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Effect of Creatine Supplementation on Body
Composition and Performance: A Meta-analysis

J. David Branch

Background: Creatinesupplementation (CS) hasbeenreportedtoincreasebody
massandimproveperformancein high-intensity, short-duration exercisetasks.
Research on CS, most of which hascomeinto existencesince 1994, hasbeenthe
focus of severa qualitative reviews, but only one meta-analysis, which was
conducted with alimited number of studies. Purpose: Thisstudy compared the
effectsof CSoneffect size(ES) for body composition (BC) variables(massand
lean body mass), duration and intensity (<30 s, [ATP-PCr = A]; 30-150 s
[glycolysis=G]; >150 s, [oxidative phosphorylation = Q]) of theexercisetask,
type of exercisetask (single, repetitive, laboratory, field, upper-body, lower-
body), CSduration (loading, maintenance), and subject characteristics(gender,
training status). Methods: A search of MEDLINE and SPORTDiscususing the
phrase* creatinesupplementation” reveal ed 96 English-language, peer-reviewed
papers (100 studies), which included randomized group formation, a placebo
control, and human subjectswhowereblinded totreatments. ESwascal cul ated
for each body composition and performance variable. Results: Small, but sig-
nificant (ES> 0, p=<.05) ESwerereported for BC (n=163, mean+ SE=0.17 =
0.03), ATP-PCr (n=17,0.24 + 0.02), G (n =135, 0.19 + 0.05), and O (n = 69,
0.20 + 0.07). ES was greater for change in BC following a loading-only CS
regimen (0.26 = 0.03, p = .0003) compared to a maintenance regimen (0.04 =
0.05), for repetitive-bout (0.25+ 0.03, p=.028) compared tosingle-bout (0.18 +
0.02) exercise, and for upper-body exercise (0.42 = 0.07, p <.0001) compared
tolower (0.21 + 0.02) and total body (0.13 + 0.04) exercise. ESfor laboratory-
basedtasks(e.g.,isometric/isotonic/isokineticexercise, 0.25+ 0.02) weregreater
(p = .014) than those observed for field-based tasks (e.g., running, swimming,
0.14 = 0.04). There were no differences in BC or performance ES between
males and femal es or between trained and untrained subjects. Conclusion: ES
wasgreater for changesin lean body massfollowing short-term CS, repetitive-
bout laboratory-based exercise tasks < 30 s (e.g., isometric, isokinetic, and
isotoni cresistanceexercise), and upper-body exercise. CSdoesnot appear tobe
effectiveinimproving running and swimming performance. Thereisno evidence
intheliterature of an effect of gender or training statuson ESfollowing CS.
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Introduction

Creatine (methylguanidineacetic acid), ametabolitethat issynthesi zed by the body
and consumed as part of an omnivorous diet, plays an important role in energy
metabolism. In the cell, creatine is phosphorylated to generate phosphocreatine
(PCr), an energy substrate that undergoes dephosphorylation to resynthesize ATP
from adenosine diphosphate (ADP) inthefollowing reaction: PCr + ADP+H* = Cr +
ATP. Although creatine was first isolated in 1832 and proposed as an ergogenic
supplement in the 1920s (17), the effects of creatine supplementation on perfor-
mance and body composition were unknown until the early 1990s at which time it
was shown that creatine supplementation could increase total muscle creatine and
PCr (41). Sincethen, aconsiderabl ebody of knowledgehascomeinto existencethat
supportsthe efficacy of creatinein increasing body massand performancein high-
intensity, short-duration exercisetasks. Asaresult, creatineis currently one of the
most popular dietary supplementsintheworld.

Several well-written reviews have summarized the body of knowledge sur-
rounding creatine supplementation in a qualitative manner (5, 22, 48, 52, 66, 97,
115). Onerecently published meta-analysisof theefficacy of creatine supplementa-
tion includes alimited number of studiesand does not address the areas of aerobic
metabolism or body composition (63). Therefore, the purpose of this study wasto
employ meta-anal ytic techniques to evaluate the efficacy of creatine supplementa-
tion on effect size (ES) for various body composition variables and performance
tasksacrosstheintensity/duration spectrum. Specific questionsof interest invol ved
ES comparison for the following: (a) tasks relying on ATP-PCr versus anaerobic
glycolysis versus oxidative phosphorylation for energy metabolism, (b) various
body composition variables, (c) loading (<14 days) versus maintenance creatine
supplementation (>14 days) regimens, (d) trained versus untrained subjects, (€)
mal e versusfemal e subjectsversusgroups, including malesand females, (f) labora-
tory-based versus field-based performance tasks, (g) single-bout versusrepetitive-
bout tasks, (h) upper-body versuslower-body versustotal-body exercisetasks, and
(i) sponsored versus non-sponsored research studies.

Methods
Literature Review and Study Selection

A search of MEDLINE and SPORTDiscus databasesin December 2000 reveal ed,
respectively, 336 and 129 citations containing the phrase “ creatine supplementa-
tion”. Abstractsand unpublished theses/di ssertationswereexcluded fromthisanaly-
sis. The present study includes published English-language, peer-reviewed studies
that presented original research dataon human subjects. Minimum study criteriafor
inclusionwere: (@) randomized group formation, (b) inclusion of aplacebo control,
(c) subjectswhowereblinded to treatments, and (d) dependent measures of body com-
positionand/or physical performancewith summary statistics(pre-suppl ementation
and post-supplementation mean + SD) for creatineand placebo treatments. Selected
data were recorded from studies meeting inclusionary criteria and coded as de-
scribed in thefollowing sections.
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Subject Populations and Study Designs

Sample sizes were recorded as the total number of subjects (n_,) as well as the
number of subjects assigned to creatine (n__,...) and placebo (nplac +,) treatments.
Each study wasclassified according to design asrandomized doubl e-blind placebo-
controlled (RDBPC), randomized double-blind placebo-controlled crossover
(RDBPCX), randomized single-blind placebo-controlled (RSBPC), or single-group
repeated-measures(SGRM). Demographic dataincluded age (yrs) and subject gen-
der (male, female, or combined [males and females]). The classification of trained
statewasbased solely onthe popul ation description. Subjectsdescribed as* healthy,
physically active” were considered to be trained.

Creatine Supplementation and Muscle Absorption

Creatine loading (=14 d) and maintenance (>14 d) supplementation data included
dosage (g/d), length (d), and creatineingested (g) during both phases. Studieswere
also classified asto whether measurement of muscle [creatine] wasincludedinthe
methodology (yesor no). If yes, themeasurement method (i..e., biopsy, 3:P-magnetic
resonance spectroscopy [3P-MRS], or measurement of plasmaand urine[creating]
and [creatinine]) was also recorded.

Performance Tasks

Performance modes were classified into one of the following 11 categories: arm
ergometry (AE), bicycle ergometry (BE), isokinetic torque production (1K), iso-
metric force production (IM), isotonic strength/endurance (IT), jumping perfor-
mance (JP), kayaking performance (K, running performance (RN), rowing per-
formance (RW), ice-skating performance (SK), and swimming performance (SW).

Primary Energy System for Performance Tasks

Thefollowing classification wasused to categorizethe primary energy systemfor a
given performancetask. The ATP-PCr energy systemwasdesignated astheprimary
energy system for discrete high-intensity performance tasks of < 30 sin duration.
Anaerobic glycolysiswas considered asthe primary energy system for high-inten-
sity tasks > 30 to < 150 sin duration. Tasks > 150 sin duration were considered as
relying primarily on oxidative phosphorylation. Thisclassification system hasbeen
used inapreviousreview of creatine supplementation (115).

Description of Performance Task or Body Composition Variables

A description of the performance task included the type of task and the measured
variable(e.g., power in W, energy inkJ, work in Nm, repetitions, massliftedinkg).
Running, jumping, swimming, and skating were classified as field-based perfor-
mance tasks. Arm and leg ergometry, isokinetic, isometric, isotonic tasks, and
simulated rowing and kayaking were classified as |aboratory-based tasks. Perfor-
mancetaskswereal so classified assingle-bout or repetitive-bout exercise. Thefirst
bout of repetitive-bout exercise was classified as a single-bout exercise task. Re-
ported body composition variableswere primarily total body mass, |ean body mass,
fat mass, and estimated body fat percentage.
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Pre-supplementation and Post-supplementation Values

Pre-supplementation and post-supplementation means and standard deviations
(mean + SD) for creatine and placebo groups or treatments were obtained from the
original datafor dependent variables. Standard errors (SE) were converted to stan-
dard deviations (D) asfollows: SD = SE - vn, where n was the group sample size.
Data originally reported in graphical form were converted to numeric values with
theuseof amillimeter ruler. Briefly, aconversion factor wasdetermined fromthey-
axisscale(i.e., aunits/ b mm). Thedistance (d) from thetop of the bar or middle of
the data point to the smallest y-axis value was then measured. Finally, the mean
valuewas calculated as[(a/b) - d]. In caseswherethe graph origin did not have ay-
axis coordinate of 0, the smallest y-axis value used to calculate a was added to the
above calculation. The same factor was used to convert error bars (SD or SE) to a
numeric SD value.

Percent Change From Baseline

Therelative (%) change from baseline following supplementation was cal cul ated
for placebo and creatinetreatments as [(meanpoa - meanpre) / mean, 100].

Statistical Significance and Manufacturer Involvement

The statistical significance of creatine in improving the performance task or body
composition variablewas coded asyes (significant) or no (non-significant). Manu-
facturer sponsorship/involvement or any financial support of thestudy wascoded as
yes or no based on information in the acknowledgment sections of the reviewed
studies.

Effect Size (ES) of Creatine Supplementation

The ES of creatine supplementation for each dependent variable was calculated
using procedures described by Thomas and French (100). Briefly, ES was calcu-
lated asfollows: ES=[(mean,, )/sp] Where(meanCr oo —MERN,, )
equaled thedifference betweenth %Os e mean var&esfor the creatineand placebo groups
following supplementation, and s, equaled the pooled standard deviation of thetwo
groups. Each ES was then corrected (ES ) to adjust for any positive bias due to
small samples. Thevarianceof eachindividual ESwasalso cal cul ated. Theabsolute
value of ES was reported for tasks in which a smaller value is associated with
improved performance (e.g., running, rowing, skating, swimming). Therefore, a
positive ES denotesimproved performance.

Statistical Analysis

The effect of various categorical independent variables on ES was analyzed by
independent t test or ANOV A using SASfor Windows8.0 (SASI nstitutelnc., Cary,
NC, USA). Associations between sel ected variables were examined by chi-square
test of independence or Pearson correlation coefficient. The criterion for signifi-
cancefor all analyseswas a. = 0.05. Unlessotherwiseindicated, all dataaremean =
SE.
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Results
General Study Characteristics

Ninety-six published investigations (100 studies) totaling 1,847 subjects met the
study designcriteriaforinclusioninthisanalysis. Thesestudiesarelistedin Table 1.
The average sample sizewas 19 + 1, with arange of 4 to 80 subjects. Study design
characteristics are presented in Table 2. Briefly, most (93%) of the research on
creatine supplementation has come into existence since 1994. Most (71%) studies
are randomized, double-blind, placebo-control investigations of the effects of an
acute (19.7 = 0.5g/dfor 9+ 1 d) creatineloading regimen onyoung (26 + 1.1 years),
trained (77%) males(68%). Twenty-four (24%) studiesincluded malesand females
assubjects. Theeffect of creatine supplementation on femal eswasthefocusof only
9 (9%) studies. Only 22 (22%) studiesinvestigated the effects of low-dose mainte-
nancefollowing acute creatineloading. Few studies measured muscl e absorption of
supplemented creatine. Methodol ogies used in studies that measured creatine ab-
sorptionincluded needlebiopsy (n= 10, 10%), 3!P-MRS (n= 10, 10%), or measure-
ment of urinary/plasma|creatine] and [creatinine] (n= 7, 7%). There was no asso-
ciation between manufacturer involvement (acknowledgment of manufacturer = s
support or other financial assistance) and reporting at least one significant finding
following creatine supplementation (2 = 2.23, p = .135; Table 2). Furthermore,
therewas no ES difference between studiesin which there was acknowledgment of
manufacturer’s support or other financial assistance and studies where no such
support wasindicated (0.224 = 0.03vs. 0.21 + 0.02, p=.68).

Studies Excluded From the Meta-analysis

Severa studiesthat arelisted in Table 3 reported only change from baseline (A) or
percent change (%A) following supplementation (34, 35, 53, 54, 76, 106108, 110).
Since pre-supplementation and post-supplementation means and standard devia-
tions of dependent variables for placebo and creatine treatments are required to
correctly calculate effect size aswell asthe percent changefrom baseline (%A), the
following resultsexclude dependent variables (n = 83) from these studiesfor which
only the change from baseline (A or %A) wasreported.

Overall ES Following Creatine Supplementation

The ESfrequency distribution for all body composition and performance variables
was approximately normal (Figure 1), with positive skewness revealed in the nor-
mal probability and box-and-whiskers plots (not shown). The exclusion of ESval-
ues greater than 1.72 (n = 10) and less than —1.28 (n = 2) resulted in a distribution
with arange of approximately six standard deviation units, but the statistical analy-
sis for this subset was no different than the analysis for the entire distribution.
Therefore, unless otherwise indicated, the following results include outliers (n =
984). A small but significant ES (0.22 + 0.02, 95%CI = 0.19, 0.25, p <.0001) was
observed acrossall body compositionand performancevariablesfollowing creatine
supplementation. The mean changein these variablesfrom baselinefollowing cre-
atine supplementation (5.7 = 0.5%, 95%CI = 4.7, 6.6%) was significantly greater
(p < .0001) than that observed following placebo supplementation (2.4 + 0.4%,
95%Cl = 1.6, 3.2%).
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Table 2 Characteristics of Studies Used in the Meta-analysis of the Efficacy
of Creatine Supplementation

Variable Frequency %
Publication year
1993 3
1994 4
1995 8
1996 12
1997 13
1998 18
1999 20
2000 22
Study design
RDBPC 71
RDBPCX 16
RSBPC 1
SGRM 12
Subject gender
Male 68
Female 8
Both 24
Trained state
Trained 77
Untrained 23
M aintenance supplementation
No 78
Yes 22
M easurement of muscle [Cr]
No 73
Y es: biopsy 10
Yes: 'P-MRS 10
Yes: urine [Cr]/[Creat] 7
Manufacturer sponsorship / statistical significance*
No/no 8
Yes/no 9
Nolyes 55
Y eslyes 28

Note. * Association between manufacturer involvement in the study in any capacity (yes/no)
based on acknowledgment, and statistical significance (yes/no) based on at least one
significant finding. x2 = 2.23, p = .135.
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Table 3 Studies With Variables Not Used in the Meta-analysis

Placebo Creatine

Investigator Year Mode Variable (meanA) (meanA) Sign
Green 1996 BC Changein mass (kg) — 1.25 Y
Green 1996 BC Changein mass (kg) — 135 Y
Kreider 1996 BC Changein mass (kg) 0.90 1.90 Y
Changein LBM (kg) 0.67 2.00 Y

Changein fat mass (kg) -0.05 -0.12 N

Kreider 1998 IT  Total lifting volume (kg) 1105 1558 Y
Rawson 1999 IK  Sum of pesak torque (Nm) —236 499 Y
Vandenberghe 1997 IK  Changein mean output (Nm)  0.02 1.0 Y
BC ChangeinLBM (kg) 14 2.3 Y

Vandenberghe 1996 IK  Changein torque (Nm) -0.43 4.60 Y
Vandenberghe 1999 IK  Changein torque (Nm) 0.40 4.40 Y
Vogel 2000 BC Changein body mass (kg) 2.1 -0.90 Y

Baseline Muscle (Total Creatine), Creatine Uptake, and ES for
Performance Variables

Seven of 10 studiesthat measured pre-supplementation and post-supplementation
muscle[total creatine] by biopsy alsoincluded performancetasks(6, 16, 29, 33, 60,
90, 112). The association between baseline muscle [total creating] (124.6 = 2.5
mmol/kg) and percent change in muscle [total creating] (18.1 + 1.8%) was not
significant (=7, r =-0.62, p =.135). Performance ES (n = 75) was hot associated
with pre-supplementation muscle [total creatine] (r = 0.09, p = .44) or percent
change in muscle [total creatine] (r = -0.01, p = .95). A categorical “response to
creatinesupplementation” variablewascreated using themedianincreasein muscle
[total creating] (22.8 mmol/kg) intheseseven studies. The percentage of significant
effect sizes following a creatine uptake of > 22.8 mmol/kg was greater than that
observed following creatine uptake of lower magnitude (36.4vs. 7.6%, x2=9.6, p<
.002). However, there was no observed effect (p = .56) of this variable on perfor-
mance ES (n =19 “responder”, 0.12 + 0.09; 95%CI =-0.07, 0.30 vs. n =53 “non-
responder”, 0.06 = 0.04; 95%Cl =-0.02, 0.15).

Body Composition Comparison of ES By Supplementation Regimen,
Subject Training Status, and Gender

Theinfluences of the duration of creatine supplementation, training status of sub-
jects, and gender of subjectson body composition (n=163) arepresentedin Table4.
A greater (p = .0003) ES for body composition change occurred following short-
term loading regimens (0.26 + 0.03) compared to regimensincluding both loading
and low-dose maintenance supplementation, the ES of which (0.04 + 0.05) was not
significantly greater than zero. There was no difference between untrained (0.14 =
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Figure 1 — Frequency distribution of corrected effect sizes for all performance and
body composition variables. Normal distribution issuperimposed over histogram.

0.09) and trained (0.18 + 0.03) subj ectsin mean body composition ES, although the
mean ES following supplementation in trained subjects was significantly greater
than zero (95%CI = 0.12, 0.24). The mean body composition ES was greater than
zero for males (0.22 = 0.04, 95%CI = 0.15, 0.29) but not for females (0.04 = 0.10,
95%CI =-0.18, 0.26) or groups including male and female subjects (0.09 + 0.05,
95%CI =-0.03, 0.21). The effects of creatine supplementation on ES for specific
body composition variables are presented in Table 5. The primary body composi-
tionvariablesreportedintheliteraturearebody mass(BM), lean body mass(LBM),
and estimated %fat. Significant ES existed for LBM (0.33 + 0.06, 95%CI = 0.20,
0.46, p<.0001) and BM (0.16 + 0.04, 95%CI = 0.08, 0.25, p < .0001), with average
increasesof 2.2+ 0.7%and 1.2 + 0.3%, respectively. Acrosstheliterature, estimated
%fat and fat masswere unaffected by creatine supplementation.

Performance Comparisons of ES By Supplementation Regimen,
Exercise Type, Subject Training Status, and Gender

Influencesof supplementation duration, typeof exercise, and subject demographics
on ESfor performancevariablesare presented in Table 6. Themean ESfollowing a
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Table 4 Comparison of Body Composition ES for Different Durations
of Creatine Supplementation, Trained Versus Untrained Subjects,
and Male Versus Female Subjects

% change
following
Study variable n ES 95%ClI creatine
Supplementation regimen
Loading only 98 0.26 = 0.03* 0.19, 0.33 0.6 = 0.3
Loading + maintenance 65 0.04 + 0.05 -0.07, 0.14 0.1+ 0.6
Trained state of subjects
Trained 133 0.18 = 0.03 0.12, 0.24 04+ 04
Untrained 30 0.14 + 0.09 -0.04, 0.31 02+ 04
Gender of subjects
Male 111 0.22 + 0.04 0.15, 0.29 0.8 + 04
Femae 20 0.04 + 0.10 -0.18, 0.26 16+ 1.2
Male/female 32 0.09 = 0.06 -0.03, 0.21 01=+04

Note. ES and % change values expressed as mean + SE. *p < .0003 vs. other mean.

Table 5 Effect of Creatine Supplementation on ES for Selected Measures
of Body Composition

ES % change from baseline
Variable n M=SE 95%Cl Placebo Creatine
All ES* 163 0.17 =+ 003 011,023 -01=02 04 =03
LBM (kg)* 33 033+ 0.06 0.20, 0.46 0.6+ 0.2 22+ 07
Body mass (kg)* 82 0.16 = 0.04  0.08, 0.25 03=x01 12+ 03
Fat mass (kg) 10 0.09 = 0.07 -0.08, 0.26 04+09 -25=x08
Yofat 32 -002=+006 -014,010 -20+08 -32=x10
TBW (L) 2 060 = 0.28 -295,415 -02=10 18 = 03

Note. Placebo and creatine values expressed as mean + SE. *ES > 0, p < .0001.

creatinesupplementationregimenthat i ncluded both | oading and mai ntenancephases
(0.26 = 0.04) was similar to aregimen consisting of only short-termloading (0.22 +
0.02). ES for repetitive bouts of exercise (0.26 + 0.03) was greater than that for
single-bout or first-bout exercise (0.18 + 0.03, p = .0395). ESfor upper-body exer-
cisefollowing creatine supplementation (0.42 + 0.07) was greater (p < .0001) than
lower-body (0.22 + 0.02) or total body exercise (0.13 = 0.05). ES for laboratory-
based performancetasks(0.25+ 0.02) wassignificantly greater (p=.016) thanfield-
based (0.15 + 0.04) performance tasks. There were no differencesin ES between
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Table 6 Comparison of Performance ES for Different Durations of Creatine
Supplementation, Single-Bout Versus Repetitive-Bout Exercise, Laboratory-
Based Versus Field-Based Exercise, Trained Versus Untrained Subjects,

Male Versus Female Subjects, and Location of Muscle Groups Used in the Task

% change
following

Variable n ES 95%ClI creatine
Supplementation regimen

Loading only 630 021+ 0.02 017,025 50+ 05

Loading + maintenance 191 0.26 + 0.04 0.18,033 124 = 1.7*
Number of exercise bouts

Single bout 322 0.18 £ 0.02 0.13,0.23 72 0.8

Repetitive bout 499 0.25 = 0.03* 0.21, 0.30 6.4 = 0.8
Type of exercise

L aboratory-based 635 0.25 = 0.02* 0.21, 0.29 8.7 = 0.7*

Field-based 186 0.14 £ 0.04 0.08,0.21 0.0+ 05
Trained state of subjects

Trained 642 024 £ 0.02 0.20,0.28 6.0 = 0.6

Untrained 179 0.17 £ 0.03 0.11,0.23 9.2 + 1.3*
Gender of subjects

Female 49 021 +£0.06 0.09,034 148 + 3.8*

Male 548 022 £ 0.02 0.18,0.27 55+ 0.7

Male/femae 224 0.23 £ 0.04 0.16,0.30 79+ 11
Muscle group location

Lower body 583 021 £ 0.02 017,025 6.6 = 0.6

Upper body 102 0.42 = 0.07t 027,056 175 + 24t

Total body 136 0.13+0.04 0.04,022 -09=+05

Note. Valuesaremean + SE. *p < .05 vs. other mean(s). Tp < .05 upper body > lower body >
total body.

groupsconsisting of males (0.22 + 0.02), females (0.20 + 0.07), and both malesand
females (0.24 + 0.04); or between trained (0.24 + 0.02) and untrained (0.17 = 0.03)
subjects.

ES for Tasks Relying on the ATP-PCr Energy System

The effects of creatine supplementation on exercise tasks < 30 s in duration are
illustratedin Figure2 and Table 7. Acrossall ESfor activities< 30sinduration (n=
617), the mean ES (0.24 + 0.02) was significantly greater than zero. The mean
improvement from baseline following creatine supplementation (7.5 = 0.7%) was
greater than that observed following placebo supplementation (4.2 + 0.6%). Modes
for which creatine supplementation hasimproved performanceinclude BE, IK, IM,
and IT. With the exception of arm ergometry, the overall ES within each of the
modes presented in Figure 2 was significantly greater than zero (p < .05). Specific
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Corrected Effect Size

AE BE K IM T JP RN Sk SW
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Figure2— Corrected effect sizesfor performancetasks=30sinduration.*ES>0,p=<
.05. Performancemodes: AE = arm ergometry, BE =bicycleergometry, IK =isokinetic
torqueproduction, IM =isometricforceproduction, I T =isotonic strength, JP =jump-
ing, RN =sprint running, SK = speed skating, SW = swimming.

Table 7 Effect of Creatine Supplementation on ES for Selected Measures
of Anaerobic Performance < 30 s in Duration

ES % change from baseline
Variable n M= SE 95%ClI Placebo Creatine
All ES* 617 0.24 + 0.02 0.20, 0.28 42 + 0.6 75+ 07
Repetitions* 21 064 =018 027,100 229=x73 454=x=72
Work (Nm)* 38 029 +0.08 014,045 -21+12 32+ 11
Mass (kg)* 30 051 +016 019,083 134+27 247+ 39
Time (s)* 92 0.36 =+ 0.06  0.25, 0.47 28+ 1.0 74 =25
Force (N)* 38 0.29 + 0.07 0.15,0.43 41+ 14 92+ 15
Rate (rev/min)* 31 0.34 + 0.11 0.11, 0.56 1.7+ 04 34+ 07
1-RM (kg)* 20 032+ 010 0.12,0.52 56+ 12 112=x16
Rate (stride/s)* 5 0.26 + 0.07 0.07, 0.46 0.0 = 0.0 15+ 04
Work (J)* 83 0.21 + 0.05 0.11, 0.30 3.0+ 06 6.5+ 1.0
Power (W)* 163 020 = 0.03  0.14, 0.25 42 + 16 5.6 = 0.6
VJ(cm) 18 0.04 £ 0.07 -0.12,019 -02=+09 30+ 11
Distance (m) 6 0.02 + 0.02 -0.04, 0.08 0.2+ 0.2 0.3+ 0.2
Rate (m/s) 14 -001+005 -022,002 -24+10 -07=+09
% decrement 51 -0.04 + 0.06 -0.16, 0.09 63+18 -06=+23

Note. Placebo and creatine values expressed as mean + SE. *ES > 0, p < .05.
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variables that have improved following creatine supplementation are repetitions
lifted, work accomplished (Nm, J), masslifted (1-repetition maximum[1-RM], kg),
time (s), force production (N), cycle ergometer revolutions/min, and power (W).
Themean ESfor each of these performance variableswassignificantly greater than
zero (p<.05).

ES for Tasks Relying on Anaerobic Glycolysis

Theeffects of creatine supplementation on exercisetasks of 30to 150 sin duration
areillustrated in Figure 3 and Table 8. Acrossall dependent variables of anaerobic
endurance (n = 135), the mean ES (0.19 + 0.05) was greater than zero. The mean
improvement from baseline following creatine supplementation (4.9 + 1.5%) was
greater than that observed following placebo supplementation (—2.0 + 0.6%). The
mean ESfor BE, IM, and IT exercisewere significantly different from zero. How-
ever, ESfor IK, JP, KY, RN, and SW modes were not different than zero. Specific
anaerobic endurancevariablesthat haveimproved following creatine supplementa-
tion arework accomplished (Nm, J) and power (W). The mean ESfor each of these
performance variableswas significantly different from zero.

ES for Tasks Relying on Oxidative Phosphorylation

AsshowninTable9, theoverall mean ESfor activitiesof > 150 sinduration (n=69)
was0.20 + 0.07 (95%Cl = 0.06, 0.34, p = .0032). The only performance mode with
amean ESgreater than zerowasbicycleergometry (0.28 + 0.1, 95%CI = 0.08, 0.48;

0.95
0.75 1
0.55 4 *
0.35

015 4

Corrected Effect Size

-0.05 4

025 -
BE K 1M T JP KY¥ RN SW

Performance Mode

Figure3— Corrected effect sizesfor performancetasks30to150sin duration. *ES>0,
p=.05. Performancemodes: BE =bicycleergometry, | K =isokinetictor queproduction,
IM =isometricforceproduction, I T =isotonic strength, JP =jumping, KY =kayaking,
RN = sprint running, SW = swimming.
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Table 8 Effect of Creatine Supplementation on ES for Selected Measures
of Anaerobic Performance Tasks > 30 to < 150 s in Duration

ES % change from baseline
Variable n M = SE 95%ClI Placebo Cresatine
All ES* 135 0.19 £ 0.05 010,028 -20=+06 49+ 15
Repetitions* 2 0.63 £ 0.02 0.40, 0.86 99+99 323=:31
Work (Nm)* 18 031+ 0.04 0.22,0.40 0=+0 205+ 7.2
VO, (L/min)* 6 0.30 £ 0.06 0.24,0.36 11+06 8004
Power (W)* 11 023 +0.09 003043 -10=+38 56 29
Rate (m/s)* 8 0.12 + 0.09 0.05, 0.20 03+ 0.3 14+ 02
Work (J)* 41 0.09 £ 0.04 0.01,016 -68=+14 -41=+23
Time (s) 42 0.23 £ 013 -0.04,050 -04+05 63«21
Distance (cm) 5 0.05+ 011 -0.25,034 08+15 -02=x21

Note. Placebo and creatine values expressed as mean = SE. *ES > 0, p < .05.

Figure 4). The mean ES for the other modes of aerobic activity (isokinetic and
isotonic exercise, kayaking, running, rowing, and swimming) was 0.04 = 0.07
(95%CI =-0.10, 0.18).

Discussion

Although numerous reviews support the efficacy of creatine supplementation in
improving performance and increasing body mass (5, 22, 48, 52, 66, 97, 115), a
previous meta-analysis, including a limited number of studies, reported no ergo-
geniceffect of creatine on anaerobic performance (63). Thismeta-analysisincludes
alarger number of studiesand also addressesthe efficacy of creatine supplementa-
tionintheareasof body composition and aerobi c performance. Themean effect size
for all performance and body composition variablesin this meta-analysiswas sig-
nificantly greater than zero (mean = SE = 0.22 = 0.02). This effect size is small
accordingto Cohen'’ sclassification (18) andissurrounded by considerablevariance
(range=-1.4t03.52; SD =0.50), highlighting thefact that the efficacy of creatineis
not consistent for all variablesand popul ations studi ed. It should al so be pointed out
that themeta-analysishasacknowledged limitations, asdescribed by Lelorier etal.
(58). For example, there may be adisproportionate number of studiesinthelitera-
turethat meet inclusionary criteriaand also report statistically significant findings.
Nevertheless, the mean improvement following creatine supplementation (5.7 +
0.5%) wassignificantly greater than that observed foll owing placebo supplementa-
tion (2.4 = 0.4%). In addition to being statistically significant, this difference in
improvement (3.3 = 0.47%) is also of physiologic significance in many perfor-
mancetasks. Therefore, thismeta-analysislendsadditional support totheeffective-
ness of creatine in increasing total and lean body mass, and performance in high-
intensity, short-duration, repetitive tasks such as the number of weight-lifting
repetitions and resistance.
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Figure4— Corrected effect sizesfor performancetasks>150sinduration.*ES>0,p=<
.05. Performance modes: BE = bicycle ergometry, IK = isokinetic torque production,
IT = isotonic strength, KY = kayaking, RN = sprint running, RW = rowing, SW =
swimming.

Table 9 Effect of Creatine Supplementation on ES for Selected Measures
of Aerobic Performance Greater Than 150 s in Duration

ES % change from baseline
Variable n M= SE 95%ClI Placebo Cresatine
All ES* 69 0.20 £ 0.07 0.06, 0.34 03+ 05 2712
HR (beats/min)* 5 065+009 041,090 -03+06 -45=+08
Time (s) 14 0.19 £ 018 -0.20,057 -12+13 3330
Work (J) 4 042 £ 020 -0.13,096 -35+21 147=+41
Power (W) 9 0.28 £ 0.18 -0.14,0.71 16+10 57 27
Work (Nm) 2 0.04 £ 0.04 -0.49, 0.57 14+ 02 51+0
VO, (L/min) 30 0.14 £ 011 -0.09, 0.38 06+05 -08=+15
Time (min) 5 -019 =+ 011 -049 012 4319 124+50

Note. Placebo and creatine values expressed as mean + SE. *ES > 0, p < .05.

Effect of Creatine on Energy Metabolism and Performance

It islogical to hypothesize that any ergogenic effect of creatine supplementation
would be best observed in high-intensity, short-duration tasks, since ATP for the
performance of such tasks comes from the ATP-PCr energy system. Of the 96
published papersin this meta-analysis, 61 (64%) measured 617 performance vari-
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ablesof < 30sinduration, with 45 reporting anergogeniceffect (1-3, 6, 8, 10,12, 13,
15,16, 21, 24, 36, 38-40, 47,49-51, 54, 55, 59, 64, 67, 69, 72-76, 81, 82, 85, 91, 96,
102,103, 105-108, 111,112, 114). Although 17 studies (7, 9, 19-21, 23, 27, 32, 45,
46, 56, 60, 70, 71, 77, 78, 90) reported no ergogenic effect, the significant overall
effect size of 0.24 + 0.02 supportsthe efficacy of creatine supplementation in tasks
of =30sinduration. Asillustratedin Figure2 and Table 7, creatine supplementation
improvesleg ergometer performance (revol utions/min, power [W] and work [Nm,
J]), isotonic lifting mass (repetitions, 1-RM), isometric force production (N), and
isokinetic torque production (Nm).

It has been suggested that creatine supplementation may improve prolonged
anaerobic performance due to buffering action and less reliance on glycolysis re-
sulting in decreased lactate formation (115). Twenty-five studies measured the
effect of creatineon performance of 135 predominantly anaerobic variablesof 30to
150 sin duration, with 17 of these studiesreporting improved performancefollow-
ing creatinesupplementation (11, 12, 26, 28, 38, 44,57,59, 61, 75, 87,88, 92, 95, 99,
102, 109) and 8 reporting no ergogenic effect (14, 29, 65, 71, 82, 98, 101, 104).
Although smaller than the effect size for shorter-duration tasks, the overall effect
size(0.19 = 0.05) following creati ne supplementation issignificant and supportsthe
hypothesis that creatine may aso improve performance in tasks such as isotonic
lifting mass (repetitions), isometric work (Nm), and leg ergometer power and work
(W, J) that rely primarily on anaerobic glycolysis.

Although the effect of creatine supplementation on aerobic performance has
received much less research attention, it has been suggested that creatine may
modify substrate utilization during aerobic activity and possibly improveendurance
performance(94). Eighteen studiesmeasured theeffect of creatinesupplementation
on 69 aerobic variables that were longer than 150 sin duration. Improved aerobic
performance foll owing creatine suppl ementation was reported in some (33, 61, 64,
68, 79, 80, 87, 93, 109) but not other studies(4, 7, 28, 89, 94, 95, 101, 105, 114). The
overall effect size for these variables was significantly greater than zero (0.20 =
0.06, 95%CI = 0.06, 0.34). Exclusion of large ES (n = 12) from one study (68)
resultedinamean ESof 0.09 + 0.07 (95%CI =-0.04, 0.22). Bicycle ergometry was
the only mode of aerobic exercise for which a significant ES was observed. As
demonstrated in Figures 2—4, the ergogenic potential of creatine supplementation
diminisheswith increasing duration of activity.

It has been suggested that “responders’ to creatine supplementation have a
low baseline muscletotal creatine and/or agreater increasein muscletotal creatine
following supplementation (16, 37, 41). Total muscletotal creatine was measured
by biopsy beforeand after supplementation in seven performance studies (6, 16, 29,
33, 60, 90, 112). Although the percentage of significant performance findingswas
greater for ahigher compared to alower uptake of creatine, the actual effect sizes
between “responders’ and “non-responders’ were similar and negligible.

Effect of Creatine on BM and LBM

ChangesinBM (ES=0.17 + 0.05) and LBM (ES = 0.36 + 0.06) have been reported
following creatine supplementation. Of 67 studies which measured body mass/
composition, 43 reported increasesin BM or LBM (3, 4, 6, 8, 13, 15, 20, 21, 23, 24,
32,34, 35,37,39,44,45,49-51, 53, 54,59, 61, 62, 65, 67, 69, 71-73, 77, 85, 90, 91,
94,99, 105, 109-113), and 24 reported no changein BM or LBM following creatine
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supplementation (7,9, 25-27, 31, 38, 40, 55-57, 60, 64, 75, 76, 79, 82, 87, 89, 92, 93,
96, 98, 102). Supplemented creatine may increase intramuscul ar water content due
to osmotic action (42, 111). This mechanism would explain the often-reported
increasein BM following short-term creatine supplementation. Another proposed
mechanismisincreased training volumefollowing creatinesupplementation, which
may represent an indirect long-term mechanism leading to increases in BM and
LBM. It hasal so been suggested that creatine may influence protein anabolism and/
or catabolism. Creatine may function at the transcriptional or translational level to
stimulate contractile protein biosynthesis (43, 116). It has been further suggested
that increased cellular hydration may serveasasignal for increased protein synthe-
sis and/or decreased protein degradation (54, 116). Regardless of the involved
mechanism(s), ESfollowing acuteloading wasgreater than long-term maintenance
supplementation (0.26 + 0.04 vs. 0.04 + 0.05; Table4), suggesting agreater absolute
gain in mass early in a supplementation regimen and a more modest, gradual gain
with maintenance supplementation. It isimportant to point out, however, that main-
tenance suppl ementationwasoften combined with resi stancetraining, duringwhich
increased BM and LBM alsooccurredintheplacebo group. Moreresearchisneeded
to examineall of these potential mechanisms.

Effect of Supplementation Duration, Exercise Type, Training Status,
and Gender on Performance ES

Creatine supplementation regimens which included maintenance dosages resulted
in greater improvement from baseline in performance (12.3 + 1.8%) compared to
short-termloading regimens (5.3 + 0.5%), but therewasno differencein ES(0.26 +
0.04 vs. 0.22 + 0.02; Table 6). Since maintenance supplementation is usually ac-
companied by training, which also elicitsimprovement in the placebo group, this
finding suggests the presence of an augmented ergogenic effect of creatine when
combined with training. The explanatory mechanism (i.e., indirect effect of in-
creased training volume or direct stimulation of protein synthesis) awaits further
study.

It hasbeen suggested that creatine supplementation may improve ATPresyn-
thesisbetween repetitive bouts of exercise (37). The ESfor repetitive-bout exercise
(second and higher bouts, 0.25 + 0.03) was greater than the ESfor single-bout (and
thefirst of multiple-bout) exercise (0.18 + 0.02; Table 6). Thisfinding would seem
tosupport thisergogenic mechanism, although othershavefailedtofind evidenceof
enhanced ATP resynthesisfollowing repetitive exercise (29, 108). Several studies
havereported the effects of creatine supplementation onthe declinein performance
over multipleboutsof high-intensity, short-duration (=30s) exercise(13, 19, 21, 23,
47,60, 64,67, 70, 85, 90, 105). Themean ESfor percent decrement in performance
in these studies was not significantly different from zero (—0.04 = 0.06; 95%Cl =
—-0.16, 0.09; Table 7), suggesting a resistance to fatigue associated with creatine
supplementation. These findings support the possibility of improved performance
in multiple bouts of high-intensity, short-duration exercise.

The majority of performance variables (77%, n = 635) were measured in a
laboratory setting. Jumping, sprint running, skating, and swimming were consid-
ered as field-based performance tasks in this meta-analysis. These performance
modes have received much |essresearch attention than laboratory-based tasks such
asbicycle ergometry, isokinetic, isometric, and i sotonic performance. Thefact that
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agreater ES was observed in the laboratory setting is no doubt related to greater
internal validity and control of extraneousfactors, such asambient conditions, that
could potentially affect performance. However, theultimate application of theergo-
genic effect of creatine or any supplement will be on the playing field in actual
competition (i.e., afield-based setting). Although more research is needed on the
effect of creatine supplementation in field settings, the observed ES of 0.14 = 0.04
indicates that creatine supplementation has minimal effectiveness in improving
swimming, running, and jumping performance. It has been speculated that the
increased body massfollowing creatine supplementation may beergolyticfor these
activities (64).

There was no difference between trained and untrained subjects in ES for
body composition or performance variables, but untrained subjects exhibited a
greater percent change in performance from baseline, which may be explained by
the presence of atraining or learning effect. It should be pointed out, however, that
the classification of training status was less than perfect. For example, “healthy,
physically active” subjects were considered astrained in this meta-analysis. Since
creatine supplementation has been reported to benefit deconditioned patients with
congestiveheartfailure(2, 33), gyrateatrophy (86), mitochondrial cytopathies(95),
and McArdl€e sdisease (114), the effects of trained state on the ergogeni c effect of
creatinemerit additional investigation.

Creatine supplementation has been studied most extensively in trained male
subjects. The effects of creatine supplementation on femal e subjects has been the
focus of only nine studies of 41 performance variables, with an ergogenic effect
reported in three studies (55, 96, 107). It has been reported that females may have
higher endogenousmuscl ecreatine (30) and that thosewith high endogenousmuscle
creatinedo not respond asfavorably to supplemental creatine(37). Itisunclear if the
paucity of support for an ergogenic effect of creatine in femalesis dueto a physi-
ol ogic mechanism or simply theunavailability of data. Thismeta-analysisfoundthe
relativeimprovement from baselinefoll owing creati nesupplementationto begreater
infemales (14.8 = 3.8%) than males (5.5 = 0.7%) and subject groups consisting of
males and females (7.9 = 1.1%). Furthermore, there was no difference between
malesand femalesin ESfor performance variables. Moredirect comparisonsof the
effectsof creatinesupplementationinmal esand femal esareneeded to el ucidateany
gender differencesin responseto creatine supplementation.

The effect of creatine supplementation is more pronounced in upper-body
performance tasks (ES=0.42 + 0.07) than in lower-body (0.22 = 0.02). Total body
exerciseisunaffected by creatine supplementation (0.13+ 0.04). Thereasonfor this
observationisunclear. Itispossiblethat preferential uptake of supplemented creat-
ineby upper-body muscul ature could berel ated to areport of greater creatineuptake
by fast-twitch fibers (16), but there has been no comparison of creatine uptake
between upper-body and lower-body musculature. Thisissue meritsfurther investi-
gation.

Researchersoften receivefunding or support from dietary supplement manu-
facturers. Such relationships might present a potential conflict of interest. On the
one hand, the supporting entity would presumably want objectiveresearch findings
that are based on statistical probability. On the other hand, the supporting entity
would also have a vested interest in the outcome of the study. The percentage of
studies that reported at least one significant finding and also acknowledged



Creatine Supplementation: A Meta-analysis / 219

manufacturer involvement was similar to the percentage of non-sponsored studies
withasignificant finding. Furthermore, therewasno differencein mean EShetween
studiesreceiving support and thosereceiving no support. It isimportant to point out,
however, that no attempt was madeto ascertai n the degree of manufacturer support,
which could range from simple donation of supplementsto full financial sponsor-
ship. Moreover, manufacturersareunlikely to publishanon-ergogenic study. Within
thelimitsof thesedata, sponsorship of creatineresearch by supplement manufactur-
ersdoesnot appear to be asource of hias.

There are severa limitations to this meta-analysis. First, the quality of each
study, whichisconsideredin somemeta-anal yses, wasnot considered inthe present
study. This is acknowledged as a potential weakness. Second, some studies em-
ployed methods for which there was insufficient or unknown reliability. The dis-
tinction that was made between “laboratory-based” and “field-based” tasksis de-
batable. It may bearguedthat thisdistinctionisirrel evant solongasthemethodol ogy
isvalid, reliable, and objective. Onthe other hand, thereismerit to examining skills
that areactually employed in competition. Third, thismeta-analysisdid not address
thepotential health effectsof long-term creatine suppl ementation, whichisasource
of concern among clinicians. Creatine supplementation has also been reported to
excessively elevate lower leg muscle compartment pressure following endurance
exercise (84). This side effect could result in impaired performance and medical
intervention. It was al so assumed that all supplemented creatinewasfreeof impuri-
ties. Although a recent retrospective study reported no adverse effects of creatine
supplementation (9.7 g - d™ for up to 4 years) on blood chemistry, muscleinjury, or
other side effects (83), the long-term effects of creatine remain largely unknown.
Therefore, it would behooveall potential and current usersof creatineto continueto
seek current information about the effects of creatine from authoritative sources.

In conclusion, ES was greater for lean body mass following short-term CS,
repetitive-bout exercisetasks < 30's, and upper-body exercise. Creatine supplemen-
tation hasimproved repetitionsaccomplished, masslifted (kg), force (N) and power
(W) generated, and work accomplished during high-intensity, short-duration (<30
s) isotonic, isometric, isokinetic, and leg ergometer exercise. ES for performance
tasks diminisheswith increasing duration of exercise, an observation that isconsis-
tent with energy system specificity for various exercise tasks along the intensity/
duration continuum. Creatine supplementation does not appear to improve swim-
ming and running performance. Theliterature does not support an effect of gender
or training status on ESfollowing creatine supplementation.
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