
ACID-BASE REGULATION DURING EXERCISE IN THE HORSE 

by 

Pamela L. Ferrante 

Dissertation submitted to the Faculty 

of the Virginia Polytechnic Institute and State University 
in partial fulfillment of the requirements for the degree of 

DOCTOR OF PHILOSOPHY 

in 

Animal Science 

Approved: 

Mba Ly 
D.S. Kronfeld, Chairperson 

-H.H wb Wy pthirhenr— 

    

. Herbein T.N. Meacham 

Aw Panndein hah li 
JW. Rankin J.H. Williams 

January 1994 

Blacksburg, Virginia



C.L 

td 

RD 

& oy wf 

bot 

Fann 
C3



ACID-BASE REGULATION DURING EXERCISE IN THE HORSE 

by 

Pamela L. Ferrante 

Animal Science 

(Abstract) 

Effects of fat adaptation and NaHCOz supplementation on acid-base 

homeostasis were quantitated during repeated sprint exercise in horses. 

Contribution of strong ions ([SID]), PCO9, and weak electrolytes ([A;o4]) to 

changes in plasma [H+] and the role of erythrocytes in acid-base balance were 

examined at rest and during exercise. Effects on plasma glucose and blood 

lactate [Lac"] concentrations due to sample handling were also assessed. 

During exercise, blood [Lac-] was higher when horses received 

NaHCOs compared to water prior to exercise (P=0.0024), and in fat adapted 

horses compared to horses fed a control diet (P=0.0240). Blood [Lac’] was 

higher in fat adapted horses given NaHCOz compared to other diet/treatment 

combinations (P=0.0276). Plasma [SID] was higher during exercise when 

horses were given NaHCOs compared to plain water (P=0.0054), which 

contributed to decreasing [Ht] and increasing [HCO3-] during exercise 

(P=0.0001). Plasma Pcog contributed less to increasing plasma ([H*] during 

exercise in fat-adapted horses compared to horses fed the control diet 

(P=0.0282). Intraerythrocyte [SID] decreased (P=0.0160) and [Ato+] increased 

(P=0.0002) which contributed to increasing [H*] within the cell (P=0.0228). 

After intravenous administration of epinephrine in horses at rest, 
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hematocrit increased to 59% (P=0.0009), plasma [Lac] increased 2-fold 

(P=0.0001). Lactate moved into erythrocytes, increasing lactate concentration 

within the cells (P=0.0001). 

When blood was preserved with fluoride/oxalate, measured values for 

plasma glucose concentration were 6 to 10% lower (P=0.0038) and erythrocyte 

volume in whole blood was 15% smaller (P=0.0001) compared to samples 

preserved with heparin. No differences were observe in measured blood 

lactate values [Lac-] when samples were maintained at 0 C for 60 minutes until 

deproteinization compared to samples immedieately deproteinized. 

Contributions of independent variables ({[SID], PCO9, and [Atpo¢]) to 

changes in plasma and intraerythrocyte [H+] can be quantitated utilizing a 

comprehensive physicochemical approach to acid-base physiology. Fat 

adaptation and NaHCO supplementation affected acid-base balance during 

exercise in horses. An increase in plasma [SID] after NaHCO3 administration 

and a greater decrease in PCO in fat-adapted horses were the main 

contributors to changes in plasma [H*] observed. Erythrocytes can play a role 

in acid-base balance through movement of strong ions and water across the 

membrane of the cell and altering intraerythrocyte [SID] and [Ajo}). 

Abstract



Acknowledgments 

| am finding this to be one of the most difficult parts to write in this 

dissertation. It seems that no matter how hard | try to recall all those who have 

lent their assistance to me while at Virginia Tech, | will invariably forget 

someone. | hope that throughout my stay here, | have thanked everyone 

personally, and each realizes how | appreciated their help. 

| would like to express my appreciation and thanks to members of 

my graduate commitee, Dr. D.S. Kronfeld, committee chairperson, Dr. J.H. 

Herbein, Dr. T.N. Meacham, Dr. J.W. Rankin, Dr. D. Sklan, and Dr. J.H. 

Williams, for their assistance and advice. | am grateful for Dr. Kronfeld for 

allowing me the freedom to work in an area that interested me. 

| would like to extend my gratitude to those who allowed me the use of 

their laboratories and equipment, especially Dr. K. E. Webb and members of 

his laboratory for the use of the blood gas equipment. 

| also thank all of the graduate and undergraduate students, and 

technicians who assisted me in this research and extended their friendship. | 

would like to give special thanks to Lynn Taylor who assisted in care and 

handling of, and sample collection from the horses. | would like to extend my 

gratitude to Mark White for his invaluable assistance with the horses and the 

treadmill. Without his extra efforts, this study might have ended prematurely. 

Thanks also to Sue Pandolfi, Jenny Mercer, Judy Wilson, Louisa Gay, Janice 

Holland, Lori Smith, and Rhonda Hoffman. 

Acknowledgements iV



| want to also thank all of the support staff in our department, especially 

Jean Eaton who always seemed to know many of the answers to many of our 

questions. 

| want to extend my gratitude to Dr. M.L. McGilliard and Ann Dudley for 

their help in statistical modelling and handling of data obtained in this study. 

Finally, | would like to extend my gratitude to those who were not directly 

involved in this research, but gave me support in other ways. Patty and Alice, 

thanks for the friendship. Mom and Dad, thanks for supporting me in whatever 

endeavor | have pursued. 

Acknowledgements



Table of Contents 

ADSHract oon. ccc ccc ceeteecseeeeeseceeasaeeeeeeessaeeeeseesaeseesaaneseeseaeerenees il 

Acknowledgement .....0....0..... ccc ccccccccccceccseeeeeeececeeseuseeeseeeeeeauaeeeeseneas IV 

Table of Contents «200.0000... c cc ecccc cece eeeseeeeeeeeeeceesaneeetensaeeeteneees vi 

Taligele [0 eld (0): ce 1 

Review of Literature oo... cece ccc eeccceeeeeseaaeeessaeeeseeseeseeeeees 3 

IITPOCUCTION 0... ooo. ccccccceseseeceneeseceneeceeeeeseseceeeetegeeesecueeceesaeeesueeestaneeegs 3 

Metabolic energy Sources Curing EXEPrCiSe ...........cceececcceceeseseeeeeeeeeseeee 4 

PRAOSPHAGEN SYSEOIN oo. .cccccccccccccccccnneccccteceeeseeceaseesecesseseestaneeeesaeass 5 

Glycolysis and lactate fOrMatiOn ..........cccccccccccesecceccccsnescccuseeeessenenees 6 

GIUCOSC OXIAALION occ cc ccccccceeecceccecececeeneserscecccceasssseeeseceessasesnesetseneaes 6 
Fatty ACI OXIDATION ooo... cece cccccc ccc ccecccceecccsccusccscuueceeuueecesaseeaeseenaneess 7 

Diets for athletic NOrSeS ........ oc ccccccsceessssestesecesceseesccecesseteeaaueneeses 7 

High carbohydrate iets 0.0... ccceccc cscs ceecccccceeeeesecsseesecsessacesersaees 8 
High Fat ACCS oo... cece ccc cccccccccccessencccceueeescesaneseseceeuueesseneceeateeeeneseseaes 10 

Metabolic regulation in MUSCIO...... cc cccccccscseeeceeeceesaeeseeeeenenseees 12 
Carbohydrate Oxidation .......0cccccccccccceccccseeeccsenseesecsessesecssseeeceuteeses 13 

Feat OXIDATION .........cccccccceeccecccceeececceneceeccccvecesessecnstececansessessueessceeees 15 

Pathway integration.......... speseccussecsacseccceesetecececccaeestcesesstavecceegsseneers 16 

ACIC-DaSe CVAlUALION. 0.0.0.0... cccceeseeecccccseceeeesseceeceeseusenesseseeeaueneess 18 

Comprehensive physicochemical ADProaCh.............cccccccccccsseseeeeee 18 
Conventional approach versus physicochemical approach .......... 23 

Erythrocyte 0.0... ccecceccceccsecsecsaeeseeecsceeecsuvesseeeceeesseeueeeesseserseagereees 26 

Hematocrit and induc@d Crythrocythe@ mia ..........cccccccccccccceccceteseeeneenes 26 
Erythrocytes and acid-base HOMEOSTASIS .............:.cceccccccccseeeeeceees 28 

Sodium bicarbonate supplementation ..........0. cee ccceseeeeseseeteeees 29 

Table of Contents Vi



Literature Cited” o.oo... ccc cccccccccecceccecceccesceececcescereuteusetauseusateanenees 

Journal Paper 1. Evaluation of blood lactate concentration 

during repeated sprint exercise in horses adapted toa 

high fat diet and supplemented with sodium bicarbonate ........... 

ADSUPACE ooo. e sec c cee ccccceccccccecccuccuscccecaecccccseteccecensteaseenecatensecuveaeceesentens 

Materials and Methods.................cccccccccseecceceeeceeseeeceeeeeseesseseeneneersaeess 

HOSSOS o.oo ccc ccc cece ccc c ence cee eeccaeeeceeeceeaeesse essen eesaeeesaaeseaeeseaeseseseagess 

TLC ALMONES ..0. occ ee ccc ccceccccccnneccccueeccenneeccnseeccessestecedenececearssnaeesecsueesees 

EX€rcCiS@ fOSb........cccccccccccsceeseccccssseeteccueetecessusenscessesanssesseoeseecsaaetees 

Collection of samples and MEASUEMEN............ccccceceeeccecneseeeneees 
Statistical ANALYSIS 0.0... ccc ccccccccccccceeccecccesececseceateasesseaseseseseeeseesecseeees 

Results 58 

Effect Of CXEICIS@...........cccccccccccccctscnstecnetecstencesseseeeseeesecceceeseeseasaaaas 
Effect of NaHCO3 and water during CXeICiSe...........0. cee 
Effect of high fat and control diets during exerciseé.................2+ 

Combined effects of NaHCO3 and fat-adaptation......0....cccccee 

DISCUSSION ........00..cccecccecceesesseeeeceeeseeeesesseaueeeececsaseeeseasenaeerecesceaiseeeeeess 
Effect of NaHCO 3 GUring OXeICISE oo... lec ccc eee cette cette etenaeees 
Effect of high fat diet Curing CX€ICiS€ ............cccccceeseeteesettentetsntentens 
Conclusion: Fat adaptation and NaHCO 3 

Cffect ON DIOO” [LACT] ........ccccccccccccccccsseceecccceeeseecssereseecceneeeesessees 

Literature Cited... cece cccccecccccceccecceccecccuceuseccecuscavecsesucceccetensenes 

Tables/Figures ................... viceeeteeneeeceeteseeneceeesteseteetesnertenetsersenetaes 

Journal Paper 2. Contribution of independent variables to 
acid-base changes in exercising horses fed a high fat 

diet and supplemented with sodium bicarbonate........................ 

Abstract... sessstitisbsssseasistitpsssstitiitiestestistitesesesssstieessee 

IIEPOCUCTION 0... cee eeecccccccccceseceeeeceeceseeucesuseesecssccesessasaeseeeseeseseanaeteeeeeas 

Table of Contents vil



Materials and Methods ..................cccccccceceeccecccecceccesceccececessurensenseneees 86 

FHOSSOS.... 00... cccccccsccceccnececcceececccaeecteuesecesseeeseceeeseneeeseucsestsaaessecseeseaes 86 

DICTS oie cecccccceneeccceseneeeeceececeneseeceereessecsusueeseesnsuesscessassnsessasgeeeesans 86 

TOQLNONES o.oo c ccc eccc ccc cseecccccceceneeccensneneeccesseseeecesseeseseesuceeesseaaneeeeaes 86 

EXCICISC LOSE... cee ccccccccccccccenatececensneescceeanensesecssnecesessaneseessanestessegs 87 

Collection of samples and M@AaSUrEMENl ..............cceeeeeeceeceeeeeee eee: 87 

CAlCUIALIONS. .. 00. ccccc cece cece cseeescececececceneeeesececececnenseeeseesessusaeseeectseaenes 88 
Statistical ANALYSIS 00.00. ccccceccc cc eeccecaeecccececescateeeccaueeceeenessenesecseeretees 90 

RESUS ooo. ccecccccecceneeeeeceteeeececeeeeesseeeseeseeceeseaseeeseeeessaeseseuseeeseeeeas 90 

Validation of the physicochemical Appro@ch ............cccceceeeeceeeeeeees 90 

Effect of administration of NaHCO3 and water at rest............00... 90 
Effect of exercise on independent variables..............::cccccccceeeceee 91 

Effect of independent variables on plasma 

[H*] and [HCO37] during CX@IciS@.........cccccctceeetseetesteeeneeetees 92 
Effect of water and NaHCQ3 administration 

CIUTING CXEICISC..... 0c. cc cccccccceccesccceecceccetseceecscessecceneeeeceseseesesseceneees 93 

Effect of fat diet AUrINg EXEICISE ..............cccccecccceceteeeeececteestteeteeseaes 94 

DISCUSSION ..0..........ccccecccecccccecscesaeeseeseeseceaseeeeeeeseeeseeausesesecestesaaneseeeteas 95 

EFPOCE Of CXCICISC..........cccccccccccscenneescetcceceascneesececseeseceatsessesessusannatess 95 

Effect of NaHCQO3 at rest and during CXeIciSe ........000.. eee eee 98 
Effect of Oiet QUIN OSE 0.00... ceccccc ccc ceccccceeeteccesecceeeessccensesenstneesens 98 

Possible errors in the physicochemical method ...............cccccc0008 100 
SUITUINIY. oo cccccccccceesecccesessceseeceeeeeveesceecececeaasesssensnessuveteeseseceseeseaeas 101 

Literature Cited... cecccccccccsesenececeeeeseeueessceccusseaeaeesecseeesunsaaseeess 102 

TAbDIOS/FIQUIES 0.0.0... ec cccccceescenseetensesstsneceecesenseeesecceeeceseceeeeeteeess 105 

Journal Paper 3. Role of erythrocytes in acid-base 
homeostasis during exercise in horses ......................c.c0cceeeeeeeeees 121 

ADSIPACE occ cee cece cc ceceseeeccceecceseeeeeseeceeesessseassasaeseaseaaeauaeeeasnaaas 121 

IMtFOCUCTION 0.0.0... ee cece ccccccccccecceceesceeseeeesecaseassesesenesseseeeceeeceeeneseeusanees {22 

Materials and Methods 000.0... ccccecceesseesseseeesesesseseeseeneneeuans 123 

FHOSSOS... oe cec ccc ceccsceescescceceeseaaeeeesessccceseaneneeseseseessassessecessesneensececens 123 

Experimental protocol .00......cccccccccccccccccceccceeceeeeeesessesseeesecectecenseues 124 
C@lCUIALIONS. ......cccce ccc cceeeeeseccecccceecceeeeeesecccssccaueeeeseseessecsunessetsssenues 125 

SfatistiCal ANALYSIS ooo... ccc cc ccecce eens eeeesseeeneceeseseeeeseeseceeseeneans 127 

Table of Contents Viil



RESUIES ooo... cece cc cecceceeeeceeeceeeeseceeeceeececseeesseseseuseeeaeeeeaseeseneesareeaeess 

Whole blood [Hb], HCT and RBC[HD].................0.ccccesseeeeeeeneeeeees 
Plasma and whole blood ion concentration...............ccccceeecccnneeees 

Erythrocyte ion concentration (RBCJION]) .........ccccccceccccseeeceeeeneeees 
Changes in plasma and erythrocyte [SID], 

PCOd, AN [Ajo t] oe eeccccccccceeeececeeececeteeceenensaaeeeeesessesesnnsiareeseeees 
Validation of the physicochemical approach. ...............::::cceceeee 
Effect of [SID], PCO, and [Atop] ON [H*] o...e cect eteteetee 

DISCUSSION. ............cccccccseccceeeeecceeeeeceeeeeeetensccesseeeeeseesseeteaseeteeneersgeeeened 

Changes in HCT and RBCJHD] ..........0ccccccccccccccccsecsccsceresteeecaeteess 
Changes in plasma and erythrocyte cation 

CONCEMIIATIONS ... ccc ccecccccceecccensecescceeesensecescueeetsaneeessuaessenerecnaees 

Changes in erythrocyte anion concentrations .............::::ccccccccee 

Erythrocyte effect on acid-base homeostaSIS .............cccccceceeeeee 

Journal Paper 4. Lactate distribution and hematocrit 

responses between plasma and erythrocytes following 

epinephrine administration in horses............00....0...cee eee 

ADStraCE oo... e ccc cece ccccnccecccuccecccccauccecueseusscucceceuseusssuseeseauceeseussaneasees 

Materials and Methods..................cccccccsesseseeeseeeeerseseececeseesenteeeeneneees 
Horses And StUCY COSIGN..........cccccccceseesecsececssscceceeseccesesecsussuanennes 
Hematocrit (HCT) and lactate determination. ...........0ccccccccccccceceee 
SLALISUICAl ANALYSIS 0.0... cc cceccceececccseesesseetersetetentetttsecstttsstessens 

Table of Contents



introduction 

Increased metabolism during exercise is associated with increased 

concentrations of lactate ([Lacy]), hydrogen ion ([H*]), and CO5. Onset of 

fatigue during muscular contraction has been attributed in vart to the 

accumulation of Ht within muscles (Mainwood and Renaud, 1985). 

Consequently, [H*] within cells and within plasma must be méintained within 

narrow limits. Sodium bicarbonate (NaHCO3) administration prior to exercise 

and/or adaptation to a high fat diet may facilitate exercise by modifying the 

changes in intramuscular and extracellular [H*]. Erythrocytes can also affect 

acid-base homeostasis through their buffering capacity, and modification of 

plasma and intraerythrocyte [H*]. 

Extracellular alkalosis has been proposed to facilitate efflux of H* from 

muscle, thereby reducing intracellular acidosis and offsetting fatigue 

(Mainwood and Cechetto, 1980). Both magnitude and rate of lactate efflux 

from muscle during contraction increases with extracellular alkalosis 

(Mainwood and Worsley-Brown, 1975; Sutton et al., 1981; Seo, 1984: Davies 

et al., 1986; Spriet et al., 1986b). 

Increased fat oxidation during exercise may be beneficial in sparing 

glycogen and in maintaining acid-base homeostasis. Fat-adapted rats showed 

decreased rate of liver and muscle glycogen use, and decreased plasma 

lactate levels during exercise (Miller et al., 1984; Nemeth et al., 1992). 

Increased fat oxidation may be beneficial in maintaining acid-base 

homeostasis. For a specific metabolic energy production, fat oxidation also 

produces less COQ9 than glucose oxidation (Ferrannini, 1988). 
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Whole blood behaves as two compartments, plasma and erythrocytes. 

Since there is a marked difference between erythrocytes and plasma with 

respect to ion concentrations and buffering characteristics, each has unique 

quantitative role in distribution of ions within blood (McKelvie et al., 1991; 

Lindinger et al., 1992), and in acid-base control during exercise (Stewart, 

1991). 

Based on physical and chemical principles, plasma [H+] and [HCO37] 

are dependent on partial pressure of CO2 (PCO9)strong ion difference ([SID]), 

and total concentrations of weak electrolytes ([Ato]) in solution (Stewart 1981, 

1983). The contributions of [SID], PCO, and [Ajo¢] to changes in [H*] and 

[HCO37] in both plasma and erythrocytes can be quantified utilizing a 

comprehensive physicochemical method of acid-base analysis. 

The specific objectives of this research were: 

(1) to examine changes in blood [Lac-] during exercise in horses adapted to 

either high fat or control diets, and to evaluate the effects of NaHCOs 

administered intragastrically prior to exercise; 

(2) to quantify the contributions of changes in plasma [SID], PCO9, and [Ajo4] to 

changes in plasma [H™] and [HCO3"] during exercise in horses; 

(3) to examine the role of erythrocytes in acid-base homeostasis in horses 

during exercise; 

(4) to evaluate lactate concentration in plasma, erythrocytes, and whole blood 

during normal and increased hematocrit levels in horses at rest; 

(5) to examine sampling techniques used in obtaining blood for plasma glucose 

and whole blood lactate analyses. 
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Review of Literature 

Introduction 

Proteins are sensitive to changes in pH, ion strength and osmolal 

composition (Somero, 1986), and maintenance of protein integrity is a crucial 

factor for function of physiologic systems. Although free [H+] in body fluids is 

low, protons are very reactive and minute changes in concentration can 

significantly influence enzymatic reactions and other physiologic processes. 

Consequently, [H*] within cells and in the extracellular fluids must be controlled 

within narrow limits. 

During exercise, increased metabolic rate results in increased 

generation of intracellular Ht. Intraceliular [Ht] has been shown to increase 

from 100 nmol/L at rest to 300 nmol/L following intense exercise (Jones et al., 

1985). Large increases in intracellular [Ht] has been implicated in the fatigue 

that occurs during intense exercise of short duration. It has been suggested 

that fatigue can occur at several locations: (1) excitation-contraction coupling 

(Fabiato and Fabiato, 1978); (2) actin and myosin cross-bridging (Nosek et al., 

1987); (3) inhibition of glycolytic metabolism at phosphorylase (Chasiotis et al., 

1982) and phosphofructokinase (Trivedi and Danforth, 1966); and (4) the 

impairment of ionic pumps in the sarcolemma and sarcoplasmic reticulum 

(Nakamura and Schwartz, 1972). 

Muscular contraction is associated with large increases in rates of 

glycolytic and oxidative metabolism, leading to rapid entry of lactate (Lac-) and 
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carbon dioxide (CO) into venous blood draining exercising muscles. Water 

also shifts from blood to contracting muscle, resulting in increased plasma 

protein concentration and increased interstitial and intramuscular fluid volumes 

(Sjogaard et al., 1985; Kowalchuk et al., 1988; Lindinger and Heigenhauser, 

1988). These water shifts, together with exchanges of ions, such as Nat, KT, 

Mg2t, and Cl-, between working muscle and blood (Sjogaard et al., 1985; 

Kowalchuk et al., 1988; Lindinger and Heigenhauser, 1988; Lindinger and 

Heigenhauser, 1990), contribute to changes in extracellular and intracellular 

ion concentrations. According to Stewart (1981, 1983), changes in PCOs, and 

concentrations of strong ions and weak electrolytes within cells and in plasma 

directly affect [H*]. 

Metabolic energy sources during exercise 

Muscular contraction requires the transformation of chemical energy to 

mechanical energy within muscle cells. This is accomplished by the release of 

energy from high energy phosphate bonds in adenosine triphosphate (ATP) 

during hydrolysis to adenosine diphosphate (ADP) and inorganic phosphate 

(Sahlin, 1986). Because, the small amount of ATP within muscle cells is not a 

quantitatively important energy store, it must be resynthesized as it is utilized. 

Consequently, ATP can be considered a metabolic intermediary in the energy 

flow from stored energy compounds (primarily carbohydrates and fats) during 

muscle contraction. Four biochemical pathways available for production of 

ATP: (1) transfer of high energy phosphate bonds from phosphocreatine (PCr) 
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to ADP; (2) breakdown of glycogen to lactic acid (glycolysis); and, (3) complete 

oxidation of glucose; and (4) oxidation of fatty acids. Each of these energy 

producing processes differ in the amount and rate of energy provided, and the 

relative contribution of each of these energy sources varies with the intensity 

and duration of exercise (Sahlin, 1986). 

In spite of high rates of energy turnover, muscle ATP stores in human 

beings seem to be relatively resistant to change (Hultman and Sjoholm, 1983); 

however, a few studies have reported decreased content during intense 

dynamic exercise (Hultman et al., 1967; Sahlin et al., 1978; Boobis et al., 

1983). Decreases in ATP content during exercise have been reported in rats 

(Meyer and Terjung, 1979) and horses (Snow et al., 1985). Although, some of 

these decreases may have been overestimated if no allowance was made for 

blood and water content changes within muscle during exercise, decreases in 

ATP content were observed in two studies where this was considered (Sahlin 

et al., 1978; Snow et al., 1985). 

Phosphagen system: The role of PCr is to rephosphorylate ADP to ATP 

rapidly. The phosphagen system, composed of phosphocreatine together with 

ATP, is important during single convulsive or supramaximal exercise of short 

duration (Sahlin, 1986). Concentration of PCr differs between major muscle 

fiber types, and is highest in low oxidative muscle fibers (Gollnick, 1988). A 

decrease in PCr was observed at 50% of maximal oxygen uptake (VOomax) in 

human beings (Katz et al., 1986), and PCr progressively decreased with 

increased exercise intensity in human beings (Hultman et al., 1967). Early 

results in racing Standardbred horses suggested that stores of PCr and ATP 
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were not depleted during maximal exercise (Lindholm and Piehl, 1974; 

Lindholm and Saltin, 1974). However, muscle biopsies were obtained 2 to 3 

minutes after completion of the exercise, so some repletion of stores may have 

occurred. Decreases in intramuscular ATP levels have been observed in 

Thoroughbred horses (Harris and Snow, 1984; Snow et al., 1985), and 

decreases in intramuscular ATP and PCr levels have been observed in 

Standardbred and Thoroughbred horses after high intensity exercise (Valberg, 

1987). 

Glycolysis and lactate formation: The glycolytic pathway can also 

replenish ATP through metabolism of glucose-6-phosphate originating from 

either glycogen stored in muscle cells or from glucose taken up from blood. 

Pyruvate formation is associated with stoichiometric reduction of nicotinamide 

adenine dinucleotide (NAD*t to NADH) by. glyceraldehyde-phosphate 

dehydrogenase. The NADH formed is oxidized by lactate dehydrogenase within 

the cytoso! during formation of lactate from pyruvate. The rate of ATP 

repletion through this process is approximately one-half of that from 

phosphagen system alone (Sahlin, 1986). 

Glucose oxidation: Pyruvate can also be metabolized further within 

mitochondria through the tricarboxylic acid (TCA) cycle, or Kreb's cycle, and 

oxidative phosphorylation with the oxidation of NADH to generate ATP. Rate of 

generation of ATP from complete glucose oxidation is about one-half of that 

generated by the process of lactate formation alone and one-fourth of that from 

the phosphagen system alone (Sahlin, 1986). 
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Fatty acid oxidation: Another substrate for energy production through 

oxidation is long-chain fatty acids from triglycerides either stored within muscle 

cells or transported by blood from adipose tissue. The catabolic sequence 

which metabolizes fatty acids produces acetyl CoA, which enters the TCA cycle 

and subsequently forms ATP through oxidative phosphorylation. Oxidation of 

fatty acids yields about one-half the power produced by glucose oxidation 

alone and one-eighth of that from the phosphagen system alone (Sahlin, 1986). 

Diets for athletic horses 

Optimal diets for athletic horses should provide the required energy and 

essential nutrients, and optimal proportions of fuels. Optimal diets should also 

facilitate utilization of fuels, minimize weight and bulk of bowel contents, 

maintain hydration and electrolyte balance. In general, these diets can consist 

of (1) more of the maintenance ration, (2) a less bulky, nutrient-dense ration, 

and (3) a ration enriched for work specifically with carbohydrate or fat (Ferrante 

and Kronfeld, 1992). | 

As the work load is increased with exercise, energy may become a 

limiting factor. The need for increased energy intake can be met by increasing 

the daily ration in line with energy requirements while keeping proportions of 

ingredients the same as for maintenance. in this approach, any increased 

needs for essential nutrients would be met by increased food intake, assuming 

there are no increased needs for specific nutrients relative to energy. 
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When high energy requirements cannot be met by increasing the intake 

of a maintenance diet alone, nutrient-dense diets can be fed. Diets containing 

low fiber content, however, have two potential limitations in horses. First, they 

may reduce the capacity of the large bowel and its contents to act as a resevoir 

for water and electrolytes (Argenzio et al., 1974; Argenzio, 1975; Coenen and 

Meyer, 1987; Meyer and Coenen, 1989). This is particularly important during 

endurance competition under hot ambient conditions when horses are more 

vulnerable to dehydration (Carlson, 1979; Rose et al., 1980). Another potential 

problem is that nutrient-dense diets are often given as two or three large meals 

per day. The rapid ingestion of large concentrated meals has been shown to 

cause distinct physiologic perturbations in horses (Argenzio et al., 1974; Clarke 

et al., 1988, 1990; Hammond and Purohit, 1988) which are related to 

gastrointestinal function, and may contribute to digestive disorders (Argenzio, 

1975; Clarke et al., 1988, 1990). 

Diets enriched for work are either high in carbohydrates or fats, and 

represent two alternative nutritional strategies: glycogen loading (Bergstrom et 

al., 1967), which raises liver and muscle glycogen content before exercise, and 

fat adaptation (Miller et al., 1984), which spares glycogen utilization during 

exercise. These strategies will be discussed in more detail under separate 

headings. 

High carbohydrate diets: Glycogen loading, also called carbohydrate 

loading and glycogen supercompensation, is used by human athletes to 

increase the amount of resting muscle glycogen (Gollnick, 1985). 

Carbohydrate rich diets increase glycogen stores in muscle of human beings 
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and have a beneficial effect on performance time (Bergstrom et al., 1967). 

Muscle glycogen content in Thoroughbred horses at rest is elevated 

above that found in normal human beings (Hultman, 1967; Harris et al., 1974; 

Snow et al., 1985; Snow and Harris, 1991). Increases in glycogen content are 

observed in horses after carbohydrate-rich diets (Lindholm et al., 1974; Kline 

and Albert, 1981; Essen-Gustavsonn et al., 1984; Valberg, 1986; Essen- 

Gustavsonn et al., 1991), although it has not been shown to be effective for 

increasing performance of horses during high intensity exercise (Kline and 

Albert, 1981; Topliff et al., 1983, 1985; Pagan et al., 1987). 

During exercise glycogen content decreases in muscle fibers of horses 

(Lindholm et al., 1974: Snow et al., 1982; Nimmo and Snow, 1983; Hodgson et 

al., 1984a, b), and the amount of glycogen depletion has been shown to be 

related to the intensity of the work load (Lindholm et al., 1974; Nimmo and 

Snow, 1983). Glycogen depletion appears to be an important factor causing 

fatigue during endurance-type work in horses (Snow et al., 1982). During 

short-term anaerobic exercise in horses, 25-40% of resting glycogen is utilized 

(Hodgson, 1984a; Miller et al., 1985; Harris et al., 1987; Snow et al., 1987), 

and with prolonged exercise almost total depletion of glycogen in muscle fibers 

can occur (Snow et al., 1982). ‘The number of terminal glucosyl units available 

to phosphorylase may be more important in limiting glycogen degradation than 

the absolute content of glycogen within the muscle. There also appears to be 

an order in the manner that glycogen is depleted from different muscle fiber 

types (Snow et al., 1981; Hodgson et al., 1983; Essen-Gustavsson et al., 1984; 

Hodgson et al., 1984a; Valberg, 1986), with a selective depletion of glycogen 

within fast-twitch (Type Il) muscle fibers (Lindholm et al., 1974; Gollnick et al., 
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4974). 

High fat diets: Including fat in the diet increases the energy density of a 

ration without decreasing fiber content extensively. Benefits of fat 

supplementation in horses as a method of supplying energy for maintenance 

and growth without increasing carbohydrate intake has been demonstrated 

(Kane and Baker, 1977; Rich et al., 1981; McCann et al., 1987; Scott et al., 

1989). 

Endurance training increases the utilization of fat oxidation as an energy 

source during prolonged submaximal exercise (Holloszy et al., 1986b). This is 

demonstrated by lower respiratory exchange ratio or respiratory quotient (RQ) 

during exercise of the same intensity in trained individuals compared with the 

untrained state (Hurley et al., 1986). Adaptive changes that occur with training 

include increased mitochondria content (Holloszy and Booth, 1976) and 

mitochondrial enzyme activity (Costill et al., 1979; Jansson and Kaijser, 1982). 

Greater utilization of fat in the trained state in human beings also resulted in a 

decrease in muscle glycogen utilization (Hurley et al., 1986). 

Rats adapted to a high fat diet for 4 to 5 weeks, ran as long (Conlee et 

al., 1990) and longer (Miller et al., 1984) than carbohydrate-fed animals in spite 

of lower pre-exercise muscle and liver glycogen levels. Fat-adapted rats also 

showed a decrease rate of liver and muscle glycogen use and decreased blood 

lactate levels during exercise (Miller et al., 1984). Muscle activity of 3- 

hydroxyacyl CoA dehydrogenase (Miller et al., 1984; Nemeth et al., 1992), 

citrate synthase (Miller et al., 1984), malate dehydrogenase, and succinate 

dehydrogenase (Nemeth et al., 1992) were increased in rats after one week 
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adaptation to a high fat diet. These changes are consistent with overall 

amplification of lipid metabolism. Enzymes involved with beta-oxidation, 

however, changed to a greater extent than enzymes of the TCA cycle (Miller et 

al., 1984: Nemeth et al., 1992), and it appears that the TCA cycle maintains a 

constant operational level for handling fluctuations in substrates from either 

carbohydrate or fatty acids. 

Another adaptive response observed in rats fed a high fat diet is an 

increase in muscle triglyceride stores (Conlee et al., 1990) which apparently 

substitutes as a fuel source in the absence of adequate glycogen supply. 

Although training alone has an effect of sparing muscle glycogen and utilizing 

muscle triglyceride to a greater extent for energy in human beings during 

exercise, it does not cause an increase in triglyceride stores within muscle 

(Hurley et al., 1986). 

Attempts at improving performance of horses by feeding high fat diets 

have not been conclusive. Some studies indicate that fat rich diets may have 

beneficial effects on endurance type exercise by maintaining plasma glucose 

levels (Slade et al., 1975; Hintz et al., 1978; Hambleton et al., 1980; Webb et 

al., 1987). Resting muscle glycogen content in horses fed a high fat diet were 

either similar (Hambleton et al., 1980; Pagan et al., 1986), increased (Meyers 

et al., 1989; Scott et al, 1992; Oldham et al., 1990) or decreased (Greiwe et 

al., 1989) from controls. High fat diets had no significant effect on the amount 

of glycogen utilized during prolonged, submaximal exercise (Hintz et al., 1978: 

Hambleton et al., 1980; Pagan et al., 1987), except for one study which showed 

a significant glycogen sparing effect (Greiwe et al., 1989). One study observed 

increased muscle glycogen utilization in fat-supplemented horses after 
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performing high intensity exercise of four 600-m sprints (Oldham et al., 1990; 

Scott et al., 1992), while another study observed decreased muscle glycogen 

utilization in fat-supplemented horses during exercise at approximately 75% 

VOomax (Pagan et al., 1987). 

Increased fat oxidation during exercise may be beneficial in maintaining 

acid-base homeostasis. For a given metabolic energy production, less carbon 

dioxide is produced from fatty acid oxidation than from glucose oxidation 

(Ferrannini, 1988). This can be appreciated from the stoichiometry of the 

reaction for complete glucose oxidation: 

CgH 120g + 36 ADP + 36 Pi + 6 Op -—-> 36 ATP +6 CO2 +6 HO 

which produces 1 mole of COy for 6 moles of ATP regenerated, and for 

complete oxidation of a representative fatty acid (palmitate) : 

C4gHa20> + 129 ADP +129 Pi+2305 --> 129ATP +16 CO. +16 HO 

which produces 1 mole CQpz for 8 moles of ATP regenerated. 

Metabolic regulation in muscle 

Exercise involves integration of metabolic pathways within the muscle 

and external to the muscle to meet physiologic demands. Initially, energy for 

exercise is provided by substrate stores within muscle cells. With prolonged 
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exercise, however, substrates derived from sources outside the muscle are 

utilized to maintain exercise. 

Carbohydrate oxidation: Glycogen breakdown within muscle is activated 

rapidly at the onset of exercise, and is related to frequency of muscle 

contractions (Richter et al., 1982). Glycogenolysis within muscle is catalyzed 

by phosphorylase which exists in two forms, a phosphorylated active form 

(phosphorylase a) and a dephosphorylated inactive form (phosphorylase )). 

Phosphorylase b can become active in the presence of cAMP and Pi 

(Chasiotis, 1983; Ren and Hultman; 1990), or can be converted to active form 

phosphorylase a by phosphorylase kinase. Phosphorylase kinase is activated 

by Ca2t and low [H™] (Brostrom et al., 1971), and by phosphorylation catalyzed 

by cAMP-dependent protein kinase. With continued exercise, epinephrine and 

glucagon stimulate adenyl cyclase which increases cAMP (Drummond et al., 

1969) and phosphorylase kinsase activity. 

Glycogen stores are normally the main substrate supplier in contracting 

muscle during short-term exercise (Coyle et al., 1986; Stanley et al., 1988), 

while blood glucose provides about 20 to 40% of the substrate needs during 

submaximal exercise at 40 to 50% of VO2max (Stanley et al., 1988). Control of 

hepatic glucose production is through the reciprocal stimulation and inhibition 

by glucagon and insulin, respectively, and stimulation by catecholamines and 

glucocorticoids (Stanley and Connett, 1991). When muscle glycogen stores 

are reduced during prolonged exercise, blood glucose contributes to a greater 

extent towards energy requirements (Coyle et al., 1986). Beta-adrenergic 

stimulation of muscle glycogenolysis plays a role in determining the relative 
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amount that muscle glycogen and plasma glucose will contribute to ATP 

production. Blocking beta-adrenergic receptors in running dogs stimulated rate 

of blood glucose disappearance and decreased the fraction of glycolytic flux 

from glycogen (Issekutz, 1984). 

Insulin response varies between fiber types, with predominantly slow- 

twitch muscle displaying greater insulin-stimulated glucose uptake compared to 

fast-twitch muscles (Richter et al., 1984; James et al., 1985; Ploug et al., 1987). 

Glucose uptake into skeletal muscle is also stimulated by muscle contractions 

(Waliberg-Henriksson and Holloszy, 1984). Indirect evidence suggests that 

increased cytosolic Ca2+ during contraction stimulates glucose transport 

(Holloszy et al., 1986a) by translocation of glucose transporters from 

intracellular storage sites to the plasma membrane, and by increasing activity 

of these transporters (Goodyear et al., 1990a, b). 

Hexokinase acts as a regulatory step in the entry of glucose into the 

glycolytic pathway by phosphorylation of glucose to glucose-6-phosphate. 

Hexokinase, in turn, is inhibited by increases in glucose-6-phosphate levels. 

Glucose-6-phosphate is converted to fructose-6-phosphate, which is then 

phosphorylated to fructose-1,6-diphosphate by phosphofructokinase (PFK), an 

irreversible step in the glycolytic pathway which is under allosteric control. 

Oxidation of glyceraldehyde-3-phosphate involves reduction of NAD* to NADH. 

The NADH formed is either oxidized during the reduction of pyruvic acid to 

lactic acid or, if pyruvic acid enters the TCA cycle, by the electron transport 

system. Before pyruvic acid can enter the TCA cycle, it is oxidatively 

decarboxylated to acetyl CoA by the pyruvate dehydrogenase (PDH) 

multienzyme complex. 
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Fat oxidation: Lipolysis in adipose tissue is regulated by hormone- 

sensitive lipase which acts as an initial step for fat utilization. Glucagon and 

catecholamines activate adenylate cyclase and hormone-sensitive lipase 

through cAMP-dependent protein kinase. These effects are modulated by 

insulin, the principle antilipolytic hormone, which probably operates in part 

through activation of a phosphodiesterase which antagonizes the rise in cAMP 

(Murray et al., 1993). 

When muscle [H*] is increased in isolated muscle preparations (Spriet 

et al., 1985, 1986b) or during high intensity exercise (Essen, 1978; McCartney 

et al., 1985), intramuscular lipolysis occurs. During high intensity cycling 

exercise in human beings (Jones et al., 1980), plasma glycerol increased at the 

same time as radiolabeled fatty acid turnover was depressed, suggesting that 

intramuscular triglycerides are used when fatty acid supply from adipose tissue 

is unavailable. In the trained state, greater utilization of fatty acids in human 

beings is fueled by increased lipolysis of muscle triglycerides (Hurley et al., 

1986). 

Fatty acids in blood are bound to albumin and uptake into muscle cell 

occurs by diffusion down a concentration gradient (Gollnick, 1977). Lipoprotein 

lipase bound to capillary endothelium extracts fatty acids from chylomicrons in 

plasma, but this is probably not of any significance during exercise. 

Fatty acids taken up by muscle are first activated by formation of their 

CoA esters by fatty acyl CoA synthetase. Transport of fatty acids into 

mitochondria requires their conversion to acyl carnitine esters catalyzed by 

carnitine acyltransferase, which is probably the rate limiting step to fatty acid 
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oxidation during exercise (Oram et al., 1975). Fatty acyl CoA is regenerated 

within mitochondria, and is oxidized to acetyl CoA by a series of mitochondrial 

enzymes which sequentially removes 2-carbon units and produces hydrogen 

in a process known as beta-oxidation. The hydrogen is transferred to the 

respiratory chain via FADH>2 and NADH for oxidative phosphorylation and ATP 

formation. 

Pathway integration: Glycolysis plays a role independent of its function 

as a backup source of ATP when oxidative phosphorylation rates are 

insufficient for the demand. Glycolytic rate, under steady-state conditions, is 

regulated to maintain tissue lactate concentrations by compensating for losses 

of lactate to oxidation and efflux out of the cell (Connett et al., 1986). Tissue 

lactate concentration functions as a redox buffer, providing readily accessible 

reducing equivalents and carbons for mitochondria in support of oxidative 

phosphorylation (Connett et al., 1983, 1984, 1985; Stainsby and Brooks, 1990). 

Phosphofructokinase (PFK) may play a critical role in coupling glycolysis 

to a number of metabolic pathways. Activity of PFK depends on fructose-6- 

phosphate concentration, and is inhibited by ATP and citrate, and is activated 

by ADP, AMP, and Pi. Increases in [Ht] can affect kinetic and structural 

organization of the enzyme (Trivedi and Danforth, 1966; Bock and Frieden, 

1976). As ATP demand approaches the capacity of mitochondrial oxidative 

phosphorylation, glycolysis acts as a reserve ATP supplier (Stanley and 

Connett, 1991). 

Glucose uptake, glycogenolysis, glycolysis, and pyruvate oxidation are 

partially inhibited by oxidation of fatty acids in skeletal muscle and heart 
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(Randle et al., 1963; Jansson and Kaijser, 1984). Partial inhibition of glucose 

uptake by free fatty acid oxidation was confirmed in studies using well-perfused 

rat hindlimb preparations (Rennie and Holloszy, 1977). Fatty acid oxidation in 

muscle raises intracellular concentrations of important allosteric regulators of 

glycolysis and pyruvate oxidation such as acetyl CoA, citrate and glucose-6- 

phosphate. An important factor in this sequence is accumulation of citrate, 

which inhibits PFK activity, and results in glucose-6-phosphate accumulation 

and inhibition of hexokinase and phosphorylase b. 

The major catabolic pathways for carbohydrates and fats converge at 

the TCA cycle, the final pathway responsible for the complete oxidation of 

acetyl units. A multienzyme complex containing pyruvate dehydrogenase 

(PDH) has the potential to be a key regulator in influencing the balance 

between fat and carbohydrate as metabolic fuels, and in lactate production 

(Jones and Heigenhauser, 1992). The PDH enzyme exists in two forms: an 

inactive phosphorylated form which is catalyzed by PDH kinase, and an active 

dephosphorylated form, catalyzed by PDH phosphatase. Elevated 

concentration ratios of acetyl CoA/CoA and NADH/NADT increases the activity 

of PDH kinase (Wieland, 1983), which then decreases the activity of the PDH 

complex (Cooper et al., 1975; Pettit et al., 1975; Wieland, 1983). Increased 

PDH enzyme activity occurs through increases in pyruvate and ADP which 

inhibits PDH kinase, and increases in intracellular Ca2* and Mg2* content 

which activates PDH phosphatase. 

Carnitine is important as a transporter of long chain fatty acids into 

mitochondria, and in the regulation of mitochondrial acetyl CoA:CoA ratio. 

Carnitine stores acetyl groups as acetyicarnitine, and may help maintain 
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activity of PDH complex by acting as an acceptor for acetyl groups from acetyl 

CoA. Acetylcarnitine content within skeletal muscle increases during high 

intensity exercise of short duration in human beings and horses (Lennon et al., 

1983; Carlin et al., 1986; Foster and Harris, 1987; Harris et al., 1987; Harris 

and Foster, 1990), and in human beings at 75 and 100% of VOomax (Sahlin, 

1990). During treadmill exercise of increasing intensity in Thoroughbred 

horses, formation of both acetyl CoA and acetylcarnitine reach a plateau at 

high work intensities (Carlin et al., 1990), and there was a significant 

relationship between the amounts of the two compounds in contracting muscle. 

A reduction in malonyl CoA in exercising muscle during prolonged 

submaximal exercise is probably a contributing factor in increasing fatty acid 

oxidation in muscle (Winder et al., 1989). Malonyl CoA serves as a regulatory 

molecule to inhibit fatty acid oxidation through inhibition of carnitine 

acyltranferase activity. 

Acid-base evaluation 

Comprehensive physicochemical approach: Stewart (1981, 1983) 

emphasized the importance of physicochemical interactions between 

independent (strong ions, weak electrolytes, PCO.) and dependent variables 

(H* and HCO37) in acid-base analysis. Physicochemical analysis is 

developed by the application of four isolated solutions containing: (1) pure 

water, (2) strong ions, (3) weak electrolytes, and (4) COQ»5. Independent 

variables can be measured, and then used to solve a series of equations to 
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obtain concentrations of the dependent variables . These series of equations 

must satisfy three fundamental physicochemical requirements: (1) maintenance 

of dissociation equilibria, (2) maintenance of electroneutrality; and (3) 

conservation of mass (Stewart 1981, 1983). 

(1) Solutions containing pure water: Water has a tendency to dissociate 

into its constituent ions, and at equilibrium, the law of mass action will describe 

this relationship as: 

[H*] x [OH*] = K x [H 90] (1) 

Since [HO] is altered only slightly, it can be considered a constant and 

combined to form the constant K'w, the ion product of water. The water 

dissociation equation is then: 

[H*} x [OH] = K'w (2) 

(2) Solutions containing strong ions: Strong ions are fully dissociated in 

aqueous solutions. In body fluids at physiologic pH, the main strong ions are 

sodium (Nat), potassium (K*), chloride (ClI-), calcium (Ca2*), magnesium 

(Mg2*), and lactate (Lac”). The effect of strong ions may be expressed as the 

sum of the strong cation and anion charges, or the strong ion difference ([SID)]). 

The equation describing the maintenance of electroneutrality (Stewart 1987, 

1983) is: 
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�t�h�e� �i�m�i�d�a�z�o�l�e� �g�r�o�u�p�s� �o�f� �h�i�s�t�i�d�i�n�e� �a�n�d� �t�h�e� �N�-�t�e�r�m�i�n�a�l� �a�m�i�n�o� �g�r�o�u�p�s� �h�a�v�e� �a� 

�d�i�s�s�o�c�i�a�t�i�o�n� �c�o�n�s�t�a�n�t� �s�u�f�f�i�c�i�e�n�t�l�y� �c�l�o�s�e� �t�o� �7�.�4� �t�o� �e�n�a�b�l�e� �t�h�e�s�e� �p�r�o�t�e�i�n�s� �t�o� 

�f�u�n�c�t�i�o�n� �a�s� �e�f�f�e�c�t�i�v�e� �b�u�f�f�e�r�s�.� 

�(�4�)� �S�o�l�u�t�i�o�n�s� �c�o�n�t�a�i�n�i�n�g� �C�O�»�:� �B�e�c�a�u�s�e� �b�o�d�y� �f�l�u�i�d�s� �o�p�e�r�a�t�e� �a�s� �a�n� �o�p�e�n� 

�s�y�s�t�e�m� �i�n� �w�h�i�c�h� �p�l�a�s�m�a� �P�C�O�,� �i�s� �r�e�g�u�l�a�t�e�d� �m�a�i�n�l�y� �b�y� �t�h�e� �l�u�n�g�s� �a�n�d� �k�i�d�n�e�y�s�,� 

�P�C�O�,� �i�s� �c�o�n�s�i�d�e�r�e�d� �a�n� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e� �W�h�e�n� �C�Q�b�z� �i�s� �d�i�s�s�o�l�v�e�d� �i�n� 

�a�q�u�e�o�u�s� �s�o�l�u�t�i�o�n�,� �f�o�u�r� �m�o�l�e�c�u�l�a�r� �s�p�e�c�i�e�s� �a�r�e� �p�r�e�s�e�n�t� �(�S�t�e�w�a�r�t� �1�9�8�1�,� �1�9�8�3�)�,� 

�d�i�s�s�o�l�v�e�d� �C�O�»� �(�d�C�O�>�)�,� �c�a�r�b�o�n�i�c� �a�c�i�d� �(�H�2�C�O�3�)�,� �b�i�c�a�r�b�o�n�a�t�e� �i�o�n� �(�H�C�O�3�7�)�,� �a�n�d� 

�c�a�r�b�o�n�a�t�e� �i�o�n� �(�C�O�3�2�°�)�:� 

�d�C�O�s� �+� �H�z�O� �<�-�-�-�>� �H�o�C�O�g� �<�-�-�-�>� �H�t� �+� �H�C�O�, �� �<�-�-�-�>� �H�t� �+� �H�t� �+� �C�O�4�2�-� �(�8�)� 

�T�h�e� �f�i�r�s�t� �d�i�s�s�o�c�i�a�t�i�o�n� �e�q�u�i�l�i�b�r�i�u�m� �i�s� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �b�i�c�a�r�b�o�n�a�t�e� �t�o�n�:� 

�[�H�*�]� �x� �[�H�C�O�3�7�]� �=� �K�e� �x� �P�C�O�,� �(�7�)� 

�w�h�e�r�e� �K�c� �i�s� �t�h�e� �d�i�s�s�o�c�i�a�t�i�o�n� �c�o�n�s�t�a�n�t�.� 

�R�e�v�i�e�w� �o�f� �L�i�t�e�r�a�t�u�r�e� �2�1



�B�i�c�a�r�b�o�n�a�t�e� �i�o�n� �t�h�e�n� �d�i�s�s�o�c�i�a�t�e�s� �t�o� �C�O�3�2�-�,� �a�n�d� �t�h�e� �d�i�s�s�o�c�i�a�t�i�o�n� 

�e�q�u�i�l�i�b�r�i�u�m� �e�q�u�a�t�i�o�n� �i�s�:� 

�[�H�*�]� �x� �[�C�O�3�*�-�]� �=� �K�g� �x�[� �H�C�O�3�7�]� �(�8�)� 

�w�h�e�r�e� �K�g� �i�s� �t�h�e� �d�i�s�s�o�c�i�a�t�i�o�n� �c�o�n�s�t�a�n�t�.� 

�T�h�e� �e�q�u�a�t�i�o�n�s� �l�i�s�t�e�d� �b�e�l�o�w� �s�u�m�m�a�r�i�z�e� �t�h�e� �s�y�s�t�e�m�s� �o�f� �p�u�r�e� �w�a�t�e�r�,� �a�n�d� 

�s�o�l�u�t�i�o�n�s� �c�o�n�t�a�i�n�i�n�g� �s�t�r�o�n�g� �i�o�n�s�,� �w�e�a�k� �a�c�i�d�s�,� �a�n�d� �d�i�s�s�o�l�v�e�d� �C�Q�»�o�,� �a�n�d� �t�h�e� 

�q�u�a�n�t�i�t�a�t�i�v�e� �c�o�n�s�t�r�a�i�n�t�s� �o�f� �e�q�u�i�l�i�b�r�i�a�,� �m�a�s�s� �c�o�n�s�e�r�v�a�t�i�o�n�,� �a�n�d� �e�l�e�c�t�r�i�c�a�l� 

�n�e�u�t�r�a�l�i�t�y� �t�h�a�t� �a�r�e� �i�m�p�o�s�e�d� �o�n� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�:� 

�(�a�)� �W�a�t�e�r� �d�i�s�s�o�c�i�a�t�i�o�n� �e�q�u�i�l�i�b�r�i�u�m� �.� 

�[�H�*�]� �x� �[�O�H�-�]� �=� �K�'�w� 

�(�b�)� �W�e�a�k� �e�l�e�c�t�r�o�l�y�t�e� �d�i�s�s�o�c�i�a�t�i�o�n� �e�q�u�i�l�i�b�r�i�u�m� 

�[�H�*�]� �x� �[�A�]� �=� �K�a� �x� �[�H�A�]� 
�(�c�)� �C�o�n�s�e�r�v�a�t�i�o�n� �o�f� �m�a�s�s� �f�o�r� �w�e�a�k� �a�c�i�d�s� 

�[�H�A�]� �+� �[�A�]� �=� �[�A�t�o�t�l� 

�(�d�)� �B�i�c�a�r�b�o�n�a�t�e� �i�o�n� �f�o�r�m�a�t�i�o�n� �d�i�s�s�o�c�i�a�t�i�o�n� �e�q�u�i�l�i�b�r�i�u�m� 

�[�H�*�]� �x� �[�H�C�O�3�"�]� �=� �K�e� �x� �P�C�O�>� 

�(�e�)� �C�a�r�b�o�n�a�t�e� �i�o�n� �f�o�r�m�a�t�i�o�n� �d�i�s�s�o�c�i�a�t�i�o�n� �e�q�u�i�l�i�b�r�i�u�m� 

�[�H�*�]� �x� �[�C�O�3�2�-�]� �=� �K�g� �x� �[�H�C�O�3�]� 
�(�f�)� �E�l�e�c�t�r�i�c�a�l� �n�e�u�t�r�a�l�i�t�y� 

�[�S�I�D�]� �+� �[�H�*�]� �-� �[�H�C�O�3�7�]� �-� �[�A�]� �-� �[�C�O�3�%�]� �-� �[�O�H�]� �=� �0� 

�R�e�v�i�e�w� �o�f� �L�i�t�e�r�a�t�u�r�e� �2�2



�T�h�e�s�e� �s�i�x� �i�n�d�e�p�e�n�d�e�n�t� �e�q�u�a�t�i�o�n�s�,� �c�o�n�t�a�i�n�i�n�g� �t�h�r�e�e� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� 

�(�[�S�I�D�]�,� �[�A�t�o�]�,� �P�C�O�.�)� �t�h�a�t� �c�a�n� �b�e� �m�e�a�s�u�r�e�d� �a�n�d� �s�i�x� �u�n�k�n�o�w�n� �d�e�p�e�n�d�e�n�t� 

�v�a�r�i�a�b�l�e�s� �(�(�H�*�]�,� �[�O�H�-�]�,� �[�H�C�O�3�7�]�,� �[�C�O�3�2�-�]�,� �[�A�]�,� �[�H�A�]�)�,� �c�a�n� �b�e� �s�o�l�v�e�d� 

�s�i�m�u�l�t�a�n�e�o�u�s�l�y� �t�o� �o�b�t�a�i�n� �[�H�*�]�:� 

�[�H�*�]�4� �+� �(�[�S�I�D�]� �+� �K�a�)� �x� �[�H�*�]�>� 

�+� �(�K�a� �x� �(�{�S�I�D�]� �-� �[�A�t�o�t�]�)� �-� �(�K�e� �x� �P�o�g�)� �+� �K�'�w�)�)� �x� �[�H�*�}�?� 

�-� �(�K�p� �(�(�K�g� �x� �P�C�O�g�)� �+� �K�'�w�)� �-� �(�K�g� �x� �K�e� �x� �P�C�O�9�)�)� �x� �[�H�*�]� 
�-� �K�a� �X� �K�g� �X� �K�e� �X� �P�C�O�n� �=� �O� 

�T�h�i�s� �f�i�n�a�l� �e�q�u�a�t�i�o�n� �c�o�n�t�a�i�n�s� �t�h�r�e�e� �k�n�o�w�n� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �(�[�S�I�D�]�,� �[�A�t�o�¢�]�,� 

�P�C�O�>�)�,� �f�o�u�r� �d�i�s�s�o�c�i�a�t�i�o�n� �c�o�n�s�t�a�n�t�s� �(�K�'�w�,� �K�a�,� �K�e�,� �K�s�)� �a�n�d� �o�n�e� �u�n�k�n�o�w�n� 

�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e� �(�[�H�*�]�)�,� �w�h�i�c�h� �c�a�n� �n�o�w� �b�e� �s�o�l�v�e�d�.� 

�C�o�n�v�e�n�t�i�o�n�a�l� �a�p�p�r�o�a�c�h� �v�e�r�s�u�s� �p�h�y�s�i�c�o�c�h�e�m�i�c�a�l� �s�y�s�t�e�m�s� �a�p�p�r�o�a�c�h�:� 

�T�h�e�r�e� �i�s� �s�o�m�e� �c�o�n�t�r�o�v�e�r�s�y� �r�e�g�a�r�d�i�n�g� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e� �c�o�m�p�r�e�h�e�n�s�i�v�e� 

�p�h�y�s�i�c�o�c�h�e�m�i�c�a�l� �s�y�s�t�e�m�s� �a�p�p�r�o�a�c�h� �t�o� �a�c�i�d�-�b�a�s�e� �e�v�a�l�u�a�t�i�o�n� �(�C�a�m�e�r�o�n�,� �1�9�8�9�)�.� 

�T�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �a�p�p�r�o�a�c�h� �t�o� �a�c�i�d�-�b�a�s�e� �b�a�l�a�n�c�e� �e�m�p�h�a�s�i�z�e�s� �t�h�e� �H�e�n�d�e�r�s�o�n�-� 

�H�a�s�s�e�l�b�a�c�h� �e�q�u�a�t�i�o�n� �:� 

�p�H� �=� �p�K�'�g� �+� �l�o�g� �(�[�H�C�O�3�7�]� �/� �[�d�C�O�>�)�)� 

�w�h�e�r�e� �p�K�'�a� �i�s� �6�.�1� �(�S�i�g�g�a�a�r�d�-�A�n�d�e�r�s�e�n�,� �1�9�6�2�)�.� �B�e�c�a�u�s�e� �p�l�a�s�m�a� �d�C�O�>� �i�s� 

�d�e�p�e�n�d�e�n�t� �o�n� �P�C�O�s�,� �t�h�e� �H�e�n�d�e�r�s�o�n�-�H�a�s�s�e�l�b�a�c�h� �e�q�u�a�t�i�o�n� �c�a�n� �a�l�s�o� �b�e� �w�r�i�t�t�e�n�:� 

�R�e�v�i�e�w� �o�f� �L�i�t�e�r�a�t�u�r�e� �2�3



�P�H� �=� �p�k ��,� �+� �l�o�g� �(�[�H�C�O�3�7�]�/�[�S� �x� �P�C�O�9�)�)� 

�w�h�e�r�e� �S� �i�s� �t�h�e� �s�o�l�u�b�i�l�i�t�y� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �C�O�2� �i�n� �w�a�t�e�r� �(�3� �x� �1�0�°� �E�q�/�L� �p�e�r� �m�m�H�g� �a�t� 

�3�7� �C�)�.� 

�T�h�e� �H�e�n�d�e�r�s�o�n�-�H�a�s�s�e�l�b�a�c�h� �i�s� �a� �s�i�m�p�l�e� �e�q�u�a�t�i�o�n�,� �r�e�q�u�i�r�i�n�g� �t�h�e� 

�m�e�a�s�u�r�e�m�e�n�t� �o�f� �t�w�o� �v�a�r�i�a�b�l�e�s�:� �p�H� �(�[�H�*�]�)� �a�n�d� �P�C�O�>�.� �H�o�w�e�v�e�r�,� �t�h�i�s� �e�q�u�a�t�i�o�n� 

�d�e�s�c�r�i�b�e�s� �t�h�e� �e�q�u�i�l�i�b�r�i�u�m� �d�i�s�s�o�c�i�a�t�i�o�n� �w�h�i�c�h� �f�o�r�m�s� �b�i�c�a�r�b�o�n�a�t�e�,� �a�n�d� �i�s� �o�n�l�y� �o�n�e� 

�o�f� �t�h�e� �s�i�x� �i�n�d�e�p�e�n�d�e�n�t� �e�q�u�a�t�i�o�n�s�,� �p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d�,� �t�h�a�t� �d�e�f�i�n�e� �t�h�e� 

�b�e�h�a�v�i�o�r� �o�f� �[�H�*�]� �i�n� �b�i�o�l�o�g�i�c� �f�l�u�i�d�s�.� �A�l�t�h�o�u�g�h� �t�h�e� �H�e�n�d�e�r�s�o�n�-�H�a�s�s�e�l�b�a�c�h� 

�e�q�u�a�t�i�o�n� �i�s� �i�m�p�o�r�t�a�n�t� �a�n�d� �h�a�s� �a�n� �a�p�p�l�i�c�a�t�i�o�n� �i�n� �c�a�l�c�u�l�a�t�i�n�g� �[�H�C�Q�3�/�]�,� �i�t� �d�o�e�s� �n�o�t� 

�e�x�p�l�a�i�n� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �[�H�t�]� �o�r� �o�t�h�e�r� �d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s�,� �s�u�c�h� �a�s� �[�H�C�O�3�]� 

�i�t�s�e�l�f�.� �S�i�n�c�e� �a�l�l� �d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �a�r�e� �a�f�f�e�c�t�e�d� �b�y� �a�n�y� �c�h�a�n�g�e� �i�n� 

�i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s�,� �a�l�l� �s�i�x� �e�q�u�a�t�i�o�n�s� �a�r�e� �i�m�p�o�r�t�a�n�t�.� 

�T�h�e� �c�o�m�p�r�e�h�e�n�s�i�v�e� �p�h�y�s�i�c�o�c�h�e�m�i�c�a�l� �a�p�p�r�o�a�c�h� �r�e�q�u�i�r�e�s �� �t�h�e� 

�m�e�a�s�u�r�e�m�e�n�t� �o�f� �P�C�O�»�,� �t�o�t�a�l� �w�e�a�k� �e�l�e�c�t�r�o�l�y�t�e�s�,� �a�n�d� �s�t�r�o�n�g� �i�o�n�s�,� �a�n�d� �r�e�q�u�i�r�e�s� 

�s�i�x� �e�q�u�a�t�i�o�n�s� �b�e� �s�o�l�v�e�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �(�S�t�e�w�a�r�t� �1�9�8�1�,� �1�9�8�3�)�.� �|� �W�h�i�l�e� �t�h�e� 

�H�e�n�d�e�r�s�o�n�-�H�a�s�s�e�l�b�a�c�h� �e�q�u�a�t�i�o�n� �e�m�p�h�a�s�i�z�e�s� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �P�C�O�,� �i�n� �a�c�i�d�-� 

�b�a�s�e� �e�q�u�i�l�i�b�r�i�u�m�,� �t�h�e� �c�o�m�p�r�e�h�e�n�s�i�v�e� �p�h�y�s�i�c�o�c�h�e�m�i�c�a�l� �a�p�p�r�o�a�c�h� �e�m�p�h�a�s�i�z�e�s� 

�t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �a�l�l� �t�h�r�e�e� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s�.� �C�h�a�n�g�e�s� �i�n� �s�t�r�o�n�g� �i�o�n�s� 

�(�R�o�s�e� �e�t� �a�l�.�,� �1�9�8�0�;� �S�n�o�w� �e�t� �a�l�.�,� �1�9�8�2�;� �K�e�r�r� �a�n�d� �S�n�o�w�,� �1�9�8�3�)� �a�n�d� �w�e�a�k� 

�e�l�e�c�t�r�o�l�y�t�e�s� �M�c�A�u�l�i�f�f�e� �e�t� �a�l�.�,� �1�9�8�6�;� �R�o�s�s�i�n�g� �e�t� �a�l�.�,� �1�9�8�6�;� �1�9�8�8�)� �a�r�e� �n�o�t� 

�r�e�c�o�g�n�i�z�e�d� �i�n� �t�h�e� �H�e�n�d�e�r�s�o�n�-�H�a�s�s�e�l�b�a�c�h� �e�q�u�a�t�i�o�n�.� �C�h�a�n�g�e�s� �i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�o�f� �b�o�t�h� �w�e�a�k� �e�l�e�c�t�r�o�l�y�t�e�s� �a�n�d� �s�t�r�o�n�g� �i�o�n�s� �d�u�e� �t�o� �w�a�t�e�r� �s�h�i�f�t�s� �a�l�o�n�e�,� �w�i�t�h� �n�o� 

�c�h�a�n�g�e� �i�n� �a�b�s�o�l�u�t�e� �c�o�n�t�e�n�t� �o�f� �t�h�e�s�e� �i�o�n�s�,� �c�a�n� �a�l�s�o� �a�f�f�e�c�t� �[�H!"�]�.� 

�O�n�l�y� �s�t�r�o�n�g� �i�o�n�s� �t�h�a�t� �a�p�p�e�a�r� �t�o� �b�e� �r�e�l�a�t�i�v�e�l�y� �i�m�p�o�r�t�a�n�t� �a�r�e� �o�f�t�e�n� 

�R�e�v�i�e�w� �o�f� �L�i�t�e�r�a�t�u�r�e� �2�4



�m�e�a�s�u�r�e�d�,� �a�n�d� �o�t�h�e�r� �s�t�r�o�n�g� �i�o�n�s� �m�a�y� �b�e� �o�v�e�r�l�o�o�k�e�d� �u�n�d�e�r� �c�e�r�t�a�i�n� �p�h�y�s�i�o�l�o�g�i�c� 

�c�o�n�d�i�t�i�o�n�s�.� �T�o�t�a�l� �w�e�a�k� �a�c�i�d�s� �a�r�e� �d�i�f�f�i�c�u�l�t� �t�o� �m�e�a�s�u�r�e�,� �a�n�d� �p�l�a�s�m�a� �p�r�o�t�e�i�n� 

�c�o�n�t�e�n�t� �i�s� �o�f�t�e�n� �u�s�e�d� �t�o� �r�e�p�r�e�s�e�n�t� �p�l�a�s�m�a� �[�A�j�]�.� �T�h�e� �e�q�u�i�l�i�b�r�i�u�m� �c�o�n�s�t�a�n�t�s� 

�u�s�e�d� �i�n� �t�h�e� �p�h�y�s�i�c�o�c�h�e�m�i�c�a�l� �a�p�p�r�o�a�c�h� �a�r�e� �d�e�p�e�n�d�e�n�t� �o�n� �o�s�m�o�l�a�r�i�t�y�,� �t�o�n�i�c� 

�s�t�r�e�n�g�t�h� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �s�o�l�u�t�i�o�n�,� �a�l�o�n�g� �w�i�t�h� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �s�p�e�c�i�f�i�c� 

�i�o�n�s� �w�i�t�h�i�n� �s�o�l�u�t�i�o�n� �(�E�d�s�a�l�l� �a�n�d� �W�y�m�a�n�n�,� �1�9�5�8�;� �H�a�r�n�e�d� �a�n�d� �O�w�e�n�,� �1�9�5�8�)�.� 

�A�l�t�h�o�u�g�h�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �i�o�n�s� �a�r�e� �m�e�a�s�u�r�e�d� �a�n�d� �u�s�e�d�,� �a�c�t�i�v�i�t�i�e�s� �o�r� �e�f�f�e�c�t�i�v�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�o�u�l�d� �b�e� �m�o�r�e� �c�o�r�r�e�c�t� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �r�e�a�c�t�i�o�n� �r�a�t�e�s� �o�r� 

�e�q�u�i�l�i�b�r�i�u�m� �c�o�n�s�t�a�n�t�s�.� �T�h�e� �"�a�p�p�a�r�e�n�t�'� �i�o�n�i�z�a�t�i�o�n� �c�o�n�s�t�a�n�t� �(�K�'�a�)� �u�s�e�d� �i�n� �t�h�e� 

�H�e�n�d�e�r�s�o�n�-�H�a�s�s�e�l�b�a�c�h� �e�q�u�a�t�i�o�n� �i�s� �a�l�s�o� �a�n� �e�s�t�i�m�a�t�e� �a�n�d� �h�a�s� �t�h�e� �s�a�m�e� 

�l�i�m�i�t�a�t�i�o�n�s�.� 

�T�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �f�o�u�r� �t�e�r�m�s� �u�s�e�d� �i�n� �a�c�i�d�-�b�a�s�e� �p�h�y�s�i�o�l�o�g�y� �(�m�e�t�a�b�o�l�i�c� 

�a�c�i�d�o�s�i�s� �a�n�d� �a�l�k�a�l�o�s�i�s�,� �a�n�d� �r�e�s�p�i�r�a�t�o�r�y� �a�c�i�d�o�s�i�s� �a�n�d� �a�l�k�a�l�o�s�i�s�)� �r�e�f�e�r� �t�o� 

�c�o�n�d�i�t�i�o�n�s� �i�n� �t�h�e� �b�o�d�y� �t�h�a�t� �p�r�i�m�a�r�i�l�y� �a�f�f�e�c�t� �p�l�a�s�m�a� �[�H�C�O�3�7�]� �a�s� �"�m�e�t�a�b�o�l�i�c�"� �a�n�d� 

�t�h�o�s�e� �t�h�a�t� �p�r�i�m�a�r�i�l�y� �a�f�f�e�c�t� �p�l�a�s�m�a� �P�C�O�,� �a�s� �"�r�e�s�p�i�r�a�t�o�r�y�"�.� �P�l�a�s�m�a� �P�C�O�,� �i�n� 

�a�r�t�e�r�i�a�l� �b�l�o�o�d� �c�h�a�r�a�c�t�e�r�i�z�e�s� �r�e�s�p�i�r�a�t�o�r�y� �c�o�n�t�r�i�b�u�t�i�o�n�s�;� �h�o�w�e�v�e�r�,� �v�e�n�o�u�s� �P�C�O�»� 

�r�e�p�r�e�s�e�n�t�s� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �r�e�s�p�i�r�a�t�o�r�y� �a�n�d� �m�e�t�a�b�o�l�i�c� �(�C�O�Q�,� �p�r�o�d�u�c�t�i�o�n�)� 

�c�o�m�p�o�n�e�n�t�s�.� �I�n� �g�e�n�e�r�a�l�,� �p�l�a�s�m�a� �[�H�C�O�,�7�]� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �H�e�n�d�e�r�s�o�n�-� 

�H�a�s�s�e�l�b�a�c�h� �e�q�u�a�t�i�o�n� �i�s� �u�s�e�d� �a�s� �a� �m�e�a�s�u�r�e� �o�f� �m�e�t�a�b�o�l�i�c� �d�e�r�a�n�g�e�m�e�n�t�s� �o�f� �a�c�i�d�-� 

�b�a�s�e� �b�a�l�a�n�c�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �H�e�n�d�e�r�s�o�n�-�H�a�s�s�e�l�b�a�c�h� �e�q�u�a�t�i�o�n� �d�o�e�s� �n�o�t� �a�s�s�e�s�s� 

�t�h�e� �r�e�l�a�t�i�v�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �[�S�I�D�]�,� �P�C�O�>�,� �a�n�d� �[�A�t�o�]� �t�o� �c�h�a�n�g�e�s� �i�n� �[�H�*�]� �a�n�d� 

�[�H�C�O�3�°�7�]�.� 

�T�h�e� �c�o�m�p�r�e�h�e�n�s�i�v�e� �p�h�y�s�i�c�o�c�h�e�m�i�c�a�l� �s�y�s�t�e�m�s� �a�p�p�r�o�a�c�h� �o�f�f�e�r�s� �a�n� 

�O�p�p�o�r�t�u�n�i�t�y� �t�o� �d�e�s�c�r�i�b�e� �i�n�t�e�r�r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �c�h�a�n�g�e�s� �i�n� �p�l�a�s�m�a� �a�n�d� 

�c�h�a�n�g�e�s� �t�i�s�s�u�e�s� �(�K�o�w�a�l�c�h�u�k� �e�t� �a�l�.�,� �1�9�8�8�;� �L�i�n�d�i�n�g�e�r� �e�t� �a�l�.�,� �1�9�9�0�,� �1�9�9�2�)�.� �T�h�i�s� 
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�m�e�t�h�o�d� �w�o�u�l�d� �a�l�s�o� �b�e� �i�m�p�o�r�t�a�n�t� �i�n� �u�n�d�e�r�s�t�a�n�d�i�n�g� �w�h�o�l�e� �b�o�d�y� �a�c�i�d�-�b�a�s�e� 

�b�a�l�a�n�c�e� �s�i�n�c�e� �r�e�g�u�l�a�t�i�o�n� �o�f� �[�H�*�]� �o�c�c�u�r�s� �t�h�r�o�u�g�h� �t�h�e� �e�x�c�h�a�n�g�e� �o�f� �s�t�r�o�n�g� �i�o�n�s� 

�b�e�t�w�e�e�n� �p�l�a�s�m�a� �a�n�d� �o�t�h�e�r� �c�o�m�p�a�r�t�m�e�n�t�s�.� �S�i�m�p�l�e�r� �m�e�t�h�o�d�s� �a�r�e� �d�i�f�f�i�c�u�l�t� �t�o� 

�a�p�p�l�y� �t�o� �i�n�t�r�a�c�e�l�l�u�l�a�r� �s�o�l�u�t�i�o�n�s� �s�i�n�c�e� �t�h�e�r�e� �a�r�e� �l�a�r�g�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �s�t�r�o�n�g� �i�o�n�s� 

�a�n�d� �w�e�a�k� �a�c�i�d�s� �b�e�t�w�e�e�n� �p�l�a�s�m�a� �a�n�d� �i�n�t�r�a�c�e�l�l�u�l�a�r� �c�o�m�p�a�r�t�m�e�n�t�s�.� 

�E�r�y�t�h�r�o�c�y�t�e�s� 

�H�e�m�a�t�o�c�r�i�t� �a�n�d� �i�n�d�u�c�e�d� �e�r�y�t�h�r�o�c�y�t�h�e�m�i�a�:� �I�n�d�u�c�e�d� �e�r�y�t�h�r�o�c�y�t�h�e�m�i�a�,� �o�r� 

�b�l�o�o�d� �d�o�p�i�n�g�,� �i�n� �h�u�m�a�n� �b�e�i�n�g�s� �i�s� �a� �m�e�t�h�o�d� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �n�u�m�b�e�r� �o�f� 

�c�i�r�c�u�l�a�t�i�n�g� �e�r�y�t�h�r�o�c�y�t�e�s� �p�e�r� �u�n�i�t� �v�o�l�u�m�e� �o�f� �b�l�o�o�d�.� �T�h�e� �i�n�t�e�n�t� �i�s� �t�o� �d�e�l�i�v�e�r� �m�o�r�e� 

�o�x�y�g�e�n� �t�o� �w�o�r�k�i�n�g� �t�i�s�s�u�e�s� �a�n�d� �t�h�e�r�e�b�y� �i�n�c�r�e�a�s�e� �V�O�o�m�4�,� �a�n�d� �a�e�r�o�b�i�c� 

�e�n�d�u�r�a�n�c�e� �p�e�r�f�o�r�m�a�n�c�e� �(�S�p�r�i�e�t�,� �1�9�9�1�)�.� �T�h�e� �i�n�c�r�e�a�s�e� �i�n� �n�u�m�b�e�r� �o�f� �e�r�y�t�h�r�o�c�y�t�e�s� 

�p�e�r� �u�n�i�t� �v�o�l�u�m�e� �b�l�o�o�d� �i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �a� �c�o�n�c�o�m�i�t�a�n�t� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �h�e�m�o�g�l�o�b�i�n�,� �t�h�e� �p�r�o�t�e�i�n� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �c�a�r�r�y�i�n�g� �o�x�y�g�e�n� �i�n� 

�b�l�o�o�d�.� �T�h�i�s� �p�r�o�c�e�d�u�r�e� �i�n�c�r�e�a�s�e�s� �V�O�g�m�a�,� �a�n�d� �i�m�p�r�o�v�e�s� �a�e�r�o�b�i�c� �e�n�d�u�r�a�n�c�e� 

�p�e�r�f�o�r�m�a�n�c�e� �i�n� �h�u�m�a�n� �b�e�i�n�g�s� �(�B�u�i�c�k� �e�t� �a�l�.�,� �1�9�8�0�;� �W�i�l�l�i�a�m�s� �e�t� �a�l�.�,� �1�9�8�1�;� �G�o�f�o�r�t�h� 

�e�t� �a�l�.�,� �1�9�8�2�:� �R�o�b�e�r�t�s�o�n� �e�t� �a�l�.�,� �1�9�8�2�;� �T�h�o�m�s�o�n� �e�t� �a�l�.�,� �1�9�8�2�)�.� �L�o�w�e�r�e�d� �h�e�a�r�t� �r�a�t�e�,� 

�b�l�o�o�d� �p�r�e�s�s�u�r�e�,� �a�n�d� �v�e�n�o�u�s� �a�n�d� �a�r�t�e�r�i�a�l� �l�a�c�t�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� �a�n�d� �h�i�g�h�e�r� 

�v�e�n�o�u�s� �a�n�d� �a�r�t�e�r�i�a�l� �p�H� �v�a�l�u�e�s� �a�t� �a� �s�t�a�n�d�a�r�d�i�z�e�d� �s�u�b�m�a�x�i�m�a�l� �p�o�w�e�r� �o�u�t�p�u�t� 

�f�o�l�l�o�w�i�n�g� �b�l�o�o�d� �d�o�p�i�n�g� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �(�E�k�b�l�o�m� �e�t� �a�l�.�,� �1�9�7�6�;� �B�u�i�c�k� �e�t� �a�l�.�,� 

�1�9�8�0�;� �C�e�s�l�i�n�g� �e�t� �a�l�.�,� �1�9�8�7�;� �R�o�b�e�r�t�s�o�n� �e�t� �a�l�.�,� �1�9�8�2�,� �1�9�8�4�:� �S�p�r�i�e�t� �e�t� �a�l�.�,� �1�9�8�6�a�)�.� 

�E�n�h�a�n�c�e�d� �b�u�f�f�e�r�i�n�g� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �a�r�t�e�r�i�a�l� �b�l�o�o�d� �m�a�y� �a�l�s�o� �c�o�n�t�r�i�b�u�t�e� �t�o� �t�h�e� 

�i�m�p�r�o�v�e�d� �a�r�t�e�r�i�a�l� �a�c�i�d�-�b�a�s�e� �s�t�a�t�u�s� �(�B�u�i�c�k� �e�t� �a�l�.�,� �1�9�8�0�)�.� 
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�A�u�t�o�l�o�g�o�u�s� �b�l�o�o�d� �d�o�p�i�n�g� �o�c�c�u�r�s� �i�n� �h�o�r�s�e�s� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e�.� �I�n�c�r�e�a�s�e�s� �i�n� 

�e�r�y�t�h�r�o�c�y�t�e� �i�n�d�i�c�e�s� �a�r�e� �s�e�e�n� �a�f�t�e�r� �e�x�e�r�t�i�o�n� �i�n� �h�o�r�s�e�s�,� �a�n�d� �a�r�e� �a�t�t�r�i�b�u�t�a�b�l�e� 

�l�a�r�g�e�l�y� �t�o� �s�p�l�e�n�i�c� �c�o�n�t�r�a�c�t�i�o�n� �a�n�d� �p�a�r�t�l�y� �t�o� �r�e�d�u�c�t�i�o�n� �i�n� �p�l�a�s�m�a� �v�o�l�u�m�e� 

�(�P�e�r�s�s�o�n�,� �1�9�6�7�;� �P�e�r�s�s�o�n� �e�t� �a�l�.� �1�9�7�3�a�,� �b�;� �S�t�a�i�n�s�b�y� �e�t� �a�l�.�,� �1�9�8�4�;� �M�c�K�e�e�v�e�r� �e�t� �a�l�.�,� 

�1�9�9�3�)�.� �I�n� �h�o�r�s�e�s�,� �t�h�e� �s�p�l�e�e�n� �a�c�t�s� �a�s� �a� �r�e�s�e�r�v�o�i�r�,� �s�t�o�r�i�n�g� �5�0� �t�o� �6�0�%� �o�f� �t�o�t�a�l� 

�b�o�d�y� �e�r�y�t�h�r�o�c�y�t�e�s� �(�P�e�r�s�s�o�n� �e�t� �a�l�.� �1�9�7�3�a�,� �b�)�,� �w�h�i�c�h� �a�r�e� �r�e�l�e�a�s�e�d� �i�n�t�o� �c�i�r�c�u�l�a�t�i�o�n� 

�w�i�t�h�i�n� �m�i�n�u�t�e�s� �d�u�r�i�n�g� �e�x�c�i�t�e�m�e�n�t� �o�r� �e�x�e�r�c�i�s�e� �(�C�a�r�d�i�n�e�t�,� �1�9�6�4�:� �T�o�r�t�e�n� �a�n�d� 

�S�c�h�a�l�m�,� �1�9�6�4�;� �A�r�c�h�e�r� �a�n�d� �C�l�a�b�b�y�,� �1�9�6�5�;� �M�e�a�g�h�e�r� �a�n�d� �T�a�s�k�e�r�,� �1�9�7�2�;� �P�e�r�s�s�o�n� 

�e�t� �a�l�.�,� �1�9�7�3�a�,� �b�;� �S�t�e�w�a�r�t� �e�t� �a�l�.�,� �1�9�7�7�;� �K�e�e�n�a�n�,� �1�9�8�0�)�.� �C�e�l�l�s� �r�e�l�e�a�s�e�d� �f�r�o�m� �t�h�e� 

�s�p�l�e�e�n� �e�i�t�h�e�r� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �o�r� �a�f�t�e�r� �e�x�o�g�e�n�o�u�s� �e�p�i�n�e�p�h�r�i�n�e� �s�t�i�m�u�l�a�t�i�o�n� �h�a�v�e� 

�s�i�m�i�l�a�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �t�o� �t�h�o�s�e� �i�n� �t�h�e� �r�e�s�t�i�n�g� �c�i�r�c�u�l�a�t�i�o�n� �(�S�n�o�w� �a�n�d� �M�a�r�t�i�n�,� 

�1�9�9�0�)�.� 

�E�v�e�n� �u�n�d�e�r� �c�a�r�e�f�u�l�l�y� �s�t�a�n�d�a�r�d�i�z�e�d� �c�o�n�d�i�t�i�o�n�s� �t�o� �e�n�s�u�r�e� �t�h�a�t� �t�h�e� �h�o�r�s�e� 

�h�a�s� �b�e�e�n� �a�t� �r�e�s�t� �a�n�d� �t�o� �p�r�e�v�e�n�t� �e�x�c�i�t�e�m�e�n�t�,� �c�o�n�s�i�d�e�r�a�b�l�e� �v�a�r�i�a�t�i�o�n�s� �c�a�n� �b�e� 

�e�x�p�e�c�t�e�d� �i�n� �e�r�y�t�h�r�o�c�y�t�e� �p�a�r�a�m�e�t�e�r�s� �i�n� �b�l�o�o�d� �c�o�l�l�e�c�t�e�d� �r�e�p�e�a�t�e�d�l�y� �i�n� �t�h�e� �s�a�m�e� 

�h�o�r�s�e� �(�P�e�r�s�s�o�n�,� �1�9�6�9�)�.� �H�o�r�s�e�s� �t�r�e�a�t�e�d� �w�i�t�h� �a�c�e�t�y�l�p�r�o�m�a�z�i�n�e� �m�a�l�e�a�t�e� �s�h�o�w�e�d� 

�a� �d�e�c�r�e�a�s�e� �i�n� �h�e�m�a�t�o�c�r�i�t� �r�e�s�p�o�n�s�e� �(�D�a�l�t�o�n�,� �1�9�7�2�;� �M�e�a�g�h�e�r� �a�n�d� �T�a�s�k�e�r�,� �1�9�7�2�:� 

�J�e�f�f�c�o�t�t�,� �1�9�7�4�)�,� �w�h�i�c�h� �w�a�s� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� �r�e�l�a�x�i�n�g� �e�f�f�e�c�t� �o�f� �t�r�a�n�q�u�i�l�i�z�a�t�i�o�n� 

�w�h�i�c�h� �c�a�u�s�e�d� �e�r�y�t�h�r�o�c�y�t�e�s� �t�o� �r�e�m�a�i�n� �s�e�q�u�e�s�t�e�r�e�d� �i�n� �t�h�e� �s�p�l�e�e�n�.� 

�I�n�c�r�e�a�s�e�d� �c�i�r�c�u�l�a�t�i�n�g� �e�r�y�t�h�r�o�c�y�t�e� �n�u�m�b�e�r� �c�a�n� �i�m�p�e�d�e� �e�r�y�t�h�r�o�c�y�t�e� 

�m�o�v�e�m�e�n�t� �a�n�d� �i�n�c�r�e�a�s�e� �b�l�o�o�d� �v�i�s�c�o�s�i�t�y�.� �R�e�d�u�c�e�d� �e�r�y�t�h�r�o�c�y�t�e� �d�e�f�o�r�m�a�b�i�l�i�t�y�,� 

�i�n�c�r�e�a�s�e�d� �h�e�m�o�g�l�o�b�i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�i�t�h�i�n� �t�h�e� �e�r�y�t�h�r�o�c�y�t�e� �(�i�.�e�.�,� �e�r�y�t�h�r�o�c�y�t�e� 

�d�e�h�y�d�r�a�t�i�o�n�)�,� �e�n�h�a�n�c�e�d� �e�r�y�t�h�r�o�c�y�t�e� �a�g�g�r�e�g�a�t�i�o�n� �a�n�d� �i�n�c�r�e�a�s�e�d� �p�l�a�s�m� �t�o�t�a�l� 

�p�r�o�t�e�i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�l�s�o� �c�a�n� �c�o�n�t�r�i�b�u�t�e� �t�o� �i�n�c�r�e�a�s�e�d� �v�i�s�c�o�s�i�t�y� �(�B�a�r�t�o�l�i� �e�t� �a�l�.�,� 

�1�9�8�2�;� �C�h�e�i�n�,� �1�9�8�7�)�.� �P�l�a�s�m�a� �t�o�t�a�l� �p�r�o�t�e�i�n� �i�n�c�r�e�a�s�e�d� �b�y� �3�5�%� �a�n�d� �m�e�a�n� 

�R�e�v�i�e�w� �o�f� �L�i�t�e�r�a�t�u�r�e� �2�/�7



�c�o�r�p�u�s�c�u�l�a�r� �h�e�m�o�g�l�o�b�i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�M�C�H�C�)� �i�n� �T�h�o�r�o�u�g�h�b�r�e�d� �h�o�r�s�e�s� �a�f�t�e�r� 

�r�a�c�i�n�g� �(�C�o�y�n�e� �e�t� �a�l�.�,� �1�9�9�0�;� �M�c�C�l�a�y� �e�t� �a�l�.�,� �1�9�9�2�)� 

�E�r�y�t�h�r�o�c�y�t�e�s� �a�n�d� �a�c�i�d�-�b�a�s�e� �h�o�m�e�o�s�t�a�s�i�s�:� �W�h�o�l�e� �b�l�o�o�d� �b�e�h�a�v�e�s� �a�s� �a� 

�t�w�o� �c�o�m�p�a�r�t�m�e�n�t� �s�y�s�t�e�m�,� �p�l�a�s�m�a� �a�n�d� �e�r�y�t�h�r�o�c�y�t�e�s�,� �w�i�t�h� �t�w�o� �d�i�s�t�i�n�c�t� 

�p�h�y�s�i�c�o�c�h�e�m�i�c�a�l� �s�y�s�t�e�m�s� �s�e�p�a�r�a�t�e�d� �b�y� �a� �m�e�m�b�r�a�n�e� �t�h�r�o�u�g�h� �w�h�i�c�h� �g�a�s�e�s� 

�d�i�f�f�u�s�e� �f�r�e�e�l�y� �b�u�t� �i�s� �o�n�l�y� �s�e�l�e�c�t�i�v�e�l�y� �p�e�r�m�e�a�b�l�e� �t�o� �s�t�r�o�n�g� �i�o�n�s� �a�n�d� �w�e�a�k� 

�e�l�e�c�t�r�o�l�y�t�e�s�.� �S�i�n�c�e� �t�h�e�r�e� �i�s� �a� �m�a�r�k�e�d� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �e�r�y�t�h�r�o�c�y�t�e�s� �a�n�d� 

�p�l�a�s�m�a� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �i�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�n�d� �b�u�f�f�e�r�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �t�h�e�s�e� 

�t�w�o� �c�o�m�p�a�r�t�m�e�n�t�s� �m�a�y� �b�e� �e�x�p�e�c�t�e�d� �t�o� �p�l�a�y� �d�i�f�f�e�r�e�n�t� �q�u�a�n�t�i�t�a�t�i�v�e� �r�o�l�e�s� �i�n� 

�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �i�o�n�s� �w�i�t�h�i�n� �b�l�o�o�d� �a�n�d� �i�n� �a�c�i�d�-�b�a�s�e� �c�o�n�t�r�o�l� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e�.� 

�P�l�a�s�m�a� �r�a�p�i�d�l�y� �c�i�r�c�u�l�a�t�e�s� �t�h�r�o�u�g�h�o�u�t� �a�l�l� �b�o�d�y� �t�i�s�s�u�e�s�,� �p�a�r�t�i�c�u�l�a�r�l�y� �e�x�e�r�c�i�s�i�n�g� 

�m�u�s�c�l�e� �(�P�a�r�k�s� �a�n�d� �M�a�n�o�h�a�r�,� �1�9�8�3�)�,� �a�n�d� �i�s� �t�h�e� �f�i�n�a�l� �c�o�m�m�o�n� �p�a�t�h�w�a�y� �f�o�r� �a�l�l� �i�o�n� 

�a�n�d� �g�a�s� �e�x�c�h�a�n�g�e�s� �b�e�t�w�e�e�n� �i�n�t�r�a�c�e�l�l�u�l�a�r� �f�l�u�i�d�,� �i�n�t�e�r�s�t�i�t�i�a�l� �f�l�u�i�d�,� �a�n�d� �p�l�a�s�m�a�.� 

�B�e�c�a�u�s�e� �e�r�y�t�h�r�o�c�y�t�e�s� �c�o�n�s�i�s�t� �o�f� �a� �s�e�p�a�r�a�t�e� �c�o�m�p�a�r�t�m�e�n�t� �w�i�t�h� �i�t�s� �o�w�n� 

�p�h�y�s�i�c�o�c�h�e�m�i�c�a�l� �s�y�s�t�e�m�,� �i�t� �c�a�n�n�o�t� �a�f�f�e�c�t� �p�l�a�s�m�a� �[�H�*�]� �d�i�r�e�c�t�l�y� �(�S�t�e�w�a�r�t�,� �1�9�8�1�)�:� 

�h�o�w�e�v�e�r�,� �c�h�a�n�g�e�s� �i�n� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �w�i�t�h�i�n� �e�r�y�t�h�r�o�c�y�t�e�s� �c�a�n� �i�n�f�l�u�e�n�c�e� 

�m�o�v�e�m�e�n�t� �o�f� �H�+� �a�c�r�o�s�s� �e�r�y�t�h�r�o�c�y�t�e� �m�e�m�b�r�a�n�e�s�.� �S�t�r�o�n�g� �i�o�n�s� �a�n�d� �w�e�a�k� 

�e�l�e�c�t�r�o�l�y�t�e�s� �a�r�e� �n�o�t� �h�o�m�o�g�e�n�o�u�s�l�y� �d�i�s�t�r�i�b�u�t�e�d� �b�e�t�w�e�e�n� �e�r�y�t�h�r�o�c�y�t�e�s� �a�n�d� 

�p�l�a�s�m�a�.� �(�G�o�o�d�w�i�n�,� �1�9�5�6�;� �C�o�l�d�m�a�n� �a�n�d� �G�o�o�d�,� �1�9�6�7�;� �H�e�a�t�h� �a�n�d� �R�o�s�e�,� �1�9�6�9�;� 

�B�o�n�i�n�g� �e�t� �a�l�.�,� �1�9�7�6�;� �B�u�o�n�o� �a�n�d� �Y�e�a�g�e�r�,� �1�9�8�6�;� �H�e�s�p�e�l� �e�t� �a�l�.�,� �1�9�8�6�;� �C�a�s�t�e�l�l�i�n�i� 

�a�n�d� �C�a�s�t�e�l�l�i�n�i�,� �1�9�8�9�;� �H�a�r�r�i�s� �a�n�d� �D�u�d�l�e�y�,� �1�9�8�9�;� �K�a�n�e�k�o�,� �1�9�8�9�;� �F�o�x�d�a�h�l� �e�t� �a�l�.�,� 

�1�9�9�0�;� �M�c�k�K�e�l�v�i�e� �e�t� �a�l�.�,� �1�9�9�1�;� �L�i�n�d�i�n�g�e�r� �e�t� �a�l�.�,� �1�9�9�2�)�,� �a�n�d� �c�h�a�n�g�e�s� �i�n� �[�S�I�D�]�,� 

�P�C�O�o�,� �a�n�d� �[�A�t�o�]� �w�i�t�h�i�n� �e�r�y�t�h�r�o�c�y�t�e�s� �c�a�n� �b�e� �a�l�t�e�r�e�d� �b�y� �m�o�v�e�m�e�n�t� �o�f� �i�o�n�s�,� �P�C�O�»� 

�a�n�d� �w�a�t�e�r� �a�c�r�o�s�s� �t�h�e� �m�e�m�b�r�a�n�e�.� 
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�D�u�r�i�n�g� �r�e�p�e�a�t�e�d� �b�o�u�t�s� �o�f� �e�x�e�r�c�i�s�e�,� �e�r�y�t�h�r�o�c�y�t�e�s� �r�e�l�e�a�s�e�d� �K�*� �a�n�d� �L�a�c ��,� 

�a�n�d� �t�o�o�k� �u�p� �N�a�t� �a�n�d� �C�I�-� �a�s� �b�l�o�o�d� �t�r�a�v�e�r�s�e�d� �l�e�s�s� �a�c�t�i�v�e� �m�u�s�c�l�e� �(�H�e�i�g�e�n�h�a�u�s�e�r� 

�e�t� �a�l�.�,� �1�9�8�7�)�.� �A�l�t�h�o�u�g�h� �v�e�n�o�u�s� �e�r�y�t�h�r�o�c�y�t�e� �[�K�*�]� �s�a�m�p�l�e�d� �f�r�o�m� �t�h�e� �a�r�m� �d�i�d� �n�o�t� 

�c�h�a�n�g�e� �d�u�r�i�n�g� �i�n�c�r�e�m�e�n�t�a�l� �e�x�e�r�c�i�s�e� �a�t� �6�0�%� �o�f� �m�a�x�i�m�a�l� �e�x�e�r�c�i�s�e� �c�a�p�a�c�i�t�y� �o�n� �a� 

�b�i�c�y�c�l�e� �e�r�g�o�m�e�t�e�r�,� �v�e�n�o�u�s� �e�r�y�t�h�r�o�c�y�t�e� �[�K�t�]� �d�e�c�r�e�a�s�e�d� �a�t� �8�0�%� �o�f� �m�a�x�i�m�a�l� 

�e�x�e�r�c�i�s�e� �c�a�p�a�c�i�t�y� �(�H�e�s�p�e�l� �e�t� �a�l�.�,� �1�9�8�6�)�.� �A�r�t�e�r�i�a�l� �e�r�y�t�h�r�o�c�y�t�e� �[�K�t�]�,� �[�C�l�"�]�,� �a�n�d� 

�[�L�a�c�-�]� �i�n�c�r�e�a�s�e�d� �(�H�e�i�g�e�n�h�a�u�s�e�r� �e�t� �a�l�.�,� �1�9�8�7�;� �M�c�K�e�l�v�i�e� �e�t� �a�l�.�,� �1�9�8�7�,� �1�9�9�1�;� 

�L�i�n�d�i�n�g�e�r� �e�t� �a�l�.�,� �1�9�9�2�)�,� �a�n�d� �e�r�y�t�h�r�o�c�y�t�e�s� �c�a�r�r�i�e�d� �9�0�%� �o�f� �t�o�t�a�l� �i�n�c�r�e�a�s�e� �i�n� �w�h�o�l�e� 

�b�l�o�o�d� �[�K�t�]� �a�n�d� �3�2�%� �o�f� �t�o�t�a�l� �i�n�c�r�e�a�s�e� �i�n� �w�h�o�l�e� �b�l�o�o�d� �[�L�a�c ��]� �(�M�c�K�e�l�v�i�e� �e�t� �a�l�.�,� 

�1�9�8�7�)�,� �d�u�r�i�n�g� �r�e�p�e�a�t�e�d� �b�o�u�t�s� �o�f� �e�x�e�r�c�i�s�e� �a�t� �m�a�x�i�m�a�l� �i�n�t�e�n�s�i�t�y�.� �H�a�r�r�i�s� �a�n�d� 

�D�u�d�l�e�y� �(�1�9�8�9�)� �o�b�s�e�r�v�e�d� �a� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �p�l�a�s�m�a� �a�n�d� �e�r�y�t�h�r�o�c�y�t�e� �[�L�a�c�7�]� �a�t� 

�r�e�s�t�,� �w�h�i�c�h� �i�n�c�r�e�a�s�e�d� �f�o�l�l�o�w�i�n�g� �e�x�e�r�c�i�s�e�.� �B�u�o�n�o� �a�n�d� �Y�e�a�g�e�r� �(�1�9�8�6�)�,� �h�o�w�e�v�e�r�,� 

�r�e�p�o�r�t�e�d� �s�i�m�i�l�a�r� �p�l�a�s�m�a� �a�n�d� �e�r�y�t�h�r�o�c�y�t�e� �[�L�a�c!"�]� �d�u�r�i�n�g� �r�e�s�t� �a�n�d� �e�x�e�r�c�i�s�e� �<� �5�0�%� 

�V�O�o�m�a�x�:� �b�u�t� �a� �s�i�g�n�i�f�i�c�a�n�t� �p�l�a�s�m�a�-�t�o�-�e�r�y�t�h�r�o�c�y�t�e� �d�i�f�f�e�r�e�n�c�e� �a�t� �e�x�e�r�c�i�s�e� �>� �/�5�%� 

�V�O�2�m�a�x�:� 

�S�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� �s�u�p�p�l�e�m�e�n�t�a�t�i�o�n� 

�O�n�s�e�t� �o�f� �f�a�t�i�g�u�e� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �h�a�s� �b�e�e�n� �a�t�t�r�i�b�u�t�e�d� �i�n� �p�a�r�t� �t�o� 

�a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �H�t� �i�n� �m�u�s�c�l�e� �c�e�l�l�s� �(�M�a�c�l�a�r�e�n� �e�t� �a�l�.�,� �1�9�8�9�)�.� �E�x�t�r�a�c�e�l�l�u�l�a�r� 

�a�l�k�a�l�o�s�i�s� �h�a�s� �b�e�e�n� �p�r�o�p�o�s�e�d� �t�o� �f�a�c�i�l�i�t�a�t�e� �e�f�f�l�u�x� �o�f� �H�*� �f�r�o�m� �m�u�s�c�l�e�,� �t�h�e�r�e�b�y� 

�r�e�d�u�c�i�n�g� �i�n�t�r�a�c�e�l�l�u�l�a�r� �a�c�i�d�o�s�i�s� �a�n�d� �o�f�f�s�e�t�t�i�n�g� �f�a�t�i�g�u�e� �(�M�a�i�n�w�o�o�d� �a�n�d� �C�e�c�h�e�t�t�o�,� 

�1�9�8�0�)�.� �T�h�i�s� �p�r�o�p�o�s�e�d� �m�e�c�h�a�n�i�s�m� �i�s� �s�u�p�p�o�r�t�e�d� �b�y� �e�v�i�d�e�n�c�e� �o�f� �a�c�c�e�l�e�r�a�t�e�d� 

�r�e�c�o�v�e�r�y� �a�f�t�e�r� �r�e�p�e�a�t�e�d� �c�o�n�t�r�a�c�t�i�o�n�s� �o�f� �i�s�o�l�a�t�e�d� �m�u�s�c�l�e� �b�a�t�h�e�d� �i�n� �h�i�g�h� 

�R�e�v�i�e�w� �o�f� �L�i�t�e�r�a�t�u�r�e� �2�9



�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �H�C�O�, �� �(�M�a�i�n�w�o�o�d� �a�n�d� �W�o�r�s�e�l�y�-�B�r�o�w�n�,� �1�9�7�5�;� �M�a�i�n�w�o�o�d� �a�n�d� 

�C�e�c�h�e�t�t�o�,� �1�9�8�0�)�,� �a�n�d� �d�e�l�a�y�e�d� �r�e�c�o�v�e�r�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �i�m�p�e�d�e�d� �H�t� �e�f�f�l�u�x� �f�r�o�m� 

�i�s�o�l�a�t�e�d� �m�u�s�c�l�e� �d�e�f�i�c�i�e�n�t� �i�n� �e�x�t�r�a�c�e�l�l�u�l�a�r� �H�C�O�3�-� �(�M�a�i�n�w�o�o�d� �a�n�d� �L�u�c�i�e�r�,� �1�9�7�2�)�.� 

�D�u�r�i�n�g� �c�o�n�t�r�a�c�t�i�o�n�,� �e�x�t�r�a�c�e�l�l�u�l�a�r� �a�l�k�a�l�o�s�i�s� �r�e�d�u�c�e�s� �i�n�t�r�a�c�e�l�l�u�l�a�r� 

�a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �L�a�c �� �i�n� �i�s�o�l�a�t�e�d� �f�r�o�g� �s�a�r�t�o�r�i�u�s� �(�M�a�i�n�w�o�o�d� �a�n�d� �W�o�r�s�l�e�y�-�B�r�o�w�n�,� 

�1�9�7�5�;� �S�e�o�,� �1�9�8�4�)�,� �d�o�g� �g�a�s�t�r�o�c�n�e�m�i�u�s� �(�H�i�r�s�c�h�e� �e�t� �a�l�.�,� �1�9�7�5�)�,� �a�n�d� �r�a�t� �h�i�n�d�l�i�m�b� 

�(�S�p�r�i�e�t� �e�t� �a�l�.�,� �1�9�8�6�b�)�.� �A�l�k�a�l�o�s�i�s� �a�l�s�o� �d�e�c�r�e�a�s�e�d� �i�n�t�r�a�m�u�s�c�u�l�a�r� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� 

�L�a�c �� �i�n� �h�u�m�a�n� �b�e�i�n�g�s� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �(�D�a�v�i�e�s� �e�t� �a�l�.�,� �1�9�8�6�;� �S�u�t�t�o�n� �e�t� �a�l�.�,� �1�9�8�7�1�)�.� 

�E�x�t�r�a�c�e�l�l�u�l�a�r� �m�e�t�a�b�o�l�i�c� �a�l�k�a�l�o�s�i�s� �h�a�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �m�u�s�c�l�e� �g�l�y�c�o�g�e�n� 

�u�t�i�l�i�z�a�t�i�o�n� �o�r� �t�o�t�a�l� �l�a�c�t�a�t�e� �p�r�o�d�u�c�t�i�o�n� �i�n� �i�s�o�l�a�t�e�d� �r�a�t� �h�i�n�d�l�i�m�b� �m�u�s�c�l�e� �d�u�r�i�n�g� 

�e�l�e�c�t�r�i�c�a�l� �s�t�i�m�u�l�a�t�i�o�n� �(�S�p�r�i�e�t� �e�t� �a�l�.�,� �1�9�8�6�b�)�.� �D�e�s�p�i�t�e� �s�i�m�i�l�a�r� �p�r�o�d�u�c�t�i�o�n� �o�f� �l�a�c�t�a�t�e� 

�i�n� �t�h�e�s�e� �t�w�o� �c�o�n�d�i�t�i�o�n�s�,� �t�h�e�r�e� �w�a�s� �a� �g�r�e�a�t�e�r� �e�f�f�l�u�x� �a�n�d� �l�o�w�e�r� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� 

�l�a�c�t�a�t�e� �i�n� �m�u�s�c�l�e� �d�u�r�i�n�g� �a�l�k�a�l�o�s�i�s�.� �E�x�t�r�a�c�e�l�l�u�l�a�r� �a�l�k�a�l�o�s�i�s� �a�f�f�e�c�t�e�d� �i�n�t�r�a�c�e�l�l�u�l�a�r� 

�i�o�n�i�c� �s�t�a�t�u�s� �i�n� �b�o�t�h� �r�e�s�t� �a�n�d� �i�n�t�e�r�m�i�t�t�e�n�t� �t�e�t�a�n�i�c� �s�t�i�m�u�l�a�t�i�o�n� �i�n� �i�s�o�l�a�t�e�d� �p�e�r�f�u�s�e�d� 

�r�a�t� �h�i�n�d�l�i�m�b�,� �i�n�c�r�e�a�s�i�n�g� �i�n�t�r�a�c�e�l�l�u�l�a�r� �C�l�-� �a�n�d� �N�a�*� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�t� �r�e�s�t�,� �w�h�i�l�e� 

�r�e�d�u�c�i�n�g� �l�o�s�s� �o�f� �i�n�t�r�a�c�e�l�l�u�l�a�r� �K�t� �a�n�d� �i�n�c�r�e�a�s�i�n�g� �L�a�c �� �f�l�u�x� �f�r�o�m� �m�u�s�c�l�e� �c�e�l�l�s� 

�d�u�r�i�n�g� �c�o�n�t�r�a�c�t�i�o�n�s� �(�L�i�n�d�i�n�g�e�r� �e�t� �a�l�.�,� �1�9�9�0�)�.� 

�L�a�c�t�a�t�e� �e�f�f�l�u�x� �a�c�r�o�s�s� �m�u�s�c�l�e� �m�e�m�b�r�a�n�e�s� �m�a�y� �b�e� �a� �p�r�o�c�e�s�s� �o�f� �s�i�m�p�l�e� 

�d�i�f�f�u�s�i�o�n�,� �e�i�t�h�e�r� �d�i�r�e�c�t�l�y� �a�s� �t�h�e� �a�s�s�o�c�i�a�t�e�d� �f�o�r�m� �(�H�-�L�a�c�)� �o�r� �a�s� �t�h�e� �u�n�d�i�s�s�o�c�i�a�t�e�d� 

�f�o�r�m� �(�L�a�c�y�)�,� �o�r� �o�f� �c�a�r�r�i�e�r�-�m�e�d�i�a�t�e�d� �d�i�f�f�u�s�i�o�n� �i�n�v�o�l�v�i�n�g� �a�n� �a�n�i�o�n�i�c� 

�m�o�n�o�c�a�r�b�o�x�y�l�a�t�e� �c�a�r�r�i�e�r�,� �a�n�i�o�n�i�c� �e�x�c�h�a�n�g�e� �m�e�c�h�a�n�i�s�m� �o�r� �L�a�c ��/�p�r�o�t�o�n� �s�y�m�p�o�r�t� 

�(�J�u�e�l�,� �1�9�8�8�;� �M�a�s�o�n� �a�n�d� �T�h�o�m�a�s�,� �1�9�8�5�;� �P�u�t�n�a�m� �e�t� �a�l�.�,� �1�9�8�6�)�.� �D�i�f�f�u�s�i�o�n� �o�f� 

�l�a�c�t�a�t�e� �b�y� �a�n�y� �m�e�c�h�a�n�i�s�m�,� �h�o�w�e�v�e�r�,� �a�p�p�e�a�r�s� �t�o� �b�e� �a�f�f�e�c�t�e�d� �b�y� �H�t� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �(�H�i�r�s�c�h�e� �e�t� �a�l�.�,� �1�9�7�5�;� �M�a�i�n�w�o�o�d� �a�n�d� �W�o�r�s�l�e�y�-�B�r�o�w�n�,� �1�9�7�5�;� 

�S�e�o�,� �1�9�8�4�)�.� �I�f� �s�i�m�p�l�e� �d�i�f�f�u�s�i�o�n� �w�e�r�e� �a� �m�a�j�o�r� �r�o�u�t�e�,� �t�h�e�n� �i�n�c�r�e�a�s�i�n�g� �H�t� 

�R�e�v�i�e�w� �o�f� �L�i�t�e�r�a�t�u�r�e� �3�0



�w�o�u�l�d� �i�n�c�r�e�a�s�e� �u�n�d�i�s�s�o�c�i�a�t�e�d� �f�o�r�m� �a�n�d� �a�f�f�e�c�t� �r�a�t�e� �o�f� �t�r�a�n�s�f�e�r�.� �l�f� �t�h�e� 

�d�i�s�s�o�c�i�a�t�e�d� �f�o�r�m� �w�e�r�e� �g�a�i�n�i�n�g� �e�n�t�r�y� �v�i�a� �c�h�a�n�n�e�l�s� �o�r� �c�a�r�r�i�e�r�-�m�e�d�i�a�t�e�d� 

�m�o�l�e�c�u�l�e�s�,� �a�l�t�e�r�i�n�g� �t�h�e� �c�h�a�r�g�e� �o�f� �a�m�i�n�o� �g�r�o�u�p�s� �o�r� �c�o�n�f�o�r�m�a�t�i�o�n� �o�f� �c�h�a�n�n�e�l�!� �o�r� 

�c�a�r�r�i�e�r� �p�r�o�t�e�i�n�s� �c�o�u�l�d� �c�h�a�n�g�e� �L�a�c �� �p�e�r�m�e�a�t�i�o�n�.� 

�A� �c�o�m�m�o�n� �m�e�t�h�o�d� �o�f� �i�n�d�u�c�i�n�g� �a�l�k�a�l�o�s�i�s� �i�s� �b�y� �o�r�a�l� �o�r� �i�n�t�r�a�g�a�s�t�r�i�c� 

�a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �s�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� �(�N�a�H�C�O�s�3�)�,� �u�s�u�a�l�l�y� �w�i�t�h� �a� �l�a�r�g�e� �q�u�a�n�t�i�t�y� 

�o�f� �w�a�t�e�r�.� �I�n�c�r�e�a�s�e� �i�n� �p�l�a�s�m�a� �[�H�C�O�3�"�]� �o�b�s�e�r�v�e�d� �a�f�t�e�r� �N�a�H�C�O� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �i�s� 

�o�f�t�e�n� �a�t�t�r�i�b�u�t�e�d� �t�o� �d�i�r�e�c�t� �a�b�s�o�r�p�t�i�o�n� �o�f� �H�C�O�,� �f�r�o�m� �t�h�e� �i�n�t�e�s�t�i�n�e�,� �h�o�w�e�v�e�r�,� 

�c�h�a�n�g�e�s� �i�n� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s�,� �p�a�r�t�i�c�u�l�a�r�l�y� �s�t�r�o�n�g� �i�o�n�s�,� �s�h�o�u�l�d� �b�e� 

�c�o�n�s�i�d�e�r�e�d� �(�H�e�i�g�e�n�h�a�u�s�e�r� �a�n�d� �J�o�n�e�s�,� �1�9�9�1�)�.� �W�h�e�n� �a�d�m�i�n�i�n�s�t�e�r�e�d� 

�i�n�t�r�a�g�a�s�t�r�i�c�a�l�l�y�,� �N�a�H�C�O�3� �d�i�s�s�o�c�i�a�t�e�s� �t�o� �N�a�t� �a�n�d� �H�C�O�3�°�,� �a�n�d� �N�a�?� �i�s� �a�b�s�o�r�b�e�d� 

�f�r�o�m� �t�h�e� �s�m�a�l�l� �i�n�t�e�s�t�i�n�e�.� �T�h�e� �m�o�v�e�m�e�n�t� �o�f� �N�a�*� �o�u�t� �o�f� �t�h�e� �l�u�m�e�n� �d�e�c�r�e�a�s�e�s� 

�i�n�t�e�s�t�i�n�a�l� �[�S�I�D�]�,� �w�h�i�c�h� �i�n�f�l�u�e�n�c�e�s� �a�n� �i�n�c�r�e�a�s�e� �i�n� �[�H�*�]� �w�i�t�h�i�n� �t�h�e� �l�u�m�e�n�.� �T�h�r�o�u�g�h� 

�m�a�i�n�t�e�n�a�n�c�e� �o�f� �t�h�e� �d�i�s�s�o�c�i�a�t�i�o�n� �e�q�u�i�l�i�b�r�i�u�m�,� �H�*� �c�o�m�b�i�n�e�s� �w�i�t�h� �H�C�O�"� �t�o� �f�o�r�m� 

�C�Q�»�,� �w�h�i�c�h� �d�i�f�f�u�s�e�s� �a�c�r�o�s�s� �t�h�e� �g�u�t� �e�p�i�t�h�e�l�i�u�m� �(�F�e�l�d�m�a�n� �e�t� �a�l�.�,� �1�9�8�4�)�.� �O�n�c�e� �i�n� 

�p�l�a�s�m�a�,� �t�h�e� �a�b�s�o�r�b�e�d� �C�O�,� �i�s� �h�y�d�r�a�t�e�d� �t�o� �f�o�r�m� �H�C�O�"� �a�n�d� �H�*�.� �C�o�n�s�e�q�u�e�n�t�y�,� 

�t�h�e� �n�e�t� �r�e�s�u�l�t� �o�f� �i�n�t�r�a�g�a�s�t�r�i�c� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �N�a�H�C�Q�3� �i�s� �a�n� �i�n�c�r�e�a�s�e�d� �p�l�a�s�m�a� 

�[�S�I�D�]� �t�h�r�o�u�g�h� �a�b�s�o�r�p�t�i�o�n� �o�f� �N�a�*�,� �a�n�d� �i�t� �i�s� �t�h�e� �c�h�a�n�g�e� �i�n� �p�l�a�s�m�a� �[�S�I�D�]� �w�h�i�c�h� 

�c�a�u�s�e�s� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �[�H�C�Q�3�"�]� �o�b�s�e�r�v�e�d�.� 

�S�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �p�r�i�o�r� �t�o� �e�x�e�r�c�i�s�e� �i�n� �h�u�m�a�n� �b�e�i�n�g�s� 

�h�a�s� �p�r�o�d�u�c�e�d� �i�n�c�o�n�s�i�s�t�e�n�t� �p�e�r�f�o�r�m�a�n�c�e� �r�e�s�u�l�t�s� �(�M�a�t�s�o�n� �a�n�d� �T�r�a�n�,� �1�9�9�3�)�.� 

�A�l�k�a�l�o�s�i�s� �i�n�d�u�c�e�d� �b�y� �i�n�g�e�s�t�i�o�n� �o�f� �N�a�H�C�Q�3�z� �a�l�m�o�s�t� �d�o�u�b�l�e�d� �t�h�e� �d�u�r�a�t�i�o�n� 

�s�u�b�j�e�c�t�s� �c�o�u�l�d� �c�y�c�l�e� �a�t� �9�5�%� �o�f� �V�O�o�m�a�x� �(�J�o�n�e�s� �e�t� �a�l�.�,� �1�9�7�7�;� �S�u�t�t�o�n� �e�t� �a�l�.�,� �1�9�8�1�;� 

�l�w�a�o�k�o� �e�t� �a�l�.�,� �1�9�8�9�)�.� �C�o�m�p�e�t�i�t�i�v�e� �v�a�r�s�i�t�y� �a�t�h�l�e�t�e�s� �r�a�n� �s�i�g�n�i�f�i�c�a�n�t�l�y� �f�a�s�t�e�r� �o�v�e�r� 

�8�0�0� �m�e�t�e�r�s� �f�o�l�l�o�w�i�n�g� �i�n�g�e�s�t�i�o�n� �o�f� �N�a�H�C�O�,� �t�h�a�n� �w�i�t�h� �a� �p�l�a�c�e�b�o� �o�r� �u�n�d�e�r� 

�R�e�v�i�e�w� �o�f� �L�i�t�e�r�a�t�u�r�e� �3�1



�c�o�n�t�r�o�l� �c�o�n�d�i�t�i�o�n�s� �(�W�i�l�k�e�s� �e�t� �a�l�.�,� �1�9�8�3�)�;� �h�o�w�e�v�e�r�,� �t�h�e�r�e� �w�a�s� �n�o� �e�f�f�e�c�t� �o�f� �s�o�d�i�u�m� 

�b�i�c�a�r�b�o�n�a�t�e� �o�n� �8�0�0�-�m�e�t�e�r� �r�u�n�n�i�n�g� �p�e�r�f�o�r�m�a�n�c�e� �i�n� �u�n�t�r�a�i�n�e�d� �u�n�i�v�e�r�s�i�t�y� �s�t�u�d�e�n�t�s� 

�(�M�c�K�e�n�z�i�e� �e�t� �a�l�.�,� �1�9�8�6�)�.� �L�a�b�o�r�a�t�o�r�y� �s�t�u�d�i�e�s� �h�a�v�e� �s�h�o�w�n� �n�o� �e�f�f�e�c�t� �o�f� �N�a�H�C�O�,� 

�l�o�a�d�i�n�g� �o�n� �m�a�x�i�m�a�l� �p�o�w�e�r� �o�u�t�p�u�t� �d�u�r�i�n�g� �p�r�o�g�r�e�s�s�i�v�e� �c�y�c�l�i�n�g� �(�K�o�w�a�l�c�h�u�k� �e�t� �a�l�.�,� 

�1�9�8�4�)�,� �t�o�t�a�l� �w�o�r�k� �o�u�t�p�u�t� �d�u�r�i�n�g� �3�0� �s�e�c�o�n�d�s� �o�f� �m�a�x�i�m�a�l� �c�y�c�l�i�n�g� �(�M�c�C�a�r�t�n�e�y� �e�t� 

�a�l�.�,� �1�9�8�3�)�,� �t�o�t�a�l� �w�o�r�k� �d�u�r�i�n�g� �c�y�c�l�i�n�g� �a�t� �p�o�w�e�r� �o�u�t�p�u�t�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �1�2�5�%� �o�f� 

�V�O�o�m�a�x� �(�K�a�t�z� �e�t� �a�l�.�,� �1�9�8�4�)�,� �o�r� �t�o�t�a�l� �w�o�r�k� �d�u�r�i�n�g� �2� �m�i�n�u�t�e�s� �o�f� �m�a�x�i�m�a�l� �i�s�o�k�i�n�e�t�i�c� 

�c�y�c�l�i�n�g� �(�H�o�r�s�w�i�l�l� �e�t� �a�l�.�,� �1�9�8�8�)�.� �W�i�t�h� �r�e�p�e�a�t�e�d� �b�o�u�t�s� �o�f� �h�e�a�v�y� �e�x�e�r�c�i�s�e�,� 

�p�e�r�f�o�r�m�a�n�c�e� �w�a�s� �i�m�p�r�o�v�e�d� �d�u�r�i�n�g� �t�h�e� �f�i�n�a�l� �e�x�e�r�c�i�s�e� �b�o�u�t� �a�f�t�e�r� �N�a�H�C�O� �l�o�a�d�i�n�g� 

�c�o�m�p�a�r�e�d� �t�o� �c�o�n�t�r�o�l� �c�o�n�d�i�t�i�o�n�s� �(�C�o�s�t�i�l�l� �e�t� �a�l�.�,� �1�9�8�4�;� �W�i�j�n�e�n� �e�t� �a�l�.�,� �1�9�8�4�)�.� �I�n� 

�s�u�m�m�a�r�y�,� �N�a�H�C�O�;� �l�o�a�d�i�n�g� �i�n� �h�u�m�a�n� �b�e�i�n�g�s� �a�p�p�e�a�r�e�d� �t�o� �h�a�v�e� �a�n� �e�f�f�e�c�t� �i�n� 

�s�t�u�d�i�e�s� �t�h�a�t� �u�s�e�d� �p�e�r�f�o�r�m�a�n�c�e� �t�r�i�a�l�s� �w�i�t�h� �a� �l�a�r�g�e� �a�n�a�e�r�o�b�i�c� �c�o�m�p�o�n�e�n�t�,� �l�a�r�g�e� 

�d�o�s�e�s� �o�f� �N�a�H�C�O�s�,� �o�r� �r�e�p�e�t�i�t�i�v�e� �w�o�r�k� �b�o�u�t�s� �(�M�a�t�s�o�n� �a�n�d� �T�r�a�n�,� �1�9�9�3�)�.� 

�D�o�s�a�g�e�s� �o�f� �N�a�H�C�O�;� �a�d�m�i�n�i�s�t�e�r�e�d� �t�o� �h�o�r�s�e�s� �h�a�v�e� �r�a�n�g�e�d� �f�r�o�m� �3�0�0� �t�o� 

�1�0�0�0� �m�g� �p�e�r� �k�g� �b�o�d�y� �w�e�i�g�h�t� �(�K�e�l�s�o� �e�t� �a�l�.�,� �1�9�8�7�;� �L�a�w�r�e�n�c�e� �e�t� �a�l�.�,� �1�9�8�7�,� �1�9�9�0�;� 

�G�r�e�e�n�h�a�f�f� �e�t� �a�l�.�,� �1�9�9�1�a�,� �b�,� �c�;� �L�l�o�y�d� �e�t� �a�l�.�,� �1�9�9�3�)�.� �A�l�t�h�o�u�g�h� �N�a�H�C�Q�z�,� �l�o�a�d�i�n�g� �i�n� 

�h�o�r�s�e�s� �p�r�o�d�u�c�e�s� �m�e�t�a�b�o�l�i�c� �a�l�k�a�l�o�s�i�s� �(�K�e�l�s�o� �e�t� �a�l�.�,� �1�9�8�7�;� �L�a�w�r�e�n�c�e� �e�t� �a�l�.�,� �1�9�8�7�,� 

�1�9�9�0�;� �G�r�e�e�n�h�a�f�f� �e�t� �a�l�.�,� �1�9�9�1�a�,�b�)�,� �s�t�u�d�i�e�s� �h�a�v�e� �n�o�t� �d�e�m�o�n�s�t�r�a�t�e�d� �a�n� �e�f�f�e�c�t� �o�n� 

�p�e�r�f�o�r�m�a�n�c�e� �i�n� �t�r�e�a�t�e�d� �a�n�i�m�a�l�s� �a�s� �c�o�m�p�a�r�e�d� �t�o� �c�o�n�t�r�o�l�s� �(�K�e�l�s�o� �e�t� �a�l�.�,� �1�9�8�7�;� 

�L�a�w�r�e�n�c�e� �e�t� �a�l�.�,� �1�9�8�7�;� �G�r�e�e�n�h�a�f�f� �e�t� �a�l�.�,� �1�9�9�1�a�,� �b�)�.� �W�h�e�n� �S�t�a�n�d�a�r�d�b�r�e�d� �h�o�r�s�e�s� 

�r�a�c�e�d� �f�o�r� �a�t� �l�e�a�s�t� �t�w�o� �o�r� �m�o�r�e� �m�i�n�u�t�e�s�,� �i�m�p�r�o�v�e�m�e�n�t� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �8� �h�o�r�s�e�s� 

�a�d�m�i�n�i�s�t�e�r�e�d� �N�a�H�C�O�z�;� �h�o�w�e�v�e�r�,� �i�m�p�r�o�v�e�m�e�n�t� �w�a�s� �a�l�s�o� �s�h�o�w�n� �i�n� �6� �o�f� �t�h�e� 

�h�o�r�s�e�s� �w�h�e�n� �t�h�e� �p�l�a�c�e�b�o� �w�a�s� �a�d�m�i�n�i�s�t�e�r�e�d� �(�L�a�w�r�e�n�c�e� �e�t� �a�l�.�,� �1�9�9�0�)�.� �R�u�n� �t�i�m�e� 

�t�o� �f�a�t�i�g�u�e� �i�n� �T�h�o�r�o�u�g�h�b�r�e�d� �h�o�r�s�e�s� �a�t� �m�a�x�i�m�a�l� �i�n�t�e�n�s�i�t�y� �w�a�s� �3�3�%� �g�r�e�a�t�e�r� �w�h�e�n� 

�h�o�r�s�e�s� �w�e�r�e� �a�d�m�i�n�i�s�t�e�r�e�d� �N�a�H�C�O�3� �c�o�m�p�a�r�e�d� �t�o� �e�q�u�i�m�o�l�a�r� �d�o�s�e� �o�f� �s�o�d�i�u�m� 

�R�e�v�i�e�w� �o�f� �L�i�t�e�r�a�t�u�r�e� �3�2



�c�h�l�o�r�i�d�e� �(�L�l�o�y�d� �e�t� �a�l�.�,� �1�9�9�3�)�;� �h�o�w�e�v�e�r�,� �w�h�e�n� �t�h�e� �s�a�m�e� �s�t�u�d�y� �w�a�s� �r�e�p�e�a�t�e�d� 

�c�o�m�p�a�r�i�n�g� �N�a�H�C�Q�z�3� �t�r�e�a�t�m�e�n�t� �t�o� �n�o� �t�r�e�a�t�m�e�n�t�,� �r�u�n� �t�i�m�e� �w�a�s� �2�2�%� �s�h�o�r�t�e�r� �w�h�e�n� 

�h�o�r�s�e�s� �w�e�r�e� �a�d�m�i�n�i�s�t�e�r�e�d� �N�a�H�C�O�3�.� �I�n� �c�o�n�c�l�u�s�i�o�n�,� �i�n�t�r�a�g�a�s�t�r�i�c� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� 

�o�f� �N�a�H�C�O�,� �p�r�o�d�u�c�e�s� �m�e�t�a�b�o�l�i�c� �a�l�k�a�l�o�s�i�s� �i�n� �h�o�r�s�e�s�;� �h�o�w�e�v�e�r�,� �t�h�e�r�e� �h�a�s� �b�e�e�n� 

�n�o� �c�o�n�v�i�n�c�i�n�g� �s�t�u�d�i�e�s� �t�o� �d�a�t�e� �t�h�a�t� �h�a�v�e� �s�h�o�w�n� �N�a�H�C�O�,� �l�o�a�d�i�n�g� �i�m�p�r�o�v�e�s� 

�p�e�r�f�o�r�m�a�n�c�e� �i�n� �h�o�r�s�e�s�.� 
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�J�o�n�e�s�,� �N�.�L�.�,� �N�.� �M�c�C�a�r�t�n�e�y�,� �T�.� �G�r�a�h�a�m�,� �L�.�L�.� �S�p�r�i�e�t�,� �J�.�M�.� �K�o�w�a�l�c�h�u�k�,� �G�.�J�.�F�.� 
�H�e�i�g�e�n�h�a�u�s�e�r�,� �a�n�d� �J�.�R�.� �S�u�t�t�o�n�.� �1�9�8�5�.� �M�u�s�c�l�e� �p�e�r�f�o�r�m�a�n�e� �a�n�d� �m�e�t�a�b�o�l�i�s�m� 
�i�n� �m�a�x�i�m�a�l� �i�s�o�k�i�n�e�t�i�c� �c�y�c�l�i�n�g� �a�t� �s�l�o�w� �a�n�d� �f�a�s�t� �s�p�e�e�d�s�.� �J�.� �A�p�p�l�.� �P�h�y�s�i�o�l�.� 
�5�9�:�1�3�2�.� 

�J�o�n�e�s�,� �N�.�L�.�,� �J�.�R�.� �S�u�t�t�o�n�,� �R�.� �T�a�y�l�o�r�,� �a�n�d� �C�.�J�.� �T�o�e�w�s�.� �1�9�7�7�.� �E�f�f�e�c�t� �o�f� �p�H� �o�n� 
�c�a�r�d�i�o�r�e�s�p�i�r�a�t�o�r�y� �a�n�d� �m�e�t�a�b�o�l�i�c� �r�e�s�p�o�n�s�e�s� �t�o� �e�x�e�r�c�i�s�e�.� �J�.� �A�p�p�l�.� �P�h�y�s�i�o�l�.� 
�4�3�:�9�5�9�.� 

�J�u�e�]�,� �C�.� �1�9�8�8�.� �I�n�t�r�a�c�e�l�l�u�l�a�r� �p�H� �r�e�c�o�v�e�r�y� �a�n�d� �l�a�c�t�a�t�e� �e�f�f�l�u�x� �i�n� �m�o�u�s�e� �s�o�l�e�u�s� 
�m�u�s�c�l�e�s� �s�t�i�m�u�l�a�t�e�d� �i�n� �v�i�f�r�o�:� �t�h�e� �i�n�v�o�l�v�e�m�e�n�t� �o�f� �s�o�d�i�u�m�-�p�r�o�t�o�n� �e�x�c�h�a�n�g�e� 
�a�n�d� �a� �l�a�c�t�a�t�e� �c�a�r�r�i�e�r�.� �A�c�t�a� �P�h�y�s�i�o�l�.� �S�c�a�n�d�.� �1�3�2�:�3�6�3�.� 

�K�a�n�e�,� �E�.�,� �a�n�d� �J�.�P�.� �B�a�k�e�r�.� �1�9�7�7�.� �U�t�i�l�i�z�a�t�i�o�n� �o�f� �a� �c�o�r�n� �o�i�l� �s�u�p�p�l�e�m�e�n�t� �d�i�e�t� �b�y� �t�h�e� 
�h�o�r�s�e�.� �P�r�o�c�.� �5�t�h� �E�q�u�i�n�e� �N�u�t�r�.� �P�h�y�s�i�o�l�.� �S�y�m�p�.� �p� �4�1�.� �C�o�l�u�m�b�i�a�,� �M�i�s�s�o�u�r�i�.� 

�K�a�n�e�k�o�,� �J�.�J�.� �(�E�d�.�)�.� �1�9�8�9�.� �C�l�i�n�i�c�a�l� �B�i�o�c�h�e�m�i�s�t�r�y� �o�f� �D�o�m�e�s�t�i�c� �A�n�i�m�a�l�s�.� �A�c�a�d�e�m�i�c� 
�P�r�e�s�s�,� �I�n�c�.�,� �N�e�w� �Y�o�r�k�.� 

�K�a�t�z�,� �A�.�,� �S�.� �B�r�o�b�e�r�g�,� �K�.� �S�a�h�l�i�n�,� �a�n�d� �J�.� �W�a�h�r�e�n�.� �1�9�8�6�.� �L�e�g� �g�l�u�c�o�s�e� �u�p�t�a�k�e� 
�d�u�r�i�n�g� �m�a�x�i�m�a�l� �d�y�n�a�m�i�c� �e�x�e�r�c�i�s�e�.� �A�m�.� �J�.� �P�h�y�s�i�o�l�.� �2�5�1�:�E�6�5�.� 

�L�i�t�e�r�a�t�u�r�e� �C�i�t�e�d� �4�2



�K�a�t�z�,� �A�.�,� �D�.�L�.� �C�o�s�t�i�l�l�,� �D�.�S�.� �K�i�n�g�,� �M�.� �H�a�r�g�r�e�a�v�e�s�,� �a�n�d� �W�.�J�.� �F�i�n�k�.� �1�9�8�4�.� �M�a�x�i�m�a�l� 
�e�x�e�r�c�i�s�e� �t�o�l�e�r�a�n�c�e� �a�f�t�e�r� �i�n�d�u�c�e�d� �a�l�k�a�l�o�s�i�s�.� �I�n�t�.� �J�.� �S�p�o�r�t�s� �M�e�d�.� �5�:�1�0�7�.� 

�K�e�e�n�a�n�,� �D�.�M�.� �1�9�8�0�.� �C�h�a�n�g�e�s� �i�n� �p�a�c�k�e�d� �c�e�l�l� �v�o�l�u�m�e� �o�f� �h�o�r�s�e�s� �d�u�r�i�n�g� �r�a�c�i�n�g�.� 
�A�u�s�t�.� �V�e�t�.� �P�r�a�c�t�.� �1�0�:�1�2�5�.� 

�K�e�l�s�o�,� �T�.�B�.�,� �D�.�R�.� �H�o�d�g�s�o�n�,� �E�.�H�.� �W�i�t�t�,� �W�.�M�.� �B�a�y�l�y�,� �B�.�D�.� �G�r�a�n�t�,� �a�n�d� �P�.�D�.� 
�G�o�l�l�n�i�c�k�.� �1�9�8�7�.� �B�i�c�a�r�b�o�n�a�t�e� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �a�n�d� �m�u�s�c�l�e� �m�e�t�a�b�o�l�i�s�m� �d�u�r�i�n�g� 
�h�i�g�h�-�i�n�t�e�n�s�i�t�y� �e�x�e�r�c�i�s�e�.� �I�n�:� �J�.�R�.� �G�i�l�l�e�s�p�i�e�,� �a�n�d� �N�.�E�.� �R�o�b�i�n�s�o�n� �(�E�d�.�)�.� �E�q�u�i�n�e� 
�E�x�e�r�c�i�s�e� �P�h�y�s�i�o�l�o�g�y� �2�.� �p� �4�3�8�.� �I�C�E�E�P� �P�u�b�l�i�c�a�t�i�o�n�s�,� �D�a�v�i�s�,� �C�a�l�i�f�.� 

�K�e�r�r�,� �M�.�G�.�,� �a�n�d� �D�.�H�.� �S�n�o�w�.� �1�9�8�3�.� �S�w�e�a�t� �l�o�s�s�e�s� �d�u�r�i�n�g� �p�r�o�l�o�n�g�e�d� �e�x�e�r�c�i�s�e� �i�n� 
�t�h�e� �h�o�r�s�e�.� �I�n�:� �H�.�G�.� �K�n�u�t�t�g�e�n�,� �J�.�A�.� �V�o�g�e�l�,� �a�n�d� �J�.� �P�o�o�r�s�t�m�a�n�s� �(�E�d�.�)�.� 
�B�i�o�c�h�e�m�i�s�t�r�y� �o�f� �E�x�e�r�c�i�s�e�,� �V�o�l�.� �1�3�.� �p� �5�6�4�.� �H�u�m�a�n� �K�i�n�e�t�i�c�s� �P�u�b�l�i�s�h�e�r�s�,� �I�n�c�.�,� 
�C�h�a�m�p�a�i�g�n�,� �I�l�l�i�n�o�i�s�.� 

�K�l�i�n�e�,� �K�.�H�.�,� �a�n�d� �W�.�W�.� �A�l�b�e�r�t�.� �1�9�8�1�.� �I�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �g�l�y�c�o�g�e�n� �l�o�a�d�i�n�g� �p�r�o�g�r�a�m� 
�f�o�r� �S�t�a�n�d�a�r�d�b�r�e�d� �h�o�r�s�e�s�.� �P�r�o�c�.� �7�t�h� �E�q�u�i�n�e� �N�u�t�r�.� �a�n�d� �P�h�y�s�i�o�l�.� �S�y�m�p�.� �p� �1�8�6�.� 
�W�a�r�r�e�n�t�o�n�,� �V�i�r�g�.� 

�K�o�w�a�l�c�h�u�k�,� �J�.�M�.�,� �G�.�J�.�F�.� �H�e�i�g�e�n�h�a�u�s�e�r�,� �a�n�d� �N�.�L�.� �J�o�n�e�s�.� �1�9�8�4�.� �E�f�f�e�c�t� �o�f� �p�H� �o�n� 
�m�e�t�a�b�o�l�i�c� �a�n�d� �c�a�r�d�i�o�r�e�s�p�i�r�a�t�o�r�y� �r�e�s�p�o�n�s�e�s� �d�u�r�i�n�g� �p�r�o�g�r�e�s�s�i�v�e� �e�x�e�r�c�i�s�e�.� �J�.� 
�A�p�p�l�.� �P�h�y�s�i�o�l�.� �5�7�:�1�5�5�8�.� 

�K�o�w�a�i�c�h�u�k�,� �J�.�M�.�,� �G�.�J�.�F�.� �H�e�i�g�e�n�h�a�u�s�e�r�,� �M�.�I�.� �L�i�n�d�i�n�g�e�r�,� �J�.�R�.� �S�u�t�t�o�n�,� �a�n�d� �N�.�L�.� 
�J�o�n�e�s�.� �1�9�8�8�.� �F�a�c�t�o�r�s� �i�n�f�l�u�e�n�c�i�n�g� �h�y�d�r�o�g�e�n� �i�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �m�u�s�c�l�e� 
�a�f�t�e�r� �i�n�t�e�n�s�e� �e�x�e�r�c�i�s�e�.� �J�.� �A�p�p�l�.� �P�h�y�s�i�o�l�.� �6�5�:�2�0�8�0�-�2�0�8�8�.� 

�L�a�w�r�e�n�c�e�,� �L�.�,� �K�.� �K�l�i�n�e�,� �P�.� �M�i�l�l�e�r�-�G�r�a�b�e�r�,� �A�.� �S�i�e�g�e�l�,� �E�.� �K�u�r�c�z�,� �M�.� �F�i�s�h�e�r�,� �a�n�d� �K�.� 
�B�u�m�p�.� �1�9�9�0�.� �E�f�f�e�c�t� �o�f� �s�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� �o�n� �r�a�c�i�n�g� �S�t�a�n�d�a�r�b�r�e�d�s�.� �J�.� �A�n�i�m�.� 
�S�c�i�.� �6�8�:�6�7�3�.� 

�L�a�w�r�e�n�c�e�,� �L�.�M�.�,� �P�.�A�.� �M�i�l�l�e�r�,� �P�.�L�.�J�.� �B�e�c�h�t�e�l�,� �R�.�A�.� �K�a�n�e�,� �E�.�V�.� �K�u�r�c�e�z�,� �a�n�d� �J�.�S�.� 
�S�m�i�t�h�.� �1�9�8�7�.� �T�h�e� �e�f�f�e�c�t� �o�f� �s�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� �i�n�g�e�s�t�i�o�n� �o�n� �b�l�o�o�d� 
�p�a�r�a�m�e�t�e�r�s� �i�n� �e�x�e�r�c�i�s�i�n�g� �h�o�r�s�e�s�.� �I�n�:� �J�.�R�.� �G�i�l�l�e�s�p�i�e�,� �a�n�d� �N�.�E�.� �R�o�b�i�n�s�o�n� 
�(�E�d�.�)�.� �E�q�u�i�n�e� �E�x�e�r�c�i�s�e� �P�h�y�s�i�o�l�o�g�y� �2�.� �p� �4�4�8�.� �I�C�E�E�P� �P�u�b�l�i�c�a�t�i�o�n�s�,� �D�a�v�i�s�,� 
�C�a�l�i�f�.� 

�L�e�n�n�o�n�,� �D�.�L�.�F�.�,� �F�.�W�.� �S�t�r�a�t�m�a�n�,� �E�.� �S�h�r�a�g�o�,� �F�.�J�.� �N�a�g�l�e�,� �M�.� �M�a�d�d�e�n�,� �P�.�H�a�n�s�o�n�,� 
�a�n�d� �A�.�L�.� �C�a�r�t�e�r�.� �1�9�8�3�.� �E�f�f�e�c�t�s� �o�f� �a�c�u�t�e� �m�o�d�e�r�a�t�e�-�i�n�t�e�n�s�i�t�y� �e�x�e�r�c�i�s�e� �o�n� 
�c�a�r�n�i�t�i�n�e� �m�e�t�a�b�o�l�i�s�m� �i�n� �m�e�n� �a�n�d� �w�o�m�e�n�.� �J�.� �A�p�p�l�.� �P�h�y�i�s�o�l�.� �5�5�:�4�8�9�.� 

�L�i�t�e�r�a�t�u�r�e� �C�i�t�e�d� �4�3



�L�i�n�d�h�o�l�m�,� �A�.�,� �H�.� �B�j�e�r�n�e�l�d�,� �a�n�d� �B�.� �S�a�l�t�i�n�.� �1�9�7�4�.� �G�l�y�c�o�g�e�n� �d�e�p�l�e�t�i�o�n� �p�a�t�t�e�r�n� �i�n� 
�m�u�s�c�l�e� �f�i�b�r�e�s� �o�f� �t�r�o�t�t�i�n�g� �h�o�r�s�e�s�.� �A�c�t�a� �P�h�y�s�i�o�l�.� �S�c�a�n�d�.� �9�0�:�4�7�5�.� 

�L�i�n�d�h�o�l�m�,� �A�.�,� �a�n�d� �K�.� �P�i�e�h�l�.� �1�9�7�4�.� �F�i�b�r�e� �c�o�m�p�o�s�i�t�i�o�n�,� �e�n�z�y�m�e� �a�c�t�i�v�i�t�y� �a�n�d� 
�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �m�e�t�a�b�o�l�i�t�e�s� �a�n�d� �e�l�e�c�t�r�o�l�y�t�e�s� �i�n� �m�u�s�c�l�e� �o�f� �S�t�a�n�d�a�r�d�b�r�e�d� 
�h�o�r�s�e�s�.� �A�c�t�a� �V�e�t�.� �S�c�a�n�d�.� �1�5�:�2�8�7�.� 

�L�i�n�d�h�o�l�m�,� �A�,� �a�n�d� �B�.� �S�a�l�t�i�n�.� �1�9�7�4�.� �T�h�e� �p�h�y�s�i�o�l�o�g�i�c�a�l� �a�n�d� �b�i�o�c�h�e�m�i�c�a�l� 
�r�e�s�p�o�n�s�e�s� �o�f� �S�t�a�n�d�a�r�d�b�r�e�d� �h�o�r�s�e�s� �t�o� �e�x�e�r�c�i�s�e� �o�f� �v�a�r�y�i�n�g� �s�p�e�e�d� �a�n�d� 
�d�u�r�a�t�i�o�n�.� �A�c�t�a� �V�e�t�.� �S�c�a�n�d�.� �1�5�:�3�1�0�.� 

�L�i�n�d�i�n�g�e�r�,� �M�.�I�.�,� �a�n�d� �G�.�J�.�F�.� �H�e�i�g�e�n�h�a�u�s�e�r�.� �1�9�8�8�.� �J�o�n� �f�l�u�x�e�s� �d�u�r�i�n�g� �t�e�t�a�n�i�c� 
�s�t�i�m�u�l�a�t�i�o�n� �i�n� �i�s�o�l�a�t�e�d� �p�e�r�f�u�s�e�d� �r�a�t� �h�i�n�d�l�i�m�b�.� �A�m�.� �J�.� �P�h�y�s�i�o�l�.� �2�5�4�:�R�1�1�7�.� 

�L�i�n�d�i�n�g�e�r�,� �M�.�I�.�,� �a�n�d� �G�.�J�.�F�.� �H�e�i�g�e�n�h�a�u�s�e�r�.� �1�9�9�0�.� �A�c�i�d�-�b�a�s�e� �s�y�s�t�e�m�s� �i�n� �s�k�e�l�e�t�a�l� 
�m�u�s�c�l�e� �a�n�d� �t�h�e�i�r� �r�e�s�p�o�n�s�e� �t�o� �e�x�e�r�c�i�s�e�.� �I�n�:� �A�.�W�.� �T�a�y�l�o�r�,� �P�.�D�.� �G�o�l�l�i�n�i�c�k�,� �H�.�J�.� 
�G�r�e�e�n�,� �C�.�D�.� �l�a�n�u�z�z�o�,� �E�.�G�.� �N�o�b�l�e�,� �G�.� �M�e�t�i�v�i�e�r�,� �a�n�d� �J�.�R�.� �S�u�t�t�o�n� �(�E�d�.�)�.� 
�B�i�o�c�h�e�m�i�s�t�r�y� �o�f� �E�x�e�r�c�i�s�e� �V�I�l�,� �p� �3�4�1�.� �H�u�m�a�n�s� �K�i�n�e�t�i�c�s�,� �C�h�a�m�p�a�i�g�n�,� �I�l�l�.� 
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�N�a�H�C�O�3� �a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�n� �i�n�t�e�r�v�a�l� �e�x�e�r�c�i�s�e�:� �a�c�i�d�-�b�a�s�e� �b�a�l�a�n�c�e� �a�n�d� 
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�J�o�u�r�n�a�l� �P�a�p�e�r� �1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �b�l�o�o�d� �l�a�c�t�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�u�r�i�n�g� 

�J�o�u�r�n�a�l� �P�a�p�e�r� �1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �b�l�o�o�d� �l�a�c�t�a�t�e� 

�r�e�p�e�a�t�e�d� �s�p�r�i�n�t� �e�x�e�r�c�i�s�e� �i�n� �h�o�r�s�e�s� �a�d�a�p�t�e�d� �t�o� �a� �h�i�g�h� �f�a�t� �d�i�e�t� �a�n�d� 

�s�u�p�p�l�e�m�e�n�t�e�d� �w�i�t�h� �s�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e�.� 

�A�b�s�t�r�a�c�t� 

�C�h�a�n�g�e�s� �i�n� �v�e�n�o�u�s� �b�l�o�o�d� �l�a�c�t�a�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�[�L�a�c�-�]�)� �w�e�r�e� �f�o�l�l�o�w�e�d� 

�d�u�r�i�n�g� �r�e�p�e�a�t�e�d� �s�p�r�i�n�t� �e�x�e�r�c�i�s�e� �t�e�s�t�s� �i�n� �e�i�g�h�t� �c�o�n�d�i�t�i�o�n�e�d� �A�r�a�b�i�a�n� �h�o�r�s�e�s�,� 

�r�a�n�d�o�m�l�y� �d�i�v�i�d�e�d� �i�n�t�o� �t�w�o� �d�i�e�t�a�r�y� �g�r�o�u�p�s�,� �c�o�n�t�r�o�l� �a�n�d� �h�i�g�h� �f�a�t�.� �T�w�o� �h�o�r�s�e�s� 

�f�r�o�m� �e�a�c�h� �g�r�o�u�p� �r�e�c�e�i�v�e�d� �s�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� �(�N�a�H�C�O�3�;� �3�0�0� �m�g�/�k�g� �b�o�d�y� 

�w�t�)� �d�i�s�s�o�l�v�e�d� �i�n� �w�a�t�e�r� �(�8�.�8�m�l�/�k�g� �b�o�d�y� �w�t�)� �1�.�5� �h�o�u�r�s� �p�r�i�o�r� �t�o� �t�h�e� �e�x�e�r�c�i�s�e� �t�e�s�t�;� 

�t�h�e� �r�e�m�a�i�n�i�n�g� �h�o�r�s�e�s� �r�e�c�e�i�v�e�d� �e�q�u�a�l� �v�o�l�u�m�e� �o�f� �w�a�t�e�r�.� �T�r�e�a�t�m�e�n�t�s� �w�e�r�e� 

�r�e�v�e�r�s�e�d� �f�o�r� �t�h�e� �s�e�c�o�n�d� �e�x�e�r�c�i�s�e� �t�e�s�t�;� �h�o�r�s�e�s� �r�e�m�a�i�n�e�d� �o�n� �t�h�e� �r�e�s�p�e�c�t�i�v�e� 

�d�i�e�t�s� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y�.� 

�I�n�c�r�e�a�s�e� �i�n� �b�l�o�o�d� �[�L�a�c�]� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �w�a�s� �g�r�e�a�t�e�r� �w�h�e�n� �h�o�r�s�e�s� 

�r�e�c�e�i�v�e�d� �N�a�H�C�O�3�z� �c�o�m�p�a�r�e�d� �t�o� �w�a�t�e�r� �p�r�i�o�r� �t�o� �e�x�e�r�c�i�s�e� �(�P�=�0�.�0�0�2�4�)�.� �P�l�a�s�m�a� 

�[�N�a�t�]� �(�P�=�0�.�0�0�0�1�)� �a�n�d� �s�t�r�o�n�g� �i�o�n� �d�i�f�f�e�r�e�n�c�e� �(�{�[�S�I�D�]�)� �(�P�=�0�.�0�0�5�4�)� �w�e�r�e� �h�i�g�h�e�r� 

�d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �w�h�e�n� �h�o�r�s�e�s� �w�e�r�e� �g�i�v�e�n� �N�a�H�C�Q�O�g� �p�r�i�o�r� �t�o� �e�x�e�r�c�i�s�e� 

�c�o�m�p�a�r�e�d� �t�o� �p�l�a�i�n� �w�a�t�e�r�.� �D�u�r�i�n�g� �e�x�e�r�c�i�s�e�,� �p�l�a�s�m�a� �[�H�*�]� �w�a�s� �l�o�w�e�r� 

�(�P�=�0�.�0�0�1�4�)� �a�n�d� �[�H�C�O�3�7�]� �w�a�s� �h�i�g�h�e�r� �(�P�=�0�.�0�0�0�1�)� �w�h�e�n� �h�o�r�s�e�s� �w�e�r�e� �g�i�v�e�n� 

�N�a�H�C�O�3� �c�o�m�p�a�r�e�d� �t�o� �w�a�t�e�r�.� 

�I�n�c�r�e�a�s�e� �i�n� �b�l�o�o�d� �[�L�a�c!"�]� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �w�a�s� �g�r�e�a�t�e�r� �i�n� �f�a�t�-�a�d�a�p�t�e�d� 

�h�o�r�s�e�s� �c�o�m�p�a�r�e�d� �t�o� �h�o�r�s�e�s� �f�e�d� �t�h�e� �c�o�n�t�r�o�l� �d�i�e�t� �(�P�=�0�.�0�2�4�0�)�.� �P�l�a�s�m�a� �P�c�o�s� 

�w�a�s� �l�o�w�e�r� �a�n�d� �d�e�c�r�e�a�s�e�d� �a�t� �a� �g�r�e�a�t�e�r� �r�a�t�e� �w�i�t�h� �p�r�o�g�r�e�s�s�i�v�e� �s�p�r�i�n�t�s� 
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�J�o�u�r�n�a�l� �P�a�p�e�r� �1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �b�l�o�o�d� �l�a�c�t�a�t�e� 

�(�P�=�0�.�0�0�0�1�)� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s� �c�o�m�p�a�r�e�d� �t�o� �h�o�r�s�e�s� �f�e�d� 

�t�h�e� �c�o�n�t�r�o�l� �d�i�e�t�.� 

�T�h�e� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �d�i�e�t� �(�f�a�t� �o�r� �c�o�n�t�r�o�l�)� �a�n�d� �t�r�e�a�t�m�e�n�t� �(�N�a�H�C�O�:� �o�r� 

�w�a�t�e�r�)� �h�a�d� �a�n� �e�f�f�e�c�t� �o�n� �b�l�o�o�d� �[�L�a�c ��]� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �(�P�=�0�.�0�2�7�6�)�,� �w�i�t�h� �h�i�g�h�e�s�t� 

�b�l�o�o�d� �[�L�a�c�-�]� �o�b�s�e�r�v�e�d� �i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s� �g�i�v�e�n� �N�a�H�C�O�3� �c�o�m�p�a�r�e�d� �t�o� 

�o�t�h�e�r� �d�i�e�t�/�t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n�s� �(�P�<�0�.�0�5�)�.� 

�I�n�t�r�o�d�u�c�t�i�o�n� 

�D�u�r�i�n�g� �e�x�e�r�c�i�s�e�,� �i�n�c�r�e�a�s�e�d� �g�l�y�c�o�l�y�t�i�c� �m�e�t�a�b�o�l�i�s�m� �i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� 

�i�n�c�r�e�a�s�e�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �l�a�c�t�a�t�e� �(�[�L�a�c�7�]�)� �a�n�d� �h�y�d�r�o�g�e�n� �i�o�n�s� �(�[�H�*�]�)� �w�i�t�h�i�n� 

�m�u�s�c�l�e� �c�e�l�l�s�,� �a�n�d� �w�i�t�h� �e�f�f�l�u�x� �o�f� �t�h�e�s�e� �p�r�o�d�u�c�t�s� �i�n�t�o� �v�e�n�o�u�s� �b�l�o�o�d�.� �T�h�e� �o�n�s�e�t� 

�o�f� �f�a�t�i�g�u�e� �d�u�r�i�n�g� �m�u�s�c�u�l�a�r� �c�o�n�t�r�a�c�t�i�o�n� �h�a�s� �b�e�e�n� �a�t�t�r�i�b�u�t�e�d�,� �i�n� �p�a�r�t�,� �t�o� �t�h�e� 

�a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �H�*� �w�i�t�h�i�n� �m�u�s�c�l�e� �c�e�i�l�s�.� �S�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� �(�N�a�H�C�O�3�)� 

�a�d�m�i�n�i�s�t�r�a�t�i�o�n� �p�r�i�o�r� �t�o� �e�x�e�r�c�i�s�e� �a�n�d�/�o�r� �a�d�a�p�t�a�t�i�o�n� �t�o� �a� �f�a�t� �d�i�e�t� �m�a�y� �f�a�c�i�l�i�t�a�t�e� 

�e�x�e�r�c�i�s�e� �b�y� �m�o�d�i�f�y�i�n�g� �t�h�e� �c�h�a�n�g�e�s� �i�n� �i�n�t�r�a�m�u�s�c�u�l�a�r� �a�n�d� �e�x�t�r�a�c�e�l�l�u�l�a�r� �[�H�*�]�.� 

�E�x�t�r�a�c�e�l�l�u�l�a�r� �a�l�k�a�l�o�s�i�s� �h�a�s� �b�e�e�n� �p�r�o�p�o�s�e�d� �t�o� �f�a�c�i�l�i�t�a�t�e� �e�f�f�l�u�x� �o�f� �H�*� 

�f�r�o�m� �m�u�s�c�l�e�,� �t�h�e�r�e�b�y� �r�e�d�u�c�i�n�g� �i�n�t�r�a�c�e�l�l�u�l�a�r� �a�c�i�d�o�s�i�s� �a�n�d� �o�f�f�s�e�t�t�i�n�g� �f�a�t�i�g�u�e� 

�(�M�a�i�n�w�o�o�d� �a�n�d� �C�e�c�h�e�t�t�o�,� �1�9�8�0�)�.� �E�x�t�r�a�c�e�l�l�u�l�a�r� �a�l�k�a�l�o�s�i�s� �i�n�c�r�e�a�s�e�s� �b�o�t�h� �t�h�e� 

�m�a�g�n�i�t�u�d�e� �a�n�d� �r�a�t�e� �o�f� �l�a�c�t�a�t�e� �e�f�f�l�u�x� �f�r�o�m� �m�u�s�c�l�e� �d�u�r�i�n�g� �c�o�n�t�r�a�c�t�i�o�n� 

�(�M�a�i�n�w�o�o�d� �a�n�d� �W�o�r�s�l�e�y�-�B�r�o�w�n�,� �1�9�7�5�;� �S�u�t�t�o�n� �e�t� �a�l�.�,� �1�9�8�1�;� �S�e�o�,� �1�9�8�4�:� 

�D�a�v�i�e�s� �e�t� �a�l�.�,� �1�9�8�6�;� �S�p�r�i�e�t� �e�t� �a�l�.�,� �1�9�8�6�)�.� �L�a�c�t�a�t�e� �m�o�v�e�m�e�n�t� �a�c�r�o�s�s� �c�e�l�l� 

�m�e�m�b�r�a�n�e�s� �i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �p�r�o�t�o�n� �m�o�v�e�m�e�n�t�,� �r�e�s�u�l�t�i�n�g� �i�n� �d�e�c�r�e�a�s�e�d� 

�i�n�t�r�a�m�u�s�c�u�l�a�r� �[�H�+�]� �(�M�a�s�o�n� �e�t� �a�l�.�,� �1�9�8�6�;� �J�u�e�l�,� �1�9�8�8�)�.� �S�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e� 
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�J�o�u�r�n�a�l� �P�a�p�e�r� �1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �b�l�o�o�d� �l�a�c�t�a�t�e� 

�l�o�a�d�i�n�g� �p�r�o�d�u�c�e�s� �m�e�t�a�b�o�l�i�c� �a�l�k�a�l�o�s�i�s� �i�n� �h�u�m�a�n� �b�e�i�n�g�s�,� �a�n�d� �h�a�s� �b�e�e�n� �s�h�o�w�n� 

�t�o� �i�m�p�r�o�v�e� �p�e�r�f�o�r�m�a�n�c�e� �i�n� �e�v�e�n�t�s� �w�i�t�h� �a� �l�a�r�g�e� �a�n�a�e�r�o�b�i�c� �c�o�m�p�o�n�e�n�t� �o�r� 

�r�e�p�e�t�i�t�i�v�e� �w�o�r�k� �b�o�u�t�s� �(�W�i�l�k�e�s� �e�t� �a�l�.�,� �1�9�8�3�;� �C�o�s�t�i�l�l� �e�t� �a�l�.�,� �1�9�8�4�;� �W�i�j�n�e�n� �e�t� �a�l�.�,� 

�1�9�8�4�)�.� �A�l�t�h�o�u�g�h� �N�a�H�C�O�g� �l�o�a�d�i�n�g� �i�n� �h�o�r�s�e�s� �p�r�o�d�u�c�e�s� �m�e�t�a�b�o�l�i�c� �a�l�k�a�l�o�s�i�s� 

�(�K�e�l�s�o� �e�t� �a�l�.�,� �1�9�8�7�;� �L�a�w�r�e�n�c�e� �e�t� �a�l�.�,� �1�9�8�7�,� �1�9�9�0�;� �G�r�e�e�n�h�a�f�f� �e�t� �a�l�.�,� �1�9�9�1�a�,� �b�;�)�,� 

�s�t�u�d�i�e�s� �h�a�v�e� �n�o�t� �d�e�m�o�n�s�t�r�a�t�e�d� �a�n� �e�f�f�e�c�t� �o�n� �p�e�r�f�o�r�m�a�n�c�e� �(�K�e�l�s�o� �e�t� �a�l�.�,� �1�9�8�7�;� 

�L�a�w�r�e�n�c�e� �e�t� �a�l�.�,� �1�9�8�7�;� �G�r�e�e�n�h�a�f�f� �e�t� �a�l�.�,� �1�9�9�1�a�,� �b�)�.� 

�R�a�t�s� �a�d�a�p�t�e�d� �t�o� �a� �h�i�g�h� �f�a�t� �d�i�e�t� �r�a�n� �a�s� �l�o�n�g� �(�C�o�n�l�e�e� �e�t� �a�l�.�,� �1�9�9�0�)� �o�r� 

�l�o�n�g�e�r� �(�M�i�l�l�e�r� �e�t� �a�l�.�,� �1�9�8�4�)� �t�h�a�n� �c�a�r�b�o�h�y�d�r�a�t�e�-�f�e�d� �a�n�i�m�a�l�s�,� �i�n� �s�p�i�t�e� �o�f� �l�o�w�e�r� 

�p�r�e�-�e�x�e�r�c�i�s�e� �m�u�s�c�l�e� �a�n�d� �l�i�v�e�r� �g�l�y�c�o�g�e�n� �l�e�v�e�l�s�.� �D�u�r�i�n�g� �e�x�e�r�c�i�s�e�,� �f�a�t�-�a�d�a�p�t�e�d� 

�r�a�t�s� �s�h�o�w�e�d� �a� �d�e�c�r�e�a�s�e�d� �r�a�t�e� �o�f� �l�i�v�e�r� �a�n�d� �m�u�s�c�l�e� �g�l�y�c�o�g�e�n� �u�s�e�,� �a�n�d� 

�d�e�c�r�e�a�s�e�d� �l�a�c�t�a�t�e� �l�e�v�e�l�s� �(�M�i�l�l�e�r� �e�t� �a�l�.�,� �1�9�8�4�;� �N�e�m�e�t�h� �e�t� �a�l�.�,� �1�9�9�2�)�.� �T�h�e� 

�i�n�c�r�e�a�s�e� �i�n� �r�e�s�p�i�r�a�t�o�r�y� �q�u�o�t�i�e�n�t� �d�u�r�i�n�g� �h�i�g�h� �i�n�t�e�n�s�i�t�y� �e�x�e�r�c�i�s�e� �i�n� �h�o�r�s�e�s� �i�s� 

�s�u�p�p�r�e�s�s�e�d� �b�y� �t�r�a�i�n�i�n�g� �(�T�h�o�m�a�s� �e�t� �a�l�.�,� �1�9�8�3�)�,� �i�n�d�i�c�a�t�i�n�g� �f�a�t� �o�x�i�d�a�t�i�o�n� �c�o�u�l�d� 

�b�e� �a�n� �i�m�p�o�r�t�a�n�t� �o�x�i�d�i�z�a�b�l�e� �f�u�e�l� �d�u�r�i�n�g� �h�i�g�h�-�i�n�t�e�n�s�i�t�y� �e�x�e�r�c�i�s�e�.� 

�T�h�e� �p�u�r�p�o�s�e�s� �o�f� �t�h�i�s� �s�t�u�d�y� �w�e�r�e� �t�o� �e�x�a�m�i�n�e� �c�h�a�n�g�e�s� �i�n� �b�l�o�o�d� �[�L�a�c!"�]� 

�d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �i�n� �h�o�r�s�e�s� �a�d�a�p�t�e�d� �t�o� �e�i�t�h�e�r� �a� �h�i�g�h� �f�a�t� �o�r� �c�o�n�t�r�o�l� �d�i�e�t�,� �a�n�d� �t�o� 

�e�v�a�l�u�a�t�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �N�a�H�C�O�g� �a�d�m�i�n�i�s�t�e�r�e�d� �i�n�t�r�a�g�a�s�t�r�i�c�a�l�l�y� �p�r�i�o�r� �t�o� 

�e�x�e�r�c�i�s�e�.� �A�l�t�h�o�u�g�h�,� �i�t� �h�a�s� �b�e�e�n� �w�e�l�l� �d�o�c�u�m�e�n�t�e�d� �t�h�a�t� �N�a�H�C�O�3� �i�n�c�r�e�a�s�e�s� 

�b�l�o�o�d� �[�L�a�c�"�]� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e�,� �t�h�e� �a�u�t�h�o�r�s� �a�r�e� �u�n�a�w�a�r�e� �o�f� �s�t�u�d�i�e�s� �e�v�a�l�u�a�t�i�n�g� 

�t�h�e� �e�f�f�e�c�t�s� �o�f� �f�a�t� �a�d�a�p�t�a�t�i�o�n� �o�n� �b�l�o�o�d� �[�L�a�c�"�]�.� �I�f� �m�e�t�a�b�o�l�i�c� �a�l�k�a�l�o�s�i�s� �a�n�d� �f�a�t� 

�a�d�a�p�t�a�t�i�o�n� �a�f�f�e�c�t� �b�l�o�o�d� �[�L�a�c�]� �a�t� �s�e�p�a�r�a�t�e� �p�o�i�n�t�s� �a�l�o�n�g� �t�h�e� �m�e�t�a�b�o�l�i�c� 

�p�a�t�h�w�a�y�,� �t�h�e�n� �a�n� �a�d�d�i�t�i�v�e� �e�f�f�e�c�t� �s�n�o�u�l�d� �b�e� �o�b�s�e�r�v�e�d� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �w�h�e�n� 

�f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s� �w�e�r�e� �g�i�v�e�n� �N�a�H�C�O�3�.� 
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�M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� 

�H�o�r�s�e�s� �-� �E�i�g�h�t� �A�r�a�b�i�a�n� �h�o�r�s�e�s�,� �3� �t�o� �4� �y�e�a�r�s� �o�l�d� �a�n�d� �w�e�i�g�h�i�n�g� �4�1�7�+� 

�7�.�0� �k�g�,� �w�e�r�e� �c�o�n�d�i�t�i�o�n�e�d� �o�n� �a� �t�r�e�a�d�m�i�l�l �� �f�o�r� �a� �m�i�n�i�m�u�m� �o�f� �4� �m�o�n�t�h�s� �p�r�i�o�r� �t�o� 

�t�h�e� �e�x�e�r�c�i�s�e� �t�e�s�t�s�.� �H�o�r�s�e�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �i�n� �t�w�o� �s�e�p�a�r�a�t�e� �d�i�r�t� �l�o�t�s�,� �3�0�-� �x� 

�3�0�-�m�,� �a�c�c�o�r�d�i�n�g� �t�o� �d�i�e�t� �a�s�s�i�g�n�m�e�n�t�s� �a�n�d� �w�e�r�e� �a�l�l�o�w�e�d� �f�r�e�e� �a�c�c�e�s�s� �t�o� �w�a�t�e�r� 

�a�n�d� �t�r�a�c�e� �m�i�n�e�r�a�l�i�z�e�d� �s�a�l�t�s�.� 

�D�i�e�t�s� �-� �H�o�r�s�e�s� �w�e�r�e� �r�a�n�d�o�m�l�y� �a�s�s�i�g�n�e�d� �t�o� �2� �d�i�e�t� �g�r�o�u�p�s� �(�T�a�b�l�e� �1�)� 

�p�r�i�o�r� �t�o� �t�h�e� �4�-�m�o�n�t�h� �t�r�a�i�n�i�n�g� �p�e�r�i�o�d�.� �C�o�n�t�r�o�l� �g�r�o�u�p� �w�a�s� �f�e�d� �a� �b�a�s�a�l� �d�i�e�t� 

�c�o�n�s�i�s�t�i�n�g� �o�f� �c�h�o�p�p�e�d� �h�a�y�,� �c�r�a�c�k�e�d� �c�o�r�n�,� �m�o�l�a�s�s�e�s� �a�n�d� �a�_� �v�i�t�a�m�i�n� 

�s�u�p�p�l�e�m�e�n�t�2�.� �T�h�e� �h�i�g�h� �f�a�t� �d�i�e�t� �g�r�o�u�p� �w�a�s� �f�e�d� �a� �s�i�m�i�l�a�r� �d�i�e�t�,� �e�x�c�e�p�t� �p�a�r�t� �o�f� 

�t�h�e� �c�o�r�n� �w�a�s� �r�e�p�l�a�c�e�d� �w�i�t�h� �c�o�r�n� �o�i�l�?�,� �w�h�i�c�h� �r�e�s�u�l�t�e�d� �i�n� �a� �f�i�n�a�l� �r�a�t�i�o�n� �o�f� �1�0�%� 

�c�o�r�n� �o�i�l� �b�y� �w�e�i�g�h�t�.� �H�o�r�s�e�s� �w�e�r�e� �f�e�d� �t�o� �m�e�e�t� �a�v�e�r�a�g�e� �e�n�e�r�g�y� �a�n�d� �m�i�n�i�m�u�m� 

�n�u�t�r�i�e�n�t� �r�e�q�u�i�r�e�m�e�n�t�s� �o�f� �h�o�r�s�e�s� �i�n� �w�o�r�k� �(�N�R�C�,� �1�9�8�9�)�,� �a�n�d� �e�a�c�h� �h�o�r�s�e� 

�r�e�m�a�i�n�e�d� �o�n� �t�h�e� �s�a�m�e� �d�i�e�t� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y�.� 

�T�r�e�a�t�m�e�n�t�s� �-� �T�w�o� �h�o�r�s�e�s� �f�r�o�m� �e�a�c�h� �d�i�e�t� �g�r�o�u�p� �r�e�c�e�i�v�e�d�,� �t�h�r�o�u�g�h� 

�n�a�s�o�g�a�s�t�r�i�c� �i�n�t�u�b�a�t�i�o�n�,� �N�a�H�C�O�3�4� �(�3�0�0� �m�g� �p�e�r� �k�g� �b�o�d�y� �w�t�)� �d�i�s�s�o�l�v�e�d� �i�n� �w�a�t�e�r� 

�(�8�.�8� �m�l� �p�e�r� �k�g� �b�o�d�y� �w�t�)� �1�.�5� �h�o�u�r�s� �p�r�i�o�r� �t�o� �t�h�e� �e�x�e�r�c�i�s�e� �t�e�s�t�;� �t�h�e� �o�t�h�e�r� �t�w�o� 

�h�o�r�s�e�s� �r�e�c�e�i�v�e�d� �a�n� �e�q�u�a�l� �v�o�l�u�m�e� �o�f� �w�a�t�e�r�.� �F�e�e�d� �w�a�s� �w�i�t�h�h�e�l�d� �f�o�r� �a�t� �l�e�a�s�t� �1�2� 

�h�o�u�r�s� �p�r�i�o�r� �t�o� �t�r�e�a�t�m�e�n�t�s�,� �w�a�t�e�r� �w�a�s� �a�v�a�i�l�a�b�l�e� �a�d� �l�i�b�i�t�u�m�.� �T�r�e�a�t�m�e�n�t�s� �w�e�r�e� 

�r�e�v�e�r�s�e�d� �f�o�r� �t�h�e� �s�e�c�o�n�d� �e�x�e�r�c�i�s�e� �t�e�s�t�.� 

� � 

�1� �M�u�s�t�a�n�g� �2�2�0�0�,� �K�a�g�r�a� �I�n�t�e�r�n�a�t�i�o�n�a�l� �I�n�c�.�,� �F�a�h�r�w�a�n�g�e�n�,� �S�w�i�t�z�e�r�l�a�n�d�.� 
�W�i�l�s�o�n� �E�n�t�e�r�p�r�i�s�e�s�,� �I�n�c�.�,� �D�i�s�p�u�t�a�t�a�,� �V�a�.� 

�3� �C�o�r� �P�r�o�d�u�c�t�s� �C�o�r�p�.�,� �B�e�s�t� �F�o�o�d�s�,� �U�n�i�o�n�.�,� �N�.�J�.� 
�4� �a�m� �&� �H�a�m�m�e�r�,� �C�h�u�r�c�h� �&� �D�w�i�g�h�t� �C�o�.�,� �I�n�c�.�,� �P�r�i�n�c�e�t�o�n�,� �N�.�J�.� 

�J�o�u�r�n�a�l� �P�a�p�e�r� �1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �b�l�o�o�d� �l�a�c�t�a�t�e� �5�6



�E�x�e�r�c�i�s�e� �t�e�s�t� �-� �A�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �4�-�m�o�n�t�h� �t�r�a�i�n�i�n�g�/�a�d�a�p�t�a�t�i�o�n� �p�e�r�i�o�d�,� 

�e�a�c�h� �h�o�r�s�e� �u�n�d�e�r�w�e�n�t� �t�w�o� �r�e�p�e�a�t�e�d� �s�p�r�i�n�t� �e�x�e�r�c�i�s�e� �t�e�s�t�s� �t�w�o� �w�e�e�k�s� �a�p�a�r�t� �o�n� 

�a� �h�i�g�h� �s�p�e�e�d� �t�r�e�a�d�m�i�l�l ��.� �T�h�e� �e�x�e�r�c�i�s�e� �t�e�s�t� �w�a�s� �p�e�r�f�o�r�m�e�d� �1�.�5� �h�o�u�r�s� �a�f�t�e�r� 

�t�r�e�a�t�m�e�n�t� �a�d�m�i�n�i�s�t�r�a�t�i�o�n�.� �A�f�t�e�r� �w�a�r�m�-�u�p� �e�x�e�r�c�i�s�e� �o�f� �5� �m�i�n�u�t�e�s� �a�t� �a� �t�r�o�t� �(�3�.�2� 

�m�/�s�)�,� �e�a�c�h� �h�o�r�s�e� �p�e�r�f�o�r�m�e�d� �9� �s�p�r�i�n�t�/�w�a�l�k� �s�e�q�u�e�n�c�e�s� �a�t� �a� �6�%� �i�n�c�l�i�n�e�.� �T�h�e� 

�s�p�r�i�n�t�/�w�a�l�k� �s�e�q�u�e�n�c�e� �c�o�n�s�i�s�t�e�d� �o�f� �a� �o�n�e�-�m�i�n�u�t�e� �s�p�r�i�n�t� �(�1�0� �m�/�s�)�,� �f�o�l�l�o�w�e�d� �b�y� 

�a� �t�r�o�t� �(�3�.�2� �m�/�s�)� �f�o�r� �0�.�5� �m�i�n�u�t�e� �a�n�d� �a� �w�a�l�k� �(�1�.�6� �m�/�s�)� �f�o�r� �3�.�5� �m�i�n�u�t�e�s�;� �t�h�e� �f�i�r�s�t� 

�s�p�r�i�n�t� �w�a�s� �a�t� �7� �m�/�s�.� �H�e�a�r�t� �r�a�t�e�s� �w�e�r�e� �r�e�c�o�r�d�e�d� �d�u�r�i�n�g� �e�a�c�h� �s�p�r�i�n�t� �u�s�i�n�g� �a� 

�d�i�g�i�t�a�l� �h�e�a�r�t� �r�a�t�e� �m�o�n�i�t�o�r�®�.� 

�C�o�l�l�e�c�t�i�o�n� �o�f� �s�a�m�p�l�e�s� �a�n�d� �m�e�a�s�u�r�e�m�e�n�t� �-� �V�e�n�o�u�s� �b�l�o�o�d� �w�a�s� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �j�u�g�u�l�a�r� �v�e�i�n� �t�h�r�o�u�g�h� �a� �1�4�-�g�a�u�g�e� �c�a�t�h�e�t�e�r�®� �a�t� �r�e�s�t�,� �b�e�f�o�r�e� 

�a�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �N�a�H�C�O�,� �o�r� �w�a�t�e�r� �(�p�r�e�t�r�e�a�t�m�e�n�t�)� �a�n�d� �1�.�5� �h�o�u�r�s� �a�f�t�e�r� 

�t�r�e�a�t�m�e�n�t� �(�p�o�s�t�t�r�e�a�t�m�e�n�t�)�,� �a�n�d� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e�,� �p�r�i�o�r� �t�o� �t�h�e� �e�n�d� �o�f� �e�a�c�h� 

�s�p�r�i�n�t� �(�b�e�f�o�r�e� �s�p�e�e�d� �w�a�s� �r�e�d�u�c�e�d�)�.� �B�i�o�o�d� �s�a�m�p�l�e�s� �w�e�r�e� �d�r�a�w�n� 

�a�n�a�e�r�o�b�i�c�i�a�l�l�y� �i�n�t�o� �h�e�p�a�r�i�n�i�z�e�d� �s�y�r�i�n�g�e�s� �(�3�0�0� �u�n�i�t�s� �l�i�t�h�i�u�m� �h�e�p�a�r�i�n �� �p�e�r� �3� �m�l�)� 

�f�o�r� �p�l�a�s�m�a� �[�H�t�]� �a�n�d� �P�C�O�,� �a�n�a�l�y�s�i�s�®� �c�o�r�r�e�c�t�i�n�g� �f�o�r� �b�o�d�y� �(�r�e�c�t�a�l�)� �t�e�m�p�e�r�a�t�u�r�e�.� 

�P�l�a�s�m�a� �[�H�C�O�Q�3�"�]� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �i�t�s� �d�i�s�s�o�c�i�a�t�i�o�n� �e�q�u�i�l�i�b�r�i�a�:� 

�[�H�C�O�3�"�]� �=� �(�K�e� �x� �P�C�O�g�)� �/� �[�H�+�]� 

�w�h�e�r�e� �K�,� �=� �2�.�5�8� �x� �1�0�°�1�1� �(�m�m�o�l�/�L�)�4�/� �m�m�H�g� �(�S�t�e�w�a�r�t�,� �1�9�8�1�)�.� 

�A�n�o�t�h�e�r� �b�i�o�o�d� �s�a�m�p�l�e� �w�a�s� �d�r�a�w�n� �i�n�t�o� �a� �s�y�r�i�n�g�e� �a�n�d� �t�r�a�n�s�f�e�r�r�e�d� �t�o� 
� � 

�5� �P�o�l�a�r� �P�a�c�e�r�,� �P�o�l�a�r� �C�I�C�,� �I�n�c�.�,� �P�o�r�t� �W�a�s�h�i�n�g�t�o�n�,� �N�.�Y�.� 
�6� �A�b�b�o�c�a�t�h�,� �A�b�b�o�t�t� �H�o�s�p�i�t�a�l�s�,� �I�n�c�.�,� �N�o�r�t�h� �C�h�i�c�a�g�o�,� �I�l�l�.� 
�7� �L�i�t�h�i�u�m� �h�e�p�a�r�i�n�,� �H�-�0�8�7�8�,� �S�i�g�m�a� �C�h�e�m�i�c�a�l� �C�o�.�,� �S�t�.� �L�o�u�i�s�,� �M�o�.� 

�S�y�s�t�e�m� �1�3�0�6�,� �I�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �L�a�b�o�r�a�t�o�r�y�,� �L�e�x�i�n�g�t�o�n�,� �M�a�s�s�.� 

�J�o�u�r�n�a�l� �P�a�p�e�r� �1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �b�l�o�o�d� �l�a�c�t�a�t�e� �5�7



�h�e�p�a�r�i�n�i�z�e�d�?� �t�u�b�e�s�.� �W�h�o�l�e� �b�l�o�o�d� �w�a�s� �d�e�p�r�o�t�e�i�n�i�z�e�d� �i�n� �c�o�l�d� �8�%� �p�e�r�c�h�l�o�r�i�c� 

�a�c�i�d� �(�1�:�2�)�,� �a�n�d� �t�h�e� �s�u�p�e�r�n�a�t�a�n�t� �a�n�a�l�y�z�e�d� �f�o�r� �[�L�a�c�]� �b�y� �t�h�e� �l�a�c�t�a�t�e� 

�d�e�h�y�d�r�o�g�e�n�a�s�e� �m�e�t�h�o�d�'�®�.� �P�l�a�s�m�a� �w�a�s� �s�e�p�a�r�a�t�e�d� �f�r�o�m� �t�h�e� �r�e�m�a�i�n�i�n�g� �b�l�o�o�d� 

�f�o�r� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �s�o�d�i�u�m� �(�[�N�a�*�]�)� �a�n�d� �p�o�t�a�s�s�i�u�m� �(�[�K�*�]�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �b�y� 

�i�o�n� �s�e�l�e�c�t�i�v�e� �e�l�e�c�t�r�o�d�e�s ��,� �c�h�l�o�r�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�{�C�l�-�]�)� �b�y� �c�h�l�o�r�i�d�e� 

�t�i�t�r�a�t�i�o�n�'�2�,� �a�n�d� �a�l�b�u�m�i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �[�A�l�b�]� �b�y� �t�h�e� �b�r�o�m�c�r�e�s�o�l� �g�r�e�e�n� 

�m�e�t�h�o�d�'�s�.� 

�S�t�a�t�i�s�t�i�c�a�l� �a�n�a�l�y�s�i�s� �-� �A�l�l� �r�e�s�u�l�t�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �a�s� �m�e�a�n� �+� �S�E�M� �u�n�l�e�s�s� 

�s�t�a�t�e�d� �o�t�h�e�r�w�i�s�e�.� �A�n�a�l�y�s�i�s� �o�f� �v�a�r�i�a�n�c�e� �f�o�r� �r�e�p�e�a�t�e�d� �m�e�a�s�u�r�e�s� �w�a�s� �u�s�e�d� �t�o� 

�e�v�a�l�u�a�t�e� �e�f�f�e�c�t�s� �o�f� �d�i�e�t�,� �t�r�e�a�t�m�e�n�t�,� �e�x�e�r�c�i�s�e� �(�s�p�r�i�n�t� �n�u�m�b�e�r�)�,� �a�n�d� �t�h�e�i�r� 

�i�n�t�e�r�a�c�t�i�o�n�s� �d�u�r�i�n�g� �t�h�e� �e�x�e�r�c�i�s�e� �t�e�s�t�,� �a�n�d� �t�r�e�a�t�m�e�n�t� �s�e�q�u�e�n�c�e� �(�p�e�r�i�o�d�)�.� 

�W�h�e�n� �i�n�d�i�c�a�t�e�d�,� �T�u�k�e�y�'�s� �s�t�u�d�e�n�t�i�z�e�d� �r�a�n�g�e� �t�e�s�t� �w�a�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� 

�w�h�e�t�h�e�r� �t�h�e�r�e� �w�e�r�e� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �a�m�o�n�g� �m�e�a�n�s�,� �a�n�d� �a� �p�r�o�b�a�b�i�l�i�t�y� 

�o�f� �l�e�s�s� �t�h�a�n� �0�.�0�5� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �s�i�g�n�i�f�i�c�a�n�t�.� 

�R�e�s�u�l�t�s� 

�E�f�f�e�c�t� �o�f� �e�x�e�r�c�i�s�e� �-� �A�l�l� �h�o�r�s�e�s� �p�e�r�f�o�r�m�e�d� �9� �s�p�r�i�n�t�/�w�a�l�k� �s�e�q�u�e�n�c�e�s� 

�d�u�r�i�n�g� �e�a�c�h� �e�x�e�r�c�i�s�e� �t�e�s�t�.� �T�h�e�r�e� �w�e�r�e� �n�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �h�e�a�r�t� �r�a�t�e�s� �r�e�c�o�r�d�e�d� 

�d�u�r�i�n�g� �s�p�r�i�n�t�s� �(�P�=�0�.�8�4�4�2�)�,� �a�n�d� �t�h�e�r�e� �w�e�r�e� �n�o� �t�r�e�a�t�m�e�n�t� �(�P�=�0�.�8�5�4�8�)� �o�r� �d�i�e�t� 

� � 

�9� �V�a�c�u�t�a�i�n�e�r� �#�6�4�8�4�,� �B�e�c�t�o�n� �D�i�c�k�e�n�s�o�n� �a�n�d� �C�o�m�p�a�n�y�,� �R�u�t�h�e�r�f�o�r�d�,� �N�.�J�.� 

�J�o�u�r�n�a�l� �P�a�p�e�r� �1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �b�l�o�o�d� �l�a�c�t�a�t�e� 

�4� �P�r�o�c�.� �N�o�.� �8�2�6�-�U�V�,� �S�i�g�m�a� �D�i�a�g�n�o�s�i�t�i�c�s�,� �S�t�.� �L�o�u�i�s�,� �M�o�.� 

�2� �C�h�l�o�r�i�d�o�m�e�t�e�r�,� �B�u�c�h�l�e�r� �I�n�s�t�r�u�m�e�n�t�s�,� �L�e�n�e�x�a�,� �K�a�n�.� 
�3� �P�r�o�c�.� �N�o�.� �6�3�2�,� �S�i�g�m�a� �D�i�a�g�n�o�s�t�i�c�s�,� �S�t�.� �L�o�u�i�s�,� �M�o�.� 

�S�t�a�t� �P�r�o�f�i�l�e� �1�,� �N�o�v�a� �B�i�o�m�e�d�i�c�a�l�,� �W�a�l�t�h�a�m�,� �M�a�s�s�.� 
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�J�o�u�r�n�a�l� �P�a�p�e�r� �1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �b�l�o�o�d� �l�a�c�t�a�t�e� 

�(�P�=�0�.�2�8�8�2�)� �e�f�f�e�c�t�s� �o�n� �h�e�a�r�t� �r�a�t�e�s�.� �P�o�o�l�e�d� �m�e�a�s�u�r�e�m�e�n�t�s� �f�o�r� �h�e�a�r�t� �r�a�t�e�s� 

�d�u�r�i�n�g� �e�a�c�h� �s�p�r�i�n�t� �a�v�e�r�a�g�e�d� �2�0�8�.�1� �+� �0�.�9� �b�e�a�t�s�/�m�i�n�u�t�e�.� 

�P�l�a�s�m�a� �[�N�a�t�]� �a�n�d� �[�K�t�]� �i�n�c�r�e�a�s�e�d� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �(�P�=�0�.�0�0�0�1�;� �T�a�b�l�e� 

�2�)�,� �w�i�t�h� �t�h�e� �l�a�r�g�e�s�t� �i�n�c�r�e�a�s�e� �o�c�c�u�r�r�i�n�g� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �2� �s�p�r�i�n�t�s�.� �P�l�a�s�m�a� 

�[�N�a�t�]� �a�n�d� �[�K�*�]� �i�n�c�r�e�a�s�e�d� �3�.�1� �a�n�d� �1�.�9� �m�m�o�l�/�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �a�b�o�v�e� �r�e�s�t�i�n�g� 

�v�a�l�u�e�s� �d�u�r�i�n�g� �s�p�r�i�n�t� �2�,� �a�n�d� �t�h�e�n� �r�e�m�a�i�n�e�d� �e�l�e�v�a�t�e�d� �w�i�t�h� �l�i�t�t�l�e� �c�h�a�n�g�e� �i�n� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �t�h�r�o�u�g�h� �t�h�e� �r�e�m�a�i�n�i�n�g� �s�p�r�i�n�t�s�.� �B�l�o�o�d� �[�L�a�c!"�]� �i�n�c�r�e�a�s�e�d� �d�u�r�i�n�g� 

�e�x�e�r�c�i�s�e� �(�P�=�0�.�0�0�0�1�;� �T�a�b�l�e� �2�)�,� �w�i�t�h� �t�h�e� �l�a�r�g�e�s�t� �r�a�t�e� �o�f� �i�n�c�r�e�a�s�e� �o�c�c�u�r�r�i�n�g� 

�d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �3� �s�p�r�i�n�t�s�.� �B�l�o�o�d� �[�L�a�c!"�]� �r�e�a�c�h�e�d� �1�0�-�f�o�l�d� �a�b�o�v�e� �r�e�s�t�i�n�g� �v�a�l�u�e�s� 

�d�u�r�i�n�g� �s�p�r�i�n�t� �3� �(�P�<�0�.�0�5�)�,� �a�n�d� �i�n�c�r�e�a�s�e�d� �a�t� �a� �s�l�o�w�e�r� �r�a�t�e� �d�u�r�i�n�g� �c�o�n�t�i�n�u�e�d� 

�e�x�e�r�c�i�s�e� �t�o� �1�3�-�f�o�l�d� �a�b�o�v�e� �r�e�s�t�i�n�g� �v�a�l�u�e�s� �d�u�r�i�n�g� �s�p�r�i�n�t� �9� �(�P�<�0�.�0�5�)�.� �P�l�a�s�m�a� 

�[�S�I�D�]� �d�e�c�r�e�a�s�e�d� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �(�P�=�0�.�0�0�0�1�;� �T�a�b�l�e� �2�)�,� �a�n�d� �w�a�s� �2� �m�m�o�l�/�L� 

�b�e�l�o�w� �r�e�s�t�i�n�g� �v�a�l�u�e�s� �d�u�r�i�n�g� �s�p�r�i�n�t�s� �8� �a�n�d� �9� �(�P�<�0�.�0�5�)�.� �T�h�e�r�e� �w�a�s� �a� �s�l�i�g�h�t� �b�u�t� 

�n�o�t� �s�i�g�n�i�f�i�c�a�n�t� �i�n�c�r�e�a�s�e� �i�n� �p�l�a�s�m�a� �[�A�i�b�]� �(�P�=�0�.�0�8�8�6�)�,� �a�n�d� �a� �s�l�i�g�h�t� �b�u�t� �n�o�t� 

�s�i�g�n�i�f�i�c�a�n�t� �d�e�c�r�e�a�s�e� �i�n� �p�l�a�s�m�a� �[�C�l�-�]� �(�P�=�0�.�0�7�7�4�;� �T�a�b�l�e� �2�)� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e�.� 

�P�l�a�s�m�a� �P�C�O�.� �w�a�s� �a�f�f�e�c�t�e�d� �b�y� �e�x�e�r�c�i�s�e� �(�P�=�0�.�0�0�0�1�;� �T�a�b�l�e� �2�)�,� �a�n�d� 

�i�n�c�r�e�a�s�e�d� �4� �t�o� �6� �m�m�H�g� �a�b�o�v�e� �r�e�s�t�i�n�g� �v�a�l�u�e�s� �d�u�r�i�n�g� �s�p�r�i�n�t�s� �2� �a�n�d� �3� 

�(�P�<�0�.�0�5�)�,� �t�h�e�n� �d�e�c�l�i�n�e�d� �w�i�t�h� �c�o�n�t�i�n�u�e�d� �e�x�e�r�c�i�s�e� �t�o� �3�.�5� �m�m�H�g� �b�e�l�o�w� �r�e�s�t�i�n�g� 

�v�a�l�u�e�s� �d�u�r�i�n�g� �s�p�r�i�n�t� �9� �(�P�<�0�.�0�5�)�.� �P�l�a�s�m�a� �[�H�*�]� �i�n�c�r�e�a�s�e�d� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� 

�(�P�=�0�.�0�0�0�1�;� �T�a�b�l�e� �2�)�,� �w�i�t�h� �h�i�g�h�e�s�t� �l�e�v�e�l�s� �a�t� �5�.�7� �n�m�o�l�/�L� �a�b�o�v�e� �r�e�s�t�i�n�g� �v�a�l�u�e�s� 

�(�P�<�0�.�0�5�)� �d�u�r�i�n�g� �s�p�r�i�n�t� �2�.� �D�u�r�i�n�g� �s�p�r�i�n�t�s� �3� �t�h�r�o�u�g�h� �9�,� �p�l�a�s�m�a� �[�H�*�]� 

�p�r�o�g�r�e�s�s�i�v�e�l�y� �d�e�c�l�i�n�e�d�,� �b�u�t� �r�e�m�a�i�n�e�d� �3�.�0� �n�m�o�l�/�L� �a�b�o�v�e� �r�e�s�t�i�n�g� �v�a�l�u�e�s� �d�u�r�i�n�g� 

�s�p�r�i�n�t�s� �8� �a�n�d� �9� �(�P�<�0�.�0�5�)�.� �P�l�a�s�m�a� �[�H�C�O�3�7�]� �d�e�c�r�e�a�s�e�d� �b�e�l�o�w� �r�e�s�i�n�g� �v�a�l�u�e�s� 

�d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �(�P�=�0�.�0�0�0�1�;� �T�a�b�l�e� �2�)�,� �a�n�d� �w�a�s� �b�e�l�o�w� �r�e�s�t�i�n�g� �v�a�l�u�e�s� �d�u�r�i�n�g� 

�s�p�r�i�n�t�s� �3� �t�h�r�o�u�g�h� �9� �(�P�<�.�0�.�0�5�)�.� 
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�J�o�u�r�n�a�l� �P�a�p�e�r� �1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �b�l�o�o�d� �l�a�c�t�a�t�e� 

�E�f�f�e�c�t� �o�f� �N�a�H�C�Q�O�3� �a�n�d� �w�a�t�e�r� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �-� �T�r�e�a�t�m�e�n�t� �s�e�q�u�e�n�c�e� 

�h�a�d� �n�o� �e�f�f�e�c�t� �o�n� �v�a�r�i�a�b�l�e�s� �m�e�a�s�u�r�e�d� �i�n� �h�o�r�s�e�s� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e�.� �B�l�o�o�d� �[�L�a�c!"�]� 

�w�a�s� �1�.�5� �t�o� �2�.�0� �m�m�o�l�/�L� �h�i�g�h�e�r� �d�u�r�i�n�g� �s�p�r�i�n�t�i�n�g� �(�P�=�0�.�0�0�2�4�)� �w�h�e�n� �h�o�r�s�e�s� �w�e�r�e� 

�g�i�v�e�n� �N�a�H�C�O�3� �c�o�m�p�a�r�e�d� �t�o� �p�l�a�i�n� �w�a�t�e�r� �(�T�a�b�l�e� �3�a�)�.� �D�u�r�i�n�g� �s�p�r�i�n�t�s� �3� 

�t�h�r�o�u�g�h� �9�,� �p�l�a�s�m�a� �[�N�a�t�]� �w�a�s� �5�.�3� �t�o� �6�.�5� �m�m�o�l�/�L� �h�i�g�h�e�r� �(�P�=�0�.�0�0�0�1�)� �a�n�d� 

�p�l�a�s�m�a� �[�K�*�]� �w�a�s� �0�.�1� �t�o� �0�.�3� �m�m�o�l�/�L� �l�o�w�e�r� �(�P�=�0�.�0�0�4�2�)� �w�h�e�n� �h�o�r�s�e�s� �r�e�c�e�i�v�e�d� 

�N�a�H�C�O�z�3� �c�o�m�p�a�r�e�d� �t�o� �w�a�t�e�r� �p�r�i�o�r� �t�o� �e�x�e�r�c�i�s�e� �(�T�a�b�l�e� �3�a�)�.� �D�u�r�i�n�g� �s�p�r�i�n�t�s� �3� 

�t�h�r�o�u�g�h� �9�,� �p�l�a�s�m�a� �[�S�I�D�]� �w�a�s� �3�.�0� �t�o� �4�.�4� �m�m�o�l�/�L� �h�i�g�h�e�r� �(�P�=�0�.�0�0�5�4�)� �w�h�e�n� 

�h�o�r�s�e�s� �r�e�c�e�i�v�e�d� �N�a�H�C�O�3� �p�r�i�o�r� �t�o� �e�x�e�r�c�i�s�e� �(�T�a�b�l�e� �3�a�)�.� �P�r�e�t�r�e�a�t�m�e�n�t� �w�i�t�h� 

�e�i�t�h�e�r� �w�a�t�e�r� �o�r� �N�a�H�C�O�3� �h�a�d� �n�o� �e�f�f�e�c�t� �o�n� �p�l�a�s�m�a� �[�C�l�-�]� �(�P�=�0�.�3�3�7�4�)�,� �[�A�l�b�]� 

�(�P�=�0�.�5�0�1�7�)�,� �a�n�d� �P�C�O�,� �(�P�=�0�.�9�1�8�0�)� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �(�T�a�b�l�e�s� �3�a� �a�n�d� �3�b�)�.� 

�P�l�a�s�m�a� �[�H�*�]� �w�a�s� �4�.�2� �t�o� �5�.�3� �n�m�o�l�/�L� �l�o�w�e�r� �(�P�=�0�.�0�0�1�4�)� �a�n�d� �p�l�a�s�m�a� �[�H�C�O�3�7�]� 

�w�a�s� �3�.�1� �t�o� �3�.�8� �m�m�o�l�/�L� �h�i�g�h�e�r� �(�P�=�0�.�0�0�0�1�)� �d�u�r�i�n�g� �s�p�r�i�n�t�s� �3� �t�h�r�o�u�g�h� �9� �w�h�e�n� 

�h�o�r�s�e�s� �r�e�c�e�i�v�e�d� �N�a�H�C�Q�O�3� �p�r�i�o�r� �t�o� �e�x�e�r�c�i�s�e� �c�o�m�p�a�r�e�d� �t�o� �p�l�a�i�n� �w�a�t�e�r� �(�T�a�b�l�e� 

�3�b�)�.� 

�E�f�f�e�c�t� �o�f� �h�i�g�h� �f�a�t� �a�n�d� �c�o�n�t�r�o�l� �d�i�e�t�s� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �-� �B�l�o�o�d� �[�L�a�c!"�]� �w�a�s� 

�h�i�g�h�e�r� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �(�P�=�0�.�0�2�4�0�)�,� �a�n�d� �i�n�c�r�e�a�s�e�d� �a�t� �a� �g�r�e�a�t�e�r� �r�a�t�e� �w�i�t�h� 

�p�r�o�g�r�e�s�s�i�v�e� �s�p�r�i�n�t�s� �(�P�=�0�.�0�0�0�1�)� �i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s� �c�o�m�p�a�r�e�d� �t�o� �h�o�r�s�e�s� 

�f�e�d� �t�h�e� �c�o�n�t�r�o�l� �d�i�e�t� �(�T�a�b�l�e� �4�a�)�.� �B�l�o�o�d� �[�L�a�c�-�]� �w�a�s� �0�.�4�1� �a�n�d� �3�.�0�6� �m�m�o�l�/�L� 

�h�i�g�h�e�r� �d�u�r�i�n�g� �s�p�r�i�n�t�s� �3� �a�n�d� �9�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s� �c�o�m�p�a�r�e�d� 

�t�o� �h�o�r�s�e�s� �f�e�d� �t�h�e� �c�o�n�t�r�o�l� �d�i�e�t�.� �D�u�r�i�n�g� �s�p�r�i�n�t�s� �7� �t�h�r�o�u�g�h� �9�,� �p�l�a�s�m�a� �P�C�O�»� 

�d�e�c�r�e�a�s�e�d� �a�t� �a� �g�r�e�a�t�e�r� �r�a�t�e� �w�i�t�h� �p�r�o�g�r�e�s�s�i�v�e� �s�p�r�i�n�t�s� �(�P�=�0�.�0�2�4�1�)� �a�n�d� �w�a�s� 

�l�o�w�e�r� �i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s� �c�o�m�p�a�r�e�d� �t�o� �h�o�r�s�e�s� �f�e�d� �t�h�e� �c�o�n�t�r�o�!� �d�i�e�t� �(�T�a�b�l�e� 

�4�b�)�.� �T�h�e�r�e� �w�e�r�e� �n�o� �d�i�e�t� �e�f�f�e�c�t�s� �o�n� �p�l�a�s�m�a� �[�N�a�t�]� �(�P�=�0�.�9�4�1�2�)�,� �[�K�*�]� 

�6�0



�(�P�=�0�.�4�7�3�2�)�,� �[�C�l�-�]� �(�P�=�0�.�5�1�1�4�)�,� �[�S�I�D�]� �(�P�=�0�.�2�1�7�4�)�,� �A�l�b�]� �(�P�=�0�.�9�8�1�8�)�,� �a�n�d� �[�H!"�]� 

�(�P�=�0�.�0�9�4�5�)� �d�u�r�i�n�g� �e�x�e�r�i�c�s�e� �(�T�a�b�l�e�s� �4�a� �a�n�d� �4�b�)�.� 

�C�o�m�b�i�n�e�d� �e�f�f�e�c�t�s� �o�f� �N�a�H�C�O�3� �a�n�d� �f�a�t� �a�d�a�p�t�a�t�i�o�n� �-� �T�h�e� �c�o�m�b�i�n�a�t�i�o�n� 

�o�f� �d�i�e�t� �(�c�o�n�t�r�o�l� �o�r� �f�a�t�)� �a�n�d� �t�r�e�a�t�m�e�n�t� �(�w�a�t�e�r� �o�r� �N�a�H�C�O�3�)� �h�a�d� �a�n� �e�f�f�e�c�t� �o�n� 

�b�l�o�o�d� �[�L�a�c!"�]� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �i�n� �h�o�r�s�e�s� �(�P�=�0�.�0�2�7�6�;� �F�i�g�u�r�e� �1�)�.� �H�i�g�h�e�s�t� �b�l�o�o�d� 

�[�L�a�c�-�]� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s� �g�i�v�e�n� �N�a�H�C�O�3� �p�r�i�o�r� �t�o� �e�x�e�r�c�i�s�e�.� 

�I�f� �t�h�e� �e�f�f�e�c�t�s� �o�f� �d�i�e�t� �a�n�d� �t�r�e�a�t�m�e�n�t� �a�r�e� �a�d�d�i�t�i�v�e�,� �t�h�e�n� �m�e�a�s�u�r�e�d� �b�l�o�o�d� �[�L�a�c�]� 

�o�b�s�e�r�v�e�d� �i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s� �g�i�v�e�n� �N�a�H�C�O�g�3� �(�F�a�t�/�N�a�H�C�O�3�)� �s�h�o�u�l�d� �b�e� 

�e�q�u�i�v�a�l�e�n�t� �t�o� �c�a�l�c�u�l�a�t�e�d� �b�l�o�o�d� �[�L�a�c�]� �u�s�i�n�g� �m�e�a�s�u�r�e�d� �v�a�l�u�e�s� �f�r�o�m� �o�t�h�e�r� 

�d�i�e�t�/�t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n�s�:� 

�(�F�a�t�I�N�a�H�C�O�3�)� �=� �(�F�a�t�/�W�a�t�e�r�)� �+� �(�C�o�n�t�r�o�l�/�N�a�H�C�O�3�)� �-� �(�C�o�n�t�r�o�l�/�W�a�t�e�r�)� 

�M�e�a�s�u�r�e�d� �b�l�o�o�d� �[�L�a�c!"�]� �i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s� �g�i�v�e�n� �N�a�H�C�O�3� �w�e�r�e� �h�i�g�h�e�r� 

�t�h�a�n� �c�a�l�c�u�l�a�t�e�d� �v�a�l�u�e�s� �(�F�i�g�u�r�e� �2�)�.� 

�D�i�s�c�u�s�s�i�o�n� 

�I�n� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y�,� �a�l�l� �h�o�r�s�e�s� �p�e�r�f�o�r�m�e�d� �9� �s�p�r�i�n�t�/�w�a�l�k� �s�e�q�u�e�n�c�e�s� 

�d�u�r�i�n�g� �e�a�c�h� �e�x�e�r�c�i�s�e� �t�e�s�t�.� �H�o�r�s�e�s� �p�e�r�f�o�r�m�e�d� �a�t� �9�0�-�9�5�%� �o�f� �m�a�x�i�m�a�l� 

�p�e�r�f�o�r�m�a�n�c�e� �d�u�r�i�n�g� �s�p�r�i�n�t�s� �3� �t�h�r�o�u�g�h� �9�,� �a�s� �e�s�t�i�m�a�t�e�d� �f�r�o�m� �r�e�c�o�r�d�e�d� �h�e�a�r�t� 

�r�a�t�e�s�.� �B�l�o�o�d� �[�L�a�c�]� �i�n�c�r�e�a�s�e�d� �d�u�r�i�n�g� �s�p�r�i�n�t� �e�x�e�r�c�i�s�e� �w�i�t�h� �t�h�e� �g�r�e�a�t�e�s�t� 

�i�n�c�r�e�a�s�e� �o�c�c�u�r�r�i�n�g� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �3� �s�p�r�i�n�t�s�.� �A�f�t�e�r� �s�p�r�i�n�t� �3�,� �t�h�e� �r�a�t�e� �o�f� 

�J�o�u�r�n�a�l� �P�a�p�e�r� �1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �b�l�o�o�d� �l�a�c�t�a�t�e� �6�1



�a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �b�l�o�o�d� �L�a�c �� �w�a�s� �a�n�d� �a�p�p�e�a�r�e�d� �t�o� �r�e�a�c�h� �a� �s�t�e�a�d�y�-�s�t�a�t�e�.� 

�D�u�r�i�n�g� �e�x�e�r�c�i�s�e�,� �b�l�o�o�d� �[�L�a�c!"�]� �i�n�c�r�e�a�s�e�d� �t�o� �a� �g�r�e�a�t�e�r� �e�x�t�e�n�t� �w�h�e�n� �h�o�r�s�e�s� 

�r�e�c�e�i�v�e�d� �N�a�H�C�O�,� �c�o�m�p�a�r�e�d� �t�o� �w�a�t�e�r�,� �a�n�d� �i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s� �c�o�m�p�a�r�e�d� 

�t�o� �h�o�r�s�e�s� �f�e�d� �t�h�e� �c�o�n�t�r�o�l� �d�i�e�t�.� �T�h�i�s� �g�r�e�a�t�e�r� �i�n�c�r�e�a�s�e� �i�n� �b�l�o�o�d� �[�L�a�c!"�]� �c�o�u�l�d� �b�e� 

�d�u�e� �t�o� �e�i�t�h�e�r� �o�n�e� �o�r� �m�o�r�e� �e�v�e�n�t�s�:� �i�n�c�r�e�a�s�e�d� �p�r�o�d�u�c�t�i�o�n� �o�f� �l�a�c�t�a�t�e� �w�i�t�h�i�n� 

�c�e�l�l�s� �a�n�d� �m�a�s�s� �m�o�v�e�m�e�n�t� �o�f� �l�a�c�t�a�t�e� �i�n�t�o� �b�l�o�o�d�:� �i�n�c�r�e�a�s�e�d� �e�f�f�l�u�x� �o�f� �l�a�c�t�a�t�e� 

�o�u�t� �o�f� �c�e�l�l�s� �w�i�t�h�o�u�t� �i�n�c�r�e�a�s�e�d� �p�r�o�d�u�c�t�i�o�n�;� �o�r� �d�e�c�r�e�a�s�e�d� �c�l�e�a�r�a�n�c�e� �o�r� �r�e�m�o�v�a�l� 

�f�r�o�m� �b�l�o�o�d�.� 

�E�f�f�e�c�t� �o�f� �N�a�H�1�C�O�3� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �-� �B�l�o�o�d� �[�L�a�c!"�]� �w�a�s� �h�i�g�h�e�r� �d�u�r�i�n�g� 

�e�x�e�r�c�i�s�e� �w�h�e�n� �h�o�r�s�e�s� �r�e�c�e�i�v�e�d� �N�a�H�C�O�z� �c�o�m�p�a�r�e�d� �t�o� �w�a�t�e�r� �p�r�i�o�r� �t�o� �e�x�e�r�c�i�s�e� 

�r�e�g�a�r�d�l�e�s�s� �o�f� �d�i�e�t�.� �M�e�t�a�b�o�l�i�c� �a�l�k�a�l�o�s�i�s� �i�n�c�r�e�a�s�e�d� �r�a�t�e� �o�f� �l�a�c�t�a�t�e� �r�e�l�e�a�s�e� �f�r�o�m� 

�m�u�s�c�l�e� �i�n� �i�s�o�l�a�t�e�d�,� �p�e�r�f�u�s�e�d� �r�a�t� �l�i�m�b� �d�u�r�i�n�g� �c�o�n�t�r�a�c�t�i�o�n� �(�S�p�r�i�e�t� �e�t� �a�l�.�,� �1�9�8�6�;� 

�L�i�n�d�i�n�g�e�r� �e�t� �a�l�.�,� �1�9�9�0�b�)�.� �M�o�v�e�m�e�n�t� �o�f� �l�a�c�t�a�t�e� �e�i�t�h�e�r� �i�n� �t�h�e� �m�o�l�e�c�u�l�a�r� �f�o�r�m� 

�(�H�-�L�a�c�)� �o�r� �i�n� �t�h�e� �i�o�n�i�z�e�d� �f�o�r�m� �(�L�a�c�~�)� �i�s� �a�f�f�e�c�t�e�d� �b�y� �[�H�*�]� �g�r�a�d�i�e�n�t� �(�H�i�r�s�c�h�e� �e�t� 

�a�l�.�,� �1�9�7�5�;� �M�a�i�n�w�o�o�d� �a�n�d� �W�o�r�s�l�e�y�-�B�r�o�w�n�,� �1�9�7�5�;� �S�e�o�,� �1�9�8�4�)�.� �M�u�s�c�l�e� �K�t� �l�o�s�s� 

�d�u�r�i�n�g� �c�o�n�t�r�a�c�t�i�o�n� �i�s� �c�l�o�s�e�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �i�n�t�r�a�c�e�l�l�u�l�a�r� �L�a�c �� 

�(�L�i�n�d�i�n�g�e�r� �e�t� �a�l�.�,� �1�9�8�7�;� �L�i�n�d�i�n�g�e�r� �a�n�d� �H�e�i�g�e�n�h�a�u�s�e�r�,� �1�9�8�8�)�.� �I�n� �t�h�e� �p�r�e�s�e�n�t� 

�s�t�u�d�y�,� �b�l�o�o�d� �[�L�a�c ��]� �w�a�s� �h�i�g�h�e�r� �a�l�o�n�g� �w�i�t�h� �a� �l�o�w�e�r� �p�l�a�s�m�a� �[�K�*�]� �w�h�e�n� �h�o�r�s�e�s� 

�w�e�r�e� �g�i�v�e�n� �N�a�H�C�O�3� �c�o�m�p�a�r�e�d� �t�o� �w�a�t�e�r�,� �a�n�d� �s�u�g�g�e�s�t�s� �a� �d�e�c�r�e�a�s�e�d� �K�t� �l�o�s�s� 

�a�l�o�n�g� �w�i�t�h� �a�n� �i�n�c�r�e�a�s�e�d� �L�a�c �� �e�f�f�l�u�x� �f�r�o�m� �m�u�s�c�l�e� �a�s� �s�u�g�g�e�s�t�e�d� �b�y� �s�t�u�d�i�e�s� �i�n� 

�h�u�m�a�n� �b�e�i�n�g�s� �(�L�i�n�d�i�n�g�e�r� �e�t� �a�l�.�,� �1�9�9�0�b�)�.� 

�D�u�r�i�n�g� �e�x�e�r�c�i�s�e�,� �p�l�a�s�m�a� �[�H�C�O�3�7�]� �w�a�s� �g�r�e�a�t�e�r� �w�h�e�n� �h�o�r�s�e�s� �r�e�c�e�i�v�e�d� 

�N�a�H�C�O�z� �c�o�m�p�a�r�e�d� �t�o� �w�a�t�e�r�.� �P�l�a�s�m�a� �[�H�C�O�3�7�]� �i�s� �o�f�t�e�n� �t�h�e� �c�o�m�p�o�n�e�n�t� 

�m�e�a�s�u�r�e�d� �t�o� �a�s�s�e�s�s� �t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �N�a�H�C�O�3� �t�r�e�a�t�m�e�n�t� �i�n� �h�u�m�a�n� 

�J�o�u�r�n�a�l� �P�a�p�e�r� �1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �b�l�o�o�d� �l�a�c�t�a�t�e� �6�2



�J�o�u�r�n�a�l� �P�a�p�e�r� �1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �b�l�o�o�d� �l�a�c�t�a�t�e� 

�b�e�i�n�g�s� �a�n�d� �h�o�r�s�e�s� �(�L�a�w�r�e�n�c�e� �e�t� �a�l�.�,� �1�9�8�7�;� �G�r�e�e�n�h�a�f�f� �e�t� �a�l�.�,� �1�9�9�1�a�,� �b�;� 

�H�e�i�g�e�n�h�a�u�s�e�r� �a�n�d� �J�o�n�e�s�,� �1�9�9�1�;� �H�a�r�k�i�n�s� �a�n�d� �K�a�m�e�r�l�i�n�g�,� �1�9�9�2�;� �M�a�t�s�o�n� �a�n�d� 

�V�u� �T�r�a�n�,� �1�9�9�3�)�.� �H�o�w�e�v�e�r�,� �c�h�a�n�g�e�s� �i�n� �s�t�r�o�n�g� �i�o�n�s�,� �p�a�r�t�i�c�u�l�a�r�l�y� �N�a�t�,� �s�h�o�u�l�d� 

�b�e� �c�o�n�s�i�d�e�r�e�d� �(�H�e�i�g�e�n�h�a�u�s�e�r� �a�n�d� �J�o�n�e�s�,� �1�9�9�1�)�.� �I�n� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y�,� 

�p�l�a�s�m�a� �[�N�a�*�]� �w�a�s� �h�i�g�h�e�r� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �w�h�e�n� �h�o�r�s�e�s� �r�e�c�e�i�v�e�d� �N�a�H�C�O�3� 

�c�o�m�p�a�r�e�d� �t�o� �p�l�a�i�n� �w�a�t�e�r�,� �w�h�i�c�h� �r�e�s�u�l�t�e�d� �i�n� �a� �h�i�g�h�e�r� �p�l�a�s�m�a� �[�S�I�D�]�.� �T�o� 

�m�a�i�n�t�a�i�n� �e�l�e�c�t�r�o�n�e�u�t�r�a�l�i�t�y�,� �i�n�c�r�e�a�s�e�d� �[�S�I�D�]� �w�i�l�l� �c�a�u�s�e� �[�H�C�O�]� �t�o� �i�n�c�r�e�a�s�e� 

�(�S�t�e�w�a�r�t�,� �1�9�8�1�)�.� 

�E�f�f�e�c�t� �o�f� �h�i�g�h� �f�a�t� �d�i�e�t� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �-� �P�l�a�s�m�a� �P�C�O�9� �w�a�s� �l�o�w�e�r� �d�u�r�i�n�g� 

�s�p�r�i�n�t�s� �7� �t�h�r�o�u�g�h� �9� �i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s� �c�o�m�p�a�r�e�d� �t�o� �h�o�r�s�e�s� �f�e�d� �t�h�e� �c�o�n�t�r�o�l� 

�d�i�e�t�.� �L�e�s�s� �C�Q�o� �i�s� �p�r�o�d�u�c�e�d� �f�r�o�m� �f�a�t�t�y� �a�c�i�d� �o�x�i�d�a�t�i�o�n� �t�h�a�n� �f�r�o�m� �g�l�u�c�o�s�e� 

�o�x�i�d�a�t�i�o�n� �f�o�r� �a� �g�i�v�e�n� �m�e�t�a�b�o�l�i�c� �e�n�e�r�g�y� �p�r�o�d�u�c�t�i�o�n� �(�F�e�r�r�a�n�n�i�n�i�,� �1�9�8�8�)�.� �T�h�i�s� 

�c�a�n� �b�e� �a�p�p�r�e�c�i�a�t�e�d� �f�r�o�m� �t�h�e� �s�t�o�i�c�h�i�o�m�e�t�r�y� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �f�o�r� �c�o�m�p�l�e�t�e� 

�g�l�u�c�o�s�e� �o�x�i�d�a�t�i�o�n�:� 

�C�g�H�1�2�0�g� �+� �3�6�A�D�P� �+� �3�6�P�i� �+� �6�0�>� �- � ��-�- �� �>� �3�6�A�T�P� �+� �6�C�O�z� �+� �6�H�2�O� 

�w�h�i�c�h� �p�r�o�d�u�c�e�s� �1� �m�o�l�e� �C�O�s� �f�o�r� �6� �m�o�l�e�s� �o�f� �A�T�P� �r�e�g�e�n�e�r�a�t�e�d�,� �a�n�d� �f�o�r� 

�c�o�m�p�l�e�t�e� �o�x�i�d�a�t�i�o�n� �o�f� �a� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �f�a�t�t�y� �a�c�i�d� �(�p�a�l�m�i�t�a�t�e�)�:� 

�C�4�g�H�3�9�0�>� �+� �1�2�9�A�D�P� �+� �1�2�9�P�i� �+�2�3�0�5� �-�-�-�-�-�-�-� �>� �1�2�9�A�T�P� �+� �1�6�C�O�o� �+� �1�6�H�>�0� 

�w�h�i�c�h� �p�r�o�d�u�c�e�s� �1� �m�o�l�e� �C�O�p�9� �f�o�r� �8� �m�o�l�e�s� �o�f� �A�T�P� �r�e�g�e�n�e�r�a�t�e�d�.� 

�D�u�r�i�n�g� �e�x�e�r�c�i�s�e�,� �b�l�o�o�d� �[�L�a�c�-�]� �w�a�s� �h�i�g�h�e�r� �i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s� 

�6�3



�c�o�m�p�a�r�e�d� �t�o� �t�h�o�s�e� �f�e�d� �t�h�e� �c�o�n�t�r�o�l� �d�i�e�t�.� �I�t� �w�a�s� �e�x�p�e�c�t�e�d� �t�h�a�t� �f�a�t�-�a�d�a�p�t�e�d� 

�h�o�r�s�e�s� �w�o�u�l�d� �o�x�i�d�i�z�e� �f�a�t�t�y� �a�c�i�d�s� �i�n� �p�r�e�f�e�r�e�n�c�e� �t�o� �c�a�r�b�o�h�y�d�r�a�t�e� �a�n�d� �p�r�o�d�u�c�e� 

�l�e�s�s� �l�a�c�t�a�t�e� �w�i�t�h�i�n� �m�u�s�c�l�e� �c�e�l�l�s�,� �w�h�i�c�h� �w�o�u�l�d� �b�e� �r�e�f�l�e�c�t�e�d� �i�n� �b�l�o�o�d� �[�L�a�c�~�]�.� �F�a�t� 

�a�d�a�p�t�a�t�i�o�n� �a�p�p�e�a�r�s� �t�o� �c�o�n�s�e�r�v�e� �c�a�r�b�o�h�y�d�r�a�t�e� �s�t�o�r�e�s� �b�y� �i�n�c�r�e�a�s�i�n�g� 

�i�n�t�r�a�m�u�s�c�u�l�a�r� �t�r�i�g�l�y�c�e�r�i�d�e� �s�t�o�r�e�s� �(�C�o�n�l�e�e� �e�t� �a�l�.�,� �1�9�9�0�)� �a�n�d� �u�t�i�l�i�z�i�n�g� �f�a�t� �a�s� �a� 

�p�r�e�d�o�m�i�n�a�n�t� �m�u�s�c�l�e� �s�u�b�s�t�r�a�t�e� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �(�J�a�n�s�s�o�n� �a�n�d� �K�a�i�j�s�e�r�,� 

�1�9�8�2�a�,�b�,� �1�9�8�4�;� �M�i�l�l�e�r� �e�t� �a�l�.�,� �1�9�8�4�;� �C�o�n�l�e�e� �e�t� �a�l�.�,� �1�9�9�0�)�.� �C�o�n�c�o�m�i�t�a�n�t� �w�i�t�h� 

�d�e�c�r�e�a�s�e�s� �i�n� �c�a�r�b�o�h�y�d�r�a�t�e� �u�s�e�,� �b�l�o�o�d� �[�L�a�c!"�]� �w�a�s� �l�o�w�e�r� �i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�u�m�a�n� 

�b�e�i�n�g�s� �a�n�d� �r�a�t�s� �(�J�a�n�s�s�o�n� �a�n�d� �K�a�i�j�s�e�r�,� �1�9�8�2�a�,�b�,� �1�9�8�4�;� �M�i�l�l�e�r� �e�t� �a�l�.�,� �1�9�8�4�)�.� �I�n� 

�t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y�,� �h�o�w�e�v�e�r�,� �b�l�o�o�d� �[�L�a�c�-�]� �w�a�s� �h�i�g�h�e�r� �i�n� �t�h�e� �f�a�t�-�a�d�a�p�t�e�d� 

�h�o�r�s�e�s� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �c�o�m�p�a�r�e�d� �t�o� �h�o�r�s�e�s� �f�e�d� �t�h�e� �c�o�n�t�r�o�l� �d�i�e�t�,� �r�e�g�a�r�d�l�e�s�s� 

�o�f� �t�r�e�a�t�m�e�n�t� �a�d�m�i�n�i�s�t�e�r�e�d� �b�e�f�o�r�e� �e�x�e�r�c�i�s�e�.� 

�R�a�t�e� �o�f� �g�l�y�c�o�g�e�n� �b�r�e�a�k�d�o�w�n� �a�n�d� �t�h�e� �r�a�t�e� �o�f� �l�a�c�t�a�t�e� �r�e�l�e�a�s�e� �d�u�r�i�n�g� 

�e�x�e�r�c�i�s�e� �i�n� �r�a�t�s� �w�e�r�e� �d�e�p�e�n�d�e�n�t� �o�n� �p�r�e�-�e�x�e�r�c�i�s�e� �m�u�s�c�l�e� �g�l�y�c�o�g�e�n� �c�o�n�t�e�n�t� 

�(�R�i�c�h�t�e�r� �a�n�d� �G�a�l�b�o�,� �1�9�8�5�)�.� �M�u�s�c�l�e� �g�l�y�c�o�g�e�n� �c�o�n�t�e�n�t� �w�a�s� �n�o�t� �m�e�a�s�u�r�e�d� �i�n� 

�t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y�,� �b�u�t� �w�a�s� �i�n�c�r�e�a�s�e�d� �i�n� �h�o�r�s�e�s� �g�i�v�e�n� �f�a�t�-�s�u�p�p�l�e�m�e�n�t�e�d� �d�i�e�t� 

�w�i�t�h� �e�q�u�i�v�a�l�e�n�t� �d�a�i�l�y� �c�a�l�o�r�i�c� �i�n�t�a�k�e� �c�o�m�p�a�r�e�d� �t�o� �h�o�r�s�e�s� �o�n� �a� �c�o�n�t�r�o�l� �d�i�e�t� 

�(�M�e�y�e�r�s� �e�t� �a�l�.�,� �1�9�8�9�;� �O�l�d�h�a�m� �e�t� �a�l�.�,� �1�9�9�0�;� �S�c�o�t�t� �e�t� �a�l�.�,� �1�9�9�2�;� �H�a�r�k�i�n�s� �e�t� �a�l�.�,� 

�1�9�9�2�)�.� �W�i�t�h� �i�n�c�r�e�a�s�e�d� �m�u�s�c�l�e� �g�l�y�c�o�g�e�n� �c�o�n�t�e�n�t�,� �g�l�y�c�o�g�e�n� �u�t�i�l�i�z�a�t�i�o�n� �i�n� �f�a�t�-� 

�s�u�p�p�l�e�m�e�n�t�e�d� �h�o�r�s�e�s� �w�a�s� �a�l�s�o� �g�r�e�a�t�e�r� �d�u�r�i�n�g� �f�o�u�r� �6�0�0�-�m� �s�p�r�i�n�t�s� �w�h�i�c�h� 

�p�r�o�d�u�c�e�d� �h�e�a�r�t� �r�a�t�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �2�0�0� �b�e�a�t�s�/�m�i�n� �(�O�l�d�h�a�m� �e�t� �a�l�.�,� �1�9�9�0�;� �S�c�o�t�t� 

�e�t� �a�l�.�,� �1�9�9�2�)�.� �I�n� �t�h�e�s�e� �s�t�u�d�i�e�s� �b�l�o�o�d� �[�L�a�c ��]� �e�i�t�h�e�r� �h�a�d� �a� �t�e�n�d�e�n�c�y� �t�o� �b�e� 

�h�i�g�h�e�r� �i�n� �f�a�t�-�s�u�p�p�l�e�m�e�n�t�e�d� �h�o�r�s�e�s� �(�O�l�d�h�a�m� �e�t� �a�l�.�,� �1�9�9�0�)� �o�r� �w�e�r�e� �n�o�t� 

�d�i�f�f�e�r�e�n�t� �f�r�o�m� �c�o�n�t�r�o�l�s� �(�S�c�o�t�t� �e�t� �a�l�,� �1�9�9�2�)�.� �H�o�r�s�e�s� �i�n� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y� 

�p�e�r�f�o�r�m�e�d� �s�i�m�i�l�a�r� �e�x�e�r�c�i�s�e�,� �b�u�t� �w�e�r�e� �a�d�a�p�t�e�d� �t�o� �t�h�e� �f�a�t� �d�i�e�t� �f�o�r� �a� �4�-�m�o�n�t�h� 

�J�o�u�r�n�a�l� �P�a�p�e�r� �1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �b�l�o�o�d� �l�a�c�t�a�t�e� �6�4



�J�o�u�r�n�a�l� �P�a�p�e�r� �1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �b�l�o�o�d� �l�a�c�t�a�t�e� 

�p�e�r�i�o�d� �c�o�m�p�a�r�e�d� �t�o� �t�h�r�e�e� �w�e�e�k�s� �u�s�e�d� �i�n� �p�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �(�O�l�d�h�a�m� �e�t� �a�i�.�,� 

�1�9�9�0�;� �S�c�o�t�t� �e�t� �a�l�.�,� �1�9�9�2�)�.� 

�F�l�u�x� �t�h�r�o�u�g�h� �t�h�e� �g�l�y�c�o�l�y�t�i�c� �p�a�t�h�w�a�y� �a�p�p�e�a�r�s� �t�o� �b�e� �c�o�n�t�r�o�l�l�e�d� �b�y� �t�w�o� 

�m�o�d�e�s� �o�f� �r�e�g�u�l�a�t�i�o�n�,� �o�n�e� �d�u�r�i�n�g� �r�e�s�t�-�w�o�r�k� �t�r�a�n�s�i�t�i�o�n� �a�n�d� �t�h�e� �s�e�c�o�n�d� �d�u�r�i�n�g� 

�s�t�e�a�d�y�-�s�t�a�t�e� �w�o�r�k�.� �D�u�r�i�n�g� �r�e�s�t�-�w�o�r�k� �t�r�a�n�s�i�t�i�o�n� �i�n� �d�o�g� �g�r�a�c�i�l�i�s� �m�u�s�c�l�e�s�,� 

�g�l�y�c�o�l�y�t�i�c� �f�l�u�x� �i�n�c�r�e�a�s�e�d�,� �c�o�n�t�r�i�b�u�t�i�n�g� �t�o� �m�o�r�e� �t�h�a�n� �5�0�%� �o�f� �t�h�e� �A�T�P� �d�e�m�a�n�d�,� 

�a�n�d� �l�e�d� �t�o� �J�a�c�t�a�t�e� �a�c�c�u�m�u�l�a�t�i�o�n� �(�C�o�n�n�e�t�t� �e�t� �a�l�.�,� �1�9�8�5�)�.� �W�i�t�h� �c�o�n�t�r�a�c�t�i�o�n�s�,� 

�p�h�o�s�p�h�o�r�y�l�a�s�e� �k�i�n�a�s�e� �i�s� �a�c�t�i�v�a�t�e�d� �b�y� �C�a�2�*� �r�e�l�e�a�s�e�d� �f�r�o�m� �s�a�r�c�o�p�l�a�s�m�i�c� 

�r�e�t�i�c�u�l�u�m�,� �i�n�c�r�e�a�s�i�n�g� �p�h�o�s�p�h�o�r�y�l�a�s�e� �a� �a�c�t�i�v�i�t�y� �(�B�r�o�s�t�r�o�m� �e�t� �a�l�.�,� �1�9�7�1�;� �C�o�h�e�n� 

�e�t� �a�l�.�,� �1�9�8�0�)�.� �T�h�i�s� �m�e�c�h�a�n�i�s�m� �i�s� �t�r�a�n�s�i�e�n�t� �a�n�d� �a�p�p�e�a�r�s� �t�o� �p�l�a�y� �a� �r�o�l�e� �o�n�l�y� �i�n� 

�t�h�e� �i�n�i�t�i�a�l� �b�u�r�s�t� �o�f� �g�l�y�c�o�g�e�n�o�l�y�s�i�s� �(�C�o�n�l�e�e� �e�t� �a�l�.�,� �1�9�7�9�;� �C�h�a�s�i�o�t�i�s� �e�t� �a�l�.�,� �1�9�8�2�;� 

�R�i�c�h�t�e�r� �e�t� �a�l�.�,� �1�9�8�2�;� �R�e�n� �e�t� �a�l�.�,� �1�9�8�8�)�.� �W�i�t�h� �p�r�o�l�o�n�g�e�d� �e�x�e�r�c�i�s�e�,� �a�l�l�o�s�t�e�r�i�c� 

�a�c�t�i�v�a�t�o�r�s� �o�f� �p�h�o�s�p�h�o�r�y�l�a�s�e� �a� �a�n�d� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �i�n�o�r�g�a�n�i�c� �p�h�o�s�p�h�a�t�e� 

�p�r�i�m�a�r�i�l�y� �d�e�t�e�r�m�i�n�e� �t�h�e� �r�a�t�e� �o�f� �g�l�y�c�o�g�e�n�o�l�y�s�i�s� �(�C�h�a�s�i�o�t�i�s� �e�t� �a�l�.�,� �1�9�8�2�;� �R�e�n� 

�a�n�d� �H�u�l�t�m�a�n�,� �1�9�9�0�;� �R�e�n� �e�t� �a�l�.�,� �1�9�9�1�)�.� �I�n� �o�u�r� �r�e�p�e�a�t�e�d� �s�p�r�i�n�t�s�,� �g�l�y�c�o�l�y�t�i�c� 

�r�e�g�u�l�a�t�i�o�n� �w�a�s� �m�o�s�t� �l�i�k�e�l�y� �u�n�d�e�r� �r�e�s�t�-�w�o�r�k� �t�r�a�n�s�i�t�i�o�n� �c�o�n�t�r�o�l�.� �I�f� �m�u�s�c�l�e� 

�g�l�y�c�o�g�e�n� �c�o�n�t�e�n�t� �w�a�s� �g�r�e�a�t�e�r� �i�n� �h�o�r�s�e�s� �f�e�d� �t�h�e� �f�a�t� �d�i�e�t� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� 

�c�o�n�t�r�o�l� �d�i�e�t�,� �t�h�e� �l�a�r�g�e� �i�n�i�t�i�a�l� �b�u�r�s�t� �o�f� �g�l�y�c�o�g�e�n�o�l�y�s�i�s� �d�u�r�i�n�g� �e�a�c�h� �s�p�r�i�n�t�,� �w�h�i�c�h� 

�d�o�m�i�n�a�t�e�d� �s�u�b�s�t�r�a�t�e� �u�t�i�l�i�z�a�t�i�o�n�,� �w�o�u�l�d� �r�e�s�u�l�t� �i�n� �i�n�c�r�e�a�s�e�d� �g�l�y�c�o�l�y�s�i�s� �i�n� �t�h�e� 

�f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s�.� 

�F�a�t� �a�d�a�p�t�a�t�i�o�n� �i�n�f�l�u�e�n�c�e�s� �t�h�e� �r�e�l�a�t�i�v�e� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �f�a�t� �a�n�d� 

�c�a�r�b�o�h�y�d�r�a�t�e� �t�o� �o�x�i�d�a�t�i�v�e� �m�e�t�a�b�o�l�i�s�m� �d�u�r�i�n�g� �s�u�b�m�a�x�i�m�a�l� �e�x�e�r�c�i�s�e� �i�n� �h�u�m�a�n� 

�b�e�i�n�g�s� �(�J�a�n�s�s�o�n�,� �1�9�8�0�;� �J�a�n�s�s�o�n� �a�n�d� �K�a�i�j�s�e�r� �1�9�8�2�a�,�b�,� �1�8�8�4�)�.� �S�e�v�e�r�a�l� 

�m�e�c�h�a�n�i�s�m�s� �a�f�f�e�c�t� �t�h�e� �i�n�t�e�r�p�l�a�y� �b�e�t�w�e�e�n� �f�a�t� �a�n�d� �c�a�r�b�o�h�y�d�r�a�t�e� �o�x�i�d�a�t�i�o�n�,� �b�u�t� 

�t�h�e�i�r� �e�x�a�c�t� �r�o�l�e�s� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �r�e�m�a�i�n�s� �t�o� �b�e� �d�e�t�e�r�m�i�n�e�d�.� �I�n� �p�e�r�f�u�s�e�d� �r�a�t� 
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�J�o�u�r�n�a�l� �P�a�p�e�r� �1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �b�l�o�o�d� �l�a�c�t�a�t�e� 

�h�i�n�d�l�i�m�b�,� �a�c�e�t�o�a�c�e�t�a�t�e� �i�n�h�i�b�i�t�e�d� �g�l�u�c�o�s�e� �o�x�i�d�a�t�i�o�n� �d�u�r�i�n�g� �c�o�n�t�r�a�c�t�i�o�n�,� �b�u�t� �n�o�t� 

�g�l�u�c�o�s�e� �u�p�t�a�k�e� �o�r� �g�l�y�c�o�l�y�s�i�s�,� �w�h�i�c�h� �r�e�s�u�l�t�e�d� �i�n� �i�n�c�r�e�a�s�e�d� �L�a�c �� �a�c�c�u�m�u�l�a�t�i�o�n� 

�(�B�e�r�g�e�r� �e�t� �a�l�.�,� �1�9�7�6�)�.� �H�o�w�e�v�e�r�,� �i�n�h�i�b�i�t�i�o�n� �o�f� �g�l�y�c�o�l�y�s�i�s� �m�a�y� �n�o�t� �h�a�v�e� �b�e�e�n� 

�o�b�s�e�r�v�e�d� �b�e�c�a�u�s�e� �t�h�i�s� �m�u�s�c�l�e� �p�r�e�p�a�r�a�t�i�o�n� �i�s� �c�o�m�p�o�s�e�d� �o�f� �m�i�x�e�d� �m�u�s�c�l�e� 

�f�i�b�e�r� �t�y�p�e�s�,� �a�n�d� �i�t� �i�s� �n�o�t� �k�n�o�w�n� �i�f� �w�h�i�t�e� �m�u�s�c�l�e� �f�i�b�e�r�s� �p�r�e�d�o�m�i�n�a�t�e�d� �i�n� �t�h�e� 

�c�o�n�t�r�a�c�t�i�n�g� �p�o�r�t�i�o�n� �o�f� �t�h�e� �m�u�s�c�l�e�.� �A�c�e�t�o�a�c�e�t�a�t�e� �p�e�r�f�u�s�i�o�n� �d�e�c�r�e�a�s�e�d� 

�g�l�u�c�o�s�e� �u�p�t�a�k�e� �a�n�d� �g�l�y�c�o�l�y�s�i�s� �i�n� �s�l�o�w�-�r�e�d� �o�x�i�d�a�t�i�v�e� �m�u�s�c�l�e� �o�f� �t�h�e� �r�a�t� 

�(�M�a�i�z�e�l�s� �e�t� �a�l�.�,� �1�9�7�7�;� �P�e�a�r�c�e� �a�n�d� �C�o�n�n�e�t�t�,� �1�9�8�0�)� �a�n�d� �i�n�c�r�e�a�s�e�d� �c�i�t�r�a�t�e� 

�a�c�c�u�m�u�l�a�t�i�o�n� �(�M�a�i�z�e�l�s� �e�t� �a�l�.�,� �1�9�7�7�)�.� �I�n�c�r�e�a�s�e�d� �t�i�s�s�u�e� �c�i�t�r�a�t�e� �a�n�d� �d�e�c�r�e�a�s�e�d� 

�g�l�y�c�o�g�e�n� �d�e�p�l�e�t�i�o�n� �w�e�r�e� �o�b�s�e�r�v�e�d� �i�n� �s�l�o�w�-�r�e�d� �a�n�d� �f�a�s�t�-�r�e�d� �m�u�s�c�l�e�s� �o�f� �r�a�t�s� 

�w�i�t�h� �i�n�c�r�e�a�s�e�d� �p�l�a�s�m�a� �f�r�e�e� �f�a�t�t�y� �a�c�i�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e�.� �S�i�m�i�l�a�r� 

�c�h�a�n�g�e�s� �w�e�r�e� �n�o�t� �o�b�s�e�r�v�e�d� �i�n� �f�a�s�t�-�w�h�i�t�e� �m�u�s�c�l�e� �(�R�e�n�n�i�e� �e�t� �a�l�.�,� �1�9�7�6�)�.� �I�n� 

�t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y�,� �m�e�a�n� �h�e�a�r�t� �r�a�t�e�s� �d�u�r�i�n�g� �s�p�r�i�n�t�i�n�g� �w�a�s� �e�s�t�i�m�a�t�e�d� �t�o� �b�e� 

�9�0�%� �o�f� �m�a�x�i�m�a�l� �h�e�a�r�t� �r�a�t�e�s� �d�e�t�e�r�m�i�n�e�d� �i�n� �h�o�r�s�e�s� �(�S�e�e�h�e�r�m�a�n� �a�n�d� �M�o�r�r�i�s�,� 

�1�9�9�1�)�.� �I�t� �i�s� �l�i�k�e�l�y� �t�h�a�t� �a� �l�a�r�g�e� �p�r�o�p�o�r�t�i�o�n� �o�f� �f�a�s�t�-�t�w�i�t�c�h� �m�u�s�c�l�e� �f�i�b�e�r�s�,� �w�h�i�c�h� 

�u�t�i�l�i�z�e�d� �g�l�y�c�o�l�y�t�i�c� �m�e�t�a�b�o�l�i�s�m� �f�o�r� �e�n�e�r�g�y� �p�r�o�d�u�c�t�i�o�n�,� �w�e�r�e� �r�e�c�r�u�i�t�e�d� �d�u�r�i�n�g� 

�s�p�r�i�n�t�s� �i�n� �o�u�r� �h�o�r�s�e�s�.� 

�O�x�i�d�a�t�i�o�n� �o�f� �g�l�u�c�o�s�e� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �a�c�t�i�v�i�t�y� �o�f� �t�h�e� �p�y�r�u�v�a�t�e� 

�d�e�h�y�d�r�o�g�e�n�a�s�e� �(�P�D�H�)� �c�o�m�p�l�e�x�.� �E�l�e�v�a�t�e�d� �r�a�t�i�o�s� �o�f� �a�c�e�t�y�l� �C�o�A�/�C�o�A� �a�n�d� 

�N�A�D�H�/�N�A�D�?�*� �i�n�c�r�e�a�s�e�s� �t�h�e� �a�c�t�i�v�i�t�y� �o�f� �P�D�H� �k�i�n�a�s�e� �(�K�e�r�b�e�y� �e�t� �a�l�.�,� �1�9�7�9�)�,� 

�d�e�c�r�e�a�s�i�n�g� �t�h�e� �a�c�t�i�v�i�t�y� �o�f� �P�D�H� �c�o�m�p�l�e�x�.� �P�e�r�f�u�s�i�o�n� �o�f� �r�a�t� �h�i�n�d�l�i�m�b� �w�i�t�h� 

�a�c�e�t�o�a�c�e�t�a�t�e� �i�n�c�r�e�a�s�e�d� �i�n�t�r�a�c�e�l�l�u�l�a�r� �a�c�e�t�y�l� �C�o�A� �c�o�n�c�e�n�t�r�a�t�i�o�n� �a�n�d� 

�d�e�c�r�e�a�s�e�d� �l�a�c�t�a�t�e� �o�x�i�d�a�t�i�o�n� �d�u�r�i�n�g� �r�e�s�t� �a�n�d� �e�l�e�c�t�r�i�c�a�l� �s�t�i�m�u�l�a�t�i�o�n� �(�B�e�r�g�e�r� �e�t� 

�a�l�.�,� �1�9�7�6�)�.� �S�u�c�h� �c�h�a�n�g�e�s� �w�e�r�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �d�e�c�r�e�a�s�e�s� �i�n� �P�D�H� �a�c�t�i�v�i�t�y� �i�n� 

�m�u�s�c�l�e� �a�t� �r�e�s�t� �b�u�t� �n�o�t� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �(�H�a�g�g� �e�t� �a�l�.�,� �1�9�7�6�)�.� �I�n�h�i�b�i�t�i�o�n� �o�f� �P�D�H� 
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�J�o�u�r�n�a�l� �P�a�p�e�r� �1�.� �E�v�a�l�u�a�t�i�o�n� �o�f� �b�l�o�o�d� �l�a�c�t�a�t�e� 

�a�c�t�i�v�i�t�y� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �m�a�y� �n�o�t� �h�a�v�e� �b�e�e�n� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y� 

�b�e�c�a�u�s�e� �o�f� �m�i�x�e�d� �f�i�b�e�r� �t�y�p�e�s� �o�f� �m�u�s�c�l�e� �s�t�u�d�i�e�d�.� �I�n�c�r�e�a�s�e�d� �f�a�t�t�y� �a�c�i�d� 

�o�x�i�d�a�t�i�o�n� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �r�e�d�u�c�e�d� �P�D�H� �a�c�t�i�v�i�t�y� �i�n� �r�e�d� �q�u�a�d�r�i�c�e�p�s� �m�u�s�c�l�e� �i�n� 

�r�a�t�s� �(�D�e�n�y�e�r� �e�t� �a�l�.�,� �1�9�9�1�)�.� �I�n�h�i�b�i�t�i�o�n� �o�f� �P�D�H� �a�c�t�i�v�i�t�y� �w�a�s� �n�o�t� �o�b�s�e�r�v�e�d� �i�n� 

�h�u�m�a�n� �v�a�s�t�u�s� �l�a�t�e�r�a�l�i�s�,� �w�h�i�c�h� �h�a�s� �a� �h�i�g�h� �p�e�r�c�e�n�t�a�g�e� �o�f� �f�a�s�t�-�t�w�i�t�c�h� �f�i�b�e�r�s�,� 

�e�v�e�n� �t�h�o�u�g�h� �N�A�D�H�/�N�A�D�t� �a�n�d� �a�c�e�t�y�l�!� �C�o�A�/�C�o�A� �r�a�t�i�o�s� �w�e�r�e� �e�l�e�v�a�t�e�d� 

�(�C�o�n�s�t�a�t�i�n�-�T�e�o�d�o�s�i�v� �e�t� �a�l�.�,� �1�9�9�1�)�.� �I�t� �i�s� �t�h�o�u�g�h�t� �t�h�a�t� �c�o�n�t�r�a�c�t�i�o�n�s� �i�n� �f�a�s�t�-� 

�t�w�i�t�c�h� �f�i�b�e�r�s� �m�a�y� �h�a�v�e� �i�n�d�u�c�e�d� �i�n�c�r�e�a�s�e�d� �P�D�H� �a�c�t�i�v�i�t�y� �v�i�a� �i�n�c�r�e�a�s�e�d� 

�i�n�t�r�a�c�e�l�l�u�l�a�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �C�a�2�t�,� �p�y�r�u�v�a�t�e� �a�n�d� �A�D�P�,� �a�n�d� �t�h�u�s� �o�v�e�r�c�o�m�e� 

�i�n�h�i�b�i�t�i�o�n� �o�f� �a�c�e�t�y�l� �C�o�A�.� 

�D�u�r�i�n�g� �e�x�e�r�c�i�s�e�,� �b�l�o�o�d� �[�{�L�a�c�"�]� �i�s� �t�a�k�e�n� �u�p� �b�y� �n�o�n�w�o�r�k�i�n�g� �m�u�s�c�l�e� 

�(�K�o�w�a�l�c�h�u�k� �e�t� �a�l�.�,� �1�9�8�8�;� �S�t�a�n�l�e�y� �e�t� �a�l�.�,� �1�9�8�6�;� �L�i�n�d�i�n�g�e�r� �e�t� �a�l�.�,� �1�9�9�0�a�)� �a�n�d� 

�w�o�r�k�i�n�g� �m�u�s�c�l�e� �(�I�s�s�e�k�u�t�z� �e�t� �a�l�.�,� �1�9�7�6�;� �S�t�a�n�l�e�y� �e�t� �a�l�.�,� �1�9�8�6�)�.� �I�t� �w�a�s� �p�r�o�p�o�s�e�d� 

�t�h�a�t� �t�h�e� �h�e�t�e�r�o�g�e�n�e�i�t�y� �o�f� �f�i�b�e�r� �t�y�p�e�s� �w�a�s� �t�h�e� �b�a�s�i�s� �f�o�r� �s�i�m�u�l�t�n�e�o�u�s� 

�p�r�o�d�u�c�t�i�o�n� �a�n�d� �r�e�m�o�v�a�l� �o�f� �l�a�c�t�a�t�e� �w�i�t�h�i�n� �m�u�s�c�l�e� �(�J�o�r�d�f�e�l�d�t�,� �1�9�7�0�;� �I�s�s�e�k�u�t�z� �e�t� 

�a�l�.�,� �1�9�7�6�)�,� �h�o�w�e�v�e�r�,� �d�i�f�f�e�r�e�n�t�i�a�l� �u�p�t�a�k�e� �a�n�d� �r�e�l�e�a�s�e� �o�f� �l�a�c�t�a�t�e� �b�y� �s�p�e�c�i�f�i�c� 

�m�u�s�c�l�e� �f�i�b�e�r�s� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �d�e�m�o�n�s�t�r�a�t�e� �(�P�a�g�l�i�a�s�s�o�t�t�i� �a�n�d� �D�o�n�o�v�a�n�,� �1�9�9�0�)�.� 

�B�l�o�o�d� �[�L�a�c!"�]� �i�n�c�r�e�a�s�e�d� �t�w�i�c�e� �a�s� �f�a�s�t� �i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s� �c�o�m�p�a�r�e�d� �t�o� 

�h�o�r�s�e�s� �f�e�d� �t�h�e� �c�o�n�t�r�o�l� �d�i�e�t�.� �A�l�o�n�g� �w�i�t�h� �c�h�a�n�g�e�s� �i�n� �b�l�o�o�d� �[�L�a�c�y�]�,� �p�l�a�s�m�a� 

�P�C�O�»� �d�e�c�r�e�a�s�e�d� �m�o�r�e� �q�u�i�c�k�l�y� �i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s�.� �U�p�t�a�k�e� �o�f� �L�a�c �� �b�y� 

�i�n�a�c�t�i�v�e� �m�u�s�c�l�e� �w�a�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �a�n� �i�n�c�r�e�a�s�e� �i�n� �v�e�n�o�u�s� �P�C�O�9�,� �a�n�d� �w�a�s� 

�a�t�t�r�i�b�u�t�e�d� �t�o� �i�n�c�r�e�a�s�e�d� �r�a�t�e�s� �o�f� �L�a�c �� �o�x�i�d�a�t�i�o�n� �a�n�d� �C�Q�p�o� �d�i�f�f�u�s�i�o�n� �f�r�o�m� 

�m�u�s�c�l�e� �(�K�o�w�a�l�c�h�u�k� �e�t� �a�l�.�,� �1�9�8�8�)�.� �I�n� �o�u�r� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s�,� �g�r�e�a�t�e�r� �i�n�c�r�e�a�s�e� 

�i�n� �b�l�o�o�d� �[�L�a�c!"�]� �a�n�d� �d�e�c�r�e�a�s�e� �i�n� �P�C�O�>� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �m�a�y� �h�a�v�e� �r�e�s�u�l�t�e�d� 

�p�a�r�t�l�y� �f�r�o�m� �d�e�c�r�e�a�s�e�d� �l�a�c�t�a�t�e� �o�x�i�d�a�t�i�o�n� �a�n�d� �d�e�c�r�e�a�s�e�d� �C�O�o� �d�i�f�f�u�s�i�o�n� �f�r�o�m� 
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�l�e�s�s� �a�c�t�i�v�e� �m�u�s�c�l�e� �f�r�o�m� �t�h�e� �h�e�a�d� �a�n�d� �n�e�c�k� �r�e�g�i�o�n�.� 

�C�o�n�c�l�u�s�i�o�n�:� �F�a�t� �a�d�a�p�t�a�t�i�o�n� �a�n�d� �N�a�H�C�Q�3� �e�f�f�e�c�t� �o�n� �b�l�o�o�d� �[�L�a�c�]� �-� �F�a�t� 

�a�d�a�p�t�a�t�i�o�n� �a�n�d� �m�e�t�a�b�o�l�i�c� �a�l�k�o�l�o�s�i�s� �m�u�s�t� �a�f�f�e�c�t� �l�a�c�t�a�t�e� �b�y� �d�i�f�f�e�r�e�n�t� 

�m�e�c�h�a�n�i�s�m�s� �a�s� �d�e�s�c�r�i�b�e�d� �p�r�e�v�i�o�u�s�l�y�:� �(�1�)� �i�n�c�r�e�a�s�e�d� �p�r�o�d�u�c�t�i�o�n�;� �(�2�)� 

�i�n�c�r�e�a�s�e�d� �e�f�f�l�u�x� �f�r�o�m� �t�i�s�s�u�e�s�;� �a�n�d� �(�3�)� �d�e�c�r�e�a�s�e�d� �c�l�e�a�r�a�n�c�e� �f�r�o�m� �b�l�o�o�d�.� 

�D�u�r�i�n�g� �r�e�p�e�a�t�e�d� �s�p�r�i�n�t� �e�x�e�r�c�i�s�e�,� �b�l�o�o�d� �[�L�a�c�"�]� �w�a�s� �h�i�g�h�e�r� �i�n� �f�a�t�-�a�d�a�p�t�e�d� 

�h�o�r�s�e�s� �g�i�v�e�n� �N�a�H�C�O�3� �c�o�m�p�a�r�e�d� �t�o� �o�t�h�e�r� �d�i�e�t�/�t�r�e�a�t�m�e�n�t� �c�o�m�b�i�n�a�t�i�o�n�s� 

�(�F�i�g�u�r�e� �1�)�.� �M�e�a�s�u�r�e�d� �b�l�o�o�d� �[�L�a�c ��]� �i�n� �h�o�r�s�e�s� �f�e�d� �t�h�e� �h�i�g�h� �f�a�t� �d�i�e�t� �a�n�d� �g�i�v�e�n� 

�N�a�H�C�O�z� �w�a�s� �g�r�e�a�t�e�r� �t�h�a�n� �b�l�o�o�d� �[�L�a�c ��]� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �o�t�h�e�r� �d�i�e�t�/�t�r�e�a�t�m�e�n�t� 

�c�o�m�b�i�n�a�t�i�o�n�s�,� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �t�h�e� �e�f�f�e�c�t�s� �o�f� �f�a�t� �a�d�a�p�t�a�t�i�o�n� �a�n�d� �m�e�t�a�b�o�l�i�c� 

�a�l�k�a�l�o�s�i�s� �o�n� �b�l�o�o�d� �[�L�a�c�"�]� �a�r�e� �s�y�n�e�r�g�i�s�t�i�c�.� 

�L�i�t�e�r�a�t�u�r�e� �C�i�t�e�d� 
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�C�o�n�l�e�e� �R�.�K�.�,� �R�.�L�.� �H�a�m�m�e�r�,� �W�.�W�.� �W�i�n�d�e�r�,� �M�.�L�.� �B�r�a�c�k�e�n�,� �A�.�G�.� �N�e�l�s�o�n�,� �a�n�d� 
�D�.�W�.� �B�a�r�n�e�t�t�.� �1�9�9�0�.� �G�l�y�c�o�g�e�n� �r�e�p�l�e�t�i�o�n� �a�n�d� �e�x�e�r�c�i�s�e� �e�n�d�u�r�a�n�c�e� �i�n� �r�a�t�s� 
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�b�a�s�e� �c�h�a�n�g�e�s� �i�n� �e�x�e�r�c�i�s�i�n�g� �h�o�r�s�e�s� �f�e�d� �a� �h�i�g�h� �f�a�t� �d�i�e�t� �a�n�d� 

�s�u�p�p�l�e�m�e�n�t�e�d� �w�i�t�h� �s�o�d�i�u�m� �b�i�c�a�r�b�o�n�a�t�e�.� 

�A�b�s�t�r�a�c�t� 

�C�o�n�t�r�i�b�u�t�i�o�n�s� �o�f� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s�,� �s�t�r�o�n�g� �i�o�n� �d�i�f�f�e�r�e�n�c�e� �(�[�S�I�D�)�)�,� 

�P�C�O�9�,� �a�n�d� �t�o�t�a�l� �w�e�a�k� �e�l�e�c�t�r�o�l�y�t�e�s� �(�[�A�j�o�t�]�)�,� �t�o� �c�h�a�n�g�e�s� �i�n� �p�l�a�s�m�a� �[�H�t�]� �a�n�d� 

�[�H�C�O�]� �d�u�r�i�n�g� �r�e�p�e�a�t�e�d� �s�p�r�i�n�t� �e�x�e�r�c�i�s�e� �i�n� �h�o�r�s�e�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �a� 

�c�o�m�p�r�e�h�e�n�s�i�v�e� �p�h�y�s�i�c�o�c�h�e�m�i�c�a�l� �m�e�t�h�o�d� �o�f� �a�c�i�d�-�b�a�s�e� �a�n�a�l�y�s�i�s�.� �E�i�g�h�t� 

�c�o�n�d�i�t�i�o�n�e�d� �A�r�a�b�i�a�n� �h�o�r�s�e�s� �w�e�r�e� �r�a�n�d�o�m�l�y� �d�i�v�i�d�e�d� �i�n�t�o� �t�w�o� �d�i�e�t�a�r�y� �g�r�o�u�p�s�,� 

�h�i�g�h� �f�a�t� �a�n�d� �c�o�n�t�r�o�l�.� �T�w�o� �h�o�r�s�e�s� �f�r�o�m� �e�a�c�h� �d�i�e�t� �g�r�o�u�p� �r�e�c�e�i�v�e�d� �s�o�d�i�u�m� 

�b�i�c�a�r�b�o�n�a�t�e� �(�N�a�H�C�O�3�;� �3�0�0� �m�g�/�k�g� �b�o�d�y� �w�t�)� �d�i�s�s�o�l�v�e�d� �i�n� �w�a�t�e�r� �(�8�.�8� �m�l�i�/�k�g� �b�o�d�y� 

�w�t�)� �1�.�5� �h�o�u�r�s� �p�r�i�o�r� �t�o� �p�e�r�f�o�r�m�i�n�g� �a�n� �e�x�e�r�c�i�s�e� �t�e�s�t� �c�o�n�s�i�s�t�i�n�g� �o�f� �9� �s�p�r�i�n�t�/�w�a�l�k� 

�s�e�q�u�e�n�c�e�s�;� �t�h�e� �r�e�m�a�i�n�i�n�g� �h�o�r�s�e�s� �r�e�c�e�i�v�e�d� �e�q�u�a�l� �v�o�l�u�m�e� �o�f� �w�a�t�e�r�.� �T�r�e�a�t�m�e�n�t�s� 

�w�e�r�e� �r�e�v�e�r�s�e�d� �f�o�r� �t�h�e� �s�e�c�o�n�d� �e�x�e�r�c�i�s�e� �t�e�s�t�;� �h�o�r�s�e�s� �r�e�m�a�i�n�e�d� �o�n� �t�h�e� �s�a�m�e� �d�i�e�t�s� 

�t�h�r�o�u�g�h�o�u�t� �t�h�e� �s�t�u�d�y�.� 

�T�h�e�r�e� �w�a�s� �c�l�o�s�e� �a�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� �m�e�a�s�u�r�e�d� �p�l�a�s�m�a� �{�H�*�]� �a�n�d� �p�l�a�s�m�a� 

�[�H�*�]� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �[�S�I�D�]�,� �P�C�O�,� �a�n�d� �[�A�t�o�t�]� �(�P�=�0�.�0�0�0�1�)�.� �C�o�n�t�r�i�b�u�t�i�o�n� �o�f� �[�S�I�D�]�,� 

�P�C�O�2�,� �a�n�d� �[�A�t�o�]� �t�o� �c�h�a�n�g�e�s� �i�n� �p�l�a�s�m�a� �[�H�*�]� �a�n�d� �[�H�C�O�3�"�]� �v�a�r�i�e�d� �i�n� �m�a�g�n�i�t�u�d�e� 

�a�n�d� �d�i�r�e�c�t�i�o�n� �a�t� �e�a�c�h� �s�p�r�i�n�t� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e�.� �I�n�i�t�i�a�l�l�y�,� �i�n�c�r�e�a�s�e�d� �P�C�O�>� �a�n�d� �[�A�t�o�s�]� 

�c�o�n�t�r�i�b�u�t�e�d� �t�o� �i�n�c�r�e�a�s�i�n�g� �p�l�a�s�m�a� �[�H�+�]�,� �w�h�i�l�e� �i�n�c�r�e�a�s�e�d� �[�S�I�D�]� �a�t�t�e�n�u�a�t�e�d� �t�h�i�s� 

�r�i�s�e�.� �A�s� �e�x�e�r�c�i�s�e� �c�o�n�t�i�n�u�e�d�,� �d�e�c�r�e�a�s�e�d� �[�S�I�D�]� �a�l�o�n�g� �w�i�t�h� �i�n�c�r�e�a�s�e�d� �[�A�t�o�t�]� 

�c�o�n�t�r�i�b�u�t�e�d� �t�o� �i�n�c�r�e�a�s�i�n�g� �[�H�*�]�,� �w�h�i�l�e� �d�e�c�r�e�a�s�e�d� �P�C�o�>� �n�o�w� �a�t�t�e�n�u�a�t�e�d� �t�h�i�s� �r�i�s�e�.� 

�J�o�u�r�n�a�l� �P�a�p�e�r� �2�.� �C�o�n�t�r�i�b�u�t�i�o�n� �t�o� �a�c�i�d�-�b�a�s�e� �c�h�a�n�g�e�s� �8�3



�A�d�m�i�n�i�s�t�r�a�t�i�o�n� �o�f� �N�a�H�C�O�z� �i�n�c�r�e�a�s�e�d� �p�l�a�s�m�a� �[�N�a�+�]� �(�P�=�0�.�0�0�0�1�)� �a�n�d� �[�S�I�D�]� 

�(�P�=�0�.�0�0�2�2�)� �p�r�i�o�r� �t�o� �e�x�e�r�c�i�s�e�,� �a�n�d� �r�e�m�a�i�n�e�d� �e�l�e�v�a�t�e�d� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e�.� 

�I�n�c�r�e�a�s�e�d� �[�S�I�D�]� �c�o�n�t�r�i�b�u�t�e�d� �t�o� �m�a�i�n�t�a�i�n�i�n�g� �a� �l�o�w�e�r� �p�l�a�s�m�a� �[�H�+�]� �a�n�d� �h�i�g�h�e�r� 

�[�H�C�O�3�7�]� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �w�h�e�n� �h�o�r�s�e�s� �r�e�c�e�i�v�e�d� �N�a�H�C�O�3� �(�P�=�0�.�0�0�0�1�)�.� �P�l�a�s�m�a� 

�P�C�O�,� �c�o�n�t�r�i�b�u�t�e�d� �l�e�s�s� �t�o� �p�l�a�s�m�a� �[�H�+�]� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s� 

�(�P�=�0�.�0�2�8�2�)�,� �a�n�d� �c�o�n�t�r�i�b�u�t�e�d� �t�o� �d�e�c�r�e�a�s�i�n�g� �p�l�a�s�m�a� �[�H�C�Q�3�°�]� �a�t� �a� �g�r�e�a�t�e�r� �r�a�t�e� �i�n� 

�f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s� �a�s� �s�p�r�i�n�t�s� �c�o�n�t�i�n�u�e�d� �(�P�=�0�.�0�4�9�6�)�.� 

�I�n�t�r�o�d�u�c�t�i�o�n� 

�E�x�e�r�c�i�s�e� �i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �d�i�s�t�u�r�b�a�n�c�e�s� �i�n� �p�l�a�s�m�a� �h�y�d�r�o�g�e�n� �i�o�n� �(�[�H�*�)�)� 

�a�n�d� �b�i�c�a�r�b�o�n�a�t�e� �i�o�n� �(�[�H�C�O�3�7�]�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� �A�l�t�h�o�u�g�h� �p�l�a�s�m�a� �[�H�*�]� �i�s� �o�f�t�e�n� 

�i�n�c�r�e�a�s�e�d� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �i�n� �h�o�r�s�e�s� �(�B�a�y�l�y� �e�t� �a�l�.�,� �1�9�8�9�;� �H�o�d�g�s�o�n� �e�t� �a�l�.�,� �1�9�9�0�)�,� 

�i�t� �c�a�n� �d�e�c�r�e�a�s�e� �d�u�r�i�n�g� �c�e�r�t�a�i�n� �t�y�p�e�s� �o�f� �e�x�e�r�c�i�s�e� �i�n� �h�o�r�s�e�s� �(�P�a�n� �e�t� �a�l�.�,� �1�9�8�3�,� 

�1�9�8�6�;� �B�a�y�l�y� �e�t� �a�l�.�,� �1�9�8�9�;� �F�o�r�s�t�e�r� �e�t� �a�l�.�,� �1�9�9�0�a�;� �F�e�r�r�a�n�t�e� �e�t� �a�l�.�,� �1�9�9�2�)�.� �T�h�i�s� 

�d�e�c�r�e�a�s�e� �h�a�s� �b�e�e�n� �a�t�t�r�i�b�u�t�e�d� �t�o� �h�y�p�e�r�v�e�n�t�i�l�a�t�i�o�n� �(�P�a�n� �e�t� �a�l�.�,� �1�9�8�3�,� �1�9�8�6�;� �B�a�y�l�y� 

�e�t� �a�l�.�,� �1�9�8�9�)� �a�n�d�/�o�r� �i�n�c�r�e�a�s�e�d� �c�i�r�c�u�l�a�t�i�n�g� �e�r�y�t�h�r�o�c�y�t�e�s� �a�l�t�e�r�i�n�g� �p�l�a�s�m�a� �s�t�r�o�n�g� 

�i�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �(�P�a�n� �e�t� �a�l�.�,� �1�9�8�6�;� �F�o�r�s�t�e�r� �e�t� �a�l�.�,� �1�9�9�0�a�,� �b�;� �F�e�r�r�a�n�t�e� �e�t� �a�l�.�,� 

�1�9�9�2�)�.� 

�P�l�a�s�m�a� �[�H�*�]� �a�n�d� �[�H�C�O�3�"�]� �a�r�e� �d�e�p�e�n�d�e�n�t� �o�n� �p�l�a�s�m�a� �P�C�O�g�,� �s�t�r�o�n�g� �i�o�n� 

�d�i�f�f�e�r�e�n�c�e� �(�{�[�S�I�D�]�)�,� �a�n�d� �t�o�t�a�l� �w�e�a�k� �e�l�e�c�t�r�o�l�y�t�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�[�A�t�o�4�]�)� �i�n� �s�o�l�u�t�i�o�n� 

�(�S�t�e�w�a�r�t� �1�9�8�1�,� �1�9�8�3�)�.� �T�h�e� �p�h�y�s�i�c�o�c�h�e�m�i�c�a�l� �i�n�t�e�r�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �t�h�e�s�e� 

�d�e�p�e�n�d�e�n�t� �a�n�d� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �a�r�e� �g�o�v�e�r�n�e�d� �b�y� �l�a�w�s� �o�f� �e�l�e�c�t�r�i�c�a�l� 

�n�e�u�t�r�a�l�i�t�y�,� �c�o�n�s�e�r�v�a�t�i�o�n� �o�f� �m�a�s�s�,� �a�n�d� �m�a�i�n�t�e�n�a�n�c�e� �o�f� �d�i�s�s�o�c�i�a�t�i�o�n� �e�q�u�i�l�i�b�r�i�a� �o�f� 

�J�o�u�r�n�a�l� �P�a�p�e�r� �2�.� �C�o�n�t�r�i�b�u�t�i�o�n� �t�o� �a�c�i�d�-�b�a�s�e� �c�h�a�n�g�e�s� �8�4



�w�e�a�k� �a�c�i�d�s� �i�n� �s�o�l�u�t�i�o�n�.� �S�t�r�o�n�g� �i�o�n�s� �a�r�e� �f�u�l�l�y� �o�r� �n�e�a�r�l�y� �f�u�l�l�y� �d�i�s�s�o�c�i�a�t�e�d�,� �a�n�d� 

�[�S�I�D�]� �i�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �s�u�m� �o�f� �a�l�l� �s�t�r�o�n�g� �c�a�t�i�o�n�s� �a�n�d� �s�t�r�o�n�g� �a�n�i�o�n�s�.� 

�W�e�a�k� �e�l�e�c�t�r�o�l�y�t�e�s� �a�r�e� �p�a�r�t�i�a�l�l�y� �d�i�s�s�o�c�i�a�t�e�d� �i�n� �s�o�l�u�t�i�o�n�,� �p�r�o�t�e�i�n� �b�e�i�n�g� �a� �r�e�l�a�t�i�v�e�l�y� 

�i�m�p�o�r�t�a�n�t� �w�e�a�k� �e�l�e�c�t�r�o�l�y�t�e� �i�n� �p�l�a�s�m�a�.� �T�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �d�u�e� �t�o� �c�h�a�n�g�e�s� �i�n� �e�a�c�h� 

�o�f� �t�h�e� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �t�o� �c�h�a�n�g�e�s� �i�n� �[�H�*�]� �a�n�d� �[�H�C�O�3�"�]� �c�a�n� �b�e� �q�u�a�n�t�i�f�i�e�d�.� 

�T�h�e� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �a�r�e� �d�e�f�i�n�e�d� �b�y� �a� �s�e�r�i�e�s� �o�f� �e�q�u�a�t�i�o�n�s� �t�h�a�t� �d�e�s�c�r�i�b�e� 

�t�h�e� �a�c�i�d�-�b�a�s�e� �s�y�s�t�e�m�.� �T�h�e� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �a�r�e� �m�e�a�s�u�r�e�d� �a�n�d� �t�h�e�n� �u�s�e�d� 

�t�o� �s�o�l�v�e� �t�h�e�s�e� �e�q�u�a�t�i�o�n�s� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s�,� �[�H�t�]� �a�n�d� 

�[�H�C�O�3�"�]� �(�S�t�e�w�a�r�t� �1�9�8�1�)�.� 

�I�n�c�r�e�a�s�e�s� �i�n� �b�l�o�o�d� �[�L�a�c�"�]�,� �t�h�r�o�u�g�h� �d�e�c�r�e�a�s�i�n�g� �p�l�a�s�m�a� �[�S�I�D�]�,� �c�a�n� �p�l�a�y� �a�n� 

�i�m�p�o�r�t�a�n�t� �r�o�l�e� �i�n� �i�n�c�r�e�a�s�i�n�g� �p�l�a�s�m�a� �[�H�t�]� �a�n�d� �d�e�c�r�e�a�s�i�n�g� �[�H�C�O�3�7�]� �d�u�r�i�n�g� 

�e�x�e�r�c�i�s�e�.� �A�l�t�h�o�u�g�h� �a� �g�r�e�a�t�e�r� �i�n�c�r�e�a�s�e� �i�n� �b�l�o�o�d� �[�L�a�c!"�]� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e� �i�n� �h�o�r�s�e�s� 

�g�i�v�e�n� �N�a�H�C�O�3� �c�o�m�p�a�r�e�d� �t�o� �p�l�a�i�n� �w�a�t�e�r� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �a� �p�r�e�v�i�o�u�s� �s�t�u�d�y�,� 

�p�l�a�s�m�a� �[�H�t�]� �d�e�c�r�e�a�s�e�d� �a�n�d� �[�H�C�O�3�"�]� �i�n�c�r�e�a�s�e�d�.� �B�l�o�o�d� �[�L�a�c�]� �w�a�s� �a�l�s�o� �h�i�g�h�e�r� 

�i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s� �c�o�m�p�a�r�e�d� �t�o� �h�o�r�s�e�s� �f�e�d� �a� �c�o�n�t�r�o�l� �d�i�e�t� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e�,� 

�h�o�w�e�v�e�r�,� �p�l�a�s�m�a� �[�H�C�O�3�7�]� �w�a�s� �l�o�w�e�r� �i�n� �f�a�t�-�a�d�a�p�t�e�d� �h�o�r�s�e�s�,� �a�n�d� �t�h�e�r�e� �w�a�s� �n�o� 

�d�i�f�f�e�r�e�n�c�e� �i�n� �p�l�a�s�m�a� �[�H�*�]� �b�e�t�w�e�e�n� �t�h�e� �d�i�e�t� �g�r�o�u�p�s�.� 

�T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �s�t�u�d�y� �w�a�s� �t�o� �q�u�a�n�t�i�f�y� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n�s� �o�f� 

�i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �t�o� �c�h�a�n�g�e�s� �i�n� �p�l�a�s�m�a� �[�H�+�]� �a�n�d� �[�H�C�O�3�7�]� �d�u�r�i�n�g� �r�e�p�e�a�t�e�d� 

�b�o�u�t�s� �o�f� �e�x�e�r�c�i�s�e� �i�n� �h�o�r�s�e�s� �u�t�i�l�i�z�i�n�g� �a� �c�o�m�p�r�e�h�e�n�s�i�v�e� �p�h�y�s�i�c�o�c�h�e�m�i�c�a�l� �m�e�t�h�o�d� 

�o�f� �a�c�i�d�-�b�a�s�e� �a�n�a�l�y�s�i�s� �(�S�t�e�w�a�r�t� �1�9�8�1�,� �1�9�8�3�)�.� �T�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �c�a�u�s�e� �o�f� �[�H�*�]� 

�c�h�a�n�g�e�s� �w�i�t�h�i�n� �p�l�a�s�m�a�,� �a�l�l� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e�s� �w�e�r�e� �a�s�s�e�s�s�e�d� �a�n�d� �t�h�e� 

�r�e�l�a�t�i�v�e� �i�n�f�l�u�e�n�c�e� �e�a�c�h� �i�n�d�e�p�e�n�d�e�n�t� �v�a�r�i�a�b�l�e� �h�a�d� �o�n� �c�h�a�n�g�e�s� �i�n� �[�H�*�]� 

�d�e�t�e�r�m�i�n�e�d�.� �R�e�p�e�a�t�e�d� �s�a�m�p�l�i�n�g� �d�u�r�i�n�g� 

�e�x�e�r�c�i�s�e� �a�l�s�o� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�e� �r�e�l�a�t�i�v�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �e�a�c�h� �i�n�d�e�p�e�n�d�e�n�t� 

�J�o�u�r�n�a�l� �P�a�p�e�r� �2�.� �C�o�n�t�r�i�b�u�t�i�o�n� �t�o� �a�c�i�d�-�b�a�s�e� �c�h�a�n�g�e�s� �8�5



�v�a�r�i�a�b�l�e� �o�n� �p�l�a�s�m�a� �[�H�t�]� �a�n�d� �[�H�C�O�3�"�]� �a�t� �s�p�e�c�i�f�i�c� �t�i�m�e�s� �d�u�r�i�n�g� �e�x�e�r�c�i�s�e�.� 

�M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� 

�H�o�r�s�e�s� �-� �E�i�g�h�t� �A�r�a�b�i�a�n� �h�o�r�s�e�s�,� �3� �t�o� �4� �y�r�s� �o�l�d� �a�n�d� �w�e�i�g�h�i�n�g� �4�1�7�+� �7�.�0� �k�g� 

�w�e�r�e� �c�o�n�d�i�t�i�o�n�e�d� �o�n� �a� �t�r�e�a�d�m�i�l�l �� �f�o�r� �a� �m�i�n�i�m�u�m� �o�f� �4� �m�o�n�t�h�s� �p�r�i�o�r� �t�o� �t�h�e� 

�e�x�e�r�c�i�s�e� �t�e�s�t�s�.� �H�o�r�s�e�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �i�n� �t�w�o� �s�e�p�a�r�a�t�e� �d�i�r�t� �l�o�t�s�,� �3�0�-�m� �x� �3�0�-�m�,� 

�a�c�c�o�r�d�i�n�g� �t�o� �d�i�e�t� �a�s�s�i�g�n�m�e�n�t�s�.� 

�D�i�e�t�s� �-� �H�o�r�s�e�s� �w�e�r�e� �r�a�n�d�o�m�l�y� �a�s�s�i�g�n�e�d� �t�o� �2� �d�i�e�t�a�r�y� �g�r�o�u�p�s� �(�T�a�b�l�e� �1�)� �a�t� 

�t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �4�-�m�o�n�t�h� �t�r�a�i�n�i�n�g�/�a�d�a�p�t�a�t�i�o�n� �p�e�r�i�o�d�.� �T�h�e� �c�o�n�t�r�o�l� �g�r�o�u�p� �w�a�s� 

�f�e�d� �a� �b�a�s�a�l� �d�i�e�t� �c�o�n�s�i�s�t�i�n�g� �o�f� �c�h�o�p�p�e�d� �h�a�y�,� �c�r�a�c�k�e�d� �c�o�r�n�,� �m�o�l�a�s�s�e�s� �a�n�d� �a� 

�v�i�t�a�m�i�n� �s�u�p�p�l�e�m�e�n�t�?�.� �T�h�e� �h�i�g�h� �f�a�t� �d�i�e�t� �g�r�o�u�p� �w�a�s� �f�e�d� �a� �s�i�m�i�l�a�r� �d�i�e�t�,� �e�x�c�e�p�t� �p�a�r�t� 

�o�f� �t�h�e� �e�n�e�r�g�y� �p�r�o�v�i�d�e�d� �b�y� �c�o�r�n� �w�a�s� �r�e�p�l�a�c�e�d� �w�i�t�h� �c�o�r�n� �o�i�l�§�,� �w�h�i�c�h� �r�e�s�u�l�t�e�d� �i�n� �a� 

�f�i�n�a�l� �r�a�t�i�o�n� �o�f� �1�0�%� �c�o�r�n� �o�i�l� �b�y� �w�e�i�g�h�t�.� �H�o�r�s�e�s� �w�e�r�e� �f�e�d� �t�o� �m�e�e�t� �a�v�e�r�a�g�e� �e�n�e�r�g�y� 

�a�n�d�.�m�i�n�i�m�u�m� �n�u�t�r�i�e�n�t� �r�e�q�u�i�r�e�m�e�n�t�s� �o�f� �h�o�r�s�e�s� �i�n� �w�o�r�k� �(�N�R�C�,� �1�9�8�9�)�,� �a�n�d� �w�e�r�e� 

�a�l�l�o�w�e�d� �f�r�e�e� �a�c�c�e�s�s� �t�o� �w�a�t�e�r� �a�n�d� �t�r�a�c�e� �m�i�n�e�r�a�l�i�z�e�d� �s�a�l�t�s�.� �E�a�c�h� �h�o�r�s�e� �w�a�s� �f�e�d� 

�t�h�e� �r�e�s�p�e�c�t�i�v�e� �d�i�e�t�s� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �t�r�a�i�n�i�n�g�/�a�d�a�p�t�a�t�i�o�n� �p�e�r�i�o�d� �a�n�d� �e�x�e�r�c�i�s�e� 

�t�e�s�t�s�.� 

�T�r�e�a�t�m�e�n�t�s� �-� �T�w�o� �h�o�r�s�e�s� �f�r�o�m� �e�a�c�h� �d�i�e�t� �g�r�o�u�p� �r�e�c�e�i�v�e�d�,� �t�h�r�o�u�g�h� 

� � 

�1� �M�u�s�t�a�n�g� �2�2�0�0�,� �K�a�g�r�a� �I�n�t�e�r�n�a�t�i�o�n�a�l� �I�n�c�.�,� �F�a�h�r�w�a�n�g�e�n�,� �S�w�i�t�z�e�r�l�a�n�d�.� 
�W�i�l�s�o�n� �E�n�t�e�r�p�r�i�s�e�s�,� �I�n�c�.�,� �D�i�s�p�u�t�a�t�a�,� �V�a�.� 

�3� �C�o�m� �P�r�o�d�u�c�t�s� �C�o�r�p�.�,� �B�e�s�t� �F�o�o�d�s�,� �U�n�i�o�n�,� �N�.�J�.� 
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