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Abstract

Over the past few decades the use of dietary creatine monohydrate has emerged as
one of the most popular dietary ergogenic supplements. But some researchers have
warned that such supplementation may not be entirely safe. This is based on multiple
case reports that have indicated a possible link between creatine supplementation and
renal dysfunction. Yet several additional studies have not supported a link between
creatine supplementation and renal function, leaving many athletes to wonder what the
risks of supplementation might be.

This review re-examines data associated with methods used to analyze renal
function in individuals who supplemented with dietary creatine monohydrate. The
emphasis of this review is on the various renal function marker methods [i.e, plasma
creatinine (mg/dL), plasma urea (mg/dL), estimated creatinine clearance (ml/min),
urinary creatinine (g/24hr), >*Cr-EDTA (ml/min), Cystatin C (mg/L), and urinary urea
(9/24/hr)], as well influential factors associated with the individuals that may have the
potential to impact renal function (i.e., exercise, type of exercise, medicated, diseased,
daily creatine intake, and length of creatine cycle). The combination of these data was
imported into the statistical program Comprehensive Meta-Analysis (CMA). In all, a total
of 21 studies were examined, which included 1,620 control subjects and 961 subjects
treated with creatine. Data were compared in a variety of ways, including the
comparisons of pre- and post-treatment urinary function markers via an unpaired t-test.
The results of the unpaired t-tests found that plasma creatinine and estimated creatinine
clearance (eCrnCl) were different before and after creatine supplementation (p<0.05),
while other renal function markers did not differ. The groups assessed with plasma
creatinine and estimated creatinine clearance were then evaluated individually against
categorical moderators associated with exercise, medications, duration of creatine
supplementation and pre-existing disease. Results indicated that the combination of
exercise and consumption of high doses of creatine monohydrate for a short period of
time, as well as consumption of the recommended dose for an extended period of time,
had the greatest influence on levels of plasma creatinine (p<0.001) and estimated
creatinine clearance (p<0.001).

Because both plasma creatinine and estimated creatinine clearance might change
because of changes in creatine intake that are unrelated to renal function, it is
recommended that additional clinical studies of creatine supplementation use either
Cystatin C or >!Cr-EDTA as the measure of renal function. In this review, neither of these
markers changed with creatine supplementation, and they would not be expected to be
directly influenced by creatine intake. In summary, the determination of the impact of
creatine supplementation on renal function may be confounded by the marker used to
assess renal function, and choosing a marker that is not directly affected by creatine
intake (independent of renal function) would provide the most reliable results.



Acknowledgments

I would like to thank my committee members, Dr. Ronald Gerrits, Dr. Larry
Fennigkoh and Professor Gary Shimek for their support and guidance throughout this
vigorous and intense project. My sincere gratitude goes to Dr. Ronald Gerrits for his

support and patience throughout this project.



Table of Contents

LISt Of FIQUIES ..t e e 6
List Of TabIes . .oovtiiii e 7
NOMENCIATUIE ...\ttt e e e e 8
Chapter 1: INtrodUCTION ...t 10
| T (0T Lo 0 3 P 10
Chapter 2: LIterature ReVIEW .......o.iiritiiiiit e e 12
2.1 Handling of Creatine by the Body ...........cooviiiiiiiii e 12
2.2 Intracellular Utilization and Clearance of Creatine ................coovviiiiiiiiinnnann 16
2.3 Creatine and Creatinine ClearancCe.............ooooiiiiiiiiiiii e 17
2.3.1 Creatinine CIearance ...........c.ovuiirientintiat ittt eeeitenneaeeanns 18
2.4 Health Concerns Involving Creatine Supplementation ...................ooevevennnn... 20
2.5 Assessing Kidney Function in Creatine Supplementing Individuals .................. 22
2.5.1 Blood Urea Nitrogen (BUN) ........ooiiiiiiiiiiiiii e 26
2.5.2°TC-EDTA .. ooiniiii e 27
2.5.3 Cystatin C ..o 28
2.5.4 Summary of Mechanisms Used to Assess Renal Function .................... 29
2.6 StUAY GOl . ..eeei 30
Chapter 3: MethOdsS ... e e 32
30 SHUAICS .ottt e 32
3.1 Statistical ANALYSIS .. .uenet it 34
Chapter 4: Results and DiSCUSSION ........oiuuiriit i e 38
4.0 Comparison of Renal Function Markers in Comprehensive Meta-Analysis ........... 38

4.0.1 Statistical Analysis: The Use of Categorical Moderators in
Comprehensive Meta-Analysis ..........c.oviiiiiiiiiiiiiaeeceiee e 41



4.1 Discussion Of ReSUILS. .......oouiiiiiii e 43
Chapter 5: Conclusion and Recommendations ..............ccooiviiiiiiiiiiiiiiiiieeenens 47
5.0 Conclusion and Future Recommendations ................cvuviiiiiiniiiniiininianannn. 47
R OIONCES .t 48

Appendix A: Individual Data Utilized for Means + Standard Error in Comprehensive

MEta-ANALYSIS. .. .e vttt e 58
Appendix B: Data Summary for P1ots ..............oooiiiiiiiiiii e 70
Appendix C: Group Comparisons in Comprehensive Meta-Analysis ...................... 72
Appendix D: Data for Studies using Comprehensive Meta-Analysis ...................... 78

Appendix E: Renal Function Marker Comparison in >!Cr-EDTA and Cystatin C ........ 80



List of Figures

Figure 1: General Overview of Biosynthesis of Creatine .................c.ooooeiiiinn.. 13
Figure 2: Effects of Creatine and Carbohydrates on Urinary Creatine Excretion ......... 15
Figure 3: Regeneration of ATP and Creatinine Formation....................c.cooeoeinn... 16
Figure 4: Mean Plasma Creatinine Levels at Various Creatine Doses ..................... 17
Figure 5: Relationship between GFR and Plasma Creatinine ...................ccceoeuenn... 24
Figure 6: Process Used for Determining which Statistical Tests were Performed ........ 36

Figure 7: Summary of Graphed Data from Microsoft Excel ....................ooooiiin, 40



List of Tables

Table 1: Creatine Content in Food .............coooiiiiiiii 13
Table 2: Percentage of Supplemented Creatine that is Excreted via Kidneys ............. 15
Table 3: Mean Plasma Creatinine Levels at Various Creatine Doses and

Lengths OF USE ....viei 18
Table 4: Mean Urinary Creatinine Levels in Creatine Supplemented Subjects .......... 19
Table 5: Summary of Case Studies Reporting Renal Dysfunction with Creatine

SUPPIEMENTALION. ...t 21
Table 6: Stages of Kidney Disease ..........coovviiiiiiiiiiiiii i, 24
Table 7: Renal Function Markers ..............ooiiiiiiiiiiiiiicc e, 30
Table 8: Summary of Publications used in the Current Study .................cceoveennnn.. 33
Table 9: Coded Categorical Moderators for Meta-Analysis Statistical Program ....... 37
Table 10: Summary of Renal Function Marker Data ...................ccooiiiiiiiininn, 39
Table 11: Summary of the Effects of Categorical Moderators on Data .................. 42



Nomenclature

Abbreviations

ADP Adenosine diphosphate
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Chapter 1: Introduction
1.0 Introduction

Creatine (Cr) is a naturally occurring amino acid, synthesized within the body, as
well as supplemented through various exogenous sources. When consumed, creatine is
absorbed in the gastrointestinal tract (GI tract), taken up in the plasma, and transported to
areas of high energy demand (e.g., skeletal muscle). In skeletal muscle, creatine uptake
occurs through sodium and chloride-dependent transporters CreaT [1, 2, 3]. Once
absorbed, creatine is stored in the form of phosphocreatine (PCr) until periods of high
energy turnover utilizes PCr in the production of adenosine triphosphate (ATP). Hence,
the primary biological function of creatine is its role in the production of adenosine
triphosphate (ATP) within skeletal muscle tissues. Studies have shown that for
individuals who supplement with creatine monohydrate, their total PCr concentrations
can increase up to 20%, which may allow for faster regeneration of ATP [2, 3]. This
particular feature of creatine monohydrate makes it an attractive dietary supplement for
both professional and amateur athletes. Despite its widespread use, the safety of creatine
monohydrate supplementation is still debated by consumers, researchers, and clinicians.
One of the major questions associated with creatine monohydrate supplementation is
whether or not its long-term use and over-consumption can lead to renal dysfunction.
This concern arose from several case studies as well as research studies that have linked
creatine monohydrate supplementation to acute renal failure [4, 5, 6, 7, 8, 9, 10]. In
contrast, a large number of other studies have concluded that creatine monohydrate
supplementation poses no significant health concerns at recommended supplementation

doses [4, 5, 11, 12, 13, 14, 15, 16].
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One possible explanation for the varying conclusions is that many studies use
direct plasma creatinine levels, the byproduct of creatine metabolism, or a derivative,
such as estimated glomerular filtration rate (eGFR) or estimated creatinine clearance
(eCrnCl) as their marker for renal function. But the levels of creatine intake might affect
creatinine levels, or the urinary handling of creatinine, independent of changes in kidney
function. Another possible explanation is that the studies did not adequately address how
confounding factors may influence the previously mentioned methods of evaluating renal
function, as well as how age, exercise, pregnancy, diet, muscle mass, medications,
disease (e.g., diabetes mellitus, acute renal failure), and gender in both creatine and non-
creatine supplemented individuals [12, 17, 18, 19, 20] impact these renal function

markers.

The aim of this study is to re-examine the data as they pertain to renal health risks
associated with the consumption of the dietary supplement creatine monohydrate. This
included a review of the methods used in various studies to determine renal function with
a discussion of their appropriateness as renal function markers in the creatine
monohydrate dietary supplement population. A meta-analysis on pooled data from
previous studies was then employed. The analysis included the incorporation of
influential factors, such as age, race, medication, resistance training, and pre-existing
renal issues, as well as disease. The overall goal of this evaluation was to investigate the
hypothesis that creatine supplementation does not have any direct negative effects on the

kidneys.
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Chapter 2: Literature Review
2.1 Handling of Creatine by the Body

Creatine is a small amino acid that plays a role in cellular energy balance,
particularly in skeletal muscles. It can be synthesized endogenously and it can be
obtained from diet. A 70 kilogram (kg) adult has approximately 120 grams (g) of creatine
in their body [21, 22]. Of this, 95% is distributed within skeletal muscle, with the
remaining 5% distributed within the brain, heart, testes, and kidneys [23, 24].

Endogenous production occurs through a multistep process involving the kidney
and liver (Figure 1). Through endogenous production, approximately 1 to 2 grams of
creatine can be synthesized in a 24-hour period [5, 21, 22]. Once synthesized, creatine is
transported from the liver to skeletal muscle. Creatine can also be obtained from the diet,
mainly from meat and fish. The average American diet contains approximately 2009 of
meat per day, which would yield an equivalence of approximately 1g of dietary creatine
monohydrate [25], although this value can vary significantly with diet (see Table 1 for
creatine content in food). Dietary creatine is well absorbed from the small intestine
through an active transporter process that utilizes sodium and chloride-dependent
transporters. Together, endogenous production and dietary consumption and absorption

contribute about 2 grams per day (g/d) of creatine to the body’s pool.
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Figure 1: General Overview of Biosynthesis of Creatine [26].

Table 1: Creatine Content in Food [25].

Creatine Content Creatine Content

Meat
(a/kg) (g/lb)
Pork 5 2.3
Beef 4.5 2
Fish/Seafood
Herring 6.5-10 3-4.5
Salmon 4.5 2
Tuna 4 1.8
Cod 3 1.4
Shrimp trace Trace
Other Foods
Milk ) .02 .01
Cranberries 0.1 .05

From the blood plasma, creatine is transported into skeletal muscle cells against a
concentration gradient that utilizes the same sodium-chloride-dependent CreaT

transporters utilized for absorption within the Gl tract [23, 27, 28, 29]. The CreaT
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transporter has a high affinity for creatine, where the uptake of creatine is highly reliant
on the extracellular concentration of sodium ion (Na*), with two sodium molecules
transported for every creatine molecule [28]. Presently, there are insufficient data to
determine the exact regulation of the CreaT transporter, but it has been postulated that the
CreaT transporter is likely regulated by fluctuations in extracellular creatine
concentrations [30, 31].

Normal creatine storage is approximately 100 to 160 mmol/kg/dm [13, 29, 32].
This value can increase more than 20% after consuming 20g of creatine for five
consecutive days [33]. Since skeletal muscle can only absorb a certain amount of creatine
from the plasma, 40% to 72% of the original dose in creatine supplementing individuals
is excreted in the urine (Table 2). This urinary creatine excretion can be decreased if
carbohydrates are consumed with the creatine, because it enhances creatine uptake by
skeletal muscle [23, 34, 35] (Table 2, Figure 2). Like carbohydrates, endogenous
compounds such as catecholamine, thyroid hormone, and insulin-like growth factor 1
(IGF-1), and exercise have the ability to influence the increased uptake of creatine (1 to
3-fold higher) into skeletal muscle [23, 34, 35]. The subjects in Figure 2 consumed 5¢g
dietary creatine monohydrate with 250mL of hot sugar-free orange juice alone, or
followed by 93g of carbohydrates (CHO), which was contained in 500mL of Lucazade
sports drink. In summary, Figure 2 depicts that subjects who consumed creatine with
carbohydrates excreted a lesser amount of creatine in their urine when compared to

subjects who did not consume creatine with carbohydrates.
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Table 2: Percentage of Supplemented Creatine that is Excreted via the Kidneys [5].

Dose (g/d) Duration (days) Excreted (%)
10 10 73
20 10 67
20 5 67
0.25kg/body weight 5 57
21 5 60
10 5 44
9 5 33
25 5 72
20 1 67
0.1kg/body weight 7 46
20 5 55
20 5 47
21 14 77

Urinary Creatine Content (g)

Effects of Creatine and Carbohydrates on Urninary Creatine Excretion

-
.:>

IS
o N

o N B O
I

Hinal

A (Day 1)A (Day 3) B (Day 1) B (Day 3) C (Day 1) C (Day 3)
Group

mA (Day1)
A (Day 3)
H B (Day 1)
B (Day 3)
HC (Day 1)

Group A =5g Cr + 250mL
hot sugar free juice

Group B =5g Cr + 250mL
hot sugar free juice
followed by 93g CHO
Group C =5g Cr + 250mL
hot sugar free juice
followed by 93g CHO

m C (Day 3)

Figure 2: Effects of Creatine and Carbohydrates on Urinary Creatine Excretion [32].
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2.2 Intracellular Utilization and Clearance of Creatine

Intracellularly, when creatine enters skeletal muscle tissue, it can exist in either a
free or phosphorylated form (PCr) [34]. During periods of high energy usage, ATP levels
will be maintained by the creatine kinase catalyzed reaction, where adenosine
diphosphate (ADP) becomes phosphorylated by phosphocreatine (PCr) to regenerate
ATP and creatine [13, 33, 36, 37] (Figure 3). Both creatine and PCr are spontaneously
and irreversibly degraded into creatinine, which is excreted via the kidneys at a rate of
approximately 2g per day in healthy, un-supplemented adults [27]. However, the rate of
creatinine conversion and the rate at which creatinine is excreted in the urine can vary
significantly with changes in exercise level, muscle mass, dosage amount and length of

creatine supplementation [23, 35].

HsG o wu™f
\ Bis
HZN\H/N\/&OH - RTE /P\\/N\n,N T ———
NH,* Creatine O O NH,*

Kinase

Creatine Phosphocreatine

Creatinine

Figure 3: Regeneration of ATP and Creatinine Formation [38].



2.3 Creatine and Creatinine Clearance

Creatine is cleared from the body primarily through its conversion to creatinine
and subsequent excretion by the kidneys. This is particularly important because renal

function is often assessed using plasma creatinine levels or derivatives of this measure.
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Under normal conditions, creatinine generation occurs at a constant, predictable rate [23,

28, 29]. However, in supplementing individuals, creatinine generation may not be

constant, especially if supplementation levels are high. This is supported by the majority

of the data in Figure 4 and Table 3, which is the result of a review study conducted by
Poortmans et al. [5]. Figure 4 also includes other studies that were utilized in this thesis

[39, 40]. As Figure 4 depicts, as creatine supplementation increases, plasma creatinine

concentrations generally rise. Additional studies have demonstrated that when individuals

exceed the recommended dose (greater than 10g/d) of creatine monohydrate, they may

experience a rapid increase in renal elimination of creatine as well as a slight elevation in

creatinine clearance [5, 39], both of which are indicative of rising creatinine levels.
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Figure 4: Mean Plasma Creatinine Levels at Various Creatine Doses [5].



Table 3: Mean Plasma Creatinine Levels at Various Creatine Doses and Lengths of Use [5, 40, 41].

Plasma Crn Level (mg/dL)
Reference # Group Dose (g/d) Duration (d) Pre-Cr Post-Cr
[5] cr 20g 5d 0.95 1.03
[5] Cr 10 5 1.09 1.10
[5] cr 21 5 0.91 0.99
[5] Cr 3 63 0.93 0.88
[5] cr <10 5y 0.86 0.78
[5] cr 9.7 4y 0.06 1.26
[5] Cr 20 7d 0.88 1.19
[5] cr 10 56d 1.19 1.30
[5] Cr 0.3/kg body wt 7 1.08 1.36
[5] Cr 0.3/kg body wt 7 1.20 1.05
[5] Cr 5 19m 0.95 1.13
[5] Cr 5 1y 1.20 1.21
[5] Cr 5 14w 1.10 0.41
[5] Cr 0.3/kg body wt 4w 1.23 1.74
[5] Cr 20 8d 1.60 1.15
[5] Cr 21 14d 0.98 0.83
[40] Cr Load 20 +2000mL of CHO 5d 0.97 1.23
[40] Cr Load +6 20g Cr +4g CHO 4d 1.13 1.16
[40] Cr Maint +Ex | 20g Cr (5d), 3g (8w) n/a 0.76 0.95
[40] Cr Maint 20g Cr (5d), 3g (8w) nfa 0.75 1.05
[41] Cr 30 7 1.07 1.42

2.3.1 Creatinine Clearance

Presently, no established value — nor an accepted estimate — have been

determined for the rate at which creatine is converted to creatinine within the skeletal

muscle tissue of humans [38, 42]. Factors including dose, body mass of the individual,
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and exercise may all be contributing factors that influence the amount of creatinine that is

excreted in the urine (Table 4 and Table 5) [38, 42]. Though there are insufficient data to

support the assumption that creatinine clearance is proportional to muscle mass [42],

clinically, it is important that factors such as dose, body mass, and exercise be considered



in order to appropriately estimate the clearance of creatinine within the body.
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Additionally, studies [32, 35] have shown that consumption of carbohydrates with dietary

creatine monohydrate may affect the total amount of creatinine excreted in the urine. It

has been postulated that the rate of creatinine that is cleared in the urine is decreased in

individuals who consume carbohydrates with dietary creatine monohydrate. These factors

can directly affect plasma creatinine levels, which are often used to determine kidney

function either through a direct assessment of plasma creatinine, or through calculations

of estimated GFR (eGFR) or estimated creatinine clearance.

Table 4: Mean Urinary Creatinine Levels in Creatine Supplemented Subjects [24].

Urinary Crn (mg/24hrs)

Duration (d (day), m (month), yr Pre- Post- Difference
Dose (years)) Cr Cr (9/24hr)
20 6d 990 1360 370
0.5/kg body
wt 5d 1410 2090 680
20 4d 1860 2250 390
3 58d 1730 1900 170
9 5d 1630 2210 580
31010 8m-5yr 1800 1530 -270
20 6d 2150 2620 470
10 56d 1380 1850 470
0.3/kg body
wt 7d 2340 2720 380
20 4d 1710 1850 140
20 7d 1870 1810 -60
20 6d 1410 2090 680
20 4d 1300 1800 500
5 19m 2820 2670 -150
20 ad 1560 2710 1150
21 14d 1860 2220 360
5 5m 1570 1640 70
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2.4 Health Concerns Involving Creatine Supplementation

Though creatine is a naturally produced compound within the human body,
several studies have questioned its safety when consumed in high doses (greater than
10g/d) as a dietary supplement [5, 6, 13, 43, 44, 45]. This concern has arisen mainly
from case reports in which supplementing individuals have presented with a variety of
renal disorders (Table 5) that were determined through the estimation of creatinine
clearance. These disorders included acute renal failure (three individuals), interstitial
nephritis (three individuals), acute tubular necrosis (one individual), and focal segmental
glomerulosclerosis (one individual). Unfortunately, these case reports provide no direct
evidence that creatine was the causative agent of the renal failure and it could be that
additional factors were involved in some, or all, cases. For example, all subjects in the
case studies were on a weight-training regimen that consisted of a high protein diet [4, 8,
9, 46]. Though very vague on the details of these subjects, it was disclosed that in
conjunction with a daily exercise regimen, some subjects consumed daily medications [6,
46], multiple dietary supplements besides creatine [9, 46], and some subjects may have
had predisposing medical conditions prior to creatine supplementation (e.g., steroid-
responsive nephrotic syndrome, and diabetes) [9, 46]. These factors leave open the
possibility that creatine itself is not the culprit of renal failure in some, or all, of these

case studies.



Table 5: Summary of Case Studies Reporting Renal Dysfunction with Creatine Supplementation [4, 6, 8, 9, 43, 46].

L Estimated 8 weeks later Blood Urea
Initial Serum Intra-Serum Creatinine Estimated Nitrogen Complicatin
Reference # Age Dose Length Creatinine Creatinine . d Diagnosis P 4
(mg/DI) (mg/DI) Clearar_lce Creatinine (BUN) Factors
(mL/min) Clearance (mg/dL)
20g/d x
5d, 3g/d x Interstitial Nephritis and Bodybuilder (high
[4] X 5d, 1g/d x 1 month 4.3 6.2 X X X Renal Failure consumption of protein)
21d
Interstitial Nephritis and Consumed multiple
[l 24 Sgfd x 3d 6 months 38 X 30 X 30 Acute Renal Failure supplements
5g x 4/day, Acute Renal Failure and Bodybuilder
[46] 42 5g/d 2 months 14 3.50 X X " lactic acidosis Diabetic
8 18 550%/(1/; 7 K 0.45 228 X X X Acute Renal Failure, and Border lin high blood
[ ] eywegeksx WeeKs ' ' Acute Tubular Necrosis pressure (150/90 mmHg)
15g/d x Focal Segmental Pre-Existing renal
6 25 7d, 2g/d x 8 Weeks 1.80 2.04 61 54 X ocal segmentar dysfunction, medicated
[ ] 7 weeks Glomerulosclerosis (cyclosporine)
[43] 20 20g/d 4 weeks 1.40 2.30 X X X Acute Interstitial Nephritis None

T¢
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Another complicating factor when determining if creatine supplementation
negatively affects kidney function is the inconsistency of dose. Creatine monohydrate is a
popular supplement, but historically, dosages have varied and are up to the user. Initially,
manufacturers proposed that users of creatine monohydrate begin with a loading phase of
5g consumed four times daily for four weeks, followed by a maintenance dose of 5g per
day for three weeks [9, 47]. Yet most studies report average daily doses were between
10-15g/d [9, 47]. Further, surveys have found that 80% of collegiate athletes exceeded
the recommended dose of creatine monohydrate (greater than 10g/d) [9], while others
were unaware of how to properly dose this supplement [47]. This may be of importance
because there is the potential for very high doses to alter the body’s metabolism of
creatine, converting it to toxic compounds, such as formaldehyde and methylamine [24].
Therefore, researchers have proposed that one might expect renal damage could occur in
those individuals that supplement with long-term at doses of creatine exceeding 20 g/d [5,
23]. Because most studies likely utilized self-reporting of creatine dosing by the subjects,
there is the potential that some were dosing above the amount they were reporting.
Although there is a potential that this occurred, this paper is assuming that the reported
supplementations are correct, and that if incorrect assessments of kidney function

occurred, it was more likely because of the methods used to assess kidney function.

2.5 Assessing Kidney Function in Creatine Supplementing Individuals
The importance of estimating renal function during clinical studies is that the
estimate can be used to examine the effects certain substances may pose on the renal

system. Studies reviewed in this thesis assessed renal function through the Jaeffe
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Reaction, and the Cockcroft-Gault Equation (Equation 1). The Jaeffe Reaction is utilized
to directly measure the serum creatinine concentrations in the subject [36, 40, 41, 48, 49,
50, 51, 52, 53]. Once the serum creatinine concentration is determined through the Jaeffe
Reaction, some studies utilized the serum creatinine concentration to estimate the
creatinine clearance (eCrnCl or eGFR) by using the Cockcroft-Gault Equation. It should
be noted that in order to estimate CrnCl with the Cockcroft-Gault Equation, the subject’s
weight and age need to be available to the researcher [36, 49, 51, 52]. Equation (1) shows

the Cockcroft-Gault Equation:

__ (140-Age)xWeight (kg)x0.85 (if female) (1)
o 72xSerum Creatinine (;n—lf; '

Estimated CrnCl (r:ili))

Estimated CrnCl is commonly used to assess renal function because it is easier
than measuring the “true” GFR, which requires urine collection and measurements of
urinary concentrations of the marker compound. If creatinine is not used as the marker
compound, then true GFR measurements also require the IV administration of either
inulin or a radioactive compound. The estimation of GFR (CrnCl) via the Cockcroft-
Gault formula has been found to produce acceptable values for the estimated GFR under
many circumstances [12, 51, 52]. This is because most individuals have a very consistent
rate of creatinine formation, keeping plasma creatinine levels constant as long as renal
function is normal. In such individuals, the relationship between plasma creatinine levels
and GFR is shown in Figure 5. The corresponding stages of renal disease associated with
the changes in GFR are shown in Table 6. But as previously discussed, those who

supplement may have an increased rate of creatinine production, which could cause the



eGFR to underestimate the true GFR, leading to the incorrect assessment of renal
function. The following sections take a closer look at how kidney function can be

assessed and the specific methods that were used in the studies reviewed for this thesis.

Plasma creatinine (mg/dL)
w
|

0 T T T T T T
0 20 40 60 80 100 120 140

GFR (mL/min)

Koeppen & Stanton: Berne and Levy Physiology, 6th Edition.
Copyright © 2008 by Mosby, an imprint of Elsevier, Inc. All rights reserved

Figure 5: Relationship between GFR and Plasma Creatinine [54].

Table 6: Stages of Kidney Disease [55].

Stage Description GFR mL/min/1.73 m?
1  Kidney damage with normal or increased GFR 90
2 Kidney damage with mild decrease in GFR 60 to 89
3 Moderate decrease in GFR 30to 59
4 Severe decrease in GFR 1510 29
5 Kidney failure <15 (or dialysis)
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In the literature review for this thesis, eight of the nine studies that estimated GFR
did so by utilizing the Jaffe Reaction [36, 41, 48, 50, 51, 52, 53], while one study [40]
utilized an unspecified technique to estimate plasma creatinine levels. The Jaffe Reaction
utilizes a blood sample that is suspended into an alkaline solution consisting of picoric
acid. In the presence of this solution, the creatinine reacts with the picoric acid, in which
the chemical reaction results in a color. Using the solution, the concentration of creatinine
in the solution is read through its absorbance in a spectrophotometer [40, 56]. The normal
range for plasma creatinine concentration is between 0.5 to 1.0 mg/dL in women and 0.7
to 1.2 mg/dL in men [40, 56]. However, it’s to be expected that these values may reach as
high as 2.0 mg/dL in subjects with greater muscle mass [40, 56]. Once the plasma
creatinine concentration has been determined, it can either be directly used to assess renal
function, or it can be taken a step further to be utilized to estimate the GFR through the
Cockcroft-Gault Equation -- Equation (1).

Though the Jaffe Reaction is very common in clinical practice, it is associated
with some drawbacks. For instance, compounds similar in structure as creatinine, or
specific chromogens (as they can relate to certain diseases), have the potential to interfere
with true creatinine concentrations. Examples of possible interferents include both
glucose and proteins, which are common supplements utilized by consumers who
participate in resistance training. The effect of these interferents is the possibility that
they can lead to an overestimation of the plasma creatinine, resulting in a decreased
eGFR, which may not be reflective of true GFR. Another major drawback of the Jaeffe
Reaction — as well as the Cockcroft-Gault Equation (discussed in next section) to

estimate GFR, is that those individuals who supplement with creatine monohydrate
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exhibit a greater plasma creatinine concentration, and utilizing plasma creatinine
concentration as an estimate of renal function therefore may not be the best method to

determine renal function, since it may underestimate the true GFR [12, 52].

2.5.1 Blood Urea Nitrogen (BUN)

Blood urea nitrogen (BUN) is another marker that is used clinically to evaluate
renal function. Although BUN is not one of the more commonly used methods to
evaluate renal function, the idea behind using BUN is that it is a non-creatinine-based
renal function marker. More specifically, BUN measures the amount of urea nitrogen in
the plasma, which rises with decreased renal function, and low blood flow to the kidneys,
as a result of dehydration or heart failure. Because creatine monohydrate has the potential
to cause dehydration, the use of BUN as a renal function marker may be affected by
individuals who consume dietary creatine monohydrate. In the literature reviewed for this
thesis, seven studies utilized BUN to evaluate renal function [11, 40, 48, 50, 52].

Similar to creatinine, urea is an inexpensive estimate marker used to analyze renal
function; however, like any creatinine-based marker, it, too, has drawbacks. For instance,
during episodes of volume depletion (e.g., dehydration, vomiting, and diarrhea), which
are common side effects associated with creatine supplementation, GFR will remain the
same, but urea is reabsorbed in the tubules of the kidney, which results in an increase in
plasma concentration of urea, which would signify renal dysfunction [57]. Other factors
-- such as high protein intake, corticosteroid/medication use, and hyper-catabolism --

have all been shown to increase BUN concentration [57]. Like creatinine clearance, the
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use of urea as a marker of renal function may not be the most accurate indicator in this

context [5, 13, 15, 40, 44, 48].

2.5.251Cr-EDTA

Clinically, the “gold standard” methods of evaluating renal function include °'Cr-
EDTA, and Cystatin C. The major advantages that these methods have over traditional
methods (i.e., estimated creatinine clearance, plasma creatinine, and BUN) is that they
are non-creatinine-related markers of GFR, they are freely filtered by the kidneys, and
they are not known to be impacted by dietary changes, drugs, and volume changes [57].

®1Cr-EDTA is an exogenous renal function marker that has the potential to
accurately calculate GFR in individuals who supplement with dietary creatine
monohydrate [46]. In the literature reviewed for this thesis, it was found that three studies
examined renal function using >!Cr-EDTA [12, 50, 52] in which a bolus injection of
3.7MBq (100uCi) was administered, and blood samples were collected and the plasma
clearance rate was calculated using a slope-intercept method [16, 34, 58] which is based

on the rate that >Cr-EDTA leaves the blood.

Clinically, when compared to traditional methods, *1Cr-EDTA provides evidence
that confounding factors may influence GFR measurements, most notably individuals
who consume foods high in creatine concentration or individuals who supplement dietary
creatine supplementation [21, 33, 41]. Further, Chaves et al. [59] showed that for subjects
who suffered from renal artery stenosis while consuming medications, the use of >'Cr-
EDTA to measure renal function identified captopril-induced changes in GFR, which

normally would not be identified using traditional methods [21] .
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One of the drawbacks of using >*Cr-EDTA is that it is a radioactive nucleotide.
Other drawbacks include the fact that >Cr-EDTA administration is invasive and requires
a facility that can store and dispose of radioactive material. More important than these
drawbacks, Chaves et al. [59] concluded that the utilization of >!Cr-EDTA clearance does
not have the ability to independently measure the function of individual kidneys. Though
®1Cr-EDTA is a potential alternative to traditional renal function measurements, Cystatin
C is an endogenous marker that combines all the advantages of >1Cr-EDTA, but limits the

possible side effects and drawbacks.
2.5.3 Cystatin C

Another alternative method for estimating GFR is through measurement of the
protein Cystatin C in the plasma. For the past several years, there has been an increase in
evidence that suggests and supports the use of Cystatin C as an effective alternative
marker for measuring proper renal function (GFR) when compared to other traditional
and alternative methods. Several factors make Cystatin C an attractive alternative,
including the following factors: Cystatin C is produced at a constant rate by nucleated
cells; Cystatin C is freely filtered by the glomerulus; Cystatin C is reabsorbed and
catabolized, not secreted by the renal tubules; Cystatin C is unaffected by food ingestion
[24, 33]. In the literature review for this thesis, two studies were found to have used
Cystatin C as a marker for renal function [1, 60]. In these studies, the measurements for
Cystatin C were obtained through a plasma sample that was analyzed with a BN 11
Nephelometer and a particle-enhanced turbidimetric immunoassay [1, 60]. Clinically, the
normal ranges for this renal marker are from to be 0.57 to 0.96 mg/L in males, and 0.5 to

0.96 mg/L in females [1].
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One of the main advantages of using Cystatin C is that it is more sensitive to
actual changes in GFR, especially in the early stages of Chronic Kidney Disease (CKD)
when compared to creatine-based GFR estimates [56]. For instance, when kidney
function declines, as seen in renal dysfunction/disease, not only does GFR decline, but
the levels of Cystatin C rise [56]. Other reviews have claimed that Cystatin C levels are
not influenced by such factors such as age, sex, height, and muscle mass [56]. Though
these factors may not influence Cystatin C concentrations, Rule et al. [61] claimed that
thyroid function, the use of corticosteroids, acute kidney injury, Modification of Diet in
Renal Disease (MDRD), Chronic Kidney Disease (CKD) in diabetics, and medications
may have the potential to interfere with accurate measurements of Cystatin C because of
the fact that these factors can affect the concentration of circulating Cystatin C. Previous
to these claims, no standard measurement was implemented in the calculation of
concentrations of Cystatin C. Following these research studies, Rule et al. [61] proposed
a standard equation for calculating GFR using Cystatin C because Cystatin C was found

to be highly correlated with GFR [3, 18]. Equation (2) presents the standard equation:

GFR (ml/min) = 99.43 x (cys C)1-58%" 2)

2.5.4 Summary of Mechanisms Used to Assess Renal Function

In summary, kidney function can be assessed through a variety of methods that
utilize exogenous and endogenous sources to estimate GFR. Though estimated creatinine

clearance and plasma creatinine remain the most commonly used markers clinically for
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evaluating renal function, other renal function markers have been proposed that may be
superior to estimated creatinine clearance and plasma creatinine for GFR measurements.
These markers include >!Cr-EDTA, and Cystatin C. However, even though each method
poses possible limitations (Table 7), the use of “gold standard” methods for evaluating
renal function may lead to more accurate analyses of renal function in individuals who
supplement with creatine monohydrate, in part because of specific reasons associated

with each method.

Table 7: Renal Function Markers [13].

Marker Description Method Limitations
Reabsorbed at various rates
Blood Urea Nitrogen (BUN) | Nitrogenous end product of protein metabolism Blood Sampling I\_/:\:Iea}gIge%‘z%edr:;ltognr?;ial
and non- renal factors
Creatinine Byproduct of Muscle Breakdown Blood sampling S?C;?]Eiegas: x::il:gilfi trati(;s
(eGFR, eCrnCl) Functional marker eCrnCl intgerpersonal generat)i/on
Cystatin C Filtered low molecular weight protein E;%%?{:g”ne Limited availability
Requires facilities for
SICr-EDTA Radiopharmaceutical agent Plasma clearance | storage/disposal of
radioactive materials

2.6 Study Goal

There is still some debate as to whether or not creatine supplementation can lead
to renal dysfunction, based mainly on correlative case studies. One confounding factor
when determining if there is a link between creatine levels and renal dysfunction is how
renal function is assessed. As discussed, creatine supplementation, and the characteristics

of athletes might confound the most common measures of renal function. The goal of this
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project was to revisit the published data related to various methods used to measure renal
function as it pertains to renal health risks associated with the consumption of dietary
creatine monohydrate. This included a review of standard methods for estimated GFR
measurement, specifically creatinine clearance, and plasma creatinine as an appropriate
marker of renal dysfunction in these individuals. A meta-analysis on pooled data from
previous studies was employed. The analysis included the incorporation of influential
factors that may affect various methods used to measure renal function, such as age, race,
medication, resistance training, and pre-existing renal issues, as well as disease. The
overall goal of this evaluation was to provide evidence for the hypothesis that creatine

supplementation does not have any direct negative effects on the kidney.
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Chapter 3: Methods
3.0 Studies

All available research was collected on investigations concerning the effects of
creatine monohydrate supplementation on renal function. The majority of the research
was identified from December 2011 to August 2015, using online databases (PubMed,
Science Direct, EBSCOhost, and Google Scholar), with the following keywords: creatine
monohydrate supplementation and renal function, renal function and creatine, creatine
supplementation, the effects of creatine supplementation, renal function, creatine
monohydrate, and renal function and supplements. Through this process, 31 articles were
collected that evaluated renal function using various renal function markers methods (i.e.,
plasma creatinine, urinary creatinine, plasma urea, urinary urea, estimated creatinine
clearance, >!Cr-EDTA, and Cystatin C) in adult humans who supplemented with creatine
monohydrate. However, because of the specifications and criteria associated with the
project meta-analysis software, only 21 articles were utilized in this thesis study.

Data from the papers were entered into Microsoft Excel™. This included the
number of subjects in both the control and treatment groups (Table 8), and a breakdown
of the types of studies with respect to each renal function marker. All of the studies
utilized in this meta-analysis review reported their results for estimated creatinine
clearance through the use of the Cockcroft-Gault equation, and the Jaeffe Reaction was

employed to evaluate plasma creatinine when it was used as a marker.
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Table 8: Summary of Publications Used in the Current Study. In all studies, the control groups
represent individuals who did not take creatine, while the treatment groups were those who ingested
creatine supplements.

Reference Renal Eunction Analvsis Method Method Used to | # Individuals # Treated
Number Y estimate GFR in Group Group
[41] Plasma Creatl_nl_ne, Urinary Jaeffe Reaction 5 5

Creatinine
[5] Plasma Creatinine, Plasma Urea, Jaeffe Reaction, 85 9
estimated Creatinine Clearance Cockcroft-Gault
Plasma Creatinine, Plasma Urea, .
[50] Cr-EDTA Jaeffe Reaction 14 12
[15] Plasma Creatinine, estimated Jaeffe Reaction, 13 10
Creatinine Clearance Cockcroft-Gault
[40] Plasma Creatinine, Plasma Urea Jaeffe Reaction 19 29
Plasma Creatinine, Plasma Urea, .
[48] Urinary Creatinine, Cystatin C Jaeffe Reaction 17 31
[53] Plasma Ccreatlplpe, Urinary Jaeffe Reaction 10 10
reatinine
Plasma Creatinine, Urinary Urea, Jaeffe Reaction
[34] estimated Creatinine Clearance, Cockcroft-GauI’t 12 13
Urinary Creatinine, Cr-EDTA
[47] Plasma Creatinine, Plasma Urea, Jaeffe Reaction, 1 12
Urinary Urea, Urinary Creatinine Cockcroft-Gault
Plasma Creatinine, Plasma Urea,
52] Urinary Urea, estimated Creatinine Jaeffe Reaction, 1 13
Clearance, Urinary Creatinine, Cr- Cockcroft-Gault
EDTA
Plasma Creatinine, Plasma Urea, Jaeffe Reaction
[49] estimated Creatinine Clearance, ! 44 54
. . Cockceroft-Gault
Urinary Creatinine
[51] Plasma Creatinine, estimated Jaeffe Reaction, 15 15
Creatinine Clearance Cockcroft-Gault
[11] Plasma Urea 88
[62] Urinary Urea, Urinary Creatinine 19
[14] Urinary Urea, Urinary Creatinine 10 10
[13] Urinary Urea 19 15
[63] Urinary Creatinine 11 20
[35] Urinary Creatinine 12 12
[60] Urinary Creatinine 10 9
[58] Urinary Creatinine 9 8
[64] Cystatin C 9 9
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3.1 Statistical Analysis

Multiple statistical tests were performed using the statistical program
Comprehensive Meta-Analysis as summarized in Figure 6 [65]. The first analysis
involved the evaluation of individual group means between each renal function marker
(i.e., pre-treatment, post-treatment, pre-control, and post-control). In order to perform
these statistical tests, the information entered into Comprehensive Meta-Analysis
incorporated the following data: renal function data for each marker for pre- and post-
treatment, pre- and post-control, standard deviation for each group, and numbers of
subjects in each group (Appendix A). Using the entered data, the Comprehensive Meta-
Analysis software calculated a corresponding p-value and standard error between each
individual group mean. Data were graphed in Microsoft Excel.

The second analysis compared the pre- and post-group means of the treatment and
control group for each renal function marker. The analysis between these groups utilized
an unpaired t-test that evaluated the groups based on a calculated p-value. If the data
between the group means presented any significant difference (p<0.05), it was further
analyzed by incorporating the data for several categorical moderators that were common
amongst the studies. Similar to the comparison between group means, the group means
that indicated a significant difference utilizing categorical moderators were evaluated
based on the calculated p-value. The categorical moderators utilized included: (1)
whether or not the test subjects exercised, (2) the type of exercise performed (no exercise,
cardio, resistance training, or a combination of both), (3) whether or not the test subjects
consumed medication during the trials, (4) whether or not the test subjects suffered from

any disease, (5) the amount of creatine consumed daily, and (6) length of time the test
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subjects consumed creatine (creatine cycle) (Appendix D). In order to make the data for
the categorical moderators compatible with the Comprehensive Meta-Analysis program,

they were coded as shown in Table 9.
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Figure 6: Process Used for Determining which Statistical Tests were Performed.




Table 9: Coded Categorical Moderators for Meta-Analysis Statistical Program.

Variable Original Data Coded Data
Exercise Yes Yes
No No
Type of Exercise None None
Cardio Cardio
Resistance and Cardio Res/Card
Resistance
Medicated Yes Yes
No No
Diseased Yes Yes
No No
Daily Creatine Intake (g) 0-5 Low Dose
5.1-10 Recommended
10+ High Dose
Length of Cycle (days) 0-29 Short
30-45 Recommended
45+ Long
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Chapter 4: Results and Discussion

4.0 Comparison of Renal Function Markers in Comprehensive Meta-Analysis

The data and the results from the 21 studies included in the group means analysis
are presented in Table 10. This analysis found significant differences (p<0.05) among the
Pre-Treatment and Post-Treatment groups when plasma creatinine and eGFR were used
as the renal function markers. When other measures were used to assess renal function,
there were no significant differences between pre- and post-supplementation.
Graphically, these data are presented in Figure 7 by means of boxplots, which represent
ranges of data with respect to each renal function indicator and each group. For example
when °Cr-EDTA was employed as the marker, the pre-treatment group was associated
with ranges of approximately 88 milliliters per minute (ml/min) up to approximately 98
ml/min. The post-treatment group was associated with a higher range, from
approximately 92 ml/min to approximately 104 ml/min. Table 10 indicates statistically
significant differences in the ranges for the pre- and post-treatment groups associated
with the plasma creatinine and estimated creatinine clearance markers. Consistent with
previous studies [1, 9, 43, 44, 50, 58] there is significant difference between pre-and post-
treatment urinary creatinine. Since urinary creatinine is not one of the popular methods
used to measure renal function (i.e., plasma creatinine, estimated creatine clearance), it is
a creatinine-based marker that can be used as a reference point to compare plasma

creatinine and estimated creatinine clearance.
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Estimated . . .
Plasma Plasma Creatinine Urinary 51Cr- | Cystatin | Urinary
Creatinine Urea Clearance Creatinine | EDTA C Urea
(mg/dL) | (mg/dL) . (9/24hr) | (ml/min) | (mg/L) | (g/24hr)
(ml/min)
Pre-Treatment N=194 N=239 N=95 N=241 N=38 N=71 N=83
Mean/SD 1.1740.07 | 15.79+1.02 | 134.16+11.05 | 1.07+0.11 | 92.79+4.84 | 0.80+0.01 | 17.65+2.23
Post-Treatment N=194 N=157 N=95 N=241 N=38 N=71 N=83
Mean/SD 1.28+0.13 | 15.65+0.97 | 112.01+4.45 1.26+0.15 | 97.57+6.14 | 0.77+0.03 | 18.62+1.68
N=253 N=298 N=170 N=292 N=37 N=43 N=81
Pre-Control Mean/SD 1164010 | 15.03+0.74 | 163.15+16.32 | 1.04+0.10 | 94.87+6.46 | 0.83+0.03 | 17.79+3.55
N=253 N=217 N=170 N=292 N=37 N=43 N=81
Post-Control Mean/SD 1.89+0.10 | 1431+0.83 | 134.04+9.84 | 107+0.09 | 96.53+7.10 | 0.85+0.06 | 18.68+3.06
. Estimated . . .
Group Comparison Plasma Plasma Creatinine Urinary S.Cr- Cystatin | Urinary
p-Values Creatinine Urea Creatinine | EDTA C Urea
Clearance
Pre-Treatment Pre vs <0.001 0.708 0.001 0.003 0.199 0.194 0.054
Post-Treatment
Pre-Control vs Post- 0.391 0.08 0.059 0.183 0.250 0.756 0.277

Control
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4.0.1 Statistical Analysis: The Use of Categorical Moderators in Comprehensive
Meta-Analysis

The incorporation of categorical moderators was utilized and applied specifically
to the two renal function markers that featured significant differences between the mean
values in Table 10: Plasma Creatinine and estimated Creatinine Clearance. The results of
incorporating categorical moderators into the analysis and their significance on the mean
data can be seen in Table 11 along with their corresponding p-value. If the categorical

moderator information was not available for analysis, it is represented by an X.
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Table 11: Summary of the Effects of Categorical Moderators on Data.

Plasma Creatinine Estimated Creatinine Clearance
Overall p-Value <0.001 0.001
Moderators:
Exercise
Yes <0.001 0.001
No <0.001 X
Type of Exercise
None 0.30 X
Resistance 0.003 0.783
Cardio <0.001 X
Res/Card <0.001 <0.001
Medicated
Yes X X
No <0.001 0.001
Diseased
Yes 0.152 0.783
No <0.001 <0.001
Creatine Dose
Low Dose 0.239 0.610
Recommended 0.012 0.014
High Dose <0.001 0.143
Length of Cycle
Short <0.001 0.114
Recommended 0.210 X
Long <0.001 0.007

The data presented in Table 11 display the effects each categorical moderator had
on the pre- and post-data values for the Treatment and Control groups for plasma
creatinine and estimated creatinine clearance. As the data indicate, certain categorical
moderators, or the combination of several moderators, had a profound effect on the mean
data. Though exercise and non-exercise were significant in plasma creatinine, it can be

concluded that healthy adult individuals who consumed a high dose of creatine for both
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short and an extended period of time were associated with the most significant effect on
the mean data, whether or not the individuals were subjected to an exercise regimen.
Further, healthy adult individuals who were engaged in resistance and cardio training,
and who consumed the recommended amount of creatine for an extended period of time,
were associated with the greatest impact on the mean data for estimated creatinine

clearance.

4.1 Discussion of Results

The overall aim of this thesis project was to conduct a meta-analysis that
reviewed renal function markers in test subjects who supplemented with dietary creatine
monohydrate. This study differs from most other studies that have investigated the effects
of creatine supplementation on kidney function by evaluating each type of renal function
marker independently and then comparing the renal function markers to each other. The
analysis further incorporated influential factors that provided further insight into non-
supplementation factors that may also have an impact on renal function markers. The
results from this study provide evidence that the use of dietary creatine monohydrate in
healthy adults who were subjected to resistance and cardio training caused an increase in
estimated creatinine clearance and plasma creatinine, but not in other renal function
markers that are not directly linked with the creatine metabolic pathways.

As expected with a meta-analysis, the results found in this thesis project were in
agreement with other investigations that examined the effects of creatine supplementation
on kidney function when using the renal function markers plasma creatinine and
estimated creatinine clearance [1, 9, 43, 44, 47, 50, 58]. Interestingly, the individual

studies utilized for the meta-analysis found significant difference between six treatment
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groups that evaluated renal function with the marker plasma creatinine. Two of the six
treatment groups consumed dietary creatine monohydrate mixed with carbohydrates for
their testing [1]. A deeper investigation of these studies found that the subjects utilized by
Bender et al. [48] consumed the recommended dosage of creatine with carbohydrates for
a period of time that was greater than the recommended cycle. Subjects tested in Juhn et
al. [47] consumed 10g of creatine daily with carbohydrates, but they also consumed
dietary supplements other than creatine monohydrate. More importantly, since creatine
monohydrate spontaneously degrades into creatinine, it could be argued that the
significantly elevated plasma creatinine concentrations found in Juhn et al. [47] may be
attributed to the consumed creatine solution, which was consumed the day of clinical
testing, and which was pre-mixed and stored overnight. These findings contradict other
studies that claim the uptake of creatine monohydrate into skeletal muscle is enhanced
when consumed with creatine carbohydrates [18, 40]. However, these studies only
evaluated plasma creatinine, and not estimated creatinine clearance.

This thesis investigation found no significant difference in renal function in test
subjects who consumed dietary creatine monohydrate, and whose renal function was
evaluated with the “gold standard” methods *'Cr-EDTA and Cystatin C [1, 16, 58].
Though the use of “gold standard” methods was limited to five studies [48, 50, 52, 64],
these studies also utilized estimated creatinine clearance and plasma creatinine as
additional renal function markers for their creatine-supplemented subjects. Analysis of
these two studies found no significant differences in estimated creatinine clearance

(p=0.783) and plasma creatinine (p=0.500) (Appendix E).
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Ever since creatine supplementation gained popularity, there have been concerns
about its safety, especially in regard to renal function. Much of this concern has been
derived from case studies that report increased renal function markers in single
individuals [4, 8, 38, 42, 53]. A challenge with these reports is that the subjects had other
potentially complicating factors including previous medical history, use of anabolic
steroids, as well as consumption of extremely high doses of creatine monohydrate [42,
53]. For these reasons, along with the fact that case studies do not include a control
group, these papers were not statistically evaluated in the current meta-analysis.

As this current study indicates, and as might be expected from the metabolic
pathway of creatine, the use of estimated creatinine clearance and plasma creatinine may
not be an accurate indicator of renal function in creatine-supplementing individuals. This
has been previously explored by others, who reported that these markers may provide
false-positive diagnosis of decreased renal function [1, 9, 44, 50, 58]. The cause of false-
positive diagnosis has been attributed to creatine supplementation directly leading to
increased levels of plasma creatinine through its metabolic pathway, and which can be
independent of renal function. This is analogous to the condition of rhabdomyolysis,
where an increased rate of muscle cell breakdown drives up plasma creatinine levels,
making the subject look like they have renal dysfunction [42].

Another complicating factor when using creatinine as a renal function marker is
that individuals with increased muscle mass, or those who participate in resistance
training, or both can also show elevated plasma creatinine [7, 12, 17, 18, 40]. It has been
shown that creatinine degradation is directly proportional to muscle creatine content [49].

Though some of the background information was limited for the meta-analysis, it could
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reasonably be expected that individuals who supplement with creatine would have a
greater muscle mass, and participate in a greater level of resistance training than the
general population.

Based on evidence that creatine supplementation can likely impact plasma
creatinine levels independent of renal function, the use of either plasma creatinine or
creatinine clearance as a marker of renal function in such individuals is not
recommended. The use of non-creatinine-related GFR markers, such as Cystatin C, and
ICr-EDTA is instead recommended.

Though the use of Cystatin C and >'Cr-EDTA methods to measure renal function
markers is a more attractive way to evaluate renal function in individuals who
supplement with dietary creatine monohydrate, the analysis of these markers does pose
some possible disadvantages. For example, the analysis of each marker is time
consuming, costly, requires intravenous administration, and is labor intensive [60].
However, in order to get an accurate renal function measurement in these individuals, the

use of these “gold standard” methods is strongly recommended.
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Chapter 5: Conclusion and Recommendations
5.0 Conclusion and Future Recommendations

In conclusion, when renal function markers utilizing creatinine are excluded from
analysis because of direct effect of creatine on their plasma levels, the limited data set in
this thesis investigation indicates that the use of dietary creatine monohydrate poses no
significant effects on renal function. Therefore, it is recommended that health care
professionals evaluate renal function in individuals who supplement with dietary creatine
monohydrate by using either Cystatin C or >!Cr-EDTA.

It is further recommended that future studies focus on establishing a dosing
regimen with respect to individual muscle mass. There is a strong connection between
muscle mass and creatine-to-creatinine concentration. There may be a possibility that the
use of traditional renal function markers may be utilized, but only if dietary creatine
monohydrate is dosed according to muscle mass, and utilized by the body accordingly,
and not over-dosed so that the concentrations of plasma creatinine and urinary creatinine

become elevated outside the normal range.
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Appendix A

Individual Data Utilized For Means + Standard Error in Comprehensive
Meta-Analysis

Appendix A provides pre- and post-data (the mean, the standard deviation, and the
sample size) for control groups and treatment groups (i.e., groups receiving creatine) with
respect to each renal function marker as reported in each study. Renal function markers
include (1) plasma creatinine, (2) plasma urea, (3) urinary urea, (4) estimated creatinine
clearance, (5) urinary creatinine, (6) Cystatin C, and (7) >!Cr-EDTA.

Plasma Creatinine (mg/dL)

Table A-1: Pre-Treatment Result for Studies Using Plasma Creatinine (mg/dL) as a Renal Function
Marker.

Reference # Treated Pre Mean Treated Pre SD Treated Sample size
[41] 1.2 0.14 5
[49] 1.1 0.1 12
[40] 0.995 0.17
[40] 1.17 0.113
[40] 0.78 0.068
[40] 0.769 0.05
[47] 0.995 0.101 31
[52] 1.27 0.019 10
[34] 0.9 0.2 13
[46] 1.14 0.31 12
[51] 0.77 0.12 13
[48] 1.29 0.2 12
[49] 1.26 0.1 25
[49] 1.16 0.2 17
[51] 0.97 0.15 15
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Table A-2: Post-Treatment Results for Studies Using Plasma Creatinine (mg/dL) as a Renal Function

Marker.

Reference # Treated Post Mean Treated Post SD Treated Sample size
[41] 1.23 0.15 5
[49] 1.2 0.2 12
[40] 1.27 0.34
[40] 1.19 0.113
[40] 0.97 0.17
[40] 1.07 0.19
[47] 1.1 0.204 31
[52] 1.44 0.04 10
[34] 1 0.3 13
[46] 1.38 0.34 12
[51] 0.78 0.1 13
[48] 1.41 0.2 12
[49] 1.42 0.2 25
[49] 1.35 0.2 17
[51] 1.06 0.17 15

Table A-3: Pre-Control Results for Studies Using Plasma Creatinine (mg/dL) as a Renal Function

Marker.

Reference # Pre-Control Mean | Pre-Control SD | Control Sample size
[41] 1.02 0.04 5
[49] 1 0.1 14
[40] 1.09 0.16 7
[40] 0.93 0.09
[40] 0.88 0.102
[40] 1.09 0.16
[47] 0.995 0.101 17
[52] 1.3 0.036 10
[34] 0.8 0.1 12
[46] 1.13 0.25 11
[51] 0.76 0.13 11
[48] 1.23 0.1 44
[49] 1.23 0.1 44
[49] 1.23 0.1 44
[51] 1.04 0.25 15




Table A-4: Post Control Results for Studies Using Plasma Creatinine (mg/dL) as a Renal Function

Marker.

Reference # Post-Control Mean Post-Control Contro_l Sample

SD size

[41] 0.96 0.05 5

[49] 1.1 0.1 14

[40] 1.04 0.2

[40] 0.96 0.14

[40] 0.81 0.06

[40] 1.04 0.2

[47] 1.1 0.204 17

[52] 1.25 0.046 10

[34] 0.8 0.1001 12

[46] 1.17 0.38 11

[51] 0.78 0.09 11

[48] 1.35 0.1 44

[49] 1.35 0.1 44

[49] 1.35 0.1 44

[51] 1.04 0.25 15

Plasma Urea (mg/dL)

Table A-5: Pre-Treatment Results for Studies Using Plasma Urea (mg/dL) as a Renal Function

Marker.

Reference # Treated Pre Mean | Treated Pre SD | Treated Sample Size
[11] 15.94 4.12 88
[40] 12.32 3.08
[40] 11.48 1.12
[40] 10.08 1.96
[40] 11.76 1.96
[48] 12.00 2.9 31
[50] 19.41 4.96 12
[49] 15.2 3 12
[49] 15.5 38 25
[49] 15.6 3.7 17
[47] 19.2 4.8 12
[53] 39.46 9.08 13
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Table A-6: Post-Treatment Results for Studies Using Plasma Urea (mg/dL) as a Renal Function

Marker.

Reference # Post-Treatment Mean | Post-Treatment SD | Treated Sample Size
[11] 14.17 4.09 6
[40] 10.64 3.64 7
[40] 14.85 1.68 6
[40] 10.08 2.24 9
[40] 10.64 1.12 7
[48] 12.10 2.50 31
[50] 18.24 5.43 12
[49] 15.90 3.40 12
[49] 15.20 2.60 25
[49] 15.60 3.70 17
[47] 21.90 7.50 12
[53] 36.83 8.09 13

61

Table A-7: Pre-Control Results for Studies Using Plasma Urea (mg/dL) as a Renal Function Marker.

Reference # Pre-Control Mean Pre-Control SD Control Sample Size
[11] 13.28 37.19 87
[40] 13.73 38.45
[40] 13.17 36.88
[40] 12.04 33.74
[40] 13.73 38.45
[48] 11.00 30.81 17
[50] 15.55 43.55 14
[49] 15.20 3.80 44
[49] 15.20 3.80 44
[49] 15.20 3.80 44
[47] 17.40 6.20 11
[53] 36.64 8.71 11




Table A-8: Post-Control Results for Studies Using Plasma Urea (mg/dL) as a Renal Function
Marker.

Reference # Post-Control Mean Post-Control SD | Control Sample Size
[11] 15.13 42.37 6
[40] 9.80 27.46 7
[40] 11.76 32.95 6
[40] 10.08 28.25 6
[40] 9.80 27.46 7
[48] 11.10 31.09 17
[50] 15.52 43.47 14
[49] 15.00 2.90 44
[49] 15.00 2.90 44
[49] 15.00 2.90 44
[47] 15.20 3.50 11
[53] 36.27 8.03 11

Urinary Urea (g/24hr)

Table A-9: Pre-Treatment Results for Studies Using Urinary Urea (g/24hr) as a Renal Function
Marker.

Reference # Pre-Treatment Mean | Pre-Treatment SD | Treatment Sample Size
[62] 18.82 2.27 10
[62] 18.82 2.27 10
[14] 9.70 1.30 10
[34] 26.00 5.60 13
[13] 18.80 2.30 15
[47] 9.66 6.50 12
[52] 21.81 5.21 13
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Table A-10: Post-Treatment Results for Studies Using Urinary Urea (g/24hr) as a Renal Function

Marker.

Reference #

Post-Treatment Mean

Post-Treatment SD

Treatment Sample Size

[62] 22.17 1.06 10
[62] 19.94 2.01 10
[14] 10.60 2.10 10
[34] 26.80 7.30 13
[13] 22.20 1.10 15
[47] 10.10 5.40 12
[52] 18.94 6.36 13

Table A-11: Pre-Control Results for Studies Using Urinary Urea (g/24hr) as a Renal Function

Marker.
Reference # Pre-Control Mean Pre-Control SD Control Sample Size
[62] 18.43 1.61 9
[62] 18.43 1.61 9
[14] 8.00 1.40 10
[34] 22.40 6.60 12
[13] 27.50 1.10 19
[47] 10.30 2.10 11
[52] 19.64 4.67 11

Table A-12: Post-Control Results for Studies Using Urinary Urea (g/24hr) as a Renal Function

Marker.
Reference # Post-Control Mean | Post-Control SD | Control Sample Size
[62] 18.02 1.97 9
[62] 19.36 2.43 9
[14] 10.90 1.40 10
[34] 27.70 8.80 12
[13] 26.80 1.80 19
[47] 9.20 3.90 11
[52] 19.45 4.41 11




Estimated Creatinine Clearance (mL/min)
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Table A-13: Pre-Treatment Results for Studies Using Estimated Creatinine Clearance (mL/min) as a

Renal Function Marker.

Reference # Pre-Treatment Mean | Pre-Treatment SD | Treatment Sample Size
[51] 119.00 17.7 15
[34] 112.30 37.7 13
[49] 171.00 117.00 12
[49] 234.00 165.00 25
[49] 213.00 150.00 17
[52] 106.68 23.73 13

Table A-14: Post-Treatment Results for Studies Using Estimated Creatinine Clearance (mL/min) as
a Renal Function Marker.

Reference # Post-Treatment Mean | Post-Treatment SD | Treatment Sample Size
[51] 112.20 23.10 15
[34] 108.30 31.70 13
[49] 120.00 63.00 12
[49] 168.00 165.00 25
[49] 177.00 185.00 17
[52] 107.71 24.36 13

Table A-15: Pre-Control Results for Studies Using Estimated Creatinine Clearance (mL/min) as a

Renal Function Marker.

Reference # Pre-Control Mean | Pre-Control SD Control Sample Size
[51] 99.50 14.00 15
[34] 118.40 33.90 12
[49] 269.00 241.00 44
[49] 269.00 241.00 44
[49] 269.00 241.00 44
[52] 119.00 21.23 11
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Table A-16: Post-Control Results for Studies Using Estimated Creatinine Clearance (mL/min) as a
Renal Function Marker.

Reference # Post-Control Mean | Post-Control SD | Control Sample Size
[51] 103.90 17.3 15
[34] 120.10 32.9 12
[49] 162.00 100.00 44
[49] 162.00 100.00 44
[49] 162.00 100.00 44
[52] 117.23 20.69 11

Urinary Creatinine (g/24hr)

Table A-17: Pre-Treatment Results for Studies Using Urinary Creatinine (g/24hr) as a Renal
Function Marker.

Reference # Pre—'{/ll’gg;ment Pre-Treatment SD | Treated Sample Size
[48] 2.40 1.20 31
[48] 2.40 1.20 31
[41] 1.75 0.71 5
[63] 1.13 0.44 11
[54] 0.82 0.60 10
[62] 1.19 0.08
[62] 1.19 0.08
[14] 1.30 0.20 10
[47] 1.38 0.67 12
[34] 1.40 0.40 13
[49] 1.23 0.68 12
[49] 1.28 0.60 25
[49] 1.34 0.55 17

[8] 2.39 0.78 8
[52] 1.05 0.16 13
[60] 1.70 0.19 9




Table A-18: Post-Treatment Results for Studies Using Urinary Creatinine (g/24hr) as a Renal

Function Marker.

Reference # Post-Treatment Mean | Post-Treatment SD | Treated Sample Size
[48] 2.00 1.20 31
[48] 2.20 1.00 31
[41] 1.86 0.44 5
[63] 0.98 0.47 11
[54] 1.18 2.25 10
[62] 1.56 0.23
[62] 1.53 0.05
[14] 1.80 0.20 10
[47] 1.85 0.77 12
[34] 1.40 0.60 13
[49] 1.07 0.40 12
[49] 1.24 0.60 25
[49] 1.14 0.90 17
[8] 2.47 0.57 8
[52] 1.05 0.26 13
[60] 2.48 0.27 9
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Table A-19: Pre-Control Results for Studies Using Urinary Creatinine (g/24hr) as a Renal Function

Marker.

Reference # Pre-Control Mean Pre-Control SD Control Sample Size
[48] 2.00 1.20 17
[48] 2.00 1.20 17
[41] 1.78 0.24 5
[63] 0.37 0.54 20
[54] 1.36 2.77 10
[62] 1.17 0.08 10
[62] 1.17 0.08 10
[14] 1.10 0.20 10
[47] 1.47 0.53 11
[34] 1.40 0.30 12
[49] 1.41 0.80 44
[49] 1.41 0.80 44
[49] 1.41 0.80 44
[8] 2.68 0.73 9
[52] 0.98 0.20 11
[60] 1.70 0.41 10
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Table A-20: Post-Control Results for Studies Using Urinary Creatinine (g/24hr) as a Renal Function

Marker.

Reference # Post-Control Mean Post-Control SD Control Sample Size
[48] 1.80 0.80 17
[48] 2.60 1.80 17
[41] 1.56 0.26 5
[63] 0.90 0.46 20
[54] 0.96 0.83 10
[62] 1.13 0.10 10
[62] 1.14 0.09 10
[14] 1.50 0.20 10
[47] 151 0.49 11
[34] 1.40 0.40 12
[49] 1.15 1.07 44
[49] 1.15 1.07 44
[49] 1.15 1.07 44
[8] 2.33 0.70 9
[52] 1.14 0.18 11
[60] 2.14 0.28 10

Cystatin C (mg/L)

Table A-21: Pre-Treatment Results for Studies Using Cystatin C (mg/L) as a Renal Function

Marker.
Reference # | Pre-Treatment Mean | Pre-Treatment SD | Treatment Sample Size
[48] 0.80 0.10 31
[48] 0.80 0.10 31
[64] 0.82 0.09 9

Table A-22: Post-Treatment Results for Studies Using Cystatin C (mg/L) as a Renal Function

Marker.
Reference # Post-Treatment Mean | Post-Treatment SD Treatment Sample Size
[48] 0.80 0.10 31
[48] 0.80 0.10 31
[64] 0.71 0.06 9
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Table A-23: Pre-Control Results for Studies Using Cystatin C (mg/L) as a Renal Function Marker.

Reference # Pre-Control Mean Pre-Control SD Control Sample Size
[48] 0.80 0.10 17
[48] 0.80 0.10 17
[64] 0.88 0.07 9

Table A-24: Post-Control Results for Studies Using Cystatin C (mg/L) as a Renal Function Marker.

Reference # Post-Control Mean Post-Control SD | Control Sample Size
[48] 0.90 0.20 17
[48] 0.90 0.20 17
[64] 0.75 0.09 9

SICr-EDTA (mL/min)

Table A-25: Pre-Treatment Results for Studies Using 5!Cr-EDTA (mL/min) as a Renal Function
Marker.

Reference # Pre-Treatment Mean | Pre-Treatment SD | Treated Sample Size
[34] 90.4 16.9 13
[50] 101.42 13.11 12
[52] 86.16 14.36 13

Table A-26: Post-Treatment Results for Studies Using 5:Cr-EDTA (mL/min) as a Renal Function
Marker.

Reference # Post-Treatment Mean | Post-Treatment SD | Treatment Sample Size
[34] 96.1 15 13
[50] 108.78 14.41 12
[52] 87.25 17.6 13




Table A-27: Pre-Control Results for Studies Using :Cr-EDTA (mL/min) as a Renal Function

Marker.
Reference # Pre-Control Mean | Pre-Control SD | Control Sample Size
[34] 97.9 21.6 12
[50] 103.29 17.64 14
[52] 85.15 8.54 11

Table A-28: Post-Control Results for Studies Using *1Cr-EDTA (mL/min)as a Renal Function

Marker.
Reference # Post-Control Mean Post-Control SD | Control Sample Size
[34] 96.4 26.8 12
[50] 106.68 16.05 14
[52] 87.18 9.64 11
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Appendix B
Data Summary for Plots

Appendix B features tables that summarize the mean and the standard error of the mean
(SEM) for the control groups and treatment groups (i.e., groups receiving creatine) with
respect to each renal function marker.

Table B-1: Mean and Standard Error of the Mean (SEM) for Control and Treatment Groups that
were Evaluated with the Plasma Creatinine (mg/dL) Renal Function Marker.

Group Mean SEM
Pre-Treatment 1.05 0.06
Post-Treatment 1.19 0.07
Pre-Control 1.05 0.04
Post-Control 1.01 0.0.06

Table B-2: Mean and Standard Error of the Mean (SEM) for Control and Treatment Groups that
were Evaluated with the Plasma Urea (mg/dL) Renal Function Marker.

Group Mean SEM
Pre-Treatment 15.79 1.02
Post-Treatment 15.65 0.97
Pre-Control 14.07 0.74
Post-Control 14.31 0.83

Table B-3: Mean and Standard Error of the Mean (SEM) for Control and Treatment Groups that
were Evaluated with Estimated Creatinine Clearance (mL/min) Renal Function Marker.

Group Mean SEM
Pre-Treatment 134.16 11.05
Post-Treatment 112.01 4.45
Pre-Control 163.15 16.32
Post-Control 134.04 9.84




Table B-4: Mean and Standard Error of the Mean (SEM) for Control and Treatment Groups that
were Evaluated with the Urinary Creatinine (g/24hr) Renal Function Marker.

Group Mean SEM
Pre-Treatment 1.46 0.08
Post-Treatment 1.64 0.09
Pre-Control 1.39 0.07
Post-Control 1.44 0.09

Table B-5: Mean and Standard Error of the Mean (SEM) for Control and Treatment Groups that
were Evaluated with the 3:Cr-EDTA (mL/min) Renal Function Marker.

Group Mean SEM
Pre-Treatment 92.79 4.84
Post-Treatment 97.57 6.14
Pre-Control 94.87 6.46
Post-Control 96.53 7.10

Table B-6: Mean and Standard Error of the Mean (SEM) for Control and Treatment Groups that
were Evaluated with the Cystatin C (mg/L) Renal Function Marker

Group Mean SEM
Pre-Treatment 0.80 0.01
Post-Treatment 0.77 0.03
Pre-Control 0.83 0.03
Post-Control 0.85 0.06

Table B-7: Mean and Standard Error of the Mean (SEM) for Control and Treatment Groups that
were Evaluated with the Urinary Urea (g/24hr) Renal Function Marker

Group Mean SEM
Pre-Treatment 17.65 2.23
Post-Treatment 18.62 1.68
Pre-Control 17.79 3.55
Post-Control 18.68 3.06
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Appendix C
Group Comparisons in Comprehensive Meta-Analysis

Appendix C features the summarized data for each renal function marker. The first data
table for each marker features a comparison of treatment groups (i.e., groups who
received creatine) before and after treatment, as reported in each study that used the
marker. The second data table for each marker features a comparison of the control
groups in each study, before and after their associated treatment groups were treated. In
each table, for each study, the sample size is included, along with pre- and post-mean
measurements, pre- and post-standard deviation, and correlation between pre- and post-
measurements.

Table C-1: Comparison of Pre- and Post-Treatments Evaluated by Plasma Creatinine (mg/dL)
Output.

Reference # Pre Mean Pre SD Post Mean | Post SD CgrrfeTaotSif)n Sample size
[41] 1.2 0.14 1.23 0.15 0.8 5
[50] 11 0.1 1.2 0.2 0.8 12
[40] 0.995 0.17 1.27 0.34 0.8
[40] 1.17 0.113 1.19 0.113 0.8
[40] 0.78 0.068 0.97 0.17 0.8
[40] 0.769 0.05 1.07 0.19 0.8
[48] 0.995 0.101 11 0.204 0.8 31
[53] 1.27 0.019 1.44 0.04 0.8 10
[34] 0.9 0.2 1 0.3 0.8 13
[47] 1.14 0.31 1.38 0.34 0.8 12
[52] 0.77 0.12 0.78 0.1 0.8 13
[49] 1.29 0.2 141 0.2 0.8 12
[49] 1.26 0.1 1.42 0.2 0.8 25
[49] 1.16 0.2 1.35 0.2 0.8 17
[51] 0.97 0.15 1.06 0.17 0.8 15
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Table C-2: Comparison of Pre- and Post-Control Evaluated by Plasma Creatinine (mg/dL) Output.

Reference # Pre Mean Pre SD Post Mean | Post SD Ccljrrsellaaot?gn Sample size
[41] 1.02 0.04 0.96 0.05 0.8 5
[50] 1 0.1 1.1 0.1 0.8 14
[40] 1.09 0.16 1.04 0.2 0.8
[40] 0.93 0.09 0.96 0.14 0.8
[40] 0.88 0.102 0.81 0.06 0.8
[40] 1.09 0.16 1.04 0.2 0.8
[48] 0.995 0.101 1.1 0.204 0.8 17
[53] 1.3 0.036 1.25 0.046 0.8 10
[34] 0.8 0.1 0.8 0.1001 0.8 12
[47] 1.13 0.25 1.17 0.38 0.8 11
[52] 0.76 0.13 0.78 0.09 0.8 11
[49] 1.23 0.1 1.35 0.1 0.8 44
[49] 1.23 0.1 1.35 0.1 0.8 44
[49] 1.23 0.1 1.35 0.1 0.8 44
[51] 1.04 0.25 1.04 0.25 0.8 15
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Table C-3: Comparison of Pre- and Post-Treatments Evaluated by Plasma Urea (mg/dL) Output.

Reference # | Pre Mean PreSD |Post Mean| Post SD Pre Post Correlation | Sample size
[11] 13.73 2.80 9.80 3.08 0.8 7
[40] 13.17 1.96 11.76 1.96 0.8 6
[40] 12.04 1.68 10.08 2.24 0.8 6
[40] 13.73 2.80 9.80 3.081 0.8 7
[40] 11.00 2.90 11.10 1.80 0.8 17
[48] 15.55 3.11 15.52 3.36 0.8 14
[50] 15.20 3.80 15.00 2.90 0.8 44
[49] 15.20 3.80 15.00 2.90 0.8 44
[49] 15.20 3.80 15.00 2.90 0.8 44
[49] 17.40 6.20 15.20 3.50 0.8 11
[47] 36.64 8.71 36.27 8.03 0.8 11

Table C-4: Comparison of Pre- and Post-Control Evaluated by Plasma Urea (mg/dL) Output.

Reference # | Pre Mean | Pre SD | Post Mean | Post SD | Pre Post Correlation | Sample size
[11] 13.73 2.80 9.80 3.08 0.8 7
[40] 13.17 1.96 11.76 1.96 0.8 6
[40] 12.04 1.68 10.08 2.24 0.8 6
[40] 13.73 2.80 9.80 3.08 0.8 7
[40] 11.00 2.90 11.10 1.80 0.8 17
[48] 15.55 3.11 15.52 3.36 0.8 14
[50] 15.20 3.80 15.00 2.90 0.8 44
[49] 15.20 3.80 15.00 2.90 0.8 44
[49] 15.20 3.80 15.00 2.90 0.8 44
[49] 17.40 6.20 15.20 3.50 0.8 11
[47] 36.64 8.71 36.27 8.03 0.8 11

Table C-5: Comparison of Pre- and Post-Treatments Evaluated by Estimated Creatinine Clearance
(mL/min) Output.

Reference # Pre Mean Pre SD | Post Mean | Post SD Csrrfeila:tsi;[)n Sample size
[51] 119.00 17.70 112.20 23.10 0.8 15
[34] 112.30 37.70 108.30 31.70 0.8 13
[49] 171.00 117.00 120.00 63.00 0.8 12
[49] 234.00 165.00 168.00 165.00 0.8 25
[49] 213.00 150.00 177.00 185.00 0.8 17
[52] 106.68 23.73 107.71 24.36 0.8 13
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Table C-6: Comparison of Pre- and Post-Control Evaluated by Estimated Creatinine Clearance
(mL/min) Output.

Reference # Pre Mean Pre SD I\EI)ZZE Post SD Ccljrrr?ellaaotsi(t)n Sample size
[51] 99.50 14.00 103.90 17.30 0.8 15
[34] 118.40 33.90 120.10 32.90 0.8 12
[49] 269.00 241.00 162.00 100.00 0.8 44
[49] 269.00 241.00 162.00 100.00 0.8 44
[49] 269.00 241.00 162.00 100.00 0.8 44
[52] 119.00 21.23 117.23 20.69 0.8 11

Table C-7: Comparison of Pre- and Post-Treatments Evaluated by Urinary Creatinine (g/24hr)

Output.

Reference # Pre Mean | Pre SD | Post Mean | Post SD CgrrfeTaotSif)n Sample size
[48] 2.40 1.20 2.00 1.20 0.8 31
[48] 2.40 1.20 2.20 1.00 0.8 31
[41] 1.75 0.71 1.86 0.44 0.8 5
[63] 1.13 0.44 0.98 0.47 0.8 11
[53] 0.82 0.60 1.18 2.25 0.8 10
[62] 1.19 0.08 1.56 0.23 0.8
[62] 1.19 0.08 1.53 0.05 0.8
[14] 1.30 0.20 1.80 0.20 0.8 10
[47] 1.38 0.67 1.85 0.77 0.8 12
[34] 1.40 0.40 1.40 0.60 0.8 13
[49] 1.23 0.68 1.07 0.40 0.8 12
[49] 1.28 0.60 1.24 0.60 0.8 25
[49] 1.34 0.55 114 0.90 0.8 17
[8] 2.39 0.78 2.47 0.57 0.8 8
[52] 1.05 0.16 1.05 0.26 0.8 13
[60] 1.70 0.19 2.48 0.27 0.8 9
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Table C-8: Comparison of Pre- and Post-Control Evaluated by Urinary Creatinine (g/24hr) Output.

Reference # Pre Mean | PreSD Post Mean | Post SD Ccljrrsellaaot?gn Sample size
[48] 2.00 1.20 1.80 0.80 0.8 17
[48] 2.00 1.20 2.60 1.80 0.8 17
[41] 1.78 0.24 1.56 0.26 0.8 5
[63] 0.37 0.54 0.90 0.46 0.8 20
[53] 1.36 2.77 0.96 0.83 0.8 10
[62] 1.17 0.08 1.13 0.10 0.8 10
[62] 1.17 0.08 1.14 0.09 0.8 10
[14] 1.10 0.20 1.50 0.20 0.8 10
[47] 1.47 0.53 151 0.49 0.8 11
[34] 1.40 0.30 1.40 0.40 0.8 12
[49] 1.41 0.80 1.15 1.065 0.8 44
[49] 1.41 0.80 1.15 1.065 0.8 44
[49] 1.41 0.80 1.15 1.065 0.8 44
[8] 2.68 0.73 2.33 0.70 0.8 9
[52] 0.98 0.20 1.14 0.18 0.8 11
[60] 1.70 0.41 2.14 0.28 0.8 10

Table C-9: Comparison of Pre- and Post-Treatments Evaluated by >!Cr-EDTA (mL/min) Output.

Reference # Pre Mean | Pre SD | Post Mean | Post SD Csrrfeila:tsi;[)n Sample size
[34] 90.40 16.90 96.10 15 0.00 13
[50] 101.42 13.11 108.78 14.41 0.00 12
[52] 86.16 14.36 87.25 17.6 0.00 13

Table C-10: Comparison of Pre- and Post-Control Evaluated by >!Cr-EDTA (mL/min) Output.

Reference # Pre Mean | Pre SD | Post Mean | Post SD Cgrr?ei:tsi;[)n Sample size
[34] 97.90 21.6 96.40 26.80 0.8 12
[50] 103.29 17.64 106.68 16.05 0.8 14
[52] 85.15 8.54 87.18 9.64 0.8 11
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Table C-11: Comparison of Pre- and Post-Treatments Evaluated by Cystatin C (mg/L) Output.

Reference # Pre Mean Pre SD | Post Mean | Post SD Ccljrrsellaaot?gn Sample size
[48] 0.80 0.10 0.80 0.10 0.8 31
[48] 0.80 0.10 0.80 0.10 0.8 31
[64] 0.82 0.09 0.71 0.06 0.8 9

Table C-12: Comparison of Pre- and Post-Control Evaluated by Cystatin C (mg/L) Output.

Reference # Pre Mean Pre SD Post Mean | Post SD Ccljrrr?ellaaotsi(t)n Sample size
[48] 0.80 0.10 0.90 0.20 0.8 17
[48] 0.80 0.10 0.90 0.20 0.8 17
[64] 0.88 0.07 0.75 0.09 0.8 9

Table C-13: Comparison of Pre- and Post-Treatments Evaluated by Urinary Urea (g/24hr) Output.

Reference # Pre Mean | PreSD | Post Mean | Post SD CgrrfeTaotSif)n Sample size
[62] 18.82 2.27 22.17 1.06 0.8 10
[62] 18.82 2.27 19.94 2.01 0.8 10
[14] 9.70 1.30 10.60 2.10 0.8 10
[34] 26.00 5.60 26.80 7.30 0.8 13
[13] 18.80 2.30 22.20 1.10 0.8 15
[47] 9.66 6.50 10.10 5.40 0.8 12
[52] 21.81 5.21 18.94 6.36 0.8 13

Table C-14: Comparison of Pre- and Post-Control Evaluated by Urinary Urea (g/24hr) Output.

Reference # Pre Mean Pre SD Post Mean | Post SD Cs:ﬁeTaot?gn Sample size
[62] 18.43 1.61 18.02 1.97 0.8 9
[62] 18.43 1.61 19.36 2.43 0.8 9
[14] 8.00 1.40 10.90 1.40 0.8 10
[34] 22.40 6.60 27.70 8.80 0.8 12
[13] 27.50 1.10 26.80 1.80 0.8 19
[47] 10.30 2.10 9.20 3.90 0.8 11
[52] 19.64 4.67 19.45 4.41 0.8 11
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Appendix D

Data for Studies using Comprehensive Meta-Analysis Statistical Program

Appendix D features detailed data concerning the categorical modulators associated with
the plasma creatinine and creatinine clearance renal function markers in creatine studies.
Of the seven markers evaluated in this meta-analysis, plasma creatinine and estimated
creatinine clearance are the two markers associated with statistically significant
differences in pre- and post- evaluations of treatment groups (i.e., groups who received
creatine). Table D-1 and D-2 are for plasma creatinine and creatinine clearance,
respectively. The meta-analysis found that a combination of exercise and consumption of
high doses of creatine for a short period of time, as well as consumption of the
recommended dose for an extended period of time, had the greatest influence on plasma
creatinine and creatinine clearance measurements.

Table D-1: Categorical Moderator Data Associated with the Plasma Creatinine Renal Function
Marker in Creatine Studies.

Post

Pre Post Pre Post Sampl . Type of Medicatio Diseas Creatine Length
Reference # Mean Pre SD M:a SD Correlation e Size Exercise Exercise n e Dose of Cycle
[41] 1.20 0.14 123 | 015 0.8 5 VYes Res/Card No No g(‘i’; Short
Resistan Low
[50] 1.10 0.10 120 | 0.20 0.8 12 VYes . No No Dose Long
[40] 0.995 0.17 127 | 034 0.8 7 Yes Res/Card No No g:)gsg Short
[40] 1.170 0.11 119 | 011 0.8 6 Yes Res/Card No No Recomm |~ Recomm
ended ended
40 0.78 0.07 0.97 0.17 0.8 9 Yes Res/Card No No Low Long
Dose
[40] 0.77 0.05 107 | 0.19 0.8 7 Yes Res/Card No No nggg‘jm Long
48 1.00 0.10 110 | 020 0.8 31 No None No Yes Low Long
Dose
53] 1.27 0.02 144 | 004 08 10 Yes Cardio No No nggg‘jm Short
[34] 0.90 020 | 100 | 030 08 13 No Resistan No Yes Low Long
ce Dose
Resistan Recomm
[47 1.14 031 138 | 034 0.8 12 Yes . No No poonh Long
152] 0.77 012 | ors | o010 08 13 Yes Resistan No ves | Recomm | g
ce ended
Recomm Recomm
[49] 129 0.20 141 0.20 0.8 12 Yes Res/Card No No ended ended
[49] 1.26 0.10 142 | 020 0.8 25 Yes Res/Card No No nggg‘jm Long
49 116 0.20 135 | 020 0.8 17 Yes Res/Card No No Recomm Long
ended
51 0.97 0.15 1.06 0.17 0.8 15 Yes Res/Card No No High Short
Dose




Table D-2: Categorical Moderator Data Associated with Estimated Creatinine Clearance Renal

Function Marker in Creatine Studies.
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Reference # Pre Pre SD Post Post SD Pre Pos_t Sar_nple Exercise Type .Of Medication Diseas Creatine Length of

Mean Mean Correlation Size Exercise e Dose Cycle
[51] 119.00 17.70 112.20 23.10 0.8 15 Yes Res/Card No No High Dose Short
[34] 112.30 37.70 108.30 31.70 0.8 13 Yes Res':ta”c No Yes Low Dose Long
[49] 171.00 117.00 120.00 63.00 0.8 12 Yes Res/Card No No Recog&”‘end Long
[49] 234.00 165.00 168.00 165.00 0.8 25 Yes Res/Card No No Rec“g:jme”d Long
[49] 213.00 150.00 177.00 185.00 0.8 17 Yes Res/Card No No Recoemdme”d Long
[52] 106.68 23.73 107.71 24,36 0.8 13 Yes Resistanc No Yes Recommend Long

e

ed




Appendix E
Renal Function Marker Comparisons in >Cr-EDTA and Cystatin C
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Appendix E features a summary of data results associated with >*Cr-EDTA and Cystatin
C, the two renal function markers that this meta-analysis recommends for use in creatine

studies.

Table E-1: Data Summary for the >1Cr-EDTA (mL/min) Renal Function Marker In
Creatine Studies.

Reference # Pre Pre SD | Post Mean | Post SD Pre Pos_t Sample size
Mean Correlation
[34] 112.3 37.7 108.3 317 0.8 13
[52] 106.68 23.73 107.71 24.36 0.8 13

Table E-2: Data Summary for the Cystatin- C (mg/L) Renal Function Marker In
Creatine Studies.

Reference # I\/FI)er:n Pre SD | Post Mean | Post SD Cz:ﬁellae?t?:)n Sample size
[50] 1 0.1 1.1 0.1 0.8 14
[48] 0.995 0.101 1.1 0.204 0.8 17
[34] 0.8 0.1 0.8 0.1001 0.8 12
[52] 0.76 0.13 0.78 0.09 0.8 11
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