creatine supplementation (0.3 onds) in 17 recreationally active males.
g/kg/day 20 g/day] for 6 weeks). They reported a significant Using a single test protocol, Burke et al [51] subdivided 32
group by trial interaction in mean peak power across all five elite male and female swimmers from the Australian National
Wingate trials with a 13% increase in the creatine group com- Team into either a placebo or creatine monohydrate supple-
pared to a 5% increase in the placebo group. They concluded mentation group (20 g/day for 5 days), evaluating their maxi-
that creatine supplementation favorably increased power outputmal cycle ergometry performance in a single 10-second test
in male and female track and field athletes. prior to and following the supplementation period. The inves-
Prevost et al [46] randomly assigned 18 college-aged, phys- tigators reported no significant effect of the creatine supple-
ically active males and females to placebo or creatine supple- mentation on either power or total work.
mentation groups. Creatine supplementation consisted of 18.75 Cooke et al [52] reported no significant effect of creatine
g/day for 5 days, followed by 2.25 g/day for 6 days. Subjects monohydrate supplementation (20 g/day for 5 days) on peak
were administered three different cycle ergometer intermittent power, time to peak power, total work, and an index of fatigue
interval training regimens, each with a work component at in 12 untrained males assigned to either a placebo or supple-
150% of '\/OZma)C Creatine supplementation increased time to ment group. The cycle performance involved two 15-second
exhaustion by 61% for 30-second work/60-second rest; 62% power tests, with a recovery period of 20 minutes between
for 20-second work/40-second rest; and 100% for 10-second tests.
work/20-second rest regimens. They concluded that the ability  In their second study in the same report, Dawson et al [45]
to maintain high-intensity, intermittent exercise is enhanced by randomly assigned 18 subjects in a double-blind manner to
creatine supplementation. either placebo or creatine supplementation (20 g/day for 5
Using a single-blind placebo control design, Schneider et al days) groups to investigate the effects on single bout (10-
[47] randomly assigned nine untrained males to either placebo seconds) maximal cycle ergometer performance. They reported
or creatine (25 g/day for 7 days) supplementation groups. Total no differences between the groups in maximal cycle ergometer
work performed in %15-second maximal cycle ergometer performance following supplementation.
bouts was measured prior to and following supplementation. Gonzalez de Suso et al [53] used a randomized double-blind
Creatine ingestion resulted in a significant 6.5% increase in placebo-control cross-over design to investigate the effect of
total work (kJ) compared to the placebo treatment. They con- creatine supplementation (21 g/day for 14 days) on cycle sprint
cluded that creatine supplementation may increase the rate ofperformance (seven bot§ seconds) in 19 trained males and
ATP resynthesis in untrained subjects. females. Creatine supplementation increased the [PCr]/
Ziegenfuss et al [48] randomly assigned 33 high power male [8-ATP] ratio in both groups, as determined B{P-NMRS.
and female athletes to either creatine (0.35 g/kg fat free mass/However, performance findings were equivocal, with a 7%
day for 3 days) or placebo groups to investigate the effects of increase in peak power output observed in the group that
creatine supplementation on sprint cycle performance (6 consumed the placebo followed by creatine, but no change in

bouts<10-second). They reported significant=(@.10) in- the group that consumed the creatine followed by the placebo.
creases in total work performed in bout 1 and peak power in Although this study is one of few to employ a cross-over
bouts 2 to 6 in the creatine group. design, the length of the washout period was not clearly indi-

Grindstaff et al [49] studied the effect of creatine supple- cated and may have been short. Consequently, a short washout
mentation (21 g/day for 9 days) on swim-bench sprint test might mask a meaningful treatment effect if there was a resid-
performance (&20-second maximal-effort interspersed with ual effect in the group that consumed creatine in the first trial.
60-second rest) in 18 male and female junior competitive Odland et al [54] studied the effect of creatine supplemen-
swimmers. Although creatine supplementation did not result in tation on power output during the 30-second Wingate test. In a
improved peak power and total work, they reported a trend crossover design, nine males underwent three randomly or-
toward a significant group by test interaction=p.06) using dered trials—control, placebo, and creatine monophosphate (20
the change in work (i.e. Awork=post-supplementation work  g/day for 3 days). Using W/kg as the measure of power, these
minus pre-supplementation work) as the dependent variable. investigators reported no significant differences between the
They discuss evidence of a greater change in work in the first trials in peak power, mean 10-second power, or mean 30-
sprint for the creatine group compared to the placebo group. It second power. Moreover, although biopsies of the vastus late-
is important to note, however, that there were large standard ralis revealed significantly higher [FCr] in the muscle follow-
deviations around these mean changes in work, suggesting theing creatine supplementation, there were no differences in
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[TCr] or [PCr], which may have been the basis for their recovery period. Subjects were videotaped with three high
insignificant findings in performance. speed cameras, and velocities were determined from the vid-
Ruden et al [55] investigated the effect of creatine supple- eotape. Two sessions were conducted, one prior to and one
mentation (20 g/day for 4 days) vs. placebo on Wingate test following the treatment protocol. A four factor MANOVA
performance (X30 seconds) in nine college-aged subjects (group, session, trial, zone) revealed no main or interaction
(five females, four males) using a single group repeated mea- effects for the groups, indicating that the creatine supplement
sures cross-over design. Treatment order was counter-balancedlid not enhance sprint performance with this particular protocol.
with a 14-day washout between treatments. Peak power, mean In their study of college football players, Stout et al [40]
power and total work were unaffected by creatine supplemen- also compared the effects of 8 weeks of supplementation with
tation. However, as previously discussed, 14 days may not be either creatine and glucose (21 g creatine monohydrate/day for
sufficient for a complete washout of supplemented increases in 5 days, followed by 10.5 g/day for 51 days), Phosphagen HP™,
[TCr]. As a result, an order effect, if present, could mask an or placebo on 100 yard dash performance. Subjects were also
ergogenic effect of creatine supplementation. engaged in resistive training and speed drills (4 sessions/week).
Of the 17 studies reviewed in this section which employed Creatine monohydrate supplementation failed to significantly
cycle ergometer performance in a laboratory setting, 11 re- improve running speed.
ported an ergogenic effect of creatine supplementation#(25 Although these field studies are unanimous with regard to
29% improvement). The results of one study are considered their null findings, the existence of only five studies of the
equivocal, while the remaining studies failed to support the effect of creatine on actual athletic performance clearly repre-
ergogenic efficacy of creatine supplementation. sents a dearth in the applied literature. More field investigations
are needed concerning the use of creatine in sports events
Field Studies involving multiple high-intensity, intermittent exercise tasks,
such as soccer.
Five studies have investigated the effect of creatine supple-
mentation on actual sport performance, i.e., sprint running and

swimming, in a field setting. Since the performance of high- LACTIC ACID ENERGY SYSTEM
intensity, short-duration repetitive activities is at a premium in (ANAEROBlC GLYCOLYSlS)

the field setting (e.g., the sports arena), it is important that the

ergogenicity of creatine be documented in such settings. Conceivably, increased levels of PCr could reduce reliance

Using a double-blind, placebo-control design involving 32 o anaerobic glycolysis as a replenishment source of ATP, and
elite male and female swimmers from the Australian National possibly mitigate the formation of lactic acid and enhance
Team, Burke et al [51] reported that oral creatine monohydrate performance in high-intensity, more prolonged exercise tasks
(20 g/day for 5 days) did not enhance performance in maximal gpproximating 30 to 150 seconds. Some studies have investi-
single effort swim sprints of 25 m and 50 m, each interspersed gateq the effect of creatine supplementation on such exercise
with approximately 10-minute recovery period. In a similar {a5ks. A summary of the literature pertaining to the effects of
study, Mujika et al [56] assigned 20 male and female sWimmers creatine supplementation on more prolonged, predominantly
in a randomized, double-blind manner to either creatine sup- 5naerobic performance tasks is provided in Table 2.
plementation (20 g/day for 5 days) or placebo groups in order
to investigate the effect on 50-m swim sprint performance.
They also reported no performance differences between the
groups. Bosco et al [58] reported a 13% increase in treadmill run-

In their double-blind placebo controlled study of the effects ning (20 km/hr at 5% incline) time to exhaustior§0 sec-
of low-dose creatine supplementation (3 g/day for 14 days) on onds) in sprinters and jumpers following creatine supplemen-
football and track athletes engaged in off-season conditioning, tation (25 g/day for 7 days). In addition, compared to placebo,
Goldberg and Bechtel [35] also measured 40 yard dash sprint creatine supplementation resulted in performance improve-
speed. Compared to placebo, creatine supplementation failed toments during 0 to 15 seconds (7%) and 15 to 30 seconds (12%)
significantly improve 40 yard sprint speed. of a 45-second maximal continuous jumping test.

Based on gender and 60-m sprint speed, Redondo et al [57] Jacobs et al [59] reported an ergogenic effect of creatine
matched 24 highly trained male soccer and female field hockey supplementation on moderately prolonged anaerobic exercise
athletes actively involved in training and randomly assigned tasks. In a double-blind placebo study, 26 male and female
them, in pairs, to either a treatment or placebo group. The subjects were randomly assigned to either a placebo or creatine
treatment involved the effect of creatine monohydrate supple- monohydrate supplementation (20 g/day for 5 days) group.
mentation (25 g/day for 7 days) on sprint velocity during Subjects were tested on a cycle ergometer, riding to exhaustion
various zones (20 to 30 m; 40 to 50 m; 50 to 60 m) of three at 125% of \O,,... These investigators reported that ride time
successive 60 m dash trials, each interspersed with a 2-minuteto exhaustion was increased significantly following creatine

Laboratory Studies
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Table 2. Effect of Creatine Monohydrate Supplementation on High-Intensity, More Prolong8d {0 =150 Seconds) Performance—A Review of the Literature

CM dose

Measured

Investigator Year N Gender Population Design glday uptake? Modé® Description Ergogenic effect?
Balsom et al [64] 1993 18 M Well trained RDBPC 20 6 N Run TMtime @ 125% N
VOZmax
Bosco et al [58] 1997 14 M Sprinters/jumpers RBDPC 20 5 N Run Treadmill 20-km Y  13% increase in time to
hrt exhaustion
5% incline (~60-sec)
Jump 45-sec continuous Y 7% increase 0-15 s
12% increase 15-30 s
Burke et al [51] 1996 32 MIF Elite swimmers RDBPC 20 5 N Swim 100-m swim time N
Earnest et al [60] 1995 11 M Males RDBPC 20 4 N Run 90-sec TM t&2)( N
Febbraio et al [61] 1995 6 M Untrained SGRM 20 5 Y-B CE X @0-s; 115-125% N
VOZmax
5th bout to fatigue
Grindstaff et al [49] 1997 18 MIF Junior competitive RDBPC 21 9 N Swim X50-m freestyle N
swimmers cumulative time
3X100-m freestyle N
cumulative time
Harris et al [63] 1993 10 M Middle distance  RSBPC 30 6 N Run %#300-m sprint time Y  0.3-sec decrease in best
runners ) 300-m sprint time
Jacobs et al [59] 1997 26 MI/F Physically active RDBPC 20 5 N CE 125%@f,,\ Y 8.5% increase in time to
exhaustion; 9% increase
in max accumulated ©
debt
Kurosawa et al [42] 1997 5 MIF Healthy SGRM 5 14 Y-NMR IM Low intensity N
Grip performance
Time to exhaustion
Mujika et al [56] 1996 20 MIF Swimmers RDBPC 20 5 N Swim 100-m swim time N
Prevost et al [46] 1997 18 MI/F Active college RPC 18.75 5 N CE Time to exhaustion atY  24% increase
students 150% MO, 4
2.25 7
Schneider et al [47] 1997 9 M Untrained RSBPC 25 7 N CE X608 sec N
Terrillion et al [62] 1997 12 F Runners RDBPC 20 5 N Run 700-m run tim@)( N
Thompson et al [21] 1996 10 F Competitive RBDPC 2 42 Y-NMR Swim 100-m swim time N
swimmers

2RDBPC=randomized double blind placebo control, RP@ndomized placebo control, SGRMingle group repeated measures, RSBP&hdomized single blind placebo control, RDBPEMandomized double blind placebo

control crossover.

Py-B=muscle biopsy, Y-NMR=3'P-nuclear magnetic resonance spectroscopy.

¢ CE=cycle ergometer.
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monohydrate supplementation from 131 to 143 seconds (8.5%), short-term £30 seconds) high-intensity activity, creatine sup-
while the placebo group’s time remained unchanged at 128 plementation is less likely to enhance performance of high-
seconds. Additionally, creatine monohydrate supplementation intensity more prolonged (30 to 150 seconds) tasks in a labo-
significantly increased by 9% the maximal accumulated oxy- ratory setting. These predominantly null findings are probably
gen deficit (difference between the oxygen demand of the work explained by energy system specificity with regard to perfor-
from the VO,/PO relationship and the cumulativeOy). mance of high-intensity tasks of shos80 seconds) vs. more

In physically active college students, Prevost et al [46] prolonged (30 to 150 seconds) duration. In tasks that rely
reported a 24% increase (approximately 49 to 60 seconds) in primarily on fast glycolysis for ATP synthesis, the ergogenic
continuous cycle ergometer time to exhaustion at 150% of potential of creatine supplementation appears to be limited.
VO,ax following creatine supplementation (18.75 g/day for 5
days, then 2.25 g/day for 6 days).

Earnest et al [60] used a treadmill run test to exhaustion Fjeld Studies
(approximately 90 seconds) to investigate the effect of creatine
monohydrate supplementation (20 g/day for 4 days and 10

g/day for 6 days) on intermediate length anaerobic perfor- i ; } | ' ‘
mance. Eleven male subjects assigned to either the supplemenfa ect o c.reatl.ne s_upp emgntatlon (20 g/day for 5 ‘?'ays) on
100-m swim time in 32 elite male and female swimmers.

or placebo group trained specifically for the treadmill tests for ) ) ) >
2 weeks, and were administered both pre- and post-supplemen-SUbJECts were randomly assigned to either placebo or creatine

tation trials. Subjects were tested twice each trial, each test 970UPS i a double-blind manner. Creatine supplementation
being separated by an 8-minute recovery period. The investi- failed to improve 100-m sprint swim time. In a similar study,
gators concluded that creatine monohydrate supplementationMUiika et al [56] assigned 20 male and female elite swimmers
had no significant effect on this type of exercise performance. © €ither placebo or creatine supplementation (20 g/day for 5
Using a single group repeated measures design, Febbraio efdays) groups in a randomized double-blind manner. They also
al [61] examined the effects of creatine supplementation (20 concluded that creatine supplementation failed to improve
g/day for 5 days) on cycle ergometer performance §a- 100-m swim time.
second sprints followed by a 5th bout to exhaustion, all at 115 !N their study of male and female junior competitive swim-
to 125% of \O,,,.,) in six active, but untrained male subjects. Mers, Grindstaff et al [49] randomly assigned subjects by
Subjects were retested following a 28-day washout, during matched pairs in a double-blind manner to either a placebo or
which a placebo was consumed for the last 5 days. An increasecréatine supplementation (21 g/day for 9 days) groups. Times
in intramuscular [TCr] was observed following creatine sup- for three heats of both 50-m and 100-m freestyle swim distance
plementation, but there were no differences in duration of the Were measured prior to and following supplementation. Signif-
5th exercise bout between baseline, post-supplementation andcant group (placebo, creatine) by time (pre-heats 1, 2, and 3;
post-washout trials. Although the supplementation dose was @nd post-heats 1, 2, and 3) interactions were reported for both
sufficient to increase muscle [TCr], 28 days without supple- 50-m (p=0.04) and 100-m (0.04) swim time, which were
mentation was considered to be a sufficient time for muscle largely explained by slower post-supplementation swim times
[TCr] to return to baseline. Furthermore, these investigators in the placebo group. Although it was concluded that their
concluded that creatine supplementation has no ergogenic ef-study provided some evidence of the efficacy of creatine in
fect on exercise performance when the ATP-PCr energy systemenhancing repetitive swim sprint performance, supplementa-
is not the principal energy source. tion had no effect on cumulative 50-m or 100-m swim time.
Following two weeks of isometric grip exercise training of Thompson et al [21] randomly assigned 10 college-aged
the non-dominant arm concurrent with creatine supplementa- female competitive swimmers in a double-blind manner to
tion (5 g/day), Kurosawa et al [42] reported non-significant either placebo or creatine groups in order to study the effects of
increases of 23% (8143.6 to 99.8-15.9 seconds) and 95  a low-dose creatine supplementation regimen (2 g/day for 56
(73.8+5.8 to 144.3-60.6 seconds) in time to exhaustion (30% days) on 100-m swim performance. Usif¢P-NMRS and
of maximal voluntary contraction at a rate of one contraction/ near-infrared spectroscopy, they measured [PCr], [PCr]/
second) in the non-trained and trained arms, respectively. Pre-[8-ATP] ratio and [ADP] at rest and during exercise (plantar
sumably, these changes were not significant due to large vari- flexion) both prior to and following supplementation. Creatine
ances and the small sample size. supplementation had no effect on muscle metabolites. Com-
Schneider et al [47] reported no improvement in cycle pared to the placebo group, creatine supplementation was also
ergometer performance ¥®%0 seconds) in nine untrained ineffective in improving 100-m swim time.
males following creatine supplementation (25 g/day for 7 In one of two studies of running performance, Terrillion et
days). al [62] randomly assigned 12 female runners to either placebo
Although more research is needed in this area, the available or creatine supplementation (20 g/day for 5 days) groups.
literature suggests that, in contrast to the findings for repetitive, Subjects were timed in aX2700-m interval workout prior to

Four studies have examined the effects of creatine supple-
mentation on swim performance. Burke et al [51] examined the
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and following the supplementation period. Creatine supple-
mentation failed to improve 700-m run time. However, Harris
et al [63] tested 10 trained middle distance runners, equally
assigned to either a placebo or treatment group, on separate
days prior to and following creatine supplementation. The test
involved 4x300 m runs with 4-minute recovery between rep-
etitions on separate days and the creatine monohydrate dose
was 30 g/day for 6 days. They reported an enhanced perfor-
mance in the final 300-m run and the best 300-m time de-
creased significantly by 0.3 seconds with creatine supplemen-
tation. The authors suggested the increased use of PCr during
exercise may contribute to the buffering of H

Similar to laboratory studies, creatine supplementation does
not appear to enhance performance in field studies involving
more prolonged high-intensity tasks. Four of the five field
studies involving swimming and running performance, all us-
ing a double-blind placebo design, report null findings concern-
ing the efficacy of creatine supplementation.

OXIDATIVE ENERGY SYSTEM
(AEROBIC GLYCOLYSIS)

As mentioned previously, Stroud et al [24] suggested that
creatine supplementation may modify substrate utilization and
possibly improve performance during prolonged, submaximal
exercise. However, only limited research has been conducted in
this area. A summary of the literature pertaining to the effect of
creatine supplementation on aerobic exercise performance tests
(>150 seconds) is provided in Table 3.

Laboratory Studies

To our knowledge, only five groups have investigated the
effects of creatine supplementation on aerobic performance in
a laboratory setting. Balsom et al [64] randomly assigned 18
well-trained habitually active male subjects equally into a cre-
atine supplementation (20 g/day for 6 days) and placebo group.
Subjects performed a treadmill run to exhaustion at about 120%
of VO,,,,., both before and after the supplementation period.
Although it is reasonable to expect anaerobic glycolysis to be
the predominant energy source for such a supramaximal bout,
the average time to exhaustion following supplementation was
3.97+£0.25 minutes, a performance time that appears to be
somewhat more dependent on aerobic glycolysis. There were
no significant differences between the groups. The investiga-
tors indicated the lack of an ergogenic effect might be expected
because the energy system used would not be theorized to
benefit from creatine supplementation.

As part of a previously described study of the effect of
creatine on repetitive cycle sprint performance, Barnett et al
[50] measured cycle ergomete'rogpeakin 17 recreationally
active subjects before and after creatine supplementation (20
g/day for 4 days). Subjects were randomly assigned to either a
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placebo or creatine group in a double-blind manner. Creatine 7 days) groups in a randomized double-blind manner. Creatine

supplementation failed to increas'@ypeElk supplementation increased muscle [TCr], but did not increase
Godly and Yates [65] measured time to completion in a the distance cycled in one hour.
simulated 25-km cycling race in which 16 well-trained male As part of their study of interval training performance in

and female cyclists sprinted for 15 seconds every 4 km. Sub- middle distance runners, Harris et al [63] also tested 10 trained
jects were randomly assigned in a double-blind manner to male middle distance runners, equally assigned to either a
either placebo or creatine supplementation (20 g/day for 5 placebo or creatine group (30 g/day for 6 days), on separate
days). There was no significant decrease in time to completion days prior to and following creatine supplementation. The tests
following creatine supplementation. They concluded that cre- involved 4<1000-m runs with 3-minute recovery on separate
atine supplementation has no effect on endurance activity com- days. They reported an enhanced performance in the final
bined with short-duration, high-intensity bouts in well-trained 1000-meter run and the total time for all 1000 m runs. The best
subjects. 1000-m run time decreased significantly by 2.1 sec with crea-

In order to investigate anecdotal reports of improved sub- tine supplementation but was unchanged by the placebo. In
strate utilization, Stroud et al [24] had eight men perform a their study on competitive female college swimmers, Thomp-
continuous incremental exercise treadmill running test at vari- son et al [21] reported that creatine supplementation (2 g/day
ous predetermined workloads approximating 50 to 90% of their for 56 days) failed to improve 400-m swim time.
VO,,,..before and after creatine supplementation (20 g/day for ~ Overall, there appears to be little scientific support for the
5 days). Subjects achieved a steady state in each protocol, ancconcept that creatine supplementation will enhance perfor-
both respiratory and blood analyses revealed creatine supple-mance in exercise tasks dependent primarily on oxidative me-
mentation did not affect energy substrate metabolism during tabolism of endogenous carbohydrate and fat.
these tests. Additionally, there were no significant effects on
substrate utilization during a 15-minute recovery period after
the exercise bout.

Rossiter et al [66] randomly assigned 38 male and female

competitive rowers to either placebo or creatine supplementa- . .
P P PP Caffeine consumption has been reported to adversely affect

tion (20 g/day for 5 days) groups in a double-blind manner. ) . ] . .
Simulated rowing time over 1,000 m was measured before and Fhe efficacy of creatine supplementation. Since creatine uptake

. . . is dependent upon extracellular Navandenberghe et al [13]
after supplementation. Total creatine uptake was estimated as : ) . .
. . . hypothesized that adrenergic stimulation of the sarcolemma
the difference between creatine consumed and urinary [creat-

. o . . might enhance muscle creatine uptake via increased#a-
ine] and [creatinine]. Muscle creatine uptake was estimated as - .

- ATPase pump activity. In a double-blind, repeated-measures,
38210 mmol/kg dry muscle. A significant 2.3-second decrease crossover study, they compared creatine uptake, isometric force
in 1,000 m rowing time (211.0 to 208.7 seconds) was observed y, Iney b P '

. . . . and isokinetic knee-extension torque production in nine healthy
in the creatine group with no change in the placebo group. The . . i

S . males following 6 days of both creatine supplementation (0.5
authors also reported a trend toward significance in the asso-

ciation between estimated creatine uptake and percent chang ngé%aey)(sam;k c/rde: tl)neA(g.jvege/Eg\//\?:gr)loTt Czrrri]:(;niar?tz:lvx::j
in rowing performance €&0.43; p=0.09). gikgiday). P

between treatments. While muscle [PCr] was increased follow-
ing both treatments, torque production was increased only
Field Studies following creatine supplementation. They concluded that the
ergogenic effect of creatine is completely eliminated by caf-
feine consumption. In a follow-up study using the same proto-
col, Vandenberghe et al [14] reported that caffeine inhibits PCr
resynthesis during recovery. These data suggest that, in contrast
to potentiating the ergogenic effects of creatine, caffeine in-
gested in combination with creatine nullifies any ergogenic
effect. However, additional research is needed to confirm these
preliminary findings.

CAFFEINE AND CREATINE
SUPPLEMENTATION

Several groups have investigated the efficacy of creatine
supplementation to enhance performance in running and cy-
cling endurance tasks. In an extension of their study reported
above, Balsom et al [64] also had their subjects perform a 6-km
terrain run on a forest trail. The authors speculated that al-
though this type of exercise task is primarily aerobic in nature,
certain segments of the trail might stress the ATP-PCr energy
system. However, creatine monohydrate supplementation did
not enhance performance, but, on the contrary, impaired per-
formance. The authors suggested the impairment may haveEFFECTS OF CREATINE ON
been caused by the significant weight gain experienced by the BODY MASS
subjects following creatine supplementation, a finding which
has been reported in other studies as noted below. Not all studies presented data on body mass changes or

In a study on cycling performance, Myburgh et al [16] showed significant changes following creatine supplementa-
assigned 13 cyclists to either placebo or creatine (20 g/day for tion, but as presented in Table 4, creatine supplementation
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Table 4. Effect of Creatine Monohydrate Supplementation on Body Composition/Body Mass—A Review of the Literature

Investigator Year N Gender Population Design C';A/ dc;c;se Days ’\L/lefaskf;d Outcome measure Ergogenic effect?
Balsom et al [43] 1993 16 M Active/well trained RDBPC 25 6 N Body mass Y 1.1 kg increase
Balsom et al [64] 1993 18 M Well trained RDBPC 20 6 N Body mass Y 0.9 kg increase
Balsom et al [17] 1995 7 M Physically active SGRM 20 6 Y-B Body mass Y 1.1 kg increase
Becque et al [33] 1997 23 M Weight-lifters RDBPC 20 7 N Body mass Y 2.0 kg increase; 1.6 kg

increase in Fat Free
Mass [sic]
Dawson et al [45] 1995 18 M Healthy active RDBPC 20 5 N Body mass Y 0.7 kg increase
22 M Healthy active RDBPC 20 5 N Body mass N
Earnest et al [34] 1995 8 M Weight trained RDBPC 20 14 N Body mass Y 1.7 kg increase
Godly et al [65] 1997 16  M/F Well-trained cyclists RDBPC 20 5 N Body mass N
Goldberg and Bechtel 1997 34 M Varsity football and RDBPC 3 14 N Body mass Y 0.9 kg increase
[35] track athletes
Green et al [23] 1996 12 M Healthy SGRM 20 5 Y-B Body mass Y 0.9 kg increase
12 M Healthy SGRM 20 5 Y-B Body mass Y 1.6 kg increase
+370 g of
carbo-
hydrates
Greenhaff et al [18] 1994 6 M Recreational athletes SGRM 20 5 Y-B Body mass Y 1.6 kg increase
Grindstaff et al [49] 1997 18 M/F Junior competitive  RDBPC 21 9 N Body mass N
swimmers
Hamilton-Ward et al 1997 20 F Athletes RDBPC 25 7 N Body mass N
[38]
Kirksey et al [39] 1997 36 MI/F Track and field RDBPC 0.3 g/kg/ 42 N Lean body mass (estimated Y 4.8 kg increase (3.5 kg
athletes day from 7-site skinfolds) increase in placebo
group)
Prevost et al [46] 1997 18 M/F Active college RPC 18.75 5 N Body mass N
students
2.25 7
Stout et al [40] 1997 24 M College football RDBPC 21 5 N Fat free mass (DEXA) N
players
10.5 51
Stroud et al [24] 1994 8 M Physically active SGRM 20 5 N Body mass 7 1.0 kg increase
Thompson et al [21] 1996 10 F Competitive RBDPC 2 42 Y-NMR Body mass N
swimmers
Terrillion et al [62] 1997 12 F Runners RDBPC 20 5 N Body mass N
Volek et al [37] 1996 14 M Healthy active RDBPC 25 7 N Body mass Y 1.4 kg increase

2RDBPC=randomized double blind placebo control, RP@ndomized placebo control, SGRAingle group repeated measures.
bY-B=Muscle biopsy.
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significantly increased body mass in numerous studies  The breakdown product of creatine is creatinine, which is
[17,18,23,24,33-35,37,39,43,45,64]. Increases in body massexcreted by the kidney. Individuals with impaired kidney func-
ranging from 0.7 to 2.0 kg have been reported following tion may be at risk, but the healthy kidney should be able to
short-term creatine supplementation (20 to 25 g/day for 5 to 14 excrete the excess creatinine provided daily hydration is ade-
days). However, Hultman et al [19] reported that creatine quate. Two brief reports [67,68] of the same study provided
ingestion markedly reduced urinary volume during the initial some data on the effect of chronic creatine monohydrate sup-
days of supplementation, suggesting that the increased bodyplementation on markers of renal and hepatic function. In a
mass was primarily water retention. In support of this finding, double-blind, placebo-controlled, 12-week study involving 34
Ziegenfuss et al [48] reported increases of 6.6% in thigh skel- subjects, 20 males and females received 20 g creatine mono-
etal muscle volume (measured by magnetic resonance imaging)hydrate/day for 5 days and 10 g/day for 51 days, followed by
and 2 to 3% in total body and intracellular fluid volumes a 4-week withdrawal period. Blood was tested at baseline,
(measured by multifrequency bioimpedance) in aerobic and week 4 and week 8 after supplementation, and week 12, 4
cross-trained males following short-term creatine supplemen- weeks after withdrawal. When the pooled data for males and
tation. In addition, Ziegenfuss et al [48] reported evidence of females were analyzed, there were no significant changes in
improved nitrogen status (decreased degradation and/or in-total protein, serum creatinine, bilirubin and BUN, or in serum
creased synthesis as measurediN-glycine tracer) in expe- enzymes AST, ALP, GGT, LDH, and CPK. However, when
rienced weight lifters. analyzed by gender, there was a significant increase in serum
Three studies [21,38,62] involving female subjects reported CPK in the males at week 8, which returned to normal at week
no significant increase in body mass following creatine supple- 12 following withdrawal, and a significant increase in serum
mentation. Thus, there may be an operational gender effect. BUN in females at week 8, also returning to normal following
However, it should be noted that the subjects in the study of withdrawal. Based on these data, the authors concluded that
Terrillion et al [62] were female distance runners, a population chronic high dose creatine monohydrate supplementation elic-
with a low potential for increased body mass. ited minimal changes in markers of renal and hepatic function.
When combined with physical training, chronic creatine Some undocumented anecdotal reports indicate creatine
supplementation may lead to increases in lean body mass. Insupplementation may lead to muscle cramps and possible mus-
both male and female track and field athletes undergoing pre- cle strains. An increased intramuscular water content could
season conditioning, Kirksey et al [39] reported a 4.8 kg dilute electrolytes, possibly leading to cramps, and a tightened
increase in lean body mass (LBM), as estimated by skinfold musculature associated with intracellular swelling could pre-
measurements, following 6 weeks of creatine supplementation dispose to muscle strains. However, no scientific data have
(0.3 g’kg/day [e.g.--20 g/day]. However, an increase of 3.5 kg been uncovered to substantiate these anecdotal accounts.
in LBM attributed to physical training was also observed in the Some preliminary data suggest that creatine supplementa-
placebo group. Significant increases in body mass and fat freetion may confer some health benefits to hyperlipidemic pa-
mass [sic] were also reported by Becque et al [33] following a tients. Individuals with total serum cholesterol concentrations
creatine-supplemented 6-week strength training regimen (20 exceeding 200 mg/dl experienced significant reductions in total
g/day for the first week, 2 g/day thereafter). cholesterol, triacylglycerols, and very low-density lipoprotein
Overall, it would appear that short-term creatine supplemen- cholesterol following 56 days of supplementation with 20 g
tation may contribute to increased total body and lean body pure creatine monohydrate [69]. However, creatine supplemen-
mass, at least in males, although much of the increase in bodytation had no effect on low-density or high-density lipoprotein
mass may be attributed to water retention rather than increasedcholesterol. These investigators noted that the mechanism of
contractile protein. Chronic creatine supplementation, com- creatine’s hypolipidemic effects remain enigmatic, but suggest
bined with resistance training, may increase lean body mass, that creatine may promote acute increases in hepatic insulin

but more supportive research is desirable. sensitivity, with resultant decreases in de novo triglyceride
production [69].
HEALTH-RELATED ISSUES One week of creatine supplementation also benefited pa-

tients with chronic heart failure, not by any direct effect on the

Other than the gain in body weight, presumably body water, heart but by increasing skeletal muscle strength and endurance
no deleterious effects have been associated with creatine sup{70]. The investigators involved in these studies emphasized
plementation in amounts of 20 to 30 g for up to 7 days [2], nor that these data are preliminary and need replication.
have any adverse effects been reported with longer term stud-  Nevertheless, the Food and Drug Administration (FDA)
ies, up to 6 weeks, using smaller dosages, 2 to 3 g/day. In recently warned consumers to consult a physician before using
addition, other than a proportionally greater change in lean creatine. The FDA is investigating possible health risks of
body mass, no adverse changes were reported in the one studgreatine, including its possible involvement in the deaths of
in this review which supplemented subjects with approximately three collegiate wrestlers. Speculatively, intracellular binding
20 g of creatine/day for 6 weeks [39]. of water by creatine could impede dehydration techniques for
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rapid weight loss, coercing wrestlers to use more dramatic 60
approaches such as diuretics or increased heat stress that could
induce heart attacks or heat stroke. Unfortunately, very little 501
information is available to physicians regarding the adverse
health effects of creatine supplementation. o |
‘g" 30 1

LEGAL AND ETHICAL ASPECTS =0l

Creatine is a natural dietary constituent; its use as a supple- 10+
ment to enhance sport performance has not been prohibited by -
the International Olympic Committee. Even if its use was 0-—ﬁ = = = = — -

BM CE IK IM IT Jump

prohibited, detection of ingested creatine would be problematic
with current drug testing procedures [2]. Some might consider
the use of creatine supplementation unethical, given the provi-

an (n 4 2) 4) (1
Fig. 1. Summary of the literature supporting the efficacy of creatine

sion in the International Olvmpic Committee anti-doping le monohydrate. Numbers in parentheses are the number of studies re-
ymp ping leg porting ergonegic effects. % Change is that observed in the creatine

islation that consuming a substance in abnormal quantities with supplemented group and is calculated as (Post-Rrajre X 100.

the intent of artificially and unfairly enhancing sports perfor- \/gues arex %A + SD.

mance may be construed as doping. BM=Body Mass; CE=Cycle Ergometry; Ik=Isokinetic Force Pro-
duction; IM=Isometric Force Production; Flsotonic Force Produc-
tion; Jump=Jump Performance (vertical or continuous); ReRowing

SUMMARY Performance; RuaRunning Performance

Although creatine has been available for supplementation
for over a half-century, it is only recently that a concerted effort more, should be used in studies with crossover designs. Any
has been undertaken to investigate its potential ergogenic effectcarryover effect could confound the results. Fourth, if possible,
relative to sport or exercise performance. It does appear thatintramuscular [TCr], [FCr], and [PCr] should be measured. The
oral creatine monohydrate supplementation may increase mus-interested reader is referred to the brief review by Sherman and
cle [TCr], including both [FCr] and [PCr]. Many, but not all, Lamb [71] regarding other methodological considerations rel-
studies suggest that creatine supplementation may enhanceative to research with purported nutritional ergogenic aids.
performance in high-intensity, short-term exercise tasks thatare  In general, creatine supplementation has not consistently
dependent primarily on the ATP-PCr energy system, particu- been shown to enhance performance in exercise tasks depen-
larly in laboratory tests involving repeated exercise bouts with dent on the lactic acid energy system (anaerobic glycolysis),
limited recovery time between repetitions. In this regard, a but additional laboratory and field research is merited. Addi-
summary of the literature supporting the efficacy of creatine tionally, creatine supplementation has not been shown to en-
supplementation on short-term, high-intensity exercise tasks hance performance in aerobic endurance exercise tasks, but
<30 seconds is presented in Fig. 1. Percent change in perfor-additional research is warranted, particularly on the effect of
mance for creatine supplemented subjects was obtained (orchronic supplementation as an aid to training for improvement
calculated in studies where data were available) as [(Post- in competitive performance.
Pre)-Pre]x100. In general, and as one might expect, creatine Short-term creatine supplementation appears to increase
supplementation appears to be most effective in enhancing body mass, although the initial increase is most likely water
repetitive short-duration<t30 seconds), high-intensity tasks associated with the oncotic effect of increased intramuscular
such as cycle ergometry; strength, torque and force production; [TCr]. This effect has been observed mainly in males, although
and jump performance in a laboratory setting. there are limited research data with females. Chronic creatine

However, additional corroborative research is needed re- supplementation, in conjunction with physical training involv-
garding the ergogenic potential of creatine monohydrate, par- ing resistance exercise, may increase lean body mass. However,
ticularly in actual field performance tests of the ATP-PCr confirmatory research data are needed.
energy system. Several research design issues should be con- Short-term creatine supplementation, and somewhat more
sidered. First, although most studies have used creatine mono-ong-term supplementation up to 8 weeks, has not been asso-
hydrate supplements, some have used creatine monophosphatesiated with major health risks. However, the safety of more
To our knowledge, there is no comparative study of the efficacy prolonged creatine supplementation has not been established.
of these different forms of creatine to increase [TCr]. Second, Creatine, a nutrient found naturally in foods, is currently a
carbohydrate appears to enhance intramuscular creatine uptakelegal supplement for use in athletic training and competition.
so adequate carbohydrate should be consumed with the creat-The decision to use creatine as a means to enhance sport
ine. Third, an appropriate washout period, at least a month or performance is left to the discretion of the individual athlete.
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