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 Energy Powerhouse 

 

A major source of energy storage, creatine powers muscle contraction for bursts of activity. 

Scientific research has verified that creatine increases muscle strength, lean body mass and 

muscle energy while accelerating energy recovery during intense exercise. World-class athletes 

have the competitive advantage that comes from correct use of this natural fuel. Dr. Richard 

Passwater and sports medicine experts tell you how to use creatine to enhance your athletic 

performance safely and effectively. 
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Introduction 

 

There has been a great deal of excitement among athletes about the dietary 

supplement creatine.  Scientific research has verified that Creatine is not just an 

energy source that powers muscles C  it is much more.  Creatine is becoming the 

athletes most important supplement because it: 

 increases muscle strength; 

 promotes significant increases in muscle size (lean body mass) without 

increases in body fat or water content; 

 increases muscle energy (more energy available per unit time) and 

improves performance during short-duration Abursts,@ high-intensity 

and intermittent exercise or activity; 

 accelerates energy recovery between bouts of intense exercise ( for 

example, after a sprint, the next sprint would be easier and at greater 

speed than without creatine); 

 may reduce fatigue by reducing lactic acid build-up in short-burst 

exercises, and  

 permits more intense training which further improves strength and 

muscle growth by delaying muscle fatigue. (Creatine regenerates ATP-

energy to increase muscle working time in anaerobic activity such as 

training to failure.  

 

These are not claims, but facts proven by extensive scientific study at leading 

university and sport medicine research centers around the world.  You will hear 

from some of them in this book. 

 

In addition to the above proven benefits, there are several more possible 

benefits that have not been proven in humans, but suggestions from animal studies 

or test tube type studies are strong enough to warrant further research.  These 

include: 

 

 promotes muscle growth (muscle protein synthesis, muscle fiber size 

and muscle cell volume).  This has been shown in the case of deficient 

humans having gyrate atrophy. 
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  helps spare muscle fibers from degradation (more work with less 

catabolism)   

 

 

In addition to the above benefits, some claims have been made for creatine 

that are definitely incorrect.  Creatine does not increase aerobic endurance. 

 

 

World-class athletes have been following creatine research very closely as 

most have found significant increases in performance with this ergogenic aid (work 

productivity enhancer).  Creatine-trained athletes now dominate all aspects of track 

and field and swimming. 

 

The story of this book begins with a seminal conference held in Bethesda 

Maryland, June 3 and 4, 1996.  I mention that because it is a day that I will never 

forget!  Why?  Because our highest government scientific institutes were 

sponsoring the presentation of good scientific evidence that dietary supplements can 

help normal, healthy, well-nourished, active people improve their performance.   I 

was more than surprised -- almost startled!  The Conference was a National 

Institutes of Health (NIH) Workshop entitled AThe role of dietary supplements for 

physically active people,@ and was co-sponsored by eleven divisions of the NIH.  

 

The National Institutes of Health had invited Dr. Paul Greenhaff from the 

University of Nottingham in England to brief the newly formed NIH Office of 

Dietary Supplements.  His topic was ADoes dietary creatine supplementation have a 

role to play in exercise metabolism?@   British and Swedish researchers had been 

publishing their scientific studies on the benefits of creatine to athletic performance 

and athletes had taken notice.  

 

The discovery of creatine loading by the Swedish researchers Drs. Eric 

Hultman, Roger Harris and Karin Soderlund of the Karolinska Institute in Sweden 

parallels the discovery of carbohydrate loading also by Dr. Hultman and his 

colleagues in the 1960s.  However, while Acarbo-loading@ increases performance 

by increasing the amount of  carbohydrate Afuel@ (glycogen) stored in muscles, 

creatine loading increases the energy stored in muscles, plus helps muscles grow 

bigger and stronger. 
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Dr. Greenhaff later collaborated with Dr. Hultman to refine the concept of 

creatine loading and maintenance to enhance sports performance.  These studies 

were published in 1993 and 1994.  Dr. Greenhaff will discuss these concepts in 

plain English later in this book. 

 

Articles in athletic magazines occasionally mention a rumor that USSR and 

Bulgarian athletes may have been using the nutrient for many years, perhaps since 

the 1970s, to power their Olympic athletes, but neither I, nor those in the creatine 

field of research that I have discussed this with, have found any scientific 

documentation of this.  A few former Soviet athletes may have mentioned that they 

were fed creatine phosphate or were given creatine phosphate injections.  While this 

may be true, it is apparent that whatever the form of the creatine and its dosage, this 

may not be the same as the creatine loading and saturation concepts being used 

today by world-class athletes. 

 

It appears that the first documented use of creatine supplementation was with 

the British athletes training for the 1992 Olympics in Barcelona.  Creatine was 

credited for powering several of the British athletes to gold medals.  The London 

Times reported (August 7 1992) that Linford Christie, the 100 meter Gold Medalist 

trained with creatine before the 1992 Olympics, and Bodybuilding Monthly 

reported that Sally Gunnell, the 400 meter Gold Medalist, also trained with creatine. 

 The London Times also reported that Colin Jackson, the champion British 110-

meter hurdler, just began taking creatine right before the Olympics.  Although he 

did not win the gold medal at the Olympics, he soon beat the Olympic Gold 

Medalist, Mark McCoy, on several occasions.   

 

Shortly thereafter, U. S. champion athletes began using creatine.  Since then, 

scientists have elucidated more Asecrets@ on how to best utilize creatine for optimal 

benefit. Now champion athletes from most countries are using creatine 

supplements.  The list of U. S. athletes is a AWho=s Who@ in track and field.  

Three out-of-four medal winners are using creatine, and the rest will probably 

follow suit once they discover this Acompetitive edge.@  The point is that it will 

be difficult for those who don=t properly use creatine supplements to compete 

against creatine-trained athletes. 

 

Low-potency creatine supplements were available in Britain, but creatine 

supplements especially designed for performance and strength enhancement were 
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not commercially available until about 1993.  In 1993, researchers Anthony 

Almada, B.Sc., M.Sc. and Edward Byrd, introduced their formulation based on the 

reports in the scientific literature, plus their own research.  In late 1992 and early 

1993, the early results seemed so unbelievable that they had little success in 

interesting established companies in introducing creatine supplements in a 

convenient form needed by athletes to achieve creatine loading and maintenance.  

Thus, they formed their own company which became incorporated in mid-1993 and 

introduced the first commercial product especially designed to take advantage of 

their scientific research.  Since that time, nearly all of the companies making sports 

nutrition supplements have introduced kindred products.  

 

Judging from 50,000+ hits on creatine internet web pages in just a few 

months time, and by the expanding pages of creatine advertisements in body-

building magazines, the secret is out.  However, the various ads and web pages can 

be confusing to the reader.  The very day that I started writing this book, I received 

a telephone call from a reporter for the Pennsylvania State University newspaper 

asking for clarification of a few technical points about creatine supplementation.  

Even though Pennsylvania State University had reported about creatine 

supplementation in the Penn State Sports Medicine Newsletter (Vol. 2, No. 5 

January 1994), the reporter still found the claims and counterclaims to be confusing. 

 The goal of this book is to simplify the science of creatine supplementation, 

separate fact from theory and misinformation, and to present a practical guide to the 

safe and efficacious use of creatine to help you achieve your goals. 

 

After studying the two hundred articles in the applicable scientific literature 

on creatine and muscle function (see bibliography) and interviewing some of the 

primary researchers and manufacturers, the creatine timeline seems to be as follows. 

 Creatine was discovered in meat extracts in 1832 by the French scientist Chevreul 

who named it after the Greek word for flesh.  By 1923, it was known that the 

average human body contained over 100 grams of creatine stored in muscle tissue.  

Even in 1981, there was an article in the New England Journal of Medicine by Dr. 

I. Sipila and colleagues that reported that supplementation with 1.5 grams of 

creatine in a group of patients having gyrate atrophy led to greater strength.  The 

creatine supplement improved body weight by ten percent after one year, and 

partially reversed the type II muscle fiber atrophy associated with this disease.  One 

athlete in the group improved his record for the 100 meter sprint by two seconds. 

 

In the late 1980s, Dr. Eric Hultman and his colleagues discovered the concept 
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of creatine loading.  Perhaps due to the importance of this new concept and the need 

for thorough peer-review, publication in the scientific literature did not occur until 

1992.  In 1993, Dr. Paul Greenhaff and his colleagues were the first to show 

creatine=s beneficial effects on intense exercise.  In 1994, Anthony Almada, 

Conrad Earnest and their colleagues presented their data showing the ability of 

creatine to increase strength during weightlifting (bench press) and that the weight 

gain associated with creatine use was due to increases in muscle (lean body mass).  

These results were published in 1995. 

 

  Creatine is the main form of energy storage used to power muscle 

contractions for bursts of activity.  Supplementation of the diet with generous 

amounts of creatine can improve the performance of every type of athlete C power 

athletes and speed athletes alike, whether male or female.  Champion sprinters, 

swimmers, distance runners, cyclists, weight lifters, body-builders, skiers, wrestlers, 

boxers and team sport athletes use creatine.  The advantages that creatine gives 

most of them is enormous.  I say Amost@ because like all else involving humans, 

everything doesn=t work for everybody all the time.  Research shows that creatine 

helps 80 percent or more of those who use it correctly.  This percentage should 

increase even more with the usage of some of the newer methods discussed in this 

book.   

 

What is creatine 

 

Creatine is a compound naturally made in our bodies to supply energy to our 

muscles.  Chemically it is called methyl guanidine-acetic acid, but who cares? 

 

Creatine is made in our bodies 

 

Virtually all (95-98 percent) of the body=s creatine is stored in skeletal 

muscles, with the remainder found in heart, brain and testes.  An average sized 

healthy male may have about four ounces (120 grams) of creatine stored in his 

body. When creatine is used up during work or exercise, the body normally makes 

another two grams a day as a replenishment.  Muscles have two sources of supply 

of creatine.  One source is the creatine made within the body, the other is the 

creatine supplied by the diet.  Animal studies show that the liver, pancreas and 

kidneys produce creatine which is transported in the blood to the muscles.  In 

humans, the liver is the major site of creatine biosynthesis, although some may be 
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made in the pancreas and kidneys.  These organs can combine the amino acids 

arginine, methionine and glycine to form creatine.  

 

I will describe this process in a little more detail, as already some 

manufacturers of creatine supplements are claiming that one product or another 

possibly stimulates creatine biosynthesis as well as supplies creatine itself.  They 

refer to the precursor compounds as if every one should know them by the three-

letter acronyms.  Whether or not these claims are accurate awaits clinical studies. 

 

In the first step of creatine biosynthesis, a portion of the amino acid arginine 

is removed and added to the amino acid glycine to form a new compound called 

guanidinoacetic acid (GAA).  The portion removed from arginine and transferred to 

glycine is a called an amidine group, and its transfer is made possible by the 

enzyme glycine transamidinase.  It is correct to say that GAA is a precursor of 

creatine. 

 

The second step involves removing a portion of a sulfur-containing 

compound called S-adenosylmethionine (SAM).  SAM is derived from the amino 

acid methionine, so in essence, it can be said that creatine is formed from parts of 

three amino acids C arginine, glycine and methionine -- and thus, it is also correct to 

say that they are precursors of creatine. The portion transferred from SAM is called 

a methyl group, and its transfer to GAA is made possible by the enzyme 

guanidinoacetate methyltransferase.  After the methyl group has been added to 

GAA, the resulting compound is called methyl guanidine-acetic acid, or simply 

creatine.   

 

In man, creatine is known to be made in the liver, and based on animal 

studies, is likely to also be made in the pancreas and kidneys, and is transported via 

the blood and taken up by muscle cells.  Creatine is then converted into creatine 

phosphate (CP), also called phosphocreatine, by the enzyme creatine kinase inside 

muscle cells by having a high-energy phosphate group added.  The cycling back 

and forth of creatine to creatine phosphate to creatine etc. is very important to the 

process of supplying energy to muscle cells.  We will discuss this in more detail 

later. 

 

Some creatine, an average of about two grams per day depending on the 

muscle mass of the individual, the same amount that is normally biosynthesized, is 

lost from the body during this cycling process.  This creatine forms creatinine which 
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is then removed from the blood via the kidneys and excreted in the urine.  Urine 

concentration of creatinine averages about one-tenth the concentration of that of 

urea. 

 

Dietary Sources of Creatine 

 

The richest source of creatine in food is in animal muscle such as meats and 

fish.  To increase sports performance, creatine supplements are usually taken in five 

gram doses, one-to-four times a day, depending on whether the athlete is in the 

Aloading@ phase or the maintenance phase.  To obtain five grams of creatine from 

steak would require about 2.4 pounds (1.1 kilograms) of fresh, uncooked steak.  

Vegetarians have little creatine in there diets.  Table 1 lists some dietary sources of 

creatine. 

 

Table 1.  Creatine in selected food items. 
 
 FOOD 

 
 AMOUNT of CREATINE 

 (grams/pound) 
 
Beef 

 
 2.0 

 
Cod 

 
 1.4 

 
Cranberries 

 
     0.009 

 
Herring 

 
 3.0 

 
Milk 

 
   0.05 

 
Pork 

 
 2.3 

 
Salmon 

 
 2.0 

 
Tuna 

 
 1.8 

 
 

 
 

 

Adapted from Balsom et al. Sports Med.18(4):270 (1994) 

 

 

The Basics of Muscle Function 
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As Dr. John Fuller, Jr. and I reviewed in our book on HMB (Keats Publishing 

1997), your more than 400 muscles contain about 250 million muscle cells.  Muscles 

are tissues composed of fibers that are able to contract to move parts and organs of 

the body.  Generally, muscles are classified into two types, smooth muscles and 

striated muscles.  Striated muscles are skeletal muscles, which except for the heart, 

we can voluntarily control their movement.  The heart is sometimes classified as a 

third type, but it is basically a striated muscle having slightly different responses to 

stimuli.  Smooth muscles are muscles within hollow organs.  About 40 percent of the 

average body is skeletal muscle, and perhaps another ten percent is smooth and heart 

muscle.  Of course, advanced body builders have a larger percentage of striated 

muscle in their bodies. 

 

Our muscles come in many sizes.  Our largest muscle is the quadriceps and 

the smallest is the stapedius muscle of the middle ear.  The typical quadriceps 

muscle is a half million times the size of the stapedius, which is only a few 

millimeters in length and a millimeter or two in diameter. 

 

If you are interested in muscle fiber structure and the chemistry of muscle 

movement or growth, you may wish the visit AIntroduction to Muscle@ on the web 

site maintained by the University of California at San Diego.  The URL is 

http://muscle.ucsd.edu/musintro/over.html. 

 

Building muscle mass 

 

As Dr. John Fuller, Jr. and I also discussed in our booklet on HMB (Keats 

Publishing Corp. 1997), muscle growth and size are related to the amount of use 

they receive.  Nature is very conservative, and if something is not used it will be 

done away with.  Nature=s rule is, Ause it or lose it.@  Nature sees no sense in 

having to feed big muscles if they aren=t going to be used for anything.  So if we 

don=t use our muscles for hard work or exercise, they will atrophy to the size and 

strength needed for the amount of work to which they are subjected.  At this point, 

the muscles will reach a steady-state of no growth or atrophy where synthesis and 

breakdown are equally balanced.  During muscle growth (in response to stimuli such 

as weight lifting) protein synthesis is greater than protein breakdown. 

 

Additionally, muscles are continually using this balance of synthesis and 

breakdown to undergo a Aremodeling@ in the body.  This means that muscle 
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proteins are continually being replaced, sometimes in as little as a few weeks.  

During this remodeling, muscles can alter their diameters, lengths, strengths, neural 

and blood supplies, energy producing enzymes and even their type of muscle fiber.  

Back to how this is affected by the amount of exercise or work.  If you don=t 

exercise or work the muscles will slowly atrophy, but if you apply strenuous work 

the muscles will adjust by growing.  That is, unless you overwork which could result 

in tearing down more muscle than can be built for at least a short time.  So the 

important message is that muscle size is basically a function of the amount of work a 

muscle is asked to perform and that both catabolism and anabolism are important in 

determining how large a muscle will grow. 

 

Many people have been taught that exercise builds muscles by first destroying 

the old muscle cells (catabolism) which are then replaced by new and stronger 

muscle cells (anabolism).  This old paradigm is not accurate.  Let=s look at just what 

has to occur to build muscle and strength. 

 

Muscle growth is not a process of dying cells being replaced with new muscle 

cells.  We pretty much have the same number of muscle fibers that we are born with 

throughout life.  The process of building new muscle actually involves adding new 

nuclei and more protein within those fibers, through a process called Ahypertrophy.@ 

 Each muscle fiber contains several hundred to several thousand myofibrils (slender 

strands).  In turn, each myofibril contains about 1,500 myosin filaments and 3,000 

actin filaments.  The addition of nuclei and protein increase the number of actin and 

myosin filaments in each fiber, thus causing enlargement of these same muscle 

fibers.  The greater number of actin and myosin filaments in the myofibrils (muscle 

fibers) induce these myofibrils to split within each muscle fiber to form new 

myofibrils. 

 

Therefore, the process of building up muscle is the result of making new 

muscle protein and this, of course, is a fine balance between making protein (protein 

synthesis), and the normal process of tearing down proteins (proteolysis).  Intense 

muscle exercise actually increases both protein synthesis and protein breakdown.   

Muscle growth results from four factors working together: 

 

 first, there must be a stimulus that causes a contraction at or near 

 maximal force;   

 

second, there must be adequate energy present to power the 
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contraction; 

 

third, there must be adequate nutrients present to use in the building 

 process.  These nutrients include the amino acids used to form muscle 

 protein and the vitamins and minerals to use in the building of muscle 

 proteins; 

 

 and fourth, there must be an adequate supply of all of the compounds 

 and factors needed to make the muscle cells grow. These factors are 

 not only nutrients that we eat, but compounds made from other 

compounds within the muscle cells, and hormones and growth factors 

released by other body components.  

 

We still don=t understand the complete story about how maximal muscle 

contraction leads to increased muscle growth, but studies show that creatine can help 

by providing the energy to contract our muscles harder and more frequently.  

Creatine also is believed to cause Acell volumizing@ which appears to be a stimulus 

for muscle growth.  This will be discussed later. 

 

Powering Muscles 

 

The energizer Bunny will stop when his stored energy is depleted.  The same 

is true with your muscles.  Muscles can not generate energy from stored fuels fast 

enough so they rely on stored energy to make up the difference.  The creatine 

phosphate (CP) made from creatine in muscles provides chemical energy from its 

high-energy phosphate group to immediately energize muscles on demand. 

 

 

Energy fuels 

 

The body uses three main energy systems, two are anaerobic (oxygen-

independent) and the other aerobic (oxygen-dependent).  One anaerobic system uses 

creatine and the other glycogen.  The aerobic system use a complicated cycle of 

biochemical reactions called the Krebs= cycle (also called the citric acid cycle). 

 

The creatine-based anaerobic system is the muscle=s source of immediate 

energy and provides a very brief burst of energy.  This system is called the 
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Aphosphagen system@ (also called the AATP-CP system@ or Adirect 

phosphorylation system@).  In the phosphagen system creatine phosphate (CP)  (also 

called phosphocreatine) regenerates spent adenosine triphosphate (ATP).  Working 

muscles need several hundred times as much ATP as the same muscles do when they 

are at rest.  The phosphagen system provides immediate energy  and normally lasts 

but for about 30 seconds, but with creatine loading, this can be extended 

significantly.  The purpose of this stored energy system is to provide the energy for 

immediate muscle contraction.  The other energy systems can not provide immediate 

energy, but they can kick in at later stages after the motion is started.   

 

Dr. Greenhaff stated during his NIH lecture that the availability of CP is the 

most likely limitation to muscle performance during intense, fatiguing, short-lasting 

exercise, that is, where the anaerobic ATP demand is very high.  His 1991 study 

implicated the availability of CP specifically in type II muscle fibers as being of 

critical importance to the maintenance of performance during maximal short-lasting 

exercise.  Of course, the amount of free creatine in the muscle determines the 

amount of CP present. 

 

Glycogen is the fuel for producing energy in the second anaerobic system to 

power medium duration activities.  This energy system is called the anaerobic 

glycolysis system.  Long duration activities require activating the aerobic energy 

system which uses both glycogen and fats as fuel.  

 

Long duration activities use up many calories of energy.  The body stores the 

calories for long term activities in muscles as glycogen and in fat because it is more 

compact and calorie dense.  If an activity were to require 3,500 calories, that can be 

stored as 2.25 pounds of carbohydrate (glycogen or glucose) or one pound of fat.  

(These figures consider associated water and proteins in the body tissue weight.)  

 

As the body expends its ready reserves of carbohydrates, it shifts over to 

burning fat.  This is achieved by enzymatically breaking down stored fats into free 

fatty acids.  The free fatty acids are then converted into acetyl-CoA and other 

compounds and are carried through the Krebs= cycle which produces ATP.  The 

energy is efficiently stored as fat, but some energy and time are required to get this 

energy out of fat storage and back into a useable fuel to support muscle work. 

 

Getting the energy out of the fuels 
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Energy is a force, not a compound.  Energy can be stored in many ways such 

as the potential energy in an object that has been raised to a higher level and is at 

rest, or stored in a chemical compound by moving electrons into higher orbitals.  

ATP is the prime energy-containing molecule in the body and is used in thousands 

of biochemical reactions throughout the body. 

 

We can account for the energy transferred in the body by keeping track of the 

formation and conversion of ATP.  Biochemists like to think of ATP as acting as the 

Aenergy currency@ of the cell.  ATP is the currency used to transfer free energy 

derived from compounds of higher energy potential to those of lower energy 

potential.  

 

ATP is formed via a cycle of reactions called the Krebs= cycle.  The calories 

of energy stored in food can be converted into ATP.  The carbohydrates, fats and 

proteins in food can be broken down into smaller compounds.  These smaller 

compounds such as simple sugars and fatty acids can be metabolized to pyruvic acid 

which can enter the Krebs= cycle.  The aerobic pathway to forming ATP occurs in 

the mitochondria (the energy Afactory@ of a cell).  The Krebs= cycle combines the 

metabolized food products with oxygen and generates ATP in a process called 

oxidative phosphorylation.   

 

That is more than an athlete really needs to know about using creatine 

supplements to increase athletic performance.  However, today many athletes are 

becoming serious students of exercise physiology and biochemistry.  If you have 

greater interest in understanding how creatine becomes locked into muscles to 

produce more energy, Technical Box 1 provides a more exacting description.  If you 

are not interested in the biochemical details, please feel free to skip the Technical 

Box or even skip further ahead to the section on ACreatine Loading@ which is the 

most critical aspect of using creatine supplements to increase athletic performance. 

  
 

Technical Box 1.  Additional Details of Creatine Biochemistry 

 

In muscle cells, glucose (blood sugar) enters the cytoplasm of the cell and is 

locked there by phosphorylation similar to the way creatine can be locked into 

muscle cells.  The glucose is then converted to fructose and then to glyceraldehyde 

phosphates (GP).  The cell can covert GP into pyruvate which then enters the 
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Krebs= cycle and leads to the production of ATP.  For each molecule of glucose that 

enters the muscle cell, theoretically, 36 molecules of ATP can be generated. 

 

ATP production via the Krebs= cycle is a relatively slow process.  It takes a 

little priming to get the cycle revved up and it doesn=t produce ATP fast enough for 

immediate response.  The body needs immediate energy to fill in the period before 

aerobic  Krebs= cycle generated ATP kicks in.  This source of ATP is obtained 

anaerobically from CP donating P to ADP. 

 

The first energy to power muscles comes from stored ATP and CP.  Then the 

body can shift into Asecond gear@ by activating the anaerobic glycolysis system to 

use the fuel stored as glycogen in the muscle.  The muscle cells break glycogen into 

glucose and eventually into pyruvate as described above.  The pyruvate then enters 

the Krebs= cycle to produce more ATP.  Where do fats fit into the energy picture? 

 

As the muscles are worked, they expend their supply of stored carbohydrates. 

 During this process, some of the energy is converted into heat energy and the 

muscles Awarm up.@  The rise in temperature activates fat-burning enzymes, and the 

muscles shift into Athird gear@ by calling upon the calories stored as fats.  This 

warm-up process takes time.  As mentioned earlier, fat molecules consist of three 

fatty acids linked to a compound called glycerol which has three carbon atoms and 

serves as the Abackbone@ of the fat molecule.  When the body needs this extra 

stored energy stored in fat, it releases fat molecules from fat cells (some coming 

from fat stored in muscle cells) and breaks them back down into their free fatty acids 

and glycerol.  

 

A trained athlete can do this very efficiently because the required enzymes are 

readily available.  Since Nature doesn=t waste resources by making compounds that 

the body isn=t using on a regular basis, a sedentary person doesn=t have these 

necessary enzymes readily available in sufficient quantities.  Thus, a sedentary 

person cannot reach back for this extra fuel to keep the muscles powered.  A 

sedentary person will soon run out of Agas@ because he can=t burn fat efficiently 

and can=t deliver oxygen to the cells fast enough.  Training not only strengthens the 

muscles and improves the nerve-muscle linkage, but also increases the amount of 

carbohydrate fuel stored in muscles, improves oxygen efficiency and also increases 

the amount of enzymes available to convert fat into energy.   
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Other enzymes in muscle cells cleave portions of the fatty acids, two carbon 

atoms at a time.  The 2-carbon fragments are converted into a compound called 

acetyl CoA, which can then enter the Krebs= cycle.  For every two carbons in a free 

fatty acid (there are 18 -20 carbons typically in dietary fatty acids), theoretically 17 

molecules of ATP can be formed (provided enough oxygen can be delivered to the 

cell). 

 

The energy stored in ATP is released when a phosphate group is removed.  

ATP has a row of three phosphate groups attached to a larger adenosine group.  

When ATP has one of the phosphate groups removed during a reaction, the energy 

that was stored in the bonds holding the outermost phosphate group to middle 

phosphate group is also released (7.3 kcal/mole).  This energy is the result of the 

charge repulsion of the adjacent negatively charged oxygen atoms in the phosphate 

group.  ATP contains two high energy phosphate groups (plus a Anormal@ 

phosphate group) and ADP contains both one high-energy phosphate group plus a 

Anormal@ phosphate group. 

 

The three phosphate groups in ATP are stabilized by the electric charge of 

magnesium ions.  Magnesium, thus, is a mineral that is critical to the energy process. 

 

ATP does not act alone when it releases its high-energy phosphate group.  

This reaction is always coupled with another reaction and in so doing drives the 

reaction which wouldn=t ordinarily be able to proceed by adding 30.5 kJ/mole of 

energy. 

 

When ATP releases a phosphate, the molecule is left with two phosphate 

groups and the resulting compound is called, not surprisingly,  adenosine 

diphosphate (ADP).   The same series of reactions produces energy when ADP loses 

a phosphate and is converted to adenosine monophosphate (AMP).  The high-energy 

phosphate group (P) that is released does not exist as a Afree@ phosphate, but is 

immediately transferred to another compound such as creatine. 

 

 End of Technical Box  
 

 

Creatine ( C ) enters the picture as creatine phosphate (CP).  Most of the 

creatine that is taken up by muscle is converted into CP with the aid of an enzyme 



 
 

21 

called creatine kinase (CK).  Dr. Greenhaff has found that at rest, about two-thirds 

of the creatine in muscle is in the form of CP.  The phosphate group comes from the 

phosphate groups previously cleaved from ATP and ADP.  Thus, the phosphate is 

recycled back into ADP and ATP and this biochemical reaction also adds energy to 

the molecules as the new phosphates bonds are formed.  In the process, plain 

creatine is released from the CP.  Now the cycle is ready to repeat again.  All of this 

may sound technical, but the take-home message is that creatine in the form of CP, 

refuels the energy compound ATP.  Perhaps it will seem clearer when looked at in 

the chemists shorthand to write the reactions as: 

 

        C  +  P   CP    (with the help of creatine kinase) 

 

 CP  +  ADP  + H
+
   ATP  +  C                                                      

 

The  H
+
 in the second reaction is called a Ahydrogen ion.@  This represents 

acid and points to the possibility of CP utilization during exercise to remove acid 

(lactic acid) that can accumulate.  This point will be discussed later. 

 

The more creatine stored in muscles, the more energy is available to activate 

the muscle.  During intense work, the muscles may quickly be depleted of their 

creatine supply.  If more creatine can be stored in the muscle, then more work can be 

done with greater intensity.  Dietary supplementation can be used to Aload@ muscles 

with extra creatine. 

 

 

Creatine Loading 

 

Creatine loading is the method of maximizing the amount of creatine stored in 

muscles.  As mentioned earlier, this concept was pioneered by Drs. Eric Hultman, 

Roger Harris and Karin Soderlund in 1992.  Dr. Paul Greenhaff and his colleagues at 

the University of Nottingham worked with the Swedish group to help refine the 

concept of creatine loading and maintenance.  Dr Greenhaff will summarize his 

research for us, but first, let=s look at how creatine gets into muscles. 

 

When the amount of creatine stored in muscles is low, creatine is carried into 

muscle cells via a transporter that utilizes an active sodium ion mechanism.  As the 

amount of creatine in the muscle cells increases, this transporter may be Ashut 
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down,@ but if the amount of creatine in the blood is increased, then diffusion can 

push more creatine in.  (The energy to overcome the concentration gradient probably 

comes from an energy-driven transporter protein on muscle cell membranes that is 

activated by guanidino groups.) 

 

Another  reason why the concentration of creatine in muscles can continue to 

increase is that once creatine gets into muscle cells, it can be converted into creatine 

phosphate (CP) which is trapped.  Another lesser reason is that some creatine binds 

to components inside the cells. 

 

The scientific studies have not examined the question of dosage as to how 

much creatine to take per unit body-weight. The working hypothesis is that the 

objective is to saturate the creatine transport proteins with as much creatine as 

possible so that the muscles cannot take up any more.  This is primarily a factor of 

transport capacity and not particularly a factor of body-weight. 

 

Let=s look at what Dr. Greenhaff and his colleagues have learned.  Dr. 

Greenhaff was kind enough to explain his research here expressly for your benefit. 

 

Passwater What is creatine loading?   

 

Greenhaff Creatine loading, as the wording implies, is a mechanism of increasing 

the creatine store of skeletal muscle, which in most people is in the 

region of 125 millimoles per kilogram of dry muscle (or about 16 

milligrams per kilogram).  By ingesting creatine in particular quantities 

you can increase the muscle creatine uptake by about 25% on average, 

but I should point out that the variation between individuals is quite 

large.  This is a point which people seem to ignore at the moment.  You 

do find individuals who don=t actually respond to creatine ingestion.  

 

Passwater: We=ll pick up on that point shortly, but first, please tell us what is 

happening biochemically to achieve creatine loading? 

 

Greenhaff: The mechanism of creatine transport into muscle is not completely 

resolved.  There are several postulated methods of transport into 

muscle, but what is clear is once creatine is in the muscle it is trapped 

there.  Creatine doesn=t leave the muscle at a very rapid rate, so once 
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you have achieved creatine uptake, your stores remain elevated for 

quite some time, perhaps having a six-to-eight week half-life.  They are 

not degraded during exercise.   

 

Passwater: How can creatine loading be achieved by athletes? 

 

Greenhaff: Our studies show that probably the most effective way to creatine load 

skeletal muscle is to ingest 20 grams of creatine for 5 days in four 5- 

gram doses each day, and to ingest that with a simple-sugar 

carbohydrate solution.  We have shown that carbohydrate ingestion 

facilitates creatine transport such that it reduces the variation between 

individuals. 

 

Passwater: Can muscle creatine content be optimized using lower doses? 

 

Greenhaff: Yes, but it takes considerably longer.  Lower dose creatine 

supplementation (e.g., three grams a day for two weeks) is less 

effective at raising muscle creatine concentration than is a five-day 

regimen of 20 grams a day.  However, following four weeks of 

supplementation at this lower dose, muscle creatine accumulation 

is no different when regimens are compared. 

 

 

Passwater Who discovered the creatine loading concept and when? 

 

Greenhaff Creatine loading came out of Dr. Eric Hultman=s laboratory in the late 

1980s but the paper wasn=t published until 1992.  The results were so 

striking that the research had to be verified several times looking at 

different doses.  The idea of a loading phase and then a maintenance 

phase came out of my laboratory in 1993 through 1994, but in 

collaboration with Dr. Hultman.  I want to make it clear that Dr. 

Hultman is the real pioneer in all of this work. 

 

 

Dr. Greenhaff and his colleagues biopsied muscles to study the effect of 

creatine loading.  They found that during creatine loading via the ingestion of 20 

grams of creatine in solution each day for five days (4 x 5 gram doses) which leads 

to an average increase in muscle creatine concentration of about 25 percent, that 
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approximately 30 percent is in the form of CP.  The majority of muscle creatine 

retention occurs during the initial days of supplementation; e.g., about 30 percent of 

the administered dose is retained during the initial two days of supplementation, 

compared with 15 percent from days two-to-four.  The natural time-course of muscle 

creatine decay following five days of 20 grams per day ingestion occurs over the 

course of several weeks rather than days.  Earlier creatinine excretion studies 

showed that creatinine excretion doesn=t increase immediately upon cessation of 

creatine supplementation and remains elevated for at least five weeks. 

 

Maintaining the Creatine Load 

 

It also appears that muscle creatine stores remain elevated for several weeks 

when the supplementation regimen of 20 grams per day  for five days is followed by 

lower dose supplementation (2 grams per day).  

 

Researcher Anthony Almada relates that his experience suggests that serious 

competitors use a maintenance dose of 10-to-15 grams of creatine daily regardless of 

body weight.  He notes that preliminary studies at the University of Nebraska 

suggest a higher maintenance dosage may increase the creatine response in terms of 

strength and body weight gain.  Further studies are required to clarify this point.  

 

The muscles do have an upper limit of creatine uptake and creatine storage, 

and taking more than 20 grams a day appears to offer no additional benefit.  Several 

studies have shown that higher loading doses (up to 35 grams a day) do not promote 

greater muscle performance.  However, the effects of higher doses upon body 

weight/composition have yet to be evaluated. 

 

 

Increasing Creatine Uptake 

 

Although the mechanisms involved in creatine uptake into muscles are not 

fully understood, it is believed that they include simple diffusion and perhaps active 

transport by the creatine transporter protein.  Dr. Greenhaff and his colleagues have 

found that simple-sugar carbohydrates increase creatine uptake.  Again, let=s let Dr. 

Greenhaff tell us in his own words. 

 

 

Passwater You mentioned that carbohydrates can facilitate creatine transport into 
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the muscle, and that this is a way in which poor responders can increase 

their efficiency of creatine loading.  Do carbohydrates enhance total 

creatine loading capacity?     

 

Greenhaff Yes, they do.  The mechanism is not yet clear.  Of course, it could be 

related to insulin availability because it=s known that insulin has a 

number of functions one of which is stimulation of membrane transport. 

So it could be via that mechanism but there are other ways.  At the 

moment we don=t really know and that=s something that needs to be 

answered from research. 

 

 

The hormone insulin helps carbohydrates and amino acids pass through the 

membranes of cells.  Insulin also can increase blood flow, which suggests that 

increases in insulin may Adeliver@ more creatine to muscle cells via providing more 

creatine-rich blood.  Certain carbohydrates increase the amount of insulin in the 

blood, so at first it was thought that insulin was responsible for the increased uptake 

of creatine when it is consumed simultaneously with carbohydrates.  However, a 

newer working hypothesis may be evolving, which adds to the possible Aboosting@ 

effect of insulin. 

 

When scientists added insulin to an in vitro laboratory system using animal-

derived immature muscle cells to study creatine uptake, concentrations of insulin 

that would be encountered in daily physiological (real life) situations were found not 

to be potent enhancers of creatine uptake.   However, very high concentrations of 

insulin, and the insulin mimic vanadate, boosted creatine retention.  The isoflavone 

genistein, found in soy foods, was actually found to reduce cell creatine, which 

suggests that soy-rich diets may reduce muscle creatine retention.  Vegetarians can 

display slightly lower muscle creatine content.  These studies were published in 

1996 by Dr. George Radda and his associates. 

 

 

Creatine Transporter 

 

The mechanisms by which creatine can enter muscle cells are not fully 

understood at this time, but they are believed to include diffusion and transport by 

this protein.  It has been found that creatine uptake can be increased when hormones 
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released during and after eating are present.  This was at first associated with the 

hormone insulin, but insulin may be merely a marker of the events that lead to the 

release of other hormones.  This will be discussed later under the topic of increasing 

creatine uptake. 

 

When the diet provides large amounts of creatine for an extended period, a 

feedback mechanism is believed to send chemical messengers to the genetic material 

that regulates the production of this creatine transporter to shut down its production 

and reduce the number of Aavailable@ transporters.  When dietary creatine is 

diminished again, the genetic material receives another chemical message to resume 

production of the transporter and increase the number of available transporters.  The 

regulation of the genetic expression of this transporter is now under active research.  

 

 

Building Massive Muscles 

 

The goal then is to train by increasing the work that a muscle must do.  This 

increased workload can be achieved in three ways; 

 

* by increasing the force of contraction by using increased resistance 

such as when lifting a heavier weight or pushing off or jumping with 

more explosive force, 

 

 by increasing the duration of time that the muscle is contracted, and, 

 

 by increasing the frequency of exercise. 

 

Creatine helps in all three ways; 

 

 it helps build muscle mass which allows still greater force to be used, 

 

 it provides energy so that duration of exercise or work can be 

lengthened, 

 

 it speeds recovery so that exercise frequency can be increased. 
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Muscle ACell-Volumizing@ May Force Muscle Growth 

 

Animal cell studies suggest that creatine may promote muscle growth by 

stimulating protein synthesis.  There are two actions involved.  The first is simply 

due to the increased work which your muscle can produce due to the increased 

energy content of the muscles and the delay in muscle tiredness.  The second way is 

a bonus that comes from the increased amount of creatine absorbed in the muscle 

tissue.  As creatine is taken up into the muscle cells, it also associates with water.  

As more creatine is stored, more water may be brought into the muscle.  This gives 

muscle a full or Apumped@ feel and look, but it also may increase the volume of the 

muscle cells.  When muscle cell volume is increased, it is thought that this triggers 

more protein and glycogen synthesis, reduces protein breakdown (proteolysis) and 

increases muscle mass.  The muscle fibers become larger and stronger. 

This concept was coined Acell volumizing@ by researchers Anthony Almada and Ed 

Byrd. 

 

For more information on the Cell-volumizing phenomenon, I checked with 

Dr. Greenhaff to see just what we do know for sure scientifically, and how much is 

speculation at this time. 

 

 

Passwater Cell volumizing or cell hydration C is that a real phenomenon or is this 

a myth? 

 

Greenhaff Scientifically speaking, I think people may be jumping the gun a little, 

taking information that has been gained from animal and muscle 

preparations and applying that directly to exercising humans.  What is 

known is if you increase the volume of a muscle cell in a laboratory 

situation, the changes in volume can have subsequent physiological 

responses.  For example, it has been shown that an increase in cell 

volume can stimulate carbohydrate synthesis in muscle.  But then to 

take that fact and apply it directly to human muscles and even take it a 

further step and say creatine, because it potentially increases muscle 

water volume then has other effects is really speculation.  I think 

research in this area needs to be undertaken before we can make any 

more conclusive statements about it. 
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Passwater So, this concept has not been fully verified by science at this time, but it 

does in fact have some basis based on preliminary animal studies. 

 

Greenhaff Yes. 

 

 

Some evidence that creatine is a lactic acid buffer in intermittent exercise 

  

Another point that needs clarification is whether or not creatine is truly a 

lactic acid buffer. Early studies have suggested such a role, but later, better designed 

studies are equivocal.  However, a new study by Dr. Michael Prevost of Louisiana 

State University confirms earlier studies by Dr. Hultman=s group and adds 

important new information that indicates creatine may buffer lactic acid and improve 

exercise recovery time in short duration maximal intensity exercise.  The results are 

being reviewed by a major exercise physiology journal at this writing and will 

probably be published in the Fall of 1997. 

 

When muscles use the anaerobic energy system to contract during intense 

exercise, they produce lactic acid.  Acids supply hydrogen ions which can interfere 

with muscle contraction, nerve conduction and energy production. Lactic acid build-

up is partially responsible for that Aburning@ feeling that occurs as muscles become 

fatigued.  This results in fatigue which decreases with exercise frequency and 

duration.  When you can=t exercise any longer because your muscles burn and 

won=t contract, it is probably due to either running out of energy or to excessive 

lactic acid build up. Lactate (lactic acid without the Aacid@ [H
+
] portion) 

concentration in the blood is a measure of the amount of lactic acid produced during 

exercise, which indicates the amount of anaerobic metabolism occurring.   

 

A lactic acid buffer works by absorbing hydrogen ions (H
+
) released during 

the energy producing reactions.  Creatine absorbs hydrogen ions in the process of 

creatine phosphate transferring a high-energy phosphate group to ADP to form ATP.  

 

 CP  +  ADP  + H
+
   ATP  +  C 

 

The data are equivocal at this writing, but the biochemistry appears to be 

there.  Thus, it is not only a possibility, but perhaps a probability that creatine can 

delay the onset of fatigue by reducing lactate build-up during very short bursts of 
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exercise. 

 

Even if creatine does not buffer lactic acid, creatine can extend the exercise or 

work period by virtue of increased energy stored in the muscles.  In other words, you 

can train or perform longer because you have more muscle energy available.   

 

Dr. Prevost points out that there are four important metabolic considerations 

that affect the performance of high-intensity intermittent exercise, the type of muscle 

function called upon in most sports. 

 

1.  The maintenance of high energy phosphates (the phosphagen system), 

2.  The recovery of high-energy phosphates during the brief rest periods, 

3.  The restoration of the ability to generate ATP during the exercise, and, 

4.  The management of adenine nucleotides. 

 

Creatine supplementation can benefit all four stages.  Before looking at Dr. 

Prevost=s results, let=s check with Dr. Paul Greenhaff about the concept of creatine 

reducing lactic acid build-up during prolonged exercise. 

 

Passwater: Does creatine delay lactic acid build up during exercise? 

 

Greenhaff: Other groups are suggesting that yes, you can lower lactic acid 

production during exercise, and possibly you can during very, 

very short sprints or very, very short bouts of exercise C just a 

few seconds.  But, in our hands, when exercise is sustained for 

more than five-to-six seconds, we see no effect on lactic acid 

production. 

 

The high-intensity, short-duration, intermittent exercise is what normally 

occurs in some sports.  You go all out for five-to-ten seconds, and then recover 

while coasting at a slower output, until it=s your turn again.  You may run the ball 

and then recover in the huddle, or you may chase a fly ball and wait for the next 

batter, or you may press a weight for several reps and then recover for the next set. 

 

Dr. Prevost tested kinesiology students at LSU during bursts of maximal 

pedaling on a bike followed by brief recovery periods.  Creatine=s effect in delaying 

fatigue was particularly demonstrated in the tests where the subjects repeatedly 
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pedaled for 10 seconds and rested for twenty seconds.  In this cycle of exercise, the 

placebo group would tire after about ** minutes, but the creatine group never tired at 

all.  The experiment was discontinued because the subjects seemed as if they would 

be able to continue indefinitely at this rate. 

 

Dr. Prevost=s study is a confirmation of a study done by Dr. Eric Hultman=s 

group which studied very brief bouts (cycles) of cycling (on a bicycle ergometer) at 

two intensities.  Creatine supplementation enhanced performance and the amount of 

exercise that could be completed at these high-intensities, and also lowered blood 

lactate concentration and oxygen consumption.  This study is discussed later in AThe 

Scientific Studies@ section as the Balsom 1993 Study. 

 

Getting back to Dr. Prevost, he is now with the Naval Operational Medicine 

Institute in El Toro, California.  I asked him to tell us about his research with 

creatine. 

 

Passwater: Why did the creatine-supplemented group not tire during the 

10/20 experiment? 

 

Prevost: During short exercise bouts, a greater portion of the energy is 

supplied by the phosphagen system.  This means that creatine 

loading can pack more creatine phosphate into the muscles to 

supply more ATP and to regenerate ATP quicker.  Even a small 

amount of extra creatine phosphate significantly increases the 

relative amount of ATP re-synthesized.  This delays the need for 

energy from the glycolysis system, which is the producer of 

lactic acid.  

 

Passwater: So there may be less lactate formed in the first place, rather than 

doing away with lactate that has formed from glycolysis.  The net 

result is still less lactic acid build-up, so there is less fatigue.  

How about oxygen consumption? 

 

Prevost: My studies also showed oxygen consumption was reduced by 

creatine supplementation.  Since oxygen consumption is related 

to energy expenditure, we might conclude that exercise 

efficiency (work/cost) was also improved. 

 



 
 

31 

The details of Dr. Prevost=s studies, and other major studies, are given in the 

section AThe Scientific Studies.@ 

 

Dr. Prevost=s study involved short duration, maximal energy exercise.  This 

is the type of muscle use involved in sprinting, swinging a bat, chasing a fly ball, 

running a post-pattern, or most any athletic or team event except long-distance 

running.  In Dr. Prevost=s studies, those taking creatine supplements really out-

performed those taking the placebo (inert look alike) when athletes normally tire.  

Examples would include sprinters in the final heat after running qualifiers, or an 

athlete competing in multiple events, or backs running in the fourth quarter with the 

same speed as they can in the first quarter.     

 

 

Creatine Cycling 

 

The concept of Acycling@ of sports supplements is a hold-over from the use 

of steroid anabolic drugs.  Cycling means to use the product for awhile and then 

discontinue its use, and to keep repeating this cycle of usage.  Cycling was a 

necessity with steroid anabolic drugs because the drugs accumulated in the body and 

led to very severe adverse effects.  By periodically discontinuing their use, the drug 

concentration stored in the body would decrease, hopefully below the levels causing 

adverse effects.  There does not appear to be a need to cycle creatine in relation to 

safety and toxicity issues.  However, even though their is no necessity to cycle 

creatine, the question should still be asked if cycling would produce additional 

benefit.  Let=s look at both what science can tell us and what user experience can 

tell us. 

 

Dr. Paul Greenhaff comments about the effects of creatine supplementation as 

it pertains to the subject of creatine cycling. 

 

Passwater   Does taking creatine supplements shut down endogenous creatine 

biosynthesis? 

 

Greenhaff Yes, in the amounts used for increased performance it does.  So does 

eating large amounts of meat which, of course, contains creatine.  It=s a 

natural feedback mechanism.  But what people should be clear about is 

that once creatine supplementation is stopped and the muscle levels 
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then begin to decline, endogenous synthesis starts again.  You have to 

remember that we are talking about people ingesting possibly 20 grams 

a day at least initially and dropping to a lower maintenance doses of 

two or more grams per day.  With normal diets, endogenous synthesis 

probably contributes one-to-two grams per day.  So when you consume 

more than you normally would have to make, there is no need for the 

body to synthesize creatine. 

 

 

 

Passwater Does taking creatine supplements also reduce the creatine precursor, 

guanidine acetic acid (GAA) production? 

 

 

Greenhaff Essentially, GAA is only needed for creatine production, and if the 

body is getting all of the creatine it needs from the diet, then GAA 

production is also halted during the time of adequate creatine intake.  

GAA and creatine production both are activated again when dietary 

creatine decreases. 

 

Passwater Does creatine supplementation halt creatine transport? 

 

Greenhaff Well, initially it very much stimulates creatine transport.  When the 

muscles are loaded with creatine additional transport of creatine into the 

muscles does decline.  This is merely a natural feedback mechanism 

resulting from the increase in muscle creatine content. 

 

Passwater Does creatine supplementation affect the production of creatine kinase, 

the enzyme needed to reconvert creatine back into creatine phosphate? 

 

Greenhaff I haven=t seen any evidence to suggest that anywhere. 

 

Passwater Does creatine supplementation reduce the number of creatine Areceptor 

sites?@ 

 

Greenhaff There is no answer to that question.   I don=t believe that a creatine 

receptor site has ever been characterized.  Researchers have identified a 
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creatine transporter in muscle but no one has measured the number of 

transporters and whether they change with creatine ingestion. 

 

 

Sometimes experience teaches us a refinement or two over the formal 

scientific studies.  The above observations by Dr. Greenhaff may be your best bet.  

However, competitive athletes may wish to try this idea from researcher Anthony 

Almada.  He points out that it is without scientific substantiation at this time, but 

based on what is known about creatine loading, this strategy may prove to enhance 

performance.   

 

Almada suggests that two - three weeks before competition, discontinue 

creatine supplementation and allow muscle creatine reserves to decline.  It takes 

more than a month for the Aexcess@ creatine to diffuse out of the muscle.  Even if a 

longer time passes, the muscle creatine level will not dip below your previous base-

line level.  Even if  muscle creatine returns to pre-supplementation level, few 

athletes experience a significant loss of strength or size during this type of creatine 

Awashout,@ suggesting that creatine supplementation contributes to a permanent 

ergogenic and anabolic effect in muscles.  Your urinary excretion of creatine will 

increase after about two-to-three days.  Shortly thereafter, the creatine transport 

protein synthesis should increase, along with an increase in the number of available 

transporters.. 

 

One week-to-ten days before competition, begin creatine loading again, using 

it in combination with glucose or at least 16 ounces of orange juice or grape juice.  

Remember, the Aextra@ creatine loaded into your muscles has not yet had enough 

time to fully diffuse out (empty).  This time there should be enough creatine 

transport proteins to pack more creatine into the muscles while the muscles still 

contain more than a base-line amount of creatine already.  The net result may be a 

renewed super-loading of creatine. 

 

 

The Scientific Studies 

 

This book is based on the findings of many scientific studies.  More than 200 

pertinent to creatine metabolism and muscle physiology are listed in the 

bibliography.  However, there are only ** key studies that form the basis for the 

proper use of creatine supplements to obtain optimal sports performance. 
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Harris 1992 Study 

 

Let=s begin with the seminal study by Dr. Eric Hultman=s group.  You will 

often see it referred to in writings about creatine as a 1992 study by Harris and 

colleagues.  The research was actually done in Dr. Hultman=s laboratory at the 

Karolinska Institute (Sweden) with his colleagues in the late 1980's, but it was not 

published in the scientific literature until 1992.  The full reference is: 

 

Elevation of creatine in resting and exercised muscle of normal subjects 

 by creatine supplementation.  

Harris, Roger C.; Soderlund, Karin; and Hultman, Eric. 

Clinical Science 83:367-374 (1992). 

 

The importance of this study is that it showed that muscle creatine levels 

could be increased by 50 percent just by taking creatine supplements.  This study 

helped set the parameters for creatine loading. 

 

They study reported that supplementation with five grams of creatine 

monohydrate mixed into hot tea or coffee four or six times a day for two or more 

days resulted in a significant increases in the total creatine content of the quadriceps 

femoris muscle measured in 17 volunteers.  Those persons who initially had the 

lowest amount of creatine stored in the muscle had the biggest gains, which were in 

some cases up to 50 percent. 

 

This study found that creatine uptake into muscle was the greatest during the 

first two days (32 percent).  About 20 percent of the creatine increase was due to 

increased creatine phosphate content.  There was no increase found in ATP stored in 

the resting muscle. 

 

The study also found that when one leg was exercised by pedaling the bicycle 

ergometer with only that leg, it accumulated more creatine than the non-exercised 

leg.  The average level of creatine before supplementation was 118 mmol/kg.  The 

average after supplementation was 148.5 in the non-exercised leg and 162.2 in the 

exercised leg.  Thus, the non-exercised leg increased its creatine store by about 25 

percent and the exercised leg improved by 37 percent. 

 

Greenhaff 1993 Study 
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This study is the first to show the benefits of creatine supplementation on 

intense exercise performance.  The study is a collaboration involving Dr. Paul 

Greenhaff and colleagues with Dr. Eric Hultman and colleagues.  The full reference 

is: 

 

Influence of oral creatine supplementation of muscle torque during 

  repeated bouts of maximal voluntary exercise in man.   

Greenhaff, Paul L.; Casey, Anna; Short, Anthony H.; Harris, Roger; 

  Soderlund, Karin; and Hultman, Eric. 

Clinical Science 84:565-571 (1993) 

 

In this study, twelve volunteers undertook five bouts of 30 maximal voluntary 

isokinetic leg extension contractions, interspersed with one minute recovery periods, 

before and after five days or taking either a placebo or creatine supplement.  The 

placebo was six grams of glucose per day and the creatine supplement was five 

grams of creatine (in the form of creatine monohydrate) plus one gram of glucose 

mixed into tea or coffee.  Muscle torque production and blood lactate and ammonia 

levels were measured before and after exercise on each treatment. 

 

There were no measurable differences in muscle peak torque production 

during exercise before and after taking the placebo.  However, after taking the 

creatine supplement, muscle peak torque production was greater in all volunteers 

during the final ten contractions of exercise bout number one, throughout the entire 

range of exercise bouts numbers two, three and four, and during contractions 11 - 20 

of the final exercise bout number five, when compared with the corresponding 

measurements made before creatine supplementation. 

 

The level of ammonia was lower during and after exercise in those 

supplemented with creatine, but no differences were found in blood lactate levels. 

 

 

Balsom 1993 Study 

 

This study by Dr. Eric Hultman=s group showed that creatine 

supplementation decreased blood lactate, improved performance and increased 

muscle mass.  The full reference is: 
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Creatine supplementation and dynamic high-intensity intermittent 

  exercise. 

Balsom, P. D.; Ekblom, B.; Soderlund, K.; Sjodin, B.; and Hultman, E. 

Scandinavian Journal of Medicine and Science in Sports. (1993) *** 

 

In this study, two intermittent high-intensity exercise regimens were 

performed before and after Aloading@ with either a placebo or a creatine 

monohydrate supplement (five grams of creatine monohydrate plus one gram of 

glucose, five times daily for six days).  Each exercise regimen consisted of ten six-

second bouts of high-intensity cycling at two exercise intensities, 130 revolutions 

per minute (rpm) or 140 rpm, in a manner so that the same amount of exercise was 

performed before and after the administration period.  The 140 rpm intensity was 

chosen to induce fatigue over the ten exercise bouts. 

 

Sixteen male volunteers were randomly assigned  to two experimental groups 

(placebo vs. creatine groups).  There were no significant changes in any measured 

parameters in the placebo group.  However, those receiving the creatine 

supplementation had enhanced performance towards the end of each exercise bout at 

140 rpm, as measured by smaller declines in work output.  Although the creatine-

supplemented group performed more work, their blood lactate decreased from 10.8 

to 9.1 mmol/liter and there was no change in oxygen uptake.  The creatine group 

also demonstrated a body weight gain of 2.4 pounds, with no significant change in 

the placebo group. 

 

At the 130 rpm rate, the creatine-supplemented group also had 37 percent 

lower lactate buildup (7.0 vs 5.1) and the oxygen uptake was also lower.  The 

researchers stated that the mechanisms responsible for the improved performance 

with creatine supplementation were probably due to both a higher initial muscle 

creatine phosphate availability and an increased rate of creatine phosphate 

resynthesis during recovery periods.  The lower lactate accumulation may also be 

explained by these mechanisms. 

  

 

Earnest 1995 Study 

 

This is one of several studies collaborating with Anthony Almada.  This is the 

first study to show that creatine supplementation increased strength during 

weightlifting (bench press) and that the weight gain associated with creatine use was 
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due to increases in muscle (lean body mass).  These results were presented at the 

annual meeting of the American College of Sports Medicine in Indianapolis in May 

1994 and at the National Strength and Conditioning Association (NSCA) National 

Conference in New Orleans in July 1994, and later published in 1995.  The complete 

reference is: 

 

The effect of creatine monohydrate ingestion on anaerobic power 

  indices, muscular strength and body composition. 

Earnest, C. P.; Snell, P. G.; Rodriguez, R.; Almada, A. L.; & 

  Mitchell, T. L. 

Acta Physiologica Scandinavica, 153(2), 207-209. (1995) 

 

In this study, eight weight-trained men were randomly assigned to receive a 

placebo or creatine monohydrate supplement for 28 days.  Prior to, and immediately 

following the supplementation period, each volunteer was evaluated for body 

weight, body composition (via underwater weighing), and one repetition of the 

bench press at maximal weight.  In addition, each volunteer also performed as many 

repetitions as possible at 70 percent of their pre-test maximum bench press weight. 

 

There were no changes in any measured parameter in the placebo group.  In 

the creatine-supplemented group, the bench press maximum improved by 18 pounds 

(8.2 kilograms).  The total amount of weight lifted as measured as the number of 

complete lifting repetitions (at the 70% maximum weight) times that weight 

improved by 971 pounds (441.3 kilograms).  The number of repetitions at the 70 

percent of maximum weight improved by four repetitions.  An important new 

finding was that the lean body weight increased by an average of 3.74 pounds (1.7 

kilograms).  

 

The same volunteers were also part of a study to determine if creatine 

monohydrate  affected peak anaerobic power or anaerobic capacity.  The volunteers 

performed three successive 30-second exercise tests called AWingate tests,@ 

interspersed with five-minute recovery periods, before and after two weeks of either 

placebo or creatine supplementation.  The creatine supplementation consisted of 

taking five grams of creatine (from creatine monohydrate) plus one gram of glucose 

four times a day (daily total of 20 grams of creatine plus four grams of glucose). 

 

The creatine-supplementation produced significant increases in anaerobic 

capacity and decreased blood ammonia levels.  The placebo group had no significant 
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increase in anaerobic capacity and had higher blood ammonia levels.  Neither group 

had a significant increase in peak anaerobic power.  This was the first study to 

evaluate the effects of long-term (four-week) creatine supplementation.  No adverse 

effects were reported by the volunteers, nor were there any adverse changes in blood 

chemistry. 

 

 

 

Green 1996 Studies 

 

Two studies were published by Dr. Paul Greenhaff=s group in 1996 showing 

that ingesting simple carbohydrate (primarily glucose) in solution along with the 

creatine increased muscle creatine uptake, especially in those who responded poorly 

to straight creatine supplementation.  Dr. Greenhaff discussed the possible 

mechanism involved earlier in the section on creatine loading.  The mechanism 

could involve insulin or other factors released during carbohydrate digestion and/or 

absorption.  The references are: 

 

Carbohydrate ingestion augments creatine retention during creatine 

 feeding in humans. 

Green, A. L.; Simpson, E. J.; Littlewood, J. J.; MacDonald, I. A.; and 

 Greenhaff, P. L. 

Acta Physiol. Scand. 158:195-202 (1996). 

and  

 

Carbohydrate ingestion augments skeletal muscle creatine accumulation 

 during creatine supplementation in humans. 

Green, A. L.; Hultman, E.; MacDonald, I. A.; Sewell, D. A.; and 

  Greenhaff, P. L. 

Amer. J. Physiol. 271 (Endocrinol. Metab. 34):E821-826 (1996). 

 

In the first of these two studies, four groups of volunteers received various 

combinations of creatine or placebo with or without added carbohydrate.  Group A 

received creatine alone, Groups B and C received creatine plus a simple 

carbohydrate mixture, and Group D received a placebo with no creatine nor 

carbohydrate.  Group C also exercised daily.  The results indicate that the 

carbohydrate increased creatine retention and decreased creatine excretion.  The 

exercise did not augment the creatine retention. 
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The second of these two studies involved two groups of volunteers and 

muscle biopsies were also taken.  There was a 60 percent improvement in muscle 

creatine retention in the group receiving both creatine and carbohydrate. 

 

Kreider 1996 Study 

 

In another study collaborating with Almada, scientists from the University of 

Memphis led by Dr. Richard B. Kreider, evaluated the effects of supplementing with 

a low-calorie creatine-containing mixture (also providing glutamine, taurine, yeast-

RNA as Aactive ingredients,@ and moderate quantities of protein and carbohydrate), 

a high-calorie protein/carbohydrate powder, or carbohydrate powder alone, for 28 

days, on body composition during resistance training in 28 resistance-trained 

individuals. The complete reference is: 

 

Effects of ingesting supplements designed to promote lean tissue 

 accretion on body composition during resistance training. 

Kreider, R. B.; Klesges, R.; Harmon, K.; Grindstaff, P.; Ramsey, L.; 

 Bullen, D.; Wood, L.; and Almada, A. 

International Journal of Sport Nutrition 6(3)234-246 (1996). 

 

This study was the first to describe the body composition modifying effects of 

a supplement containing creatine along with other compounds, and used a very 

sophisticated method (DEXA) to determine body composition.  The researchers 

found a three times greater increase in fat-free mass with the creatine mixture, 

compared to both the Aprotein plus carbohydrate@ or Acarbohydrate@ supplements.  

Body fat mass did not increase in the creatine mixture or carbohydrate groups, but 

increased significantly in the high-calorie group.  The researchers concluded that use 

of the creatine mixture ... Aresulted in a significantly greater increase in lean tissue 

weight, while fat weight was maintained.@ 

 

In a follow-up study designed to duplicate the above findings, Dr. Kreider, 

Almada and colleagues tested the effects of five weeks of supplementation with the 

same creatine mixture, or a similar mixture with a higher content of the Aactive 

ingredients@ plus calcium alpha-ketoglutarate, or carbohydrate powder, in university 

football players during an intensive off-season training period.  After five weeks of 

supplementation, the two groups receiving the creatine mixtures gained significantly 
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more fat-free weight than the carbohydrate group.  The lower dose creatine mixture 

gained 5.4 pounds of fat-free weight, while the higher dose creatine mixture group 

gained 7.6 pounds.  These results were presented at the American College of Sports 

Medicine annual meeting in Minneapolis in Cincinnati in May of 1996, and has been 

submitted for publication.  The full title of this abstract is: 

 

Effects of ingesting a lean mass promoting supplement during 

resistance 

 training on isokinetic performance. 

Kreider, R.; Grindstaff, P.; Wood, L.; Bullen, D.; Klesges, R.; Lotz, D.; 

 Davis, M.; Cantler, E.; and Almada, A. 

Medicine and Science in Sports and Exercise 28(5): Abstr. 214 (1996) 

 

 

Kreider 1997 Studies 

 

In another double-blind study conducted by many of the same research group, 

university football players receiving a creatine, glucose, taurine and electrolyte 

supplement displayed greater increases in strength and sprint capacity, than players 

receiving the same supplement but without creatine.  This study will be presented at 

the American College of Sports Medicine annual meeting in May 1997, in Denver.  

The abstract will be published in the May 1997 Supplement issue of Medicine and 

Science in Sports and Exercise.  In a different study with the same group of athletes, 

those receiving the creatine-containing mixture gained twice as much fat-free mass 

as those receiving the mixture without creatine, with no changes in fat-mass in either 

group.  This will be presented at the Federation of American Societies of 

Experimental Biology annual meeting in New Orleans in April 1997, and will be 

published in abstract form in the April 1997 Supplement issue of the FASEB 

Journal. 

 

 

Prevost 1997 Study 

 

This is the study by Dr. Mike Prevost discussed in the section on reducing 

blood lactate.  The study was conducted at Louisiana State University in 1996.  This 

study shows that creatine supplementation enhances exercise performance during 

very brief (less than ten seconds) high-intensity exercises that primarily stresses the 

phosphagen system.  Creatine may lead to a lower lactate accumulation because 
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creatine-loaded phosphagen system (creatine phosphate - ATP) can supply a larger 

amount of the energy needs during these bursts of exercise.  Therefore, the muscle 

doesn=t activate the glycolysis system as early and as Aaggressively,@ and as a 

result, there is less blood lactate accumulation.  

 

In this study, 18 volunteers from the LSU kinesiology department were 

divided into two groups, a placebo-control and during the second phase of the study, 

a creatine-supplemented group.  The creatine-supplemented group was also tested 

with placebos during the first phase of testing.  This group was given creatine 

supplementation (*** how much***) before and during the second phase of testing. 

 Both groups underwent identical testing protocols.  Blood analyses and VO2 

measurements were taken during each test. 

 

Dr. Prevost reports that creatine supplementation had a significant effect on 

time to exhaustion and, thus, total work output.  The creatine-supplemented group 

showed a greater than 100 percent increase in time to exhaustion in phase 2 of the 

test involving repetitious cycles of ten second pedaling at high-intensity followed by 

twenty second recovery periods.  The placebo group showed no change.   

 

Now here is the interesting part.  The tests were halted at twice the 

performance time because the volunteers on creatine reported Afeeling very little 

fatigue and the ability to continue indefinitely.@  Another variation of the test, in 

which the test-cycle for each subject was to repeatedly pedal for 20 seconds and 

recover for 40 seconds, also showed that creatine extended performance.  Creatine 

increased the time to exhaustion by 62 percent. 

 

Oxygen consumption increased with time, but the creatine-supplemented 

group showed a significantly lower oxygen consumption rate than that of the 

placebo group during the 10/20 and 20/40 cycles.  Blood lactate concentration 

increased with exercise time, but the creatine-supplemented group lactate 

concentration was significantly lower than that of the placebo group in the 10/20 and 

20/40 cycles. 

 

This study has been submitted to the Research Quarterly For Sport and 

Exercise and should be published during 1997. 
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Creatine Supplements 

 

If all of the protein you ate could be efficiently broken down into amino acids, 

and then all of the arginine, glycine and methionine so produced were efficiently 

converted into creatine, the body still would not produce more than the two grams of 

creatine needed daily to replace that lost in the urine.  The same would be true if you 

merely took supplements of arginine, glycine and methionine.  The best way to 

increase the amount of creatine in your muscles is to take creatine supplements along 

with a potent insulin-releasing carbohydrate such as glucose or sucrose, along with a 

small amount of sodium, an essential cofactor for creatine transport. 

 

The most popular form of creatine in supplement form is creatine 

monohydrate.  All of the published scientific studies have been conducted with 

creatine monohydrate.  It is virtually tasteless and quite soluble in water.  Creatine 

monohydrate contains more creatine per weight of material than any other form.  

Creatine monohydrate is simply a molecule of creatine with a molecule of water 

attached.  When creatine monohydrate dissolves in water, the molecule of water that 

was attached is released as is the creatine.  Creatine monohydrate contains 880 

milligrams of Afree@ creatine in every gram of creatine monohydrate.  In this form 

creatine can be purified and stabilized. 

 

Creatine phosphate (CP) is the form of creatine that drives the energy pump, 

but this is not the best form to use as a supplement to shuttle creatine into the 

muscles in the first place.  None of the scientific studies have used creatine 

phosphate as the dietary source of creatine, as it has never been shown to have an 

ergogenic or anabolic effect when taken orally. The goal is to get the creatine into 

muscles and then trap it there by converting it into creatine phosphate. 

 

A molecule of creatine phosphate is actually one molecule of creatine bound 

to one phosphate group. A gram of creatine phosphate contains 623 milligrams of 

Afree@ creatine.  Since the phosphate group weighs more than a molecule of water, a 

molecule of creatine phosphate weighs more than a molecule of creatine 

monohydrate.  This means that a gram of creatine monohydrate contains 41 % more 

creatine than a gram of creatine phosphate.  Creatine phosphate is also very 

expensive. 

 

Creatine citrate is more soluble than creatine monohydrate, but creatine citrate 

is a less concentrated form.    Creatine citrate contains only 406 milligrams of 
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Afree@ creatine in every gram of creatine citrate.  Creatine citrate may be more 

soluble than creatine monohydrate, but keep in mind that creatine monohydrate 

contains more than twice the free more creatine.  Dr. Paul Greenhaff has shared 

unpublished data with me showing that the amount of creatine retained in muscles as 

a percent of the dose is virtually identical with both the monohydrate and citrate.  

Creatine citrate is not as palatable as creatine monohydrate and it is more expensive. 

 None of the published scientific studies has used creatine citrate as a dietary source 

of creatine. 

 

 

Creatine Partners 

 

Combining creatine (plus carbohydrate) with good quality protein and/or the 

amino acids prevalent in muscle protein is a good idea.  These amino acids include 

glutamine, branched-chain amino acids (valine, leucine and isoleucine) and taurine. 

 

Studies suggest that glutamine helps regulate protein synthesis in skeletal 

muscle and may help protect muscle tissue from being degraded (catabolism).  The 

body needs glutamine for many reasons, especially during physical stress such as 

exercise.  When other regions of the body run low in glutamine, the reserves stored 

in muscles are called upon.  When the glutamine is released from muscles, some 

degradation of muscle tissue may occur.  The strategy of providing glutamine during 

exercise is to provide these other regions of the body with a dietary source of 

glutamine rather than having the glutamine stores of muscles depleted.  There is 

some suggestion that glutamine, under certain conditions, may contribute to cell 

volumization, but the scientific evidence of such an effect is very weak at this time. 

 

Taurine has been reported to be the second-most abundant Afree@ amino acid 

present in human skeletal muscle.  Taurine is not involved in muscle fiber structure, 

but is prevalent in type 1 muscle fibers attached to magnesium ions.  Magnesium is 

important to ATP because it stabilizes the position of the phosphate groups in ATP.  

Animal studies suggest that taurine may also potentiate the action of insulin.  As 

with glutamine, there is weak suggestion that taurine may be anti-catabolic and cell-

volumizing. 

 

Water is critical to the performance enhancement of creatine.  Dr. Greenhaff 

has emphasized the importance of administering creatine in solution.  Usually, 

powders are used, but tablets can be used if adequate water is consumed 
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simultaneously.  The water is taken into the muscle cells to promote cell 

volumization.  This is not the same as Awater retention.@  Water retention produces 

bloating and smooths the appearances of muscles, similar to having an extra layer of 

fat.  In the case of creatine, water is drawn into the muscle and bound with the 

creatine phosphate.  This produces a very noticeable hardened and pumped effect. 

 

 

Safety 

 

The good news about creatine is that it is safe even when used in the 

quantities used by athletes.  There have been no adverse effects reported in any of 

the studies other than the usual gastric upset or intolerance that any compound is 

known to cause in a few people.  Although safety studies have not been conducted 

with people taking large amounts of creatine over many years, there are no 

suggestions or mechanisms known that would suggest to researchers that long-term 

studies would show anything different. 

 

One study conducted with a group of men and women 32 to 70 years of age 

found that creatine loading at twenty grams per day for five days, followed by a ten 

gram maintenance dose for 51 days produced no adverse effects.  However, this 

regimen did produce some very important benefits other than performance 

enhancement.  There was a 23 percent decrease in LDL-cholesterol (the so-

called Abad@ cholesterol) and a 22 decrease in blood triglyceride level.  Both 

LDL-cholesterol and triglycerides are complementary risk factors in heart disease 

and adult-onset diabetes. 

 

As discussed earlier, there is no need to cycle creatine.  However, I asked Dr. 

Greenhaff to discuss some of the other concerns raised by athletes. 

 

Passwater Does creatine supplementation increase creatine excretion? 

 

Greenhaff Yes, it does increase creatine excretion by virtue of the fact that once 

you have saturated muscle creatine uptake then the body just naturally 

excretes any creatine that is available in plasma, in circulation.  It=s just 

a natural mechanism. 

 

Passwater Does taking creatine supplements increase thirst? 
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Greenhaff To be blunt, I don=t know.  The most effective way to take creatine is 

in solution so you already are in fact taking fluids in that way.  We 

haven=t seen any individuals that have mentioned they have increased 

thirst.  Certainly in a situation where you are trying to optimize creatine 

transport you are ingesting further fluids in the form of carbohydrate 

solution.  If you are taking creatine supplements in solution form as our 

research suggests is the most efficient way, there should be no increase 

in thirst. 

 

Passwater Does increased creatine spill into the urine increase the volume of 

 urine? 

 

Greenhaff No, what we have actually found is during the initial days of 

supplementation you actually get a decrease in urinary volume but then 

after two days your urinary volume returns to normal.  That=s when 

you are ingesting creatine monohydrate on its own.  If you are ingesting 

a solution of carbohydrates in conjunction with the creatine, then your 

urinary volume actually increases just by virtue that you are ingesting 

more fluids. 

 

 

 

Legality 

 

Creatine is not a steroid or drug.  It is made in our bodies and is normally 

present in the diet.  It is safe, legal and allowable for competition.  It has not been 

banned by any sports association or government agencies.  Since it is present in 

everyone=s blood and everyone excretes some creatine in their urine, their can be no 

practical way to test for creatine supplementation, even if it was banned. 



 
 

46 

Bibliography 

 

      Almada, A., Mitchell, T., and Earnest, C. (1996).  Impact of chronic creatine 

supplementation on serum enzyme concentrations.  FASEB J. 10(3):4567. 

      

     Annesley, T. M., & Walker, J. B. (1977). Cyclocreatine phosphate as a substitute 

for creatine phosphate in vertebrate tissues. Energistic considerations. Biochem 

Biophys Res Commun, 74(1), 185-190. 

 

     Annesley, T. M., & Walker, J. B. (1978). Formation and utilization of novel high 

energy phosphate reservoirs in Ehrlich ascites tumor cells. Cyclocreatine-3-P and 

creatine -P. J Biol Chem, 253(22), 8120-8125. 

 

     Annesley, T. M., & Walker, J. B. (1980). Energy metabolism of skeletal muscle 

containing cyclocreatine phosphate. Delay in onset of rigor mortis and decreased 

glycogenolysis in response to ischemia or epinephrine. J Biol Chem, 255(9), 

3924-3930. 

 

     Arnold, D. L., Matthews, P. M., & Radda, G. K. (1984). Metabolic recovery after 

exercise and the assessment of mitochondrial function in vivo in human skeletal 

muscle by means of 31P NMR. Magn Reson Med, 1(3), 307-315. 

 

     Arnolda, L., Brosnan, J., Rajagopalan, B., & Radda, G. K. (1991). Skeletal 

muscle metabolism in heart failure in rats. Am J Physiol, 261(2 Pt 2), H434-42. 

 

    Astrand, P., (1970) Physical performance, in Textbook of Work Physiology, pg. 

295-353, McGraw-Hill, NY. 

 

    Astrand, I., Astrand, P-O., Christensen, E. H., and Hedmanb, R., (1960) 

Myohemaglobin as an oxygen store in man. Acta Physiol. Scand. 48:448-453. 

 

     Bailey, I. A., Seymour, A. M., & Radda, G. K. (1981). A 31P-NMR study of the 

effects of reflow on the ischaemic rat heart. Biochim Biophys Acta, 637(1), 1-7. 

 

     Balaban, R., Bottomley, P., Brown, T. R., Gadian, D., Mountford, C., Radda, G. 

K., Ross, B. D., Shulman, R. G., Springer, C., & Ugurbil, K. (1995). Advances in 

physiological chemistry by in vivo NMR. A workshop sponsored by the Society of 

Magnetic Resonance held in Woods Hole, Massachusetts. Magn Reson Med, 34(3), 



 
 

47 

289-292. 

 

     Balsom, P. D., Harridge, S. D., Soderlund, K., Sjodin, B., & Ekblom, B. (1993). 

Creatine supplementation per se does not enhance endurance exercise performance. 

Acta Physiol Scand, 149(4), 521-523. 

 

    Balsom, P. D., Ekblom, B., Soderlund, K., Sjodin, B., and Hultman, E. (1993) 

Creatine supplementation and dynamic high-intensity intermittent exercise.  Scand. 

J. Med. Sci. Sports. 3:143-149. 

 

     Balsom, P. D., Soderlund, K., & Ekblom, B. (1994). Creatine in humans with 

special reference to creatine supplementation. Sports Med, 18(4), 268-280. 

 

     Balsom, P. D., Soderlund, K., Sjodin, B., & Ekblom, B. (1995). Skeletal muscle 

metabolism during short duration high-intensity exercise: influence of creatine 

supplementation. Acta Physiol Scand, 154(3), 303-310. 

 

    Berden, J. A., Haan, A., Doorn, J. E. van, Hartog, A. F. and Westra, H. G. (1986) 

 Has IMP a regulatory role during fatiguing contraction? IMP-binding sites on the 

myosin complex of rat muscle. J. Physiol.  381:85P. 

 

     Berman, J., Anand, P., Chen, L., Taggart, M., & Birch, R. (1996). Pain relief 

from preganglionic injury to the brachial plexus by late intercostal nerve transfer. J 

Bone Joint Surg Br, 78(5), 759-760. 

 

     Bickerton, A. S., Birch, R., Jackson, A. A., Uauy, R., Persaud, C., Gattas, V., & 

Barrera, G. (1996). Protein quality and urea kinetics in prepubertal Chilean 

schoolboys. Int J Food Sci Nutr, 47(1), 61-70. 

 

     Birch, R., Noble, D., & Greenhaff, P. L. (1994). The influence of dietary creatine 

supplementation on performance during repeated bouts of maximal isokinetic 

cycling in man. Eur J Appl Physiol, 69(3), 268-276. 

 

     Birch, R. (1996). Brachial plexus injuries. J Bone Joint Surg Br, 78(6), 986-992. 

 

     Boehm, E. A., Clark, J. F., & Radda, G. K. (1995). Metabolite utilization and 

compartmentation in porcine carotid artery: a study using beta-guanidinopropionic 

acid. Am J Physiol, 268(3 Pt 1), C628-35. 



 
 

48 

 

     Boehm, E. A., Radda, G. K., Tomlin, H., & Clark, J. F. (1996). The utilisation of 

creatine and its analogues by cytosolic and mitochondrial creatine kinase. Biochim 

Biophys Acta, 1274(3), 119-128. 

 

     Brindle, K. M., Porteous, R., & Radda, G. K. (1984). A comparison of 31P-NMR 

saturation transfer and isotope-exchange measurements of creatine kinase kinetics in 

vitro. Biochim Biophys Acta, 786(1-2), 18-24. 

 

     Brindle, K. M., & Radda, G. K. (1985). Measurements of exchange in the 

reaction catalysed by creatine kinase using 14C and 15N isotope labels and the NMR 

technique of saturation transfer. Biochim Biophys Acta, 829(2), 188-201. 

 

     Brindle, K. M., & Radda, G. K. (1987). 31P-NMR saturation transfer 

measurements of exchange between Pi and ATP in the reactions catalysed by 

glyceraldehyde-3-phosphate dehydrogenase and phosphoglycerate kinase in vitro. 

Biochim Biophys Acta, 928(1), 45-55. 

 

     Britt, B. A., Kalow, W., Gordon, A., Humphrey, J. G., & Rewcastle, N. B. 

(1973). Malignant hyperthermia: an investigation of five patients. Can Anaesth Soc 

J, 20(4), 431-467. 

 

     Buckley-Bleiler, R., Maughan, R. J., Clarkson, P. M., Bleiler, T. L., & Whiting, 

P. H. (1989). Serum creatine kinase activity after isometric exercise in 

premenopausal and postmenopausal women. Exp Aging Res, 15(3-4), 195-198. 

 

     Buysse, A. M., Delanghe, J. R., De Buyzere, M. L., De Scheerder, I. K., De Mol, 

A. M., & Noens, L. (1990). Enzymatic erythrocyte creatine determinations as an 

index for cell age. Clin Chim Acta, 187(2), 155-162. 

 

     Byrnes, W. C., Clarkson, P. M., White, J. S., Hsieh, S. S., Frykman, P. N., & 

Maughan, R. J. (1985). Delayed onset muscle soreness following repeated bouts of 

downhill running. J Appl Physiol, 59(3), 710-715. 

 

     Cadoux-Hudson, T. A., Blackledge, M. J., & Radda, G. K. (1989). Imaging of 

human brain creatine kinase activity in vivo [published erratum appears in FASEB J 

1990 Mar;4(5):1525]. FASEB J, 3(14), 2660-2666. 

 



 
 

49 

     Casey, A., Constantin-Teodosiu, D., Howell, S., Hultman, E., & Greenhaff, P. L. 

(1996). Creatine ingestion favorably affects performance and muscle metabolism 

during maximal exercise in humans. Am J Physiol, 271(1 Pt 1), E31-7. 

 

     Challiss, R. A., Hayes, D. J., & Radda, G. K. (1988). A 31P-NMR study of the 

acute effects of altered beta-adrenoceptor stimulation on the bioenergetics of skeletal 

muscle during contraction. Biochem Pharmacol, 37(24), 4653-4659. 

 

     Chambers, D. J., Sakai, A., Braimbridge, M. V., Kosker, S., Manzanera, G., 

Kind, P. R., Jupp, R. A., Smith, L. D., & Slavin, B. (1989). Clinical validation of St. 

Thomas' Hospital cardioplegic solution No. 2 (Plegisol). Eur J Cardiothorac Surg, 

3(4), 346-352. 

 

     Chambers, D. J., Kosker, S., Takahashi, A., Sakai, A., Baharakakis, S., 

Manzanera, G., Jupp, R. A., Smith, L. D., & Braimbridge, M. V. (1990). 

Comparison of standard (non-oxygenated) vs. oxygenated St. Thomas' Hospital 

cardioplegic solution No. 2 (Plegisol). Eur J Cardiothorac Surg, 4(10), 549-555. 

 

     Chetty, K. N., Walker, J., Brown, K., & Ivie, G. W. (1993). Influence of dietary 

calcium on chlordecone-induced biochemical changes in serum of rat. Ecotoxicol 

Environ Saf, 26(2), 248-252. 

 

     Chevli, R., & Fitch, C. D. (1979). beta-Guanidinopropionate and phosphorylated 

beta-guanidinopropionate as substrates for creatine kinase. Biochem Med, 21(2), 

162-167. 

 

     Chin, E. R., Lindinger, M. I., & Heigenhauser, G. J. (1991). Lactate metabolism 

in inactive skeletal muscle during lactacidosis. Am J Physiol, 261(1 Pt 2), R98-105. 

 

     Clark, J. F., Khuchua, Z., Kuznetsov, A. V., Vassil'eva, E., Boehm, E., Radda, G. 

K., & Saks, V. (1994). Actions of the creatine analogue beta-guanidinopropionic 

acid on rat heart mitochondria. Biochem J, 300(Pt 1), 211-216. 

 

     Clark, J. F., Kemp, G. J., & Radda, G. K. (1995). The creatine kinase 

equilibrium, free [ADP] and myosin ATPase in vascular smooth muscle 

cross-bridges. J Theor Biol, 173(2), 207-211. 

 

     Clarke, K., Kashiwaya, Y., King, M. T., Gates, D., Keon, C. A., Cross, H. R., 



 
 

50 

Radda, G. K., & Veech, R. L. (1996). The beta/alpha peak height ratio of ATP. A 

measure of free [Mg2+] using 31P NMR. J Biol Chem, 271(35), 21142-21150. 

 

     Clements, P. J., Furst, D. E., Campion, D. S., Bohan, A., Harris, R., Levy, J., & 

Paulus, H. E. (1978). Muscle disease in progressive systemic sclerosis: diagnostic 

and therapeutic considerations. Arthritis Rheum, 21(1), 62-71. 

 

     Constantin-Teodosiu, D., Greenhaff, P. L., Gardiner, S. M., Randall, M. D., 

March, J. E., & Bennett, T. (1995). Attenuation by creatine of myocardial metabolic 

stress in Brattleboro rats caused by chronic inhibition of nitric oxide synthase. Br J 

Pharmacol, 116(8), 3288-3292. 

 

     Conway, M. A., Allis, J., Ouwerkerk, R., Niioka, T., Rajagopalan, B., & Radda, 

G. K. (1991). Detection of low phosphocreatine to ATP ratio in failing 

hypertrophied human myocardium by 31P magnetic resonance spectroscopy. Lancet, 

338(8773), 973-976. 

 

     Cooke, W. H., Grandjean, P. W., & Barnes, W. S. (1995). Effect of oral creatine 

supplementation on power output and fatigue during bicycle ergometry. J Appl 

Physiol, 78(2), 670-673. 

 

     De Praeter, C., Vanhaesebrouck, P., Govaert, P., Delanghe, J., & Leroy, J. 

(1991). Creatine kinase isoenzyme BB concentrations in the cerebrospinal fluid of 

newborns: relationship to short-term outcome. Pediatrics, 88(6), 1204-1210. 

 

     De Scheerder, I., De Buyzere, M., Robbrecht, J., De Lange, M., Delanghe, J., 

Bogaert, A. M., & Clement, D. (1986). Postoperative immunological response 

against contractile proteins after coronary bypass surgery. Br Heart J, 56(5), 

440-444. 

 

     De Scheerder, I. K., Delanghe, J. R., De Buyzere, M. L., Hollanders, G., 

Clement, D. L., & Leroux-Roels, G. G. (1991). Low serum creatine kinase in 

patients with infective endocarditis. Clin Chim Acta, 197(2), 117-122. 

     Delanghe, J., De Buyzere, M., De Scheerder, I., Van den Abeele, A. M., 

Vandenbogaerde, J., & Wieme, R. (1986a). Significance of low creatine kinase in 

intensive-care patients [letter]. Clin Chem, 32(4), 713-714. 

 

     Delanghe, J., De Scheerder, I., De Buyzere, M., Algoed, L., & Robbrecht, J. 



 
 

51 

(1986b). Macro CK type 1 as a marker for autoimmunity in coronary heart disease. 

Atherosclerosis, 60(3), 215-219. 

 

     Delanghe, J., Debuyzere, M., Descheerder, I., Vogelaers, D., Van den Abeele, A. 

M., & Wieme, R. (1986c). Early diagnosis of acute myocardial infarction by 

enzymatic urinary creatine determination [letter]. Clin Chem, 32(8), 1611 

 

     Delanghe, J., De Buyzere, M., & De Scheerder, I. (1988a). Significance of high 

CK-MB/CK ratios with normal creatine kinase in acute myocardial infarction 

[letter]. Am J Cardiol, 61(10), 873 

 

     Delanghe, J., De Buyzere, M., De Scheerder, I., Vogelaers, D., Vandenbogaerde, 

J., Van den Abeele, A. M., Gheeraert, P., & Wieme, R. (1988b). Creatine 

determinations as an early marker for the diagnosis of acute myocardial infarction. 

Ann Clin Biochem, 25(Pt 4), 383-388. 

 

     Delanghe, J., De Slypere, J. P., De Buyzere, M., Robbrecht, J., Wieme, R., & 

Vermeulen, A. (1989). Normal reference values for creatine , creatinine, and 

carnitine are lower in vegetarians [letter]. Clin Chem, 35(8), 1802-1803. 

 

     Delanghe, J., De Buyzere, M., De Winter, H., Cluyse, L., Caemaert, J., & 

Martens, F. (1990). Estimation of brain lesion size based on quantifying CK-BB 

release [letter] [see comments]. Clin Chem, 36(2), 404-405. 

 

     Delanghe, J. R., De Buyzere, M. L., De Scheerder, I. K., Van Rostenberghe, H. 

L., Faust, U., Rodenbach, J. M., Kruse-Jarres, J. D., & Wieme, R. J. (1990a). 

Post-transcriptional modification of serum creatine kinase in infected intensive care 

patients. Clin Chim Acta, 187(2), 115-124. 

 

     Delanghe, J. R., De Mol, A. M., De Buyzere, M. L., De Scheerder, I. K., & 

Wieme, R. J. (1990b). Mass concentration and activity concentration of creatine 

kinase isoenzyme MB compared in serum after acute myocardial infarction. Clin 

Chem, 36(1), 149-153. 

 

     Delanghe, J. R., De Winter, H. A., De Buyzere, M. L., Camaert, J. J., Martens, F. 

E., & De Praeter, C. (1990c). Mass concentration measurements of creatine kinase 

BB isoenzyme as an index of brain tissue damage. Clin Chim Acta, 193(3), 125-135. 

 



 
 

52 

     Delanghe, J. R., De Buyzere, M. L., Leroux-Roels, G. G., & Clement, D. L. 

(1991). Can creatine predict further major cardiovascular events after acute 

myocardial infarction? Ann Clin Biochem, 28(Pt 1), 101-102. 

 

     Delanghe, J. R., De Buyzere, M. L., Cluyse, L. P., Thierens, H. M., & Clement, 

D. L. (1992). Acute myocardial infarction size and myoglobin release into serum. 

Eur J Clin Chem Clin Biochem, 30(12), 823-830. 

 

     Delanghe, J. R., & De Buyzere, M. L. (1994a). In vivo effects of neutrophil 

enzymes on cardiac enzymes [letter; comment]. Clin Chem, 40(1), 163-164. 

 

     Delanghe, J. R., Louagie, H. K., De Buyzere, M. L., & Leroux-Roels, G. G. 

(1994b). Glomerular filtration rate and creatinine production in adult icteric patients. 

Clin Chim Acta, 224(1), 33-44. 

 

     Delanghe, J. R., De Buyzere, M. L., De Scheerder, I. K., Cluyse, L. P., & 

Thierens, H. M. (1995). Characteristics of creatine release during acute myocardial 

infarction, unstable angina, and cardiac surgery. Clin Chem, 41(6 Pt 1), 928-933. 

 

     Donnelly, A. E., McCormick, K., Maughan, R. J., Whiting, P. H., & Clarkson, P. 

M. (1988). Effects of a non-steroidal anti-inflammatory drug on delayed onset 

muscle soreness and indices of damage. Br J Sports Med, 22(1), 35-38. 

 

     Donnelly, A. E., Maughan, R. J., & Whiting, P. H. (1990). Effects of ibuprofen 

on exercise-induced muscle soreness and indices of muscle damage. Br J Sports 

Med, 24(3), 191-195. 

 

     Donnelly, A. E., Clarkson, P. M., & Maughan, R. J. (1992). Exercise-induced 

muscle damage: effects of light exercise on damaged muscle. Eur J Appl Physiol, 

64(4), 350-353. 

 

     Dunnett, M., Harris, R. C., & Orme, C. E. (1991). Reverse-phase ion-pairing 

high-performance liquid chromatography of phosphocreatine, creatine and creatinine 

in equine muscle. Scand J Clin Lab Invest, 51(2), 137-141. 

 

     Duthie, G. G., Robertson, J. D., Maughan, R. J., & Morrice, P. C. (1990). Blood 

antioxidant status and erythrocyte lipid peroxidation following distance running. 

Arch Biochem Biophys, 282(1), 78-83. 



 
 

53 

 

     Earnest, C. P., Snell, P. G., Rodriguez, R., Almada, A. L., & Mitchell, T. L. 

(1995). The effect of creatine monohydrate ingestion on anaerobic power indices, 

muscular strength and body composition. Acta Physiol Scand, 153(2), 207-209. 

 

     Earnest, C. P., Almada, A. L., & Mitchell, T. L. (1996). High-performance 

capillary electrophoresis-pure creatine monohydrate reduces blood lipids in men and 

women. Clin Sci (Colch), 91(1), 113-118. 

 

    Earnest, C. P., Almada, A. L., & Mitchell, T. L. (1996).  Influence of chronic 

creatine supplementation on hepatorenal function.  FASEB J. 10(3): 4566.  

 

     Edwards, R. H., Harris, R. C., Hultman, E., Kaijser, L., Koh, D., & Nordesjo, L. 

O. (1972). Effect of temperature on muscle energy metabolism and endurance 

during successive isometric contractions, sustained to fatigue, of the quadriceps 

muscle in man. J Physiol (Lond), 220(2), 335-352. 

 

     Emery, A. E., Burt, D., Dubowitz, V., Rocker, I., Donnai, D., Harris, R., & 

Donnai, P. (1979). Antenatal diagnosis of Duchenne muscular dystrophy. Lancet, 

1(8121), 847-849. 

 

     Farley, T. M., Scholler, J., Smith, J. L., Folkers, K., & Fitch, C. D. (1967). 

Hematopoietic activity of hexahydrocoenzyme Q4 in the monkey. Arch Biochem 

Biophys, 121(3), 625-632. 

 

     Field, M. L., Unitt, J. F., Radda, G. K., Henderson, C., & Seymour, A. M. (1991). 

Age-dependent changes in cardiac muscle metabolism upon replacement of creatine 

by beta- guanidinopropionic acid. Biochem Soc Trans, 19(2), 208S 

 

     Field, M. L., Thompson, C., Henderson, C., Seymour, A. M., & Radda, G. K. 

(1992). Changes in the myocardial creatine kinase isozyme profile with progression 

and regression of volume overload eccentric hypertrophy. Biochem Soc Trans, 

20(2), 172S 

 

     Field, M. L., Clark, J. F., Henderson, C., Seymour, A. M., & Radda, G. K. 

(1994). Alterations in the myocardial creatine kinase system during chronic anaemic 

hypoxia. Cardiovasc Res, 28(1), 86-91. 

 



 
 

54 

     Field, M. L., Azzawi, A., Unitt, J. F., Seymour, A. M., Henderson, C., & Radda, 

G. K. (1996). Intracellular [Ca2+] staircase in the isovolumic pressure--frequency 

relationship of Langendorff-perfused rat heart. J Mol Cell Cardiol, 28(1), 65-77. 

 

     Fitch, C. D., & Shields, R. P. (1966). Creatine metabolism in skeletal muscle. I. 

Creatine movement across muscle membranes. J Biol Chem, 241(15), 3611-3614. 

 

     Fitch, C. D. (1968a). Muscle wasting disease of endocrine origin. Med Clin 

North Am, 52(2), 243-252. 

 

     Fitch, C. D. (1968b). The red blood cell in the vitamin E-deficient monkey. Am J 

Clin Nutr, 21(1), 51-56. 

 

     Fitch, C. D., Lucy, D. D., Bornhofen, J. H., & Dalrymple, G. V. (1968c). 

Creatine metabolism in skeletal muscle. II. creatine kinetics in man. Neurology, 18(1 

Pt 1), 32-42. 

 

     Fitch, C. D., Shields, R. P., Payne, W. F., & Dacus, J. M. (1968d). Creatine 

metabolism in skeletal muscle. 3. Specificity of the creatine entry process. J Biol 

Chem, 243(8), 2024-2027. 

 

     Fitch, C. D., & Moody, L. G. (1969a). Creatine metabolism in skeletal muscle. V. 

An intracellular abnormality of creatine trapping in dystrophic muscle. Proc Soc Exp 

Biol Med, 132(1), 219-222. 

 

     Fitch, C. D., & Rahmanian, M. (1969b). Creatine entry into skeletal muscle of 

normal and of dystrophic mice. Proc Soc Exp Biol Med, 131(1), 236-239. 

 

     Fitch, C. D., Robbins, L. J., Jellinek, M., & Nelson, J. S. (1973). A difference in 

creatine uptake between pectoralis and thigh muscles of the chicken. Experientia, 

29(8), 956-957. 

 

     Fitch, C. D., Jellinek, M., & Mueller, E. J. (1974). Experimental depletion of 

creatine and phosphocreatine from skeletal muscle. J Biol Chem, 249(4), 1060-1063. 

 

     Fitch, C. D., & Chevli, R. (1975). Measurement of beta-guanidinopropionate and 

phosphorylated beta-guanidinopropionate in tissues. Anal Biochem, 68(1), 196-201. 

 



 
 

55 

     Fitch, C. D., & Chevli, R. (1980). Inhibition of creatine and phosphocreatine 

accumulation in skeletal muscle and heart. Metabolism, 29(7), 686-690. 

 

     Forrester, W., Maughan, R. J., Broom, J., & Whiting, P. H. (1996). Muscle 

protein release following down hill walking. Biochem Soc Trans, 24(2), 318S 

 

     Gadian, D. G., Radda, G. K., Brown, T. R., Chance, E. M., Dawson, M. J., & 

Wilkie, D. R. (1981a). The activity of creatine kinase in frog skeletal muscle studied 

by saturation-transfer nuclear magnetic resonance. Biochem J, 194(1), 215-228. 

 

     Gadian, D. G., Radda, G. K., Dawson, M. J., & Wilkie, D. R. (1981b). pHi 

measurements of cardiac and skeletal muscle using 31P-NMR. Kroc Found Ser, 15, 

61-77. 

 

     Gordon, A., Hultman, E., Kaijser, L., Kristjansson, S., Rolf, C. J., Nyquist, O., & 

Sylven, C. (1995). Creatine supplementation in chronic heart failure increases 

skeletal muscle creatine phosphate and muscle performance. Cardiovasc Res, 30(3), 

413-418. 

 

     Gordon, A. S., Rewcastle, N. B., Humphrey, J. G., & Stewart, B. M. (1974). 

Chronic benign congenital myopathy: fingerprint body type. Can J Neurol Sci, 1(2), 

106-113. 

 

     Green, A. L., Hultman, E., Macdonald, I. A., Sewell, D. A., & Greenhaff, P. L. 

(1996). Carbohydrate ingestion augments skeletal muscle creatine accumulation 

during creatine supplementation in humans. Am J Physiol, 271(5 Pt 1), E821-6. 

 

    Green, A. L., Simpson, E. J., Littlewood, J. J., MacDonald, I. A., &  

Greenhaff, P. L. (1996) Carbohydrate ingestion augments creatine retention during 

creatine feeding in humans. Acta Physiol. Scand. 158:195-202. 

 

     Greenhaff, P. L., Casey, A., Short, A. H., Harris, R., Soderlund, K., & Hultman, 

E. (1993). Influence of oral creatine supplementation of muscle torque during 

repeated bouts of maximal voluntary exercise in man. Clin Sci (Colch), 84(5), 

565-571. 

 

     Greenhaff, P. L., Bodin, K., Soderlund, K., & Hultman, E. (1994). Effect of oral 

creatine supplementation on skeletal muscle phosphocreatine resynthesis. Am J 



 
 

56 

Physiol, 266(5 Pt 1), E725-30. 

 

     Greenhaff, P. L. (1995). Creatine and its application as an ergogenic aid. Int J 

Sport Nutr, 5 Suppl, S100-10. 

 

     Griffiths, G. R., & Walker, J. B. (1976). Accumulation of analgo of 

phosphocreatine in muscle of chicks fed 1-carboxymethyl-2-iminoimidazolidine 

(cyclocreatine). J Biol Chem, 251(7), 2049-2054. 

 

     Haines, D. E., Whayne, J. G., Walker, J., Nath, S., & Bruns, D. E. (1995). The 

effect of radiofrequency catheter ablation on myocardial creatine kinase activity. J 

Cardiovasc Electrophysiol, 6(2), 79-88. 

 

     Harris, R. A., & Dowben, R. M. (1985). McArdle's disease in an elderly woman. 

South Med J, 78(2), 191-193. 

 

     Harris, R. C., Hultman, E., & Nordesjo, L. O. (1974). Glycogen, glycolytic 

intermediates and high-energy phosphates determined in biopsy samples of 

musculus quadriceps femoris of man at rest. Methods and variance of values. Scand 

J Clin Lab Invest, 33(2), 109-120. 

 

     Harris, R. C., Sahlin, K., & Hultman, E. (1977). Phosphagen and lactate contents 

of m. quadriceps femoris of man after exercise. J Appl Physiol, 43(5), 852-857. 

 

     Harris, R. C., Soderlund, K., & Hultman, E. (1992). Elevation of creatine in 

resting and exercised muscle of normal subjects by creatine supplementation. Clin 

Sci (Colch), 83(3), 367-374. 

     Harris, R. C., & Lowe, J. A. (1995). Absorption of creatine from meat or other 

dietary sources by the dog. Vet Rec, 137(23), 595 

 

     Hayes, D. J., Taylor, D. J., Bore, P. J., Hilton-Jones, D., Arnold, D. L., Squier, 

M. V., Gent, A. E., & Radda, G. K. (1987). An unusual metabolic myopathy: a 

malate-aspartate shuttle defect. J Neurol Sci, 82(1-3), 27-39. 

 

     Hellsten-Westing, Y., Norman, B., Balsom, P. D., & Sjodin, B. (1993). 

Decreased resting levels of adenine nucleotides in human skeletal muscle after 

high-intensity training. J Appl Physiol, 74(5), 2523-2528. 

 



 
 

57 

     Hoult, D. I., Busby, S. J., Gadian, D. G., Radda, G. K., Richards, R. E., & Seeley, 

P. J. (1974). Observation of tissue metabolites using 31P nuclear magnetic 

resonance. Nature, 252(5481), 285-287. 

 

     Hultman, E., Soderlund, K., Timmons, J. A., Cederblad, G., & Greenhaff, P. L. 

(1996). Muscle creatine loading in men. J Appl Physiol, 81(1), 232-237. 

 

     Jolly, W. W., Wilhelm, D. D., & Harris, R. A. (1979). Assessment of tissue and 

cell damage by succinate oxidation. J Mol Cell Cardiol, 11(5), 485-500. 

 

     Kalodiki, E. P., Hoppensteadt, D. A., Nicolaides, A. N., Fareed, J., Gill, K., 

Regan, F., al-Kutoubi, A., Cunningham, D. A., Birch, R., Harris, N., Hunt, D., 

Johnson, J., & Marx, C. (1996). Deep venous thrombosis prophylaxis with low 

molecular weight heparin and elastic compression in patients having total hip 

replacement. A randomised controlled trial. Int Angiol, 15(2), 162-168. 

 

     Kemp, G. J., Taylor, D. J., Radda, G. K., & Rajagopalan, B. (1992). 

Bio-energetic changes in human gastrocnemius muscle 1-2 days after strenuous 

exercise. Acta Physiol Scand, 146(1), 11-14. 

 

     Kemp, G. J., & Radda, G. K. (1993a). Control of intracellular concentrations of 

'bioenergetic' metabolites in skeletal muscle. Biochem Soc Trans, 21(2), 177S 

 

     Kemp, G. J., Taylor, D. J., & Radda, G. K. (1993b). Control of phosphocreatine 

resynthesis during recovery from exercise in human skeletal muscle. NMR Biomed, 

6(1), 66-72. 

     Kendrick, W. D., Woods, A. M., Daly, M. Y., Birch, R. F., & DiFazio, C. (1996). 

Naloxone versus nalbuphine infusion for prophylaxis of epidural morphine-induced 

pruritus. Anesth Analg, 82(3), 641-647. 

 

     Keogh, J. M., Matthews, P. M., Seymour, A. M., & Radda, G. K. (1985). A 

phosphorus-31 nuclear magnetic resonance study of effects of altered thyroid state 

on cardiac bioenergetics. Adv Myocardiol, 6, 299-309. 

 

     Kim, G. S., Chevli, K. D., & Fitch, C. D. (1983). Fasting modulates creatine 

entry into skeletal muscle in the mouse. Experientia, 39(12), 1360-1362. 

 

     Kollias, S. S., Ball, W. S.,Jr., Tzika, A. A., & Harris, R. E. (1994). Familial 



 
 

58 

erythrophagocytic lymphohistiocytosis: neuroradiologic evaluation with pathologic 

correlation. Radiology, 192(3), 743-754. 

 

     Korge, P., Byrd, S. K., & Campbell, K. B. (1993a). Functional coupling between 

sarcoplasmic-reticulum-bound creatine kinase and Ca(2+)-ATPase. Eur J Biochem, 

213(3), 973-980. 

 

     Korge, P., & Campbell, K. B. (1993b). The effect of changes in iron redox state 

on the activity of enzymes sensitive to modification of SH groups. Arch Biochem 

Biophys, 304(2), 420-428. 

 

     Korge, P., & Campbell, K. B. (1994a). Iron effects on myocardial enzymes 

depend on redox state. J Mol Cell Cardiol, 26(2), 151-162. 

 

     Korge, P., & Campbell, K. B. (1994b). Local ATP regeneration is important for 

sarcoplasmic reticulum Ca2+ pump function. Am J Physiol, 267(2 Pt 1), C357-66. 

 

     Korge, P. (1995a). Factors limiting adenosine triphosphatase function during 

high intensity exercise. Thermodynamic and regulatory considerations. Sports Med, 

20(4), 215-225. 

 

     Korge, P., & Campbell, K. B. (1995b). The importance of ATPase 

microenvironment in muscle fatigue: a hypothesis. Int J Sports Med, 16(3), 172-179. 

 

     Kreider, R. B., Klesges, R., Harmon, K., Grindstaff, P., Ramsey, L., Bullen, D., 

Wood, L., Li, Y., & Almada, A. (1996). Effects of ingesting supplements designed 

to promote lean tissue accretion on body composition during resistance training. Int 

J Sport Nutr, 6(3), 234-246. 

 

     Krisko, I., & Walker, J. B. (1966). Influence of sex hormones on 

amidinotransferase levels. Metabolic control of creatine biosynthesis. Acta 

Endocrinol (Copenh), 53(4), 655-662. 

 

     Langlois, M. R., Delanghe, J. R., De Buyzere, M. L., & Leroux-Roels, G. G. 

(1992). Glycation of human tissue and serum creatine kinase. Clin Chim Acta, 

211(1-2), 83-92. 

 

     Laskowski, M. B., Chevli, R., & Fitch, C. D. (1981). Biochemical and 



 
 

59 

ultrastructural changes in skeletal muscle induced by a creatine antagonist. 

Metabolism, 30(11), 1080-1085. 

 

     Lindinger, M. I., Heigenhauser, G. J., & Spriet, L. L. (1987). Effects of intense 

swimming and tetanic electrical stimulation on skeletal muscle ions and metabolites. 

J Appl Physiol, 63(6), 2331-2339. 

 

     Lindinger, M. I. (1995). Origins of [H+] changes in exercising skeletal muscle. 

Can J Appl Physiol, 20(3), 357-368. 

 

     Louria, D. B., Sen, P., Kapila, R., Johnson, E., Smith, L., & Roberts, R. (1985). 

Anterior thigh pain or tenderness. A diagnostically useful manifestation of 

bacteremia. Arch Intern Med, 145(4), 657-658. 

 

     Lykken, G. I., Jacob, R. A., Munoz, J. M., & Sandstead, H. H. (1980). A 

mathematical model of creatine metabolism in normal males--comparison between 

theory and experiment. Am J Clin Nutr, 33(12), 2674-2685. 

 

     Mahanna, D. A., Fitch, C. D., & Fischer, V. W. (1980). Effects of 

beta-guanidinopropionic acid on murine skeletal muscle. Exp Neurol, 68(1), 

114-121. 

 

     Matthews, P. M., Bland, J. L., Gadian, D. G., & Radda, G. K. (1982a). A 

31P-NMR saturation transfer study of the regulation of creatine kinase in the rat 

heart. Biochim Biophys Acta, 721(3), 312-320. 

 

     Matthews, P. M., Williams, S. R., Seymour, A. M., Schwartz, A., Dube, G., 

Gadian, D. G., & Radda GK. (1982b). A 31P-NMR study of some metabolic and 

functional effects of the inotropic agents epinephrine and ouabain, and the ionophore 

R02-2985 (X537A) in the isolated, perfused rat heart. Biochim Biophys Acta, 

720(2), 163-171. 

 

     Matthews, P. M., Bland, J. L., & Radda, G. K. (1983). The temperature 

dependence of creatine kinase fluxes in the rat heart. Biochim Biophys Acta, 763(2), 

140-146. 

 

     Matthews, P. M., Taylor, D. J., & Radda, G. K. (1986). Biochemical mechanisms 

of acute contractile failure in the hypoxic rat heart. Cardiovasc Res, 20(1), 13-19. 



 
 

60 

 

     Maughan, R. J., Donnelly, A. E., Gleeson, M., Whiting, P. H., Walker, K. A., & 

Clough, P. J. (1989). Delayed-onset muscle damage and lipid peroxidation in man 

after a downhill run. Muscle Nerve, 12(4), 332-336. 

 

     Maughan, R. J. (1995). Creatine supplementation and exercise performance. Int J 

Sport Nutr, 5(2), 94-101. 

 

     McCann, D. J., Mole, P. A., & Caton, J. R. (1995). Phosphocreatine kinetics in 

humans during exercise and recovery. Med Sci Sports Exerc, 27(3), 378-389. 

 

     Nordemar, R., Lovgren, O., Furst, P., Harris, R. C., & Hultman, E. (1974). 

Muscle ATP content in rheumatoid arthritis--a biopsy study. Scand J Clin Lab 

Invest, 34(2), 185-191. 

 

     Odoom, J. E., Kemp, G. J., & Radda, G. K. (1993). Control of intracellular 

creatine concentration in a mouse myoblast cell line. Biochem Soc Trans, 21(4), 

441S 

 

     Otten, J. V., Fitch, C. D., Wheatley, J. B., & Fischer, V. W. (1986). Thyrotoxic 

myopathy in mice: accentuation by a creatine transport inhibitor. Metabolism, 35(6), 

481-484. 

 

     Polgreen, K. E., Kemp, G. J., & Radda, G. K. (1993). Modulation of inorganic 

phosphate uptake into a mouse myoblast cell line by extracellular creatine. Biochem 

Soc Trans, 21(4), 440S 

 

     Poliner, L. R., Buja, L. M., Parkey, R. W., Stokely, E. M., Stone, M. J., Harris, 

R., Saffer, S. W., Templeton, G. H., Bonte, F. J., & Willerson, J. T. (1977). 

Comparison of different noninvasive methods of infarct sizing during experimental 

myocardial infarction. J Nucl Med, 18(6), 517-523. 

 

     Radda, G. K. (1981). Phosphorus-31 nuclear-magnetic-resonance studies on 

energy metabolism in intact mammalian tissue. Biochem Soc Trans, 9(3), 213-214. 

 

     Radda, G. K., Odoom, J., Kemp, G., Taylor, D. J., Thompson, C., & Styles, P. 

(1995). Assessment of mitochondrial function and control in normal and diseased 

states. Biochim Biophys Acta, 1271(1), 15-19. 



 
 

61 

 

     Radda, G. K. (1996). Control of energy metabolism during muscle contraction. 

Diabetes, 45 Suppl 1, S88-92. 

 

     Redondo, D. R., Dowling, E. A., Graham, B. L., Almada, A. L., & Williams, M. 

H. (1996). The effect of oral creatine monohydrate supplementation on running 

velocity. Int J Sport Nutr, 6(3), 213-221. 

 

     Rees, D., Smith, M. B., Harley, J., & Radda, G. K. (1989). In vivo functioning of 

creatine phosphokinase in human forearm muscle, studied by 31P NMR saturation 

transfer. Magn Reson Med, 9(1), 39-52. 

 

     Roberts, J. J., & Walker, J. B. (1982a). Feeding a creatine analogue delays ATP 

depletion and onset of rigor in ischemic heart. Am J Physiol, 243(6), H911-6. 

 

     Roberts, J. J., & Walker, J. B. (1982b). Conversion of dietary 

N-Ethylguanidinoacetate by Ehrlich ascites tumor cells and animal tissues to a 

functionally active analog of creatine phosphate. Arch Biochem Biophys, 215(2), 

564-570. 

 

     Roberts, J. J., & Walker, J. B. (1983). Synthesis and accumulation of an 

extremely stable high-energy phosphate compound by muscle, heart, and brain of 

animals fed the creatine analog, 1-carboxyethyl-2-iminoimidazolidine 

(homocyclocreatine). Arch Biochem Biophys, 220(2), 563-571. 

 

     Roberts, J. J., & Walker, J. B. (1985). Higher homolog and N-ethyl analog of 

creatine as synthetic phosphagen precursors in brain, heart, and muscle, repressors of 

liver amidinotransferase, and substrates for creatine catabolic enzymes. J Biol Chem, 

260(25), 13502-13508. 

 

     Robertson, J. D., Maughan, R. J., & Davidson, R. J. (1988). Changes in red cell 

density and related indices in response to distance running. Eur J Appl Physiol, 

57(2), 264-269. 

 

     Robertson, J. D., Maughan, R. J., Duthie, G. G., & Morrice, P. C. (1991). 

Increased blood antioxidant systems of runners in response to training load [see 

comments]. Clin Sci (Colch), 80(6), 611-618. 

 



 
 

62 

     Sahlin, K., Harris, R. C., & Hultman, E. (1975). Creatine kinase equilibrium and 

lactate content compared with muscle pH in tissue samples obtained after isometric 

exercise. Biochem J, 152(2), 173-180. 

 

     Sahlin, K., Harris, R. C., & Hultman, E. (1979). Resynthesis of creatine 

phosphate in human muscle after exercise in relation to intramuscular pH and 

availability of oxygen. Scand J Clin Lab Invest, 39(6), 551-558. 

 

     Sewell, D. A., & Harris, R. C. (1992). Adenine nucleotide degradation in the 

thoroughbred horse with increasing exercise duration. Eur J Appl Physiol, 65(3), 

271-277. 

 

     Shoubridge, E. A., Briggs, R. W., & Radda, G. K. (1982). 31p NMR saturation 

transfer measurements of the steady state rates of creatine kinase and ATP 

synthetase in the rat brain. FEBS Lett, 140(2), 289-292. 

 

     Shoubridge, E. A., Bland, J. L., & Radda, G. K. (1984a). Regulation of creatine 

kinase during steady-state isometric twitch contraction in rat skeletal muscle. 

Biochim Biophys Acta, 805(1), 72-78. 

 

     Shoubridge, E. A., & Radda, G. K. (1984b). A 31P-nuclear magnetic resonance 

study of skeletal muscle metabolism in rats depleted of creatine with the analogue 

beta-guanidinopropionic acid. Biochim Biophys Acta, 805(1), 79-88. 

 

     Shoubridge, E. A., Challiss, R. A., Hayes, D. J., & Radda, G. K. (1985a). 

Biochemical adaptation in the skeletal muscle of rats depleted of creatine with the 

substrate analogue beta-guanidinopropionic acid. Biochem J, 232(1), 125-131. 

 

     Shoubridge, E. A., Jeffry, F. M., Keogh, J. M., Radda, G. K., & Seymour, A. M. 

(1985b). Creatine kinase kinetics, ATP turnover, and cardiac performance in hearts 

depleted of creatine with the substrate analogue beta-guanidinopropionic acid. 

Biochim Biophys Acta, 847(1), 25-32. 

 

     Sipila, I., Simell, O., Rapola, J., Sainio, K., & Tuuteri, L. (1979). Gyrate atrophy 

of the choroid and retina with hyperornithinemia: tubular aggregates and type 2 fiber 

atrophy in muscle. Neurology, 29(7), 996-1005. 

 

     Sipila, I. (1980a). Inhibition of arginine-glycine amidinotransferase by ornithine. 



 
 

63 

A possible mechanism for the muscular and chorioretinal atrophies in gyrate atrophy 

of the choroid and retina with hyperornithinemia. Biochim Biophys Acta, 613(1), 

79-84. 

 

     Sipila, I., Simell, O., & Arjomaa, P. (1980b). Gyrate atrophy of the choroid and 

retina with hyperornithinemia. Deficient formation of guanidinoacetic acid from 

arginine. J Clin Invest, 66(4), 684-687. 

 

     Sipila, I., Rapola, J., Simell, O., & Vannas, A. (1981). Supplementary creatine as 

a treatment for gyrate atrophy of the choroid and retina. N Engl J Med, 304(15), 

867-870. 

 

     Smith, M. B., Briggs, R. W., Shoubridge, E. A., Hayes, D. J., & Radda, G. K. 

(1985). A comparison of in vivo catalysis by creatine kinase in avian skeletal 

muscles with different fibre composition. Biochim Biophys Acta, 846(1), 174-178. 

 

     Soderlund, K., & Hultman, E. (1986). Effects of delayed freezing on content of 

phosphagens in human skeletal muscle biopsy samples. J Appl Physiol, 61(3), 

832-835. 

 

     Soderlund, K., & Hultman, E. (1990). ATP content in single fibres from human 

skeletal muscle after electrical stimulation and during recovery. Acta Physiol Scand, 

139(3), 459-466. 

 

     Spincemaille, J., Delanghe, J., De Buyzere, M., Breemeersch, M., & Blaton, V. 

(1984). Evaluation of three current methods for the determination of creatine 

kinase-MB catalytic activity. J Clin Chem Clin Biochem, 22(9), 603-607. 

 

     Spriet, L. L., Lindinger, M. I., Heigenhauser, G. J., & Jones, N. L. (1986). Effects 

of alkalosis on skeletal muscle metabolism and performance during exercise. Am J 

Physiol, 251(5 Pt 2), R833-9. 

 

     Stroud, M. A., Holliman, D., Bell, D., Green, A. L., Macdonald, I. A., & 

Greenhaff, P. L. (1994). Effect of oral creatine supplementation on respiratory gas 

exchange and blood lactate accumulation during steady-state incremental treadmill 

exercise and recovery in man. Clin Sci (Colch), 87(6), 707-710. 

 

     Thalmann, R., Stroud, M. H., & Anshutz, L. E. (1973). Energy metabolism of 



 
 

64 

vestibular sensory structures. Adv Otorhinolaryngol, 19, 179-194. 

 

     Thompson, C. H., Kemp, G. J., & Radda, G. K. (1992). Changes in high-energy 

phosphates in rat skeletal muscle during acute respiratory acidosis. Acta Physiol 

Scand, 146(1), 15-19. 

 

     Thompson, C. H., Kemp, G. J., Green, Y. S., Rix, L. K., Radda, G. K., & 

Ledingham, J. G. (1993). Skeletal muscle metabolism in uremic rats: a 31P-magnetic 

resonance study. Nephron, 63(3), 330-334. 

 

     Tracey, I., Dunn, J. F., Parkes, H. G., & Radda, G. K. (1996a). An in vivo and in 

vitro H-magnetic resonance spectroscopy study of mdx mouse brain: abnormal 

development or neural necrosis? J Neurol Sci, 141(1-2), 13-18. 

 

     Tracey, I., Dunn, J. F., & Radda, G. K. (1996b). Brain metabolism is abnormal in 

the mdx model of Duchenne muscular dystrophy. Brain, 119(Pt 3), 1039-1044. 

 

     Turner, D. M., & Walker, J. B. (1985). Relative abilities of phosphagens with 

different thermodynamic or kinetic properties to help sustain ATP and total 

adenylate pools in heart during ischemia. Arch Biochem Biophys, 238(2), 642-651. 

 

     Turner, D. M., & Walker, J. B. (1987). Enhanced ability of skeletal muscle 

containing cyclocreatine phosphate to sustain ATP levels during ischemia following 

beta-adrenergic stimulation. J Biol Chem, 262(14), 6605-6609. 

 

     Unitt, J. F., Radda, G. K., & Seymour, A. M. (1990). Acute replacement of 

phosphocreatine in the isolated rat heart by perfusion with the creatine analogue 

beta-guanidinopropionic acid. Biochem Soc Trans, 18(4), 606-607. 

 

     Unitt, J. F., Schrader, J., Brunotte, F., Radda, G. K., & Seymour, A. M. (1992). 

Determination of free creatine and phosphocreatine concentrations in the isolated 

perfused rat heart by 1H- and 31P-NMR. Biochim Biophys Acta, 1133(2), 115-120. 

 

     Unitt, J. F., Radda, G. K., & Seymour, A. M. (1993). The acute effects of the 

creatine analogue, beta-guanidinopropionic acid, on cardiac energy metabolism and 

function. Biochim Biophys Acta, 1143(1), 91-96. 

 

    Vandenberghe, K., Gillis, N., Van Leemputte, M., Van Hecke, P., Vanstaple, F., 



 
 

65 

& Hespel, P.  (1996).  Caeffeine counteracts the ergogenic action of muscle creatine 

loading. J. Appl. Physiol. 80(2):452-457.  

 

     Vannas-Sulonen, K., Sipila, I., Vannas, A., Simell, O., & Rapola, J. (1985). 

Gyrate atrophy of the choroid and retina. A five-year follow-up of creatine 

supplementation. Ophthalmology, 92(12), 1719-1727. 

 

     Walker, J. B. (1965). End-product repression and tissue phenotype. Nature, 

206(988), 1043 

 

     Walker, J. B., & Hannan, J. K. (1976). Creatine biosynthesis during embryonic 

development. False feedback suppression of liver amidinotransferase by 

N-acetimidoylsarcosine and 1-carboxymethyl-2-iminoimidazolidine (cyclocreatine). 

Biochemistry, 15(12), 2519-2522. 

 

     Walker, J. B. (1979). Creatine : biosynthesis, regulation, and function. Adv 

Enzymol Relat Areas Mol Biol, 50, 177-242. 

 

     Walker, J. F. (1988). HMG CoA reductase inhibitors. Current clinical experience. 

Drugs, 36 Suppl 3, 83-86. 

 

     Walker, J. F. (1989). Simvastatin: the clinical profile. Am J Med, 87(4A), 

44S-46S. 

 

     Wibom, R., Soderlund, K., Lundin, A., & Hultman, E. (1991). A luminometric 

method for the determination of ATP and phosphocreatine in single human skeletal 

muscle fibres. J Biolumin Chemilumin, 6(2), 123-129. 

 

     Williams, W. W., Twyman, R. S., Donell, S. T., & Birch, R. (1996). The 

posterior triangle and the painful shoulder: spinal accessory nerve injury. Ann R 

Coll Surg Engl, 78(6), 521-525. 

 

     Woznicki, D. T., & Walker, J. B. (1979). Formation of a supplemental long 

time-constant reservoir of high energy phosphate by brain in vivo and in vitro and its 

reversible depletion by potassium depolarization. J Neurochem, 33(1), 75-80. 

 

     Woznicki, D. T., & Walker, J. B. (1980). Utilization of cyclocreatine phosphate, 

and analogue of creatine phosphate, by mouse brain during ischemia and its sparing 



 
 

66 

action on brain energy reserves. J Neurochem, 34(5), 1247-1253. 

 

     Yoshizaki, K., Radda, G. K., Inubushi, T., & Chance, B. (1987). 1H- and 

31P-NMR studies on smooth muscle of bullfrog stomach. Biochim Biophys Acta, 

928(1), 36-44. 

 

     Yoshizaki, K., Watari, H., & Radda, G. K. (1990). Role of phosphocreatine in 

energy transport in skeletal muscle of bullfrog studied by 31P-NMR. Biochim 

Biophys Acta, 1051(2), 144-150. 

 

 


