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ABSTRACT

The acidosis accompanying shor"t-term maximal exer"cise has been

quaniified and the mechanisms contributing to its control examined.

Max"imal exer"cise lasti"ng 30 s was per"formed on a constant-velocity

cycle er"gometer. In 3 subjects, acid-base changes were examined

> -

across the wor"king quadr"iceps f.emor"is muscle after" ar"ter"ial and. "

.femor"al venous catheter"i~ation (Part A). The acid-base changes acr"oss

the inactive for"ear1n muscle wer"€! examined in 6 subjects following

arte.rial and de~p forearm venous catheter"isation.•Gas exchange was

measur"ed breath-by-br"eath dur"i ng e"xer"ci se and recovery (Par"t 13).

Muscle biopsies wer"e taken hom the quadriceps femoris J'lus'cle in 6"

subjects and analysed for intracellular strong ion changes using

neutr"on activation analysis (Par"t C).

The intracellular" acid load was due to both increased CO
2

producti on and stt"ong ani on producti on; the muscl e [1 actate] increased

to 30 mmol/kg w.w. after 30 s exercise. The CO2 and str"ong ion

concentr"ati on contri buted 25% and 75%. respecti vely, to the i ncr"ease

in intracellular [H+]. The weak acid concentration was assumed not to
•

change during exercise and r-ecover"y. CO 2 and strong ions were r-emoved

fr"om the intracellular fluid during t-ecovery.
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Initially CO 2 output from the muscle reduced the intr'acellular

PC02 the femoral venous PC0 2 ·incr'eased to 105 mm Hgo The incr'eased

CO2 fl ux to the lungs increased the, CO 2 el imi nati on fr·om ·the body; the

CO 2 output incr'easedto 306.0 ml Imi n by the end of exercise; 'The lungs

were effective in removi.ng the excess CO
2

del"iver'ed to them as the

ar'teri al PC0
2

was less than r·esti ng level s throughout recover·y.

Elimination of excess CO 2 from muscle was complete by 3 min r'ecover·y.

Strong ion exchange occulTed mOt'e slowly; lact'at~:iJlll-pJ~r'ed

at a r·ate of 2 mmollkg w.w./mino Immedi ately after' exer'ci se the

intracellular'-femoral venous [lactate] grarlient was 40 mniol/l and

favour'ed diffU'sion of lactate into the cir·culation. Appr'oximately

55-60~, of the lactate diffused from the muscle, the r-emaining lactate

was oxi di sed or conver'ted to glycogen. Lactate was taken up by the

inactive for'earm muscle; the v-a [lactate] di ffer'ence was

metabol ised to ather· metabol ic end poi nts. Lactate uptake by inactive
\ ' j
"-./

approximately

the inactive

405 mmol 11.

ti ssue was

Only about 45'!. of the lactate taken up by

oxidised, the r'emaining lactate was

tissue r·educed the anion concentr'ation of the body and increased the

s tr·ong ion difference across the inactive tissue. Recover'y of

acid-base balance is not complete until all the lactate has been

removed fr'"om the body.

iv



ACKNOWLEDGEMENTS . ,

,

would like to thank the member's of my supervisory corrmittee,

•Dr. Norman L. Jones, Dr. Geor'ge J.F. Heiqenhauser' and Dr'. John R.

Su~ton, for' their continued guidance, assistance and suppor't

throughout all phases of this thesis.

am indebted to my fr'iends Geor·ge. Mike, Gr'aham, PietTe and

Scott for' volunteer'ing their time and ener'gy. The valuable laboratory

and technical assistance provided by George Obminski. Tanya Chypchar,

Mike Li ndi nger'. t~a~nam Ganagar'agah and Bob 1·1cKel vie was very much

?ppr'eciated. Thanks to my many fr'iends who listened and gave advice.

am especially gr'ateful a to Ilancy, who was always there and

never lost faith.

Thi s resea rch was suppor'ted by the Medi ca1 Resea rch Council of

Canada.

v



D

TABLE OF CONTENTS

Section

./j tl e Page

liescri pti ve Note

\ Abstract

Acknow1 edgements
, ' ..

Table of Contents

Li st of Figures
J~....

Li st of ,Tabl es

i i

iii

v

vi

x

xiii

1

1..1
1.2
1. 2.1

1.2.2

1.3
1.3.1
1.3.2
1.4

1.4.1
1. 4.2
1.4.3
1.4.4
1.5

1.5.1
1.5.2

'loS .3
1.6
1.6.1

1.6; 2

1.7
1. 7.1
1. 7.2

THE ACIDOSIS OF EXERCISE: THE DEVELOPMENT OF PRESENT
DAY CONCEPTS 1
Di scovery and 06gi n of Lacti c Aci d 1
Lactic Acid, Hypoxia and tarbon Dioxide Evolution 4
The,Effect of Oxygen on Lactic Acid and Carbon Dioxide
Producti on 4
The Effect of Exercise Intensity on Lactic Acid and
Carbon Dioxide Production 5
Lacti t Aci d Producti on and Pl asma Aci d-Base Balance 11
Lactate and Carbon Dioxide-Combining Capacity 11
Lactate and Hydrogen Ion Release from Muscle 14
Metabolic Production of Hydrogen Ions in Muscle During
Maximal Exercise 16
ATP Hydrolysis 17
Creati ne Phosphate Hydrolysi s 18
Lactic Acid Formation 19'
Formati on of Hexose Phospha tes '20
Effect of an Intracellular Acidosis on Energy Metabolism
and Muscle Function 21
Enzyme Activity 21
Chemical Equtlibria 23
Effects on the Contractile Apparatus 24
Defenses Against an Intracellular Acidosis 25
The ~teady-State Distribution of Hydrogen Ions According
to a Donnan Equilibrium ;' 25

-The Steady-State Distribution of Hydrogen Ions According
to an Energy-Requi ri ng Process 26
Physicochemical BUffering 29
Properties of Weak Acids and Bases 29
Physicochemical Buffering in Muscle 31

J.\.. vi



72

100
100
104
104
106
112

42

67
69

34
34
35
36
40
41

43
46

49
,49

50
52
55
58
59

4 60
62,
62
63
64
65
66
66

71
Variables'During 30 s Maximal Cycle Ergometer

71

RESULTS
Performance
Exercise
Pulmonary Gas Exchange Associated-with Short-Term Maximal
Exerci se
Acid-Base Changes Across the Active Muscle During and
After Maximal Exercise (Part A) 78
Hydrogen Ion Concentration Across the Active Muscle 79
Plasma PC02 Across the Active Muscle 84
Strong Ion Difference Across the Active Muscle 84
Strong Ion Concentrations in the Artery and Femoral Vein 89
Bicarbonate Concentration Across the Active Muscle' 99
Acid-Base Changes Across the Inactive Muscle During and
After Maximal Exercise (Part B)
Hydrogen Ion Concentration Across the Inactive Muscle
Plasma PCD2 Across the Inactive Muscle
Strong Ion Difference Across the Inactive Muscle
Strong Ion Concentrations in the Artery ,and Forearm Vein
Bi carbonate Concentrati on Acr'oss the Inacti ve Muscl e

Buffer Values of Muscle
Buffer Values of Blood
Acid Extrusion
Sodium-Dependent, Chloride/Bicarbonate Exchange
Sodium-Independent, Chloride/Bicarbonate Exchange
Sodium/Hydrogen Exchange
Stewart's Re-examination of the Factors Influencing
Acid~Base Control
Factors Determining the Hydrogen Ion and Bicarbonate
Concentrations
Purpose of this Thesis

METHODS
Introduction
Subj ects
General Protocol
Measurement of Force Output
Measurement of Gas Exchange
Metabolic Measurement Cart
Br'eath-by-Breath System
Analytical Methods
Arterial and Venous Catheterisation
Blood Sampl ing ,
Analysis of Blood Gases and pH
Analysis of Plasma Electrolyte Concentrations
Measurement of Plasma Lactate Concentration
Muscle Biopsy Procedure
Measurement of Intramuscular Ion Concentrations by
Neutron Activation Analysis
Stati sti cs

1.10

1.9.1

2
2.1
2.2
2.3
2.4
2.5
2.5.1
2.5.2
2.6
2.6.1
2.6.2
2.6.3
2.6.4
2.6.5
2.6~ 6
2.6.7

2.7

3
3.1

3.2

3.3

3.3.. 1
3.3.2
3.3.3
3.3.4
3.3.5
3.4

3.4.1
3.4.2'
3.4.3
3.4.4
3.4.5

1. 7.3
1. 7.4
1.8
1.8.1
1.8.2
1.8.3

., 1.9

•
.'

vii



3.5

3.5.1
3,.5.2

3.5.3

3.5.4

3.6
3.6.1
3.6.2
3.6.3

The Concentration of Strong Ions in the Active Muscle
During and After Maximal Exercise (Part C) 113
Performance Variables During 30 s Maximal Exercise 113
Arterial Acid-Base and Strong Ion Concentrations After
Maximal ~ercise 113
Fluid Volume Changes in the Active Muscle After Maximal
Exercise > 114
Intracellular Strong Ion Concentration in Active Muscle
After Maximal Exercise 114
Summary 116
The Aci d Load in the Acti ve Muscl e . 119
Acid-Base Balance Across the Acti~e Muscle 124
Recovery of Whole Body Acid-Base Balance 127

•

/
V

4
4.1
4.2
4.3

4.3.1

4.3.2

4.3.3

4'.3.4

4.4
4.4.1

4.4.2

4.4.3

4.4.4

4.4.5

4.5
4.5.1
4.5.2

4.5.3
4.5.4

4.6
4.6.1

DISCUSSION
I ntroducti on
Maximal Cycle Ergometer Exercise
Intracellular'Acidosis in the Working Muscle After
Maximal Exercise
Intracellular Weak Acid Concentration in the Active
Muscle After Maximal Exercise
Intracellular PC02'in the Active Muscle After Maximal
Exercise
Intracellular Strong Ion Difference in the Active
Muscle 'After Maximal Exercise
Summary of Intracellular Acid-Base Changes After Maximal
Exercise
Fate of Lactate During Recovery from Maximal Exercise
Blood Flow in the Quadriceps Muscle at Rest and During
Recovery from Maximal Exercise
Metabolism of Lactate in the Previously Active
Quadriceps Femoris Muscle During Recovery from Maximal
Exercise
Lactate Release Across the Previously Active Quadriceps
Femoris Muscle During Recovery from Maximal Exercise
Blood Flow in the Inactive Forearm Muscle During
Recovery from Maximal Leg Exercise
Metabol ism of Lactate in the Inact-ive Tissues of the
Body During Recovery from Maximal Exercise
Fate of Strong Ions Other than Lactate
Pl asma Vol ume Change After Maximal Exerci se
Strong Ion Exchange Across the Active Quadriceps Femoris
Muscle During Recovery from Maximal Exercise
Strong Ion Exchange Across the Lung
Strong Ion Exchange Across the Inactive Forearm Muscle
During Recovery from Maximal Exercise
Control of C02
C02 Output Across the Quadriceps Femoris Muscle During
Recovery from Maximal Exercise

viii

!

129
129
130,

W2

133

137

139

145
147

148

149

152

155

156
158
1,63

164
169

171
P4

174



4.6.2

4.6.3

4.7

4.8

,
C02 Output by the ~ng During Recovery from Maximal
Exercise 175
C02 Output Across the Inactive Forearm Muscle During
Recovery from Maximal Exercise 176
The Concentration of Weak Acids in the Plasma During
Recovery from Maximal Exercise 177
Hydrogen Ion and Bicarbonate Concentrations After
Maximal Exercise: Comparison of Measured and Calculated.
Values 178

,
5
5.1
5.2

5~3

GENERAL SUMMARY
"I ntroducti on
A Summary of the Responses to the Acidosis of Maximal
Exercise
Questions for Future Research

'188
188

18B
191

A
B
B1
B2

B3

B4

B5

B6
C

APPENDICES 193
Validation of the Breath-by-Breath Gas- Analysis System 193
Cal cul ati ons 212
Calculation of [H+] and [HC03-] from Blood Measurements 212
Calculation of [H+] and [HC03-] According to Stewart
(1981) 212
Calculation of the Intracellular Strong Ions
Concentration 214
Estimation of Plasma Volume Change from Hemoglobin
Concentrati on 215
Correction of Strong Ion Concentration for Changes in
Pl asma Vol ume 216
Calculation of Muscle Blood Flow 216
Individual Data 218

BIBLIOGRAPHY 267

ix
\

,
•



,

•

/
,-

Fi gure

1

2

3

4

5a

5b

6a

6b

7a

7b

LI ST OF FI GURES

~\xperim~ntal protocol

'Sche~atic representation of experimental set-up

Breath-by-breath gas excha.og.e' for a si ngl e subj ect
during maxim~l exercise and recovery

Gas exchange at'rest and during recovery from
maximal exercise (n=61

Hydrogen 'i on 'concentrati on in the femoral vei nand
artery at rest and duri ng recovery from maximal
exerci se

Hydrogen ion concentration in the forearm vein and
artery at rest and during recovery from maximal
exercise

PCO in the femoral vein and artery at rest and
durfng revovery from maximal exercise

PCO in the forearm vei n and artery a t rest and
durfng recovery from max imal exerci se

Strong ion difference in the femoral vein and artery
at rest and during recovery from maximal exercise

Strong ion difference in the forearm vein and'artery
at rest and during t'ecovery from maximal exercise

54

57

75

77

81

81

86

88

88

8a Lactate concentration in the femoral vein and artery
at rest and during recovery from maximal exercise 91

8b

ga

9b

Lactate concentration in the fo~earm vein and artery
at rest and' during recovery from maximal exercise

Strong ion concentrations in the femoral vein and
artery at rest and duri ng recovery from maximal
exerci se

Strong ion concentrations in the forearm vein and
artery -at rest and duri ng recovery ft,om maximal
exerci se

x

91

97

97

\



lOa

lOb

lIa

lIb

,.'

Bicarbonate concentration in the femoral vein and
artery' at rest and during recovery from maximal
exerci se '

Bicarbonate concentration in the forearm vein and
artery at rest and during recovery from maximal
exercise

Femoral venous-arterial .difference for strong ions
and bi carbonate

Forearm venous-arterial difference for strong ions
and bi carbonate

102

102

121

121
"-- 12 Recovery-rest differences for femoral venous, arterial

and forearm venous strong ion concentrations and
strong ion difference 126

13

( 14

Relationship between the intracellular PC07 , stro~g

ion difference-and hydrogen ion concentratTon in the
quadri ceps femori s muscl e " 135

"-....-
Relationship between the femoral venous PC02, strong
ion difference and hydrogen ion concentration 154 •

15

16

17a

Relationship between the arterial PCO?, strong ion
difference and hydrogen ion concentration .

Relationship between the forearm venous PC0 2, strong
ion difference and hydrogen ion concentration

Relationship between the measured and calculated
plasma hydrogen ion concentration in the femoral
vein

160

162

181

17b Relationship between the measured and calculated
~ plasma bicarbonate concentration in the femoral vein 181

18a

18b

19a

Relationship between the measured and calculated
pl asma hydrogen ion concentrati on in the ar'tery

Relationship between the measured and calculated
pl asma bi carbonate concentrati on in the arte'ry -

Relationship between the measured and calculated
plasma hydrogen ion concentration in the forearm
vein

183

183

185



, ,

20a

20b

21

22a

22b

23a

23b

24a

24b

25

Volume detection with breath-by-breath gas analysis
system

Frequency detection with breath-by-breath gas
analysis system

Mean ventilation detected with breath-by-breath
gas analysis system

Ventilation: Douglas bag vs breath-by-breath

Ventilation: Beckman MMC vs breath-by-breath

O
2

intake: Douglas bag vs breath-by-breath

O
2

intake: Beckman MMC vs breath-by-breath

CO
2

output: Douglas ba~ vs breath-by-breath

CO
2

output: Beckman MMC vs breath-by-breath

Gas exchange during nonsteady-state exercise in a
si ngl e sUbject: Beckman MMC vs breath-by-breath

xii

....-'

197

197

199

203

203

205

205

207

207

211
























































































































































































































































































































































































































































































































































































