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ABSTRACT

L

‘The principle aim .of this study was €% define changsas in

blood parameters to describe the +transition from aerobic to

anaerobic metabolisn during incremental work apd to apply.

these criter%a in thé,identifiCation of the transition'phase
in andutance trained and untrained subjacts. A secondary
‘purpose was to " investigate the relationship;0f changing
blood responses through exercise trangition with changes in

respiratory gas response.

, | J

‘ ¥ine endurance trained subjects were contrasted with nina
untrained control subjects during én_incremental vork test
-to‘exhausti6n on a cycle ergometer. ‘During \the te&t, zach
subject began pedaling at a bédallinq fraquency of 60 rpas.
The workload was then gradualiy increased to a pdint that
produced a steady state heart rate of 120 bpm.“ Subsequently
fhe'wo;kload vas increased 180 kpr/min avery 2 ‘minutes to
axhaustion. - Respiratory g¢gas and venous blood samplés were
collected at rest, during' the final 30 seconds of the
Jarm-up pé:ioﬂ, and during the final 30 seconds of each sub-
sequen£ workload. ,

From +he respiratory gas samples, ninute ventilation
{YE), cxygen consumption (Vv02), and carbon dioxid=e produc-
tion (VCN2) were computad. Ventilatory equivalents for oxy-
gen (ﬁEO2} and carbon dioxide (VEC0O2) were then derived.
Venous blood samples were analysed for biocd lactate and'pH.

. Tha transitioﬁ'phase was initiated with the appearance of
the first significant. accumulation of lactate in the blood
and concluded by the first significant drop im blood pAH.

* L
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Blood lactate valPes rose 51gn1f1cantly with lacreasing
uorkloads in both trained and untrained subjects. Post-hoc
analysis revealed that & significant accumulatiop of lactate
was present vhen the blood coancentra&tion rose by 1.1 mM bey-
ond the resting value in untrain2d subjects and-by 0.9 oM
beyond the resting value in trained subjects. This point
identified ﬁhe Lactate Threshpld (LT) and delineated the
initiation of the transition phasa.

Blood pH values.showed a‘significant dacline across‘uork-
loads in both subject groups. Post-hoc' analysis indicated
that a SLgnlflcantly 1ower pH coincided with a decllne of pH

.08 units from rest in untralned_subgeqts and a decline

£ .11 .pH units in tra}ned subjscts, This po;nt identifiad
the Threshecld of Decompensated Metabolic Acidosis_ (TDMA) and
delineateq the conclusicn of thz transition phasé.

Neitheér tha LT nor the TDMA was significantiy relatad tg
a non-linear rise in VE or to the minimum value of the VECO2
in either of thesz groups.

The transition phase {(as measured in terms of relative
and absolute workloads) in trained subjects occurred at a
greatexr proportion of the maximal oxidative capacity in com-
parison to untrained subjects. This shift was the result of .
a significanfly elevated LT and a significapntly higher TDMA.
The total oxldatlve capacity located wlthxg the tramsition

rhase was independent of the training state.
l .

T - iii -
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Chapter I
THE PROBLEMNM

1.1 INTRODUCTION

-

In the past, maximum oxygen ‘conspmption (VO2max) has

been accepted as a useful measure of endurance capacity in

"avents where oxidative enargy use predominates. Athlatas

participating in these types of eyents, .however, vary in ths
percentage of the vO2max which they are able to utilize ef-
fectively and cdnsequent}y train to increase this ability:

- s

~More ‘'recently the concept of anaerobic threshold has

been used as an index of endurance performance. During in-~

cremental uork,:when the’-workloads are gradually increased,

thqré is a stage at which an activation of the anaerobic ma-
tabolism is followed by nelease of ;gctaté from the skeletal
muscle to blood. The onset of this process has been tarmed
‘anaerobic tpresﬁold' {AT) (Hassermah et al, 1973) or the
'lactate .threshold' (LT} (Ivy'et al, 1980) and is believed
ﬁé‘delineate the initiation of metabolic acidosis.

This intensity of exercise elicits an’ 4initial accumula-

tion of lactate sigmificantly different from resting levels.

¥

At this point mechanisms of respiratory compensation for the

work induced lactic acidosis lead to a dispropcrtional in=-
crease in ventilation with respect to oxygsn uptake (R2in-
‘hard et al, 1979). '

Npﬂathelgss it -has b?en,noted that indifi@ualé ﬁay.work
above -the anaerobic threshold as @escribed for prolonged
periods of time (Kindermann, et al., 1979). This indicatas
that even above the workload Hhé;é‘the onset of anaerobiosis
has occurred,',1éctate,conéentrationé are not continuing to
rise to work-limiting levels. The suggestion here is that

-
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theré are two separ&te thresholds; one that denotes the be-
gqinning of anaerobic matabolism and a second threshold that
delineates a later workload which.'predisposes‘a lactate ac-
cunulation which 'becomes ever-iancreasing and~work-limipin§.
Betwe2n these two points is a transition pﬂase of agro-
bicsanasrobic metabolism within - which plateauing of blood
lactate values occurs (through an’ equilibratlion cf its pro-
ducéion and removal) and buffering of the exercisé-inducad
acidosis is availéble through blood and respiratory méchan-
isms. As,  such, the upper limit of.this phase dasnotas the
vorkload up to which: the exercise-induc=d acidosis is 2ffec-
" +ivaly compensated, ' | '

The second fhreshold has been described recently by sev=-
eral authors (Reimhard et al, 1979; Gutin aﬁd Young, 1980 ;.
Mader e+ al, -1976) and has been implicated .as an important

determinant of - endurance performance (Kindermann et al, .
1979) . :

Reinhard et al (1979) have called this point the
*thresheld of decompensated matabolic acidosis!® '(fDHA) and
for the purposes of this study their definition 'will stand.

_At this point the workload is such that the onset of an ex-
ponential incresase in blood lactate cpnCentrétién oCcGcurs.
Bebaﬂse thé buffering capacity of the blood is finite. and
lactate metabolism cannot keep pace with.lgctafe production
and release from the muscle ceils, blood pH' drops signifi-
cantly. Duration of woTk -timg at this iﬂtensity will be
limited accordingly because of fhg inhibitory affect of aci-
dosis on metabolism (Davgnport,f971f.‘_

Astrand and Rodahl (1977)” have iéentified intbnsi ty and
duration of éxerCise,‘551impottant considarations in dater-
nining the affectiveness of endurance training. '

. N ) _ K .‘, ,

The'fransitibn 'phase, (as aélineatgd| by Eﬁg’LT and the

fTﬁﬂﬁj, defines ‘that range of ..work intensities which allow

k]



the highesylposéible rstimulaiion of the oxidative energy
supply meéhanisms, uhile.ﬁolding the anaerobic, supplementa-
+ion of energy to a degrea that may be cumpensated physio~"
- logically. For this. feason, exercise intensities in the
transition are not{unduly limited in ~duration and may: be
suitable for endurance training, '

e

1.2 RATIONALE _ :

”'Endurance athletes have the ability to utilize effi-~
' cieqfly portions of their oxidative capacities above those
normally recogiized as their anaerobic threshold (Costill et
al, 1970). Additionally, the AT has been demonstrated to be
‘mutable with training (Davis et al, 1979). While fha_ap—
.pearance gf this point has.géen linked to performance (Cos-
+i11 et al,1973;Weiser et al,1978), 4it dces not represent
totally the @ajor 1imiting factor of endurance performance.
‘A pore likel} candidate is the aerobic-anaerobic transition
| phase}.which may be delineated by the appearance of both the
LT an@ the TDMA during incrementalagork.

This phase appeérs to be more representative of the
" body's ability to compensate physiologically for an exercise
inducged acidosis and it's'ability to equilibrate lactat=2 me-
_tabolism with it's prodtctioﬁ. If the location and duration
of the aerobiq/anaéfobic transition phase could be establ-
ished in subjé&ts,of variable oxidative capacities, more ef-
fecéive inéénsities for erdurance training could be se-
lected. T '

Previous authors have uséd empirical values of blood lac-
tate to descrlibe the transitioﬁl phase (Madser et al, 19763
Kindérmann et alg"1979), or have depended on changes in res-
~piratory gas 'paiameters (Reinhard et al, 19793 Gutin and
Young, 1980). 1In +the present study it was £felt that these
values ‘may not PB valid for a comparison of trained and un-
trained subjectg because of a possible pH - dependent re-

lease of lactate from skelatal ‘muscle (Mainwood and Worsaly-~
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Brown, 197é)L ald_differences in the responsiveness of the
raspiratory mechanisms (Steggoman et al, 1975). Instead the
LT ias defined by the uorkioad just prior to the first sta-
tistically siénificant increase in blood lactate, Because

lactate comprises the primary acid metabolite in the blood

during exarcisa (Reul et ail, 1973), blcod pH should accu=-
‘rately reflect the compensatory capacity of the circulatory
systen' for an acid load. Thus the TDMA was characterized by
the workload just prior to the first significant drop in
blocod pH from resting values. '

It should also be nofed that, while the 1link between
changes'in blood lactate and respiratory gas parameters at
AT have been well established (Wasserman et al, 1973; Davis
.at al, 1976), the degree to which respiratcry parameters are
tied to changes in blood lactate and pH throughout the whole

range of transition is less understood.

1.3  STATEMENT OF THE BROBLEM

The principal aim of this study was to define changes in
blood parametsrs to describe the Lactate Threshold and the
Threshcld of Decompensated Metabolic Acidosis and to apply
these criteria in the identification of the location of the
aerobic to anaesrobic transitién of metabolism dlong a con-
tinuum of work intensities in endurance trained and un-
trained subjects. A secondary purpcse was to investigate
thé relationship of changing blcod responses througk exar-
cise transition withuchanges in respiratory gas response.

—

1.4  EXPERIMENTAL HYPOTHESIS

to anaerobic metabolism (as definad by the LT and the TDMA)
would occur at a higher proportion 6f the maximal oxidative
capacity in endurance trained athletes. Because of the rol=
of the respiratgry mechanisms in the compensation for

acidsbase disturbances, the ralationship of changes in ne~



. . N X -
i ~‘._‘ }r’ ‘.j - B!
. . . oo L '
r . AR A
i' A D .

! . S A
WL -

+abolic characteristics to changes in respiratory parameters
vas expected to be high, v )

1.5 LIMITATIONS QF THE STUDY

The findings of this study were limited in their applica-
tiqn to tha genaral population for a _number of reasons.
Firstly,: the cross-sectional design utilized to provida the
comparison between trained and untrained groups, does not
allow good control over genetic capacitias which may affect
the training‘state.- Secondly, the narrow age range of the
subjects and tﬁe homogeneity of their sex limited the impli-
cations to the\Fpecific groups stated., Thirdly, the us2 of
venous, rather than arterial, blood must certainly be con-
sidered a limitation., Many of .the physiolcgical adaptations
to metabolic acidosis are initiated by changes in arterial
blood. Sampling- away from the active area may not be repre-
sentative of changes occurring at the capillary level. Fi-
nally the selectsd deﬁendent variables, while ldentified for
their physiological importance, did not presume to cover all.
the changes in blood or respiratory gas parameters.

1.6 DEFINITIONS

P~ P = P

» ADP adenosine diphosphate
AMP, adenosine monophosphate
AT anaerobic threshold, the work rate or v02 at which

the onset of anaarobicsis occurs as measured by
respiratory paramet=ars |

ATP adenosine triphosphate

Buffer Base total buffer available in the blood including
both the bicarbonmate and non~bicarbonate buf-
fars.

vCo2 carbon dioxide production, the volume of carbon
dioxide excreted by the body per unit tinme

FPA's | fiee fatty acids



FT fibaers:

—

G-6-P

Hb
HbO2

LT

VOZmax

NAD

voz2

PFK

pH
Pi

ST fibers

TDMA

fast twitch muscle fibers-as classified by their
mydsin ATPase staining -intensity ‘

¢

glucose-6-phosphate, an intermediate substrafe of
glycolysis '

hemoglobin : -

oxyhemoglobin

-

{
lactate threshold, the first significant elevation

of blood lactats above resting values

maximal oxygen consumption, the wmaximum volum= of
oxygen that may be consumed per unit +¢ime in the
body; the product of the cardiac output and the
arterio-venouus oxygen difference

nicatinamide adenine dinucleotide, a coenzyme of
oxidation-reduction rasactions containing the vita-

min, nicatinamide, as its functional group. The

oxidized form (NAD+¢) is reducad tc fcrm NADH by

accepting two 2lectrons as a hydride ion (H-)

oxygen consumption, the volume of oxyqgen utilized
in the body per unit time

phosphofructokinase, the enzyme catalysing the
convarsion of fruqfose-e—phosphate to fruc-

tose-1-6~diphosphate - the rate limiting reaction

of glycolysis
the hydrogen ion concentration
inorganic phosphate

slow twitch muscle fibers as characterized by
their myosin ATPasa staining intensity

threshold of decompensated metabolic acidosis, the
work ratea or V02 at which compensatory mechanisms
for the constraint of nmetabolic acidosis baconmz
saturated resulting in a precipitous drop im blood
pH



Trained S  those. subjects who have been involved in a
o - systematic eﬁdu;ance training prograiz_for at
least 6 months prior to the onget of experimen-
tation ST S s o
Ontrainad those subjects who have not been involved in a
. systematic endurance traihing program for at
least € ﬁonths prior to the onéet oﬁkérperi—
nentation ¢

VEO?2 the ventilatory =quivalent of oxygen, the ratio of
ventilation to oxygen consumption

VECO2 the ventilatory =equivalent of carbon dicxide, the
ratio of venmtilation to carbon dioxide production

VE ventilation, the volume of air expired by the body
per unit time



Chapter 11
REVIEW OF LITERATURE

2.1 INTRODECTION ~  * S

In ordsr to evaluate the transitiomal phgs; of exerciée,
it is necessary to understand the factors that influenca the
relative contributions of the aerobic andrﬁ9naerobic enerqgy
;supgly systems 1.e . tlie metabolic response. Onca eastabl-
ishéﬁ these factors will form the groundwork in the study of
physiological adaptation to workloads of varying intensities
and also in the compariscn of the résponses of trained and

untrained individuals to incremental work.

To this end, the review of literature will be comprised
of four sections:
1. Pathways of aerobic and anaerobic metabolism.
2. Factors affecting the metabolic resgonse to
exarcise. “ 
3, An overview of the metabolic response to
submaximal work of varying intemnsities.
4, A comparison of the responses of trained

and untrained individuals to incremental work,

2.2 PATHWAYS OF AEROBIC AND ANAEPOBIC METABOLISM

The capacity to do work is controlled by the availability
of enerqgy. In this respect most of the physiological
changes that occur during exercise are r2lated to matching
the'energy supply to the muscles' utilization of en2rgy to
pover their contractile processes, The method of supplying
this energy, (in the form of ATP), varies with incremental
work based on the intensity and duration of "the exercise.
Because the supply of ATP in the cell is limited, muscle
cells must have a means of rapidly replacing ATP as it is
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utilized during contraction. Muscle cells possess the en-

.Zymes necessary to resynthesize ATP from it's constituents,

ADP and Pi.”
- . .
. : = .
The energy for this process may be provided by aerobic or

r anaerobic meéhhnisms, or fh:ough a comtination of both.

| Thus the *metabolic responsa’ réfers to the relative contri-

bution of enmergy to tha total 2nergy pool by both the aero-

bic energy systems and the anaerobic emergy systems. The

basic pathways involved are illustrated in Figure 1,

Aerobic metabolism fefers"to the production of energy in

the presence of oxygen. In this type of metabolism , the

phosphorylation of ADP to ATP takes place in the mitochond=-

ri;. In skelestal muscle, the energy for this ﬁrocess is
provided by the catabolism of fats and carbohydrates .

The final commomn pathways of carbohydrate and fat Bxida-
tion are the Kreb's cycle rsactions and the oxido-reductions
of the Flectron Transport Chain (ETC).

Hydrogen pairs from the dehydrogenation reactions of sub-
strate oxidations are bound and transportad to the ETC by
the reduced flavoproteins NAD and FAD.

In the ETC, a discrete series of oxido-reductions allow
the transfer of each hydrogen pair from one molecule to the
naxt with the sequential release of energy to ba used in the
phosphorylation of ADP to ATP. 02 acts as the ultimate
alectron accapter in this series . of reactions, creating me-
tabolic H20 in the process. For its continued functioning,
the ETC has 3 maﬁor requirements (Arestrong,1979). These
include: (1) an adequate supply of ADP and Pi, {(2) oxygen,
and‘(3) a continuing supply of hydrogen pairs,

P
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The most prolific supplier of hydrogen pairs in th2 mus-
cle cell\is the Kféb's cycla. In the Kreh's . cycle the 2-C
mofe Acetyl Co A is transfer:éd to ‘a carrier molscule
fxalo acatic écid) that enters a‘seriesrof reactiogs‘which
convert tha acetate (2C) to CO02 and H2. Eventually the ori-
'ginal carrier molecule is'regenerated, H2 is generated at
four different dehydrogeﬁase reactioﬁs “in the Kreb's cycle.
mhree of these are NAD- linked and one is FAD-linked. These
réducing aquivalents ara then passed to the ETC, One AT?'isl
*also produced during one of the metabolic steps in a process
of substrate leval phosphorylation (Lehninger.1975).Tha C02
produc2d diffuses down it's concentration gradient and into
the blood forming the‘ primary source of metabol%ﬁ €02 pro-
duction in the cell (Clode and Campbell, 1969).

The frae fatty acids (FFA's) are the major fat substrate
gtilized during exercise (McMurray, 1977). The catabolism
of FFA's involves 3 different processes. The first of these
is the activation of the fatty acid to a fatty acyl coampound
in an energy réquiring reactiongoccurrinq in the cytoplasm
of the cell. Since the rest of the reactions concerned with
fat oxidation occur iq the mitochondria, and the inner mem-
brane is impermeabls to all Co 1 derivatives, the muscle
cell depends on carnitine mediated transgport of the fatty
acyl from +the cytoplasm to the mitochondria.,  The s=cond
procass is that of . bata-oxidation, This involves the se=
quential removal of hydrogen pairs from the alkyl chain of
the fatty acyl and the splifting off of 2=C units in the
form of Acetyl-Co 2 molecules. The third process is the
Kreb's cycle oxidation of the Acetyl Co A products yielding
C02 and hydrogen for oxidative phosphorylation and the sub-
sequent oxidation of the hydrogen pairs in the ETC.

The other major substrate usa2d for thz production of re-
ducing equivalents for oxidative phosphorylation is glucose.
Generally as the intonsity of exercise increases, the depen-

dence on glucose as a substrate does likewise (Skinnar and



.

\

Mc Lellan, 1980). This glucos2 may be derived either from .

the circulating blood or from intramuscular glycogen stores
(Armstrong, 1979).

- After ;ntering ‘the cell from the blood in a process of
gacilitafed diffusion, ‘qluCOSe' is phosphorylated to _qluL
cose-€-phosphate (G-6~P) 2affectively trapping the molacule
within the c¢ell. It then may be converted to glycogen or

When glycogan is required for ' energy -production it is
reconverted to G-€-P and then catabolizad in the process of
glycolysis. Here G-6-P is phosphorylated again and split

metabolized.

into 2 (3-C) phosphate molaculaes. Fach of the triose phosp-
hates is oxidized with the produc{ion' of NADH, At 2 subse-
quent steps, substrats level phosphorylation of ADP occurs.
The end product of glycolysis are 2 moleculés of pyruvata.
Pyruvate from this point may diffuse to the circulation
(RKeul et al, 1972) og be further metabolized in a number of
pathways. .

In the wmuscle, pyruvate may be oxidized to ﬁcetyl Co A
via the pyruvate dehydrogenasz complex in the mitochondria.
The Acetyl do A may then be oxidized in the EKreb's cycle
with the corresponding release of C02 and production of hy-
drogen pairs for the ETC. Thus the role of carbohydrate in
oxidative phosphorylation,

Alternately, pyruvate may be convertad to lactate in a
reaction catalysed by lactate dehydrogenase (LDH) during
anaerobic glycolysis- the second najor energy supplier dur-
ing prolorged activity. (Lactate and pyruvate are 1lonic
forms of dissociated lactic and pyruvic acid, respectivaly.
These acids dissociate in the following manner:

HA =~==- H+ + A~
Because of their high dissociation constanmts, lactic -and py-~
ruvic acids are normally found in the dissociated state un-

der physioclogical conditions (Wasserman et al,1973)).

- 12 -
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Anaerobic glycolysis may produce_ene;gy. at a much higher,
rate than may aerobic metabolism .(Davis et a1,1979)"ap& is
thus most important vhen the rate of emnergy ntilization is’
high. Thermaxiﬁumftate o"c/}1
dependent on the hY?Sin ATPésé‘actiﬁity of thﬁ*gpqtraciing
fiber. ' S e

energy utilization is ultimately

14 Lo

;Tﬁe viability of this method of energy production is de:
peﬁdant on the relative LDH activity of the @wmuscle fibar
(Sjodin,1976) and the cytosolic redox state (Edington,1970).
Muring lactatse producticen, pyruvate may accept the hydrogen
pair from NADH generated at previous glycolytic dehydrogenpa~
tions, thus preventing the accumulation of NADH and regener~

ating NAD at the same time.

Hultman- (1967) found that a significant pioportion of
muscle glycogen utilization during exercise could not be ac-

counted for by lactate formation or CO2 production. A third

possibility-for the removal of pyruvate may be its transani-
nation to alanine via the reaction catalysed by alanine ami-
notransferasse (Fqiiqpet al, 1970). Alanine may then.diffuse
out of the cell and become a kay precursor 'for hepatic glu-

\ )
cose production.

The relative contribution of either of these epergy sup-
rly systems, i:e. =2ither oxidative phosphorylaticn or anae-
robic glycolysis, is depend2nt on +the interplay of a number
of factors which constitute ‘determinants' of the metabolic

response,

2.3 FACTORS AFFECTING THE METAROLIC RESPCNSF TO EXERCISE

The major determinants of the metabolic response include:
a) Recruitment of muscle fibers

b) Substrate supply

C) Intracellular regulators



2;3.1 Recguiggeﬁt

/

At least two separa;g'éibqr types can be discerned in hu-
man'skgletél.muscl@ based on their myosin ATPasé activity at
qlkaliné ﬁﬂ (Gollnick et al,1972).’ According ‘to Barnard et
al (1971, a high_myoéin ATPase acti%ity , tndar *hese ;ﬁséy
conditionéﬂoccurs in muscles with fast twitch characteris-
tics and ahlowlactivity'in: muscle fibers with slow twitch
characteristics, Thus.the fibers may be designated as-
fast=twitch (FT) and slow-twitch (ST}.)

FT fibsrs always have a higher glycolytic capacity ac--
cording to thair alpha~glycarophosphate D-H and phosphofruc~
tokinase activities. ST fipers, on the oth2r hand , are
found to hava a higher oxidative capacity based on taeir
NADH diaphorase activity, although a wide continuum of
staining intensities exists (Gollnick et -al, 1972). ST fi-
bers also have a high concenﬁraﬁion of mitochondria and are
accompani2d by an enhancad capillary supply.

Isozymaes of the enzyme lactate de-hydrogenase have bezen
identified in both FT and ST fibers {Sjodin,1976; Thorstans-
son et al,1977). The LDH may be present as a heart specific
{H=-LDH) or as a muscle specific (M-LDH) isozyme., M#-LDH fa-
‘cilitates the reduction of pyruvate\:o lactate while H-LDH
catalyses the reverse reaction of lactate to pyruvate for
utilization in the Kreb's cycle., ST fibers have baeen de-
monstrated to have a higher H-LDH activity (Sjodin,197¢€)
whereas FT fibers have a greater M-LDH activity (Thorstaans-
son et al,1977).

—

It appears that each of the two. fiber types are specifi-
cally désigned to preferentiallyibustain a particular type
of metabolism; aerobic metabolism in the case of ST fibers
or énaerobic metabolism in the case of FT fibers. This is
not to say that either fiber type is incapable of supplying
anergy by any of the methods previously described. This im=-
plies simply that the aerobic or anaerobic capacity of the
muscle cell is related to the fiber type (Ivy et al, 1980).

..1“-
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1 sumaary ‘of the mstabolic potarntials of FT and ST Iibars is’

prasentad in Tabl2 1.

et:al;1@76}.Gcllmick,13?2;.Holloszy,LQTGJ

i . - ff N ' ‘. ET fibers ‘
Glycolysis t - K High
Glycogenolysis ﬁigh
CHO Oxidation“ Low
Fat Oxidation . ) ﬂ. Low
Lactate ProducEion High

Lactate Uptake Low

Table 1:

ST fibers

Low
Low
Inter

High

High

Summary of the metabolic potentials of FT and ST fibers.

. {(as derived from Graham, 1978; Graham et al, 1976; Goll-

- nick, 1972; Holloszy, 1976)
Since muscle glycogen is

muscle fiber types (Zssen 2t al, 1975)

(as d2rived frox-Gratam,1978; Grakan

stored iptramuscularly”in both
and the utiliration

of this substrate varies with exercise characteristics (Ts-~

sén, 1978), studies that monitor the depletion

with exarcisa may

betwean work characteristics and fiber recruitment.

prcvide insight into the

of glycogen

relationship

A sum-

mary of the depletion pattarns in the fiber types as a Zunc-

+ion of exercise intensity, duration and mode is pres=anted

in Tahle 2.
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AUTHORS MODE INTENSITY DURATION DEPLETION
) QF _ PATTERN
e EXERCISE
Gollnick et al, T-mill 74% <Om§mx. 30 min, ST FT
1972 _ run
4
Gollnick et al, cycle 150 " exl min FT fibers depleted
1973 10 min rest first, some ST as
continued. iR later
intervals.
Gollnick et al, cycle 3o " 3 h. Below <Omsm¥ always
1974 65 " 2 h, ST depleted first
‘ 85 " 1 h. then FT; Intensity
120 " exhaust. increases the rate
150 " " depletion, Above
<OM3mx FT fibers de-
. pleted before ST,
Gollnick et al, cycle 30 " Injitially ST fibers,
1975 60 " 2 -3 h, some FT as continued
90 1
120 " exhaust Initially FT fibers,
150 " ' " some ST as continued
isometric 15% maximal " 20% MVC = ST fibers
40 voluntary " 40% MVC = FT omly,
contraction - 2
(Mvc)
Edgerton et al, cycle 120% <omsmx 4 ~ 6 min, Greatest FT depletion
1973 o 120 " 10:10 sec. Some FT depletien
. work:irest
60 " 40 min, Predominantly ST fibs
Costill et al, level and 75 " ) 2 h, ST fibers depleted,

1974

uphill
running

some FT during uphill

16 -



AUTHORS MODE INTENSITY

DURATION DEPLETION
OF . PATTERN
EXERCISE ~ ° h
mmwm:. 1977 ) cycle : - 60% <Om5mx 1 h. ST fiber depletion
) L o . greater than FT.
' . i . 100 " 15:15 sec, FT fiber depletion .
o . “ ' work:rest greater than ST.
Essen, 1978 cycle -60 " 15:15 sec,. ST fiber depletion
) . K work:rest greater than FT.
100 " " ST fiber depletidh
) equivalent to FT.
100 v 8 ~ 10 min.. FT dépletion greater

than ST.

. \

Table 2: Selected studies of fiber depletion as a function of exercise mode, intensity and

duration.

Il

L8
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Tha fiber dapletion studies support the existence of a
relaticnship batween fiber ‘recruvitment and the vwork inten-
sify. At low work intensities preferential use of ST fi-
bers, with their more highly developed oxidative systems oc-
"curs. Increasing .work demands result in a quantitatively
and gqualitatively greater racruitment. of FT fibers vith
their higher glycolytic capacities. 1In this way, fiber re-
cruitment may influence the conttiibution of energy from ae-

robic and anaerobic mechanisas,

2.3.2 Substrate Supply

ATP for contraction can be regenerated frcm glycolytic
.and aerobic phosphorylations éf ADP. The energy required
for these processes is derived from the qatabolism of fats
and carbohydrates which may be obtained from both intracel-
lular and extracallular sourcss. |

Tha contribution  of the axtracellular substrates (i.a.
glucose and FFA's) is depehdent on their availability to the
cell . This , in turn, depends on : (1) théir mobilization
from the extracellular storage areas (i.e.the liver and the
adipose tissue), (2) the muscle blecod flew to the working
tissua , and (3) their:uptake at the cell.

The mobilization of substrates is nediated primarily by
neuro-endocrine nmechanisms. The catecholamines, glucagon
and insulin all show characteristic respcnses to exercise
leading to an increased provision of fats from adipose tis-
éue and regqulation of blood glucose (Hartley et al,1972a,b;
Galbo et a1,1973;Ga1po et al,1 ¢78).

_ Fat mobilization is enhanced by the effects of epineph~
rine and glucagon on the balance between lipolysis ‘and es~
terification cycling in adiposb tissus. This:afﬁect-is mad-
iated through the activation of, adenyl cyclase' and lipase
activity in tha adipoc&te‘tncqurréy,191ﬁ). Sea Figure 2.



catacholamines,

glucagon, ACTH, , o
growth hormone Insulin éf Albumin
()
blocd
FFA's
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ADIPCOCYTE ’
adenyl cyclase
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acids
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O Hormone 0 diacyl OH
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Figqure 2; Intracellular lipolysis in adipose tissue and it's
control by hormones (from Mc Murray, 1977,p. 197).



Tha release of the cataéholamines, gpinerhrine and nor-
epinephrine occurs during exercise with the stimulation of
the sympathatic nervous system. The greater the activation,
thg greater the increase in blood levels. While nor-epi-
nephrine is primarily a neurotransmitter, it does becone
blood borne and is able to influence othar tissues (Tor-
jqng,1979$. Fpinephrine, on the other hand, is releasad di-
rectly into the blocd.

Fxarcise brings about an increase in both epinephrine and
nor-epinephrine lavels in ths blood. Several studias have
shown that the degree of this response is dependent on the
intensity of the exercise (Gray et al,1957; Haggendahl et

al,1970; rtley et al;1972a). The nor-epinephrine levels

rise graddally as the work intensity increases .and bacome
disproportionately elevataed at heavy wcrklecads (>80%
v0Zmax
little

. Epinephrine response 1is somewhat slower with
increase at low and moderate intensities but in-

creases markaedly at high work intensities.

.Control of blood.glucose concentration is the role of in-

sulin and glucagon.

Glucagon stimulates glycogenolysis in the 1liver through
modulation of glycogen phosphorylase activity in responss to
decliqinq blood glucose levels. It also stimulates gluco-
neogenesis with lactate, pyruvate, glycercl and amino acids
being utilized as precursors of glucosz production (Hult-
man,1978f. puring exercisa, glucagon qoncentrations in-
‘creas2 with the onset of activity and increase in a linear

fashion with work intensity (Hartley et al,1972a).

The catecholamines can also rapidly increase glucosa pro-
vision from the liver during times of stress. In addition
they may stimulate the release of glucagon (Terjung, 1979} .
It appears that the catacholamines aid in the initial in-
crease in blood glucose, while glucagon provides the long

term stimulus that includes gluconeogenasis.
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Insulin acts on all +tissues to increase the use of glu-
cose and theraby decrease the blood levels, It specifically
acts in the promotion of glucose tramsport into cells, en-
hancing glycogenesis and encouraging 'fat deposition (Ter-
jung, 1979, However during exercise insulin levels are
known to drop {Galbo et al, 1976), preventipg a seriocus de-
cline in blood glucose levels.

Other hormones act synargistically in the ©provision of
extraceilular fat and glucose during exercise {(Galbo et
al,1978), including growth hormone, thyroid stimulating
hormone, the corticosteroids and ACTH. However the time
course of their release is more protracted than those men=-
tioned above (Hértley et al,1972b) .

Muscle blood flow is the -product of the cardiac output
and the distribution of that ouput to the active muscula-
ture. As such it comprises an integral compcnent in the
supply of extra-cellular substrates. Several studies have
demonstrated a large iﬁcEease-in tte blecod flow to working
muscle during heavy exercisa in man (Perncw and Sal-
tin,1971;5a1tiﬁ et al,?1976). The increased blood flow may
be attributad to both an incr=ase in the cardiac output dur-
ing exercise (Rowell,1974) and the vascactive effects of hy-
poxia, blood levels of" K+ and C02, acidity and the concen=-
. tration ¢of histamine and various metabolites (Skinner and
Powell, 1967; Clausen, 1977;Keul 9t al,1972) and to variations_
in sympathetic nerve act%vity (ﬁehn and Mitchell,1979).

There is generally agrz2ement that blood glucose plays a
relativaly minor role in the @metabolism of the exercising
cell (BEeichard et al,1961;5altin et al ,1976:Karlsson et
al,1972) with estimations that it provides approximately 10%
of the total carbohydrate oxidized (Gollnick,1978]. This
allows 'qlucose sparinqg' for oxidation in nervous tissue.
The mechanism of glucose sparing lies in- the regulation of
blood glucose uptake at tha c¢ell, Normally, glucose uptake
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is a carrier mediated process under the influence of extra-
cellular hormones such as insulin and the catachclanmines and
-their effects on hexokinase activity, and intracellular sub-
stancas such as ATP, citrata and FFA levels which may affact
PFK activity and thereby the glycolytic flux. This control
is madiatad mostly through G-6-P and substrate inhibition
{Gollnick,1978).

Th

1]

entry of circulating fatty acids %ﬁto the cytoplasnm
of the cell is dependent on the concentration gradient (Now-
sholme,1977). As a result the rata of antry cf this sub-
strata may be increased by (1) increasing the fatty acid
concentration of the bloed, or ({2) increasing their rate ot
oxidation in the cell (Armstrong,1979).

There is some dispute as to the role of intramuscular
triglyceride in the provisicn of oxidizable fatty acids dur-
ing activity. Originally it was thought that skeletal nus-
cle lipids were of 1little importance in this capacity (Ma-
saro et al,196€é;Froberg,1971;Geollnick et al,1969;Keul et
al,1972,p.151) . Other authors, however , have demonstrated
a significant utiliiation of | intramuscular triglyceride
during exerciss (Paul,1975;Carlson et al,1971). Carlson et
al (1971) demonstrated that during activity requiring 70% of
the VvO2max, 75% of th2 energy supplied by fatty acid oxida-
tion canme from intramuscular triglyceride and only 25% fron
fatty acids in the blood. Likewise, Paul (1975) calculated
an intramuscular fat contribution of 48% of the total ca-.
loric cost ddring the initial 30 minutes of a long lasting
activity in dogs. He concluded that plasma FFA's partici-
pated more when the aptivity was continu=sd for longer per=

iods of time.
Triglycerides are stored differentially in skeletal mus-

cle as a function of the fiber +type (Howald et al,1978).
Schmalbruch (1970) found that ST fibers contalned propor-
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tionately more‘intracellular' triglycerida than did PT f£fi-
bers, TheiT importance as a fuel source would appear to be
.more in line with the capacities of the ST fibers.

Intramuscular glycogen provides the most éapidly utiliza-
ble source of energy within the muscla after iritial deple-
tion of éhe high energf phosphagens (McMurray,1977) and is a
sﬁbstrqte to some deagree in exercise of virtually any inten-
sity, The rate at which glycogen is utilized, howavar, is
a fuqétioh of the exercise demands.

At submaximal intensities of exercise demanding between
€0 and 90% of an individuals maximal oxygen consumption the
glycogen content of the working muscle declines 1linearly
with tha duration of the activity (Hultman and Bergs-
trom,1973}. In this case intramuscular glycogen depletion

is probably the limiting factor for muscular work (Hermansen
at al,19€7). i

Although the glycogen content cf muscle 1s relatively ev-
enly distributed between FT and ST fibers within the muscle
(Essen,1977), the FT fibers have the potantial to decraase
their glyceogen content more rapidly owing to their higher
glycolytic and aATPase activity. Muscle glycogen utilization
for ATP regeneration is approximately 18 to 19 times faster
via anaerobic glycolysis as cdmpared to oxidative phosphory-
lation (Davis et al,1979).

The contrcl of glycogen degradation during exercisa’gs_
through the unbalancing of tha glycoganesis - glycogenolysis
cycle in the muscle (McMurray,1977), and, more specifically,
the activity of the enzymes involved - glycogen phosphory-
lase and synthetase. '

Phosphorylase exists in 2 forms; an ipactive *b' form ,
which, fecllowing phosphorylation, becomes an activated 'a‘
form, Likeuise: glycogen synthetase may be observed 1in an

activatad *I'form or an inactive 'D' form. These conver-
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sions are madiated by phosphorylase kinase and synthasa ki-
nase respectively within the muscle. The kinase activity is

strongly activated by Ca2+ which is in low concentrations in
" the call at rest but rises to high concentrations following
ijts release from the sarcoplasmic reticulunm during Ebntfac—
tion. ca2+ released during contraction therefora promotes
the conversion of phosphorylase 'b' to *a’ and simultane-
ously, the conversion of synthaetase from the 'I'to tha 'DY
form. In this way glycoganolysis is promoted }Golln-
ick,1978).

In addition to intracellular Ca2+ coacentraticn, the gly;
cogenesis- glycogenolysis cycle also responds to extracallu-
lar epinephrine via the ademnylate cyclase system. Flevation
of the intracellular concentrationn of CcRMP promotes the
conversion of phosphorylase 'b' to 'a' and ensures an en-

hancad substrate provision (G-6-P) to the glycoly+tic systenm.

Through *hese mechanisms <*h=e intracellular concentration
of G-6-~P is maintained even during heightened activity.
This helps to moderate the activity of hexockinase "and en-

courage blood glucose sparing (McHurray,1977) .

2.3.3 Intracellular ERegulators

_ The rate at which m2tabolism takes. place is dependent
primarily on a number of intracellular regulators. Mata=-
bolic flux through aerobic and anaerobic ﬁechanisms can dic-
tate the contributfon of each system within individual
calls. '~ Regulation may be in the form of inhibitiom and/or
stimulation of certain requlatory enzymes but may also ba
related to the availability of reaction cofactofs or intra-
muscular substrate provision (Newsholme and Start,1976).
The regulation of oxidative phosphorylation is dependent
primarily on the supply of oxygen, hydrogen pairs and ADP
and Pi to tha electron trénsport chain (Armstrong,1979).
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In the ETC, ADP acts as the principle regulatory sub-

stance because of the obligatory coupling bLetween electron
flow and the phosphbrylation of ADP in the respiratory chain
{McGilvery,1975})., ADP is made available to the mitochondria
following the splitting of ATP during-contraction and the
exchange of ADP for ATP at the mitochondrial memhrane (New-
sholme,1978) . Thus the energy transfer within the cell is
related in the_ATP/ADP couple (Newsholme and Start,1976).
It is the ATP/ADP ratio, rather than simply the RDP concen-
tration that is most significant in oxidative requlation
{McGilvery,1975) possibly the result of ccmpetetive inhibi-
‘tory 2ffects bhetween tke 2 molecules (Newsholma,1978). - High
intramitochondrial ATP/ADP ratios retard oxidative phospho-
rylation, while low ATP/ADP ratios accelerate the ETC pro-
cesses (McGilvery,1975).

The supply of reducing equivalents to the ETC is dspen-
dent Bn the EKreb's cycle flux as well as the delivery of hy-
drogen pairs from the cytoplasm via shuttle mechanisms
(McMurray, 1977) . '

Control of flux through the Kreb's cycle 1is provided by
feedback mechanisnms keyed +to the concentraticns cf soma of
its carbon substrates and through the adenine nucleotides
that serve aé cofactors and end-products of the many raac-
‘tions (McMurray,1977). These factors act as allosteric and
substrate-level modulators of enzyme activity, particularly
of citrate synthase and iso-citrate dehydrogenase - tha flux
generating steps in the [Kreb's cycle (Newshlome and
Start,1976). A summary of thase regulatcry mechanisms is
presented in Figure 3.



Pigure 3: Regulation of metabolisp via carbon substrates

and adenine nucleotides (Mc¥urray,1977,p.104).
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_ In order tha£ the hydrogen pairs gererated during glyco-
lysis be fully oxidized it 'is necessary that the raducing
aquivalents be transferred from the cytoplasm to the mito-
chondria. This is the role of the shuttle mechanisms. At
least 2 major shuttle mechanisms are thought to operatsa in
skeletal muscle; the alpha~glyc=rophosphate shuttle and the
malate-aspartate shuttle (Hochachka et al,1978). It app3ars
that each shuttle mechanism is pradominant only in omn2 of
the 2 major fiber types (Baldwin et.al,1973}. The capacity
of the muscle to oxidize alpha-glycerophosphate is invarsaly
related to its capacity for aerobic metabolise (Van Dam et
al,1971) .

If oxygen is not available at the inomer membrane of the
mitochondrion in sufficient quantities, the electron trans-
port chaih is unable to discharge its hydroden pairs since
02 acts as the ultimate =lectron acceptor. This causes the
chain to back up and affectively blocks ATP‘production by
this process.

A reduction of the mitochondrial NAD/NADH ratio has been
used as an index of such hypoxia {(Jobsis dnd
Stainsby,1968:Wendt and Chapman,197€¢). These 'studies de-
monstrated hypoxic changes during tetanic contractions,
ischemia or anaerobiosis but not when the muscle was stimu-
lated rhythmically. In fact, the muscle levels of NAD dur-
ing steady state exercise are high enough to suggest suffi-
cilent mitochondrial 02, even when lactate is being produced
{Jobsis and Stainsby,1968;Wahren,1977). Only at maximal ex-.
ercise intensities has hypoxia been shown tc¢ be prasent
(Graham, 1978) .

s

Control over glycolyticrénergy productionais axerted pri-
marily through the modulation of rhosrthofructckinase (PFK)
activity- the rate 1limiting enzyme of glycolysis (Dan~-
forth,196S5) - by -the adenine nucleotides and citrate and
lactate,



The activity of PFK is inhibit2d by high levels of ATP as
well as by the accumulation of citrate (Befger et
al,197€;Newsholme and Start,1976;McGilvery,1975). Sincea
both of thése conditions arz2 thought to exist during submax-
imal fatty acid oxidation, it appears that this is ona wvay
that the body is able to spare glucose, This inhkibition is
lifted by increased levels of AMP (via AMP amplification)
and Pi (Newsholme and Start, 1976). ADP 1s also a positive
modulator since it is required for production of ATP in sub-
strate level .phosphorylation at the 3-P-glycero kinase and
pyruvate kinase iavels (McGilvery,iQ?S)l

The production of lactate, as the end-product of anaaro-
bic glycolysis, is a primary cause of inhibition in the gly=--
colytic system, In this way lactate producticn is salf-lim=-
iting. Lactate accumulation causes the decline of intramus-
cular pl and retards the reaction velocity of PFK (Sah-

1in,1977) thereby limiting ATP formation in this process.

For anaerobic glycolysis to proceed from glycogen to lac-
tate formation the hydrogen acceptor NAD+ is required in
sufficient quantities (Edington,1970). The availability of
this acceptor is feflected in the cytoplasmic NAD/NADH ra-
tio. Because the producticn of lactate from pyruvate re-
sults in tha formation of NAD from NADH 4in the lactate deh-
ydrogenase reaction, the rate of lactate production will
dictate the NAD/NADH relaticnship. fhe rate of lactata pro-
duction, in turn, depends on the M-LDH activity of the fibar
in question (Tesch,1978)., FT fibhers have been found to have
a greater M-LDH activity than do ST fibers (Therstanssen at
al,1978). Thus the dominance of anaerobic glycolysis in the
FT fibers .

Intramuscular glycogen deplation has also been suggested
as a regulator of glycolytic flux (#enger and Feed,1976).
When glycogen reserves bacome low the rate of glycolysis is
slowved due to substrate inhibition of PFK as G=6~P levels
drop (Newsholme and Start,1976). .
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The metabolic response, i.2. the relative contribution of
the aerobic and anaerobic energy supply systems, is the re-
sult of the iniérplay betw2en the fiber type recruited, the
substrates available and the balance of regulators within
the cell. While authors disagree as to the absclute impor-
tance of each of these factors, each appears to have a role
in the limitation of exetcise; Recruitment of either FT or
3T fibers is an important consideration in establishing the
capacity of the cell for either aerobic or anaerobic meta-
bolism,. while the intracelluiar regulators govern the raté
of energy production. Subsequenfiy, the substrates availa-
ble dictate the overall work output of the céll.

At low exercise intensities (below approximately 40%
vO2max) the oxidative phosphoylation of free fa€E§ acids
Jprovides the predomindnt enargy supply mechanism (Arast-
. rong,1979). Seweral factors assure the dominance of this
system. Firstly, the recruited fibers at this intensity ar=z
predominantly ST (Gollonick et~ al,1975;Essen, 1977) thereby
establishing a good potential for oxidative metabolism, ‘The
neuro-endocrine madiated mobilization of FFA's ccmbined with
an increase in muscle blood flow allow an enhanced delivary
of FFA's to the cell membrane and create an ¢levated concen-
tration gradient for diffusion (Newsholme,1977). Bacause
the enerqgy regquirements of this intensity of exercise ar=
within the activities of the dehydrogenases and shuttle ne-
chanisms of the Krab's cycle; the NAD/NADH ratlio in the ni-
tochondria remains low ensuring a sufficient supply of re-
ducing equivalents to the ETC (Wenger and Beed,1976). The
accupulation of citrate and high concentrations of ATP in
the cytoplasm inhibit PFK "and as a result the glycolytic
flux (Kewsholme and Start,1976) . Accumulation of G-6-F re-
tards leCOgenolysis and glucoss éntry into the cell via
andproduct inhibitien of haxokinase and glycogen phosphory-
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lase (McMurray,1977). Finally, the increased rate of fatty
acid oxidation increases the ratio of acetyl Co A:coanzyme A
causing inhibition of pyruvate oxidation (Newsholme and
Start, 197€) ' -

The increasad metabolism of exearcise causaes the 02 ex-
traction and consumption to rise in a linear fashion with
the wvorkload, and a similar increase in petabclic C02 pro-
duction. From the cell C02 diffuses fréely into the blood
where it combines with H20 in the presence of cartonic anhy-
drase tc form carbonic acid for transport cn the erythrocyte
to the lungs.

H20 + CO2 =—m=m-m §2C03

An accantuated flux cf C02 to <the lungs is instituted in
this way, with this stimulus providing the nmost 1likely
source of ventilatory control information (Cavis and Whipp,
1979). ¥While the mechanism of ventilatory control is not
clearly apparent, it is known that ventilation (VE) closely
tracks the Kkinetics of.C02 £lux through the 1lungs thereby
maintaining the alveolar and arterial «content c¢f C02 {Swan-
son, 1979). BAs a result ventilation rises in proportion to
the V02 and metabolic CO02 production.

As exercise intensity incr2ases, a point is reached |,
batween 40 and 70% vO02max, whare aerobic machanisms are una-
ble to supply—egergy at a sufficient rate to meet energy de-
mands (Skinner and Mclellan, 1986). At this reint supple~-
nentation from amaerobic energy producing wmechanisas is ne-

cessary to sustain work intensities.

Centrally there is a recruitment of some FT fibers to ac-
company the already active ST fibers (Essan,1977;Gollnick et
al,1975a) and an increase in the sympathetic nervous system
response leading to enhanced catacholamine release (Hartley
et al,1972b).



L
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The increased wutilization’of ATP through contraction
leads-to an increased coﬂcentrétion of ADpP, Pi, AMP, and NHY .
intracellularly_and the. removal of ‘some of the inhibititory
nffact:of citrate on PFK (ﬁewsholme,1977).. In. combination
with the epinephrine activated ingraase in glyccggnolysié,
the increased glycolytic flux accentuates the importance of
carbohydrate as a substrate, Pyruvate now .appears as an im-
portant cross roads proéuct. . 3

Part of the pyruvate produced is«ﬁransaminated resulting
in the producéion of Kreb's 'cfcle intermediates and a;§nine
(Felig et al,1970). . | | |

Lactate may act as the électroh‘abcepﬁér from pyruvate
during anaerobic glycolysis. Becalise tbg FT fibers have a
greater Sblativé M=-LDH activity J(Sjodin,1976),ffavoring the
fonversidn cof pyruvate to lactate, sonme Lactéte vi;l bevpfb-_
duced in the contracting muscle. Since lactate production
is attributable teo the  LDH isozyme' pattern of the nuscle
{Jorfeldt,1970), the rate of lactate production is mostl
the result of the qualitative and quantitétiye recruitumen
of)FT fibers, which in.turn is dependent on Lthe metabolic
demand. As a result, the first signifibant accumulation of
lactate should occur at this point. '

Lactate and pyrﬁ}ate'are non-veclatile acid metabolites
which will alter the cellular acidity if left tc accumulate

. in the cell (Sahlin,1977). Of the two, lactate is the most

significant during exercise since its concentration is many
times higher (Keul et al,1972). Because changes in the cel-

,1lularracidity may affect enzyme reactivity, the cell depends

on buffering and removal of the acid metabeclites for its
continued functioning.
) ]
‘The intracellular buffering capacity has teen divided
into: (1) physico-chemical buffering -~ degendent on the am-

ount of weak acids and bases and their dissociation con-

g
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stants, and (2) transmembrane fluxes of H+ and HCO3- (Heis-

ler apnd Piiper,1972).

Bacause lactate is aléo removed into the bleccd, soma au-
thors have wused blood lactates as indicative of cellular
anaerobiosis (Davies et al,1970;Wasserman et al,1967;Davis
at al,1976).

When wusing blood . lactate to indicate the quantity of
anaerobic vork, it is important to establish +he relation-
ship of muscle +o blood lactate. Mader et al (1976) das-
cribed blood lactate as the result of lactate production re-
lease, distribution and metabolism.

A number of studiés have demonstrated that lactate is not
fraely dif?usable from the muscle cell to tpe blood (Karls-
son,1971;30rfeldt,1978;Mainwood and Worsley-PRrown,1973) and
demonstrates saturation kinetics (Jorfeldt,19#8]. L tran-
slocation mechanism with a _finite capacity is suggested.,
Hence, during exercise, muscle to blood lactate gradienté
are established (Graham et él,ﬁ976). The steepness of this
gradient iélaifferent between fiber types - FT fibers having
gradients 3 times asohigh'agi'ST fibers (Graham et al,1976).
This is thought to ba the result of a higher rate of pro=-
duction or a slower rate of release from FT fibers, It was
also suggested that perfusion by means of surface area and
diffusion distance was requlating release (Graham,1978).

The existence of concentration gradienté dictates thgt
muscle to blood lactate equilibration is not instantaneous.
Mader et al (1976) have ' identified a time constant of ap-
proximately 2 minutes from intracellular lactat? production
till its arrivgl in the extracellular space. Otter authors
{Karlsson,1971;Jorfeldt et al,1978) suggest lcngaer times (up
to 5 minutes ) based on higher intracellular concentrations,
more likely to cause saturation of the translocation mechan-

i
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The metabolism of iactate during exercise has been shown
to be significant (Jorfeldt,1970; Hdbbard,1973;Essan et
al,1975;Jorfeldt et al, 1978). '

Hubbard (1973) injected a bolus of sodium l-lactate which
vas radiocactively labelled into normal individuals during
heavy exercisa, The intaensity of thé exercise was such that
lactate levels and oxygen consumption were held constant for
the duration of the activity. Lactate removal and metabol-
"ism from blood was found to bhe greater durin@wexercise than
at rest as most of the labslled lactate was recovered as la-
belled CC2 and little took part in gluconeogenesis. .

The uptake of lactate occurs largely in muscles that are
still oparating aerobically during exercise including both
skeletal (Essen et al,1975) and_ cardiac muscle (Keul at
al,1966y. Here the lactate is converted back to.pyruvate
and then oxidized in the Kreb's cycle;

Jorfeldt (1970) suggested that, within the nmuscle, ths FT
fibers produce the lactate. Simultaneously, ST fibers are
continually taking up lactate, both from the blcod and from
the FT fibers directly. Lactate released into the blcod is
therefore the net 2ffect of its production and simultaneous
oxidation.

In tha blood, lactate is considered to be the most signi-
ficant acid metabolite during exercise (FReul et al,1972).
If left unchecked, the efflux of muscle lactate to the blood
would lead +to an 1increase in the H+ concentration of the
blood and a decline in blood pH - a situation of metabolic
acidosis. '

v

In deferance to a declining pH the blocd provides a buf-
fer system consisting of a relatively unimportant HPOL/H2PO4
component, numerous proteiﬁ buffers (most notably hemoglo-
bin) and the HCO03-/C02 portion (Comroe,19€8).
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During exsercise, the buffering of the base tound as bi-
carbonate is considerad to be +the pmost importart in dealinq
with exercise-induced metabolic acidosis (Bouhuys and
Pool,19€6€). This stems from this sysfeﬁs end proddct ramo-
val (CO02) during respiration and regeneration of the origi-
nal bicarbonate molecule (Sutton’ and Jones,1979) ., Bicarbo-
nate buffering of lactate is illustrated in - the following
reactibn:

He + La + NaHCO3- —————eeee—__ Nala + HZ2CO3
' H2C03  ____________ H20 + CO2

In this way the buffering of H+ becomss an additional
.sourcé of C02, over and abova the metabalic CC2 production
of aerobic metabolism (Clode and Campbell, 19¢9) .

The bicarbonate sysgem does not, however, reflect the to-
tal buffer capacity of the blood. Hemoglobin and other pro-
tein buffers are also important in the maintenance of
acld/base status (Davenport, 1971; Siggaard-Anderson, 1974).
Buffer base 1is the term which is utilized to describe the
total buffer capacity of the blood, " This includes both bi-
carbonate and non~-bicarbonate (HPO4, Pr, Hb, Hh02) sourcas,

0f the non-bicarbonate buffers, hemoglobin {(Hb) and its
oxidized form oxyhemoglobin (HbC2) play the wmost important
. role in the buffering of exercise-induced acidosis (Conmroe,
196¢7). A protein such as hamoglobin is a buffer because
it's molecule contains a large number of acidic and basic
groups. Much of the buffering by hemoglcbin in the physio-
logical rangé is done by the imadazole groups of histidina.
The buffering power of Hb varies depending on whether 02 is
being carried by the molecula. When oxygsn is removad from
ib02, the reméining molacule becomes less strongly acidic
thereby taking up hydrogen ions from solution (the Haldane
effect). Hb, therefore, is a better buffer than HDO2. An
increase in blood acidity facilitates the dissociation of 02
from HbO2 (the Bohr effect) thareby enhanéing the buffering
power of the blood.



Increases of total Hb have heen found in dogs and humans
as the result of training (Davis and Brewer, 1935; Kjellberg
at al, 1949; Brotherhood et al, 1975). These.increasesrseem
to parallel increases in blood volume such that no increase
in Hb concentration (Eb per unit blood volume) occurs,  In-
dead, DPill and associates {1974) found Hb concentration to
be 4% lower in highly +trained rumners than in controls. °
They concluded that enduranca athletes have thin blood, but

increasas 1in blood \yolume coincident with training allow
“their total Hb to exw non-athletes.

Since VCO02 flux is tied to ventilation and V02 is linear
with workload {(Astrand and Rodahl,1977), exercise intensi-
ties above the appearance of lactate (i.e, the IT, Ivy et
al,1980), lead to a disproportional increaqe in the VE with

respect to V02, This corresponds to the ‘'anaerobic thres-
ﬁbld' described by Wasserman 2t al (1973;.

‘ Ventilation at this point is still tied to CO2.production
so the arterial content of CO2 remains unchanged (isocapnic
hyperpnea) but the frgction of 02 in the expired ventilation
increases (Hollmann and Kastner, 1968). The end result is
respiratory compensation for the lactacidosis and a stable
PA in the blcod,

"Further increments of exercise intensity (between 65 and
90% VO2max} ara accompanied by-the recruitment of qualita-
tively and quantitatively nore FT fibers (Es~-
sen,1957;GollniCk et al,1975) and a relatively greater sym-
pathetic activation (Terjung,1979;Gaibo et al,1973). The
dependenée on intramuscular glycogen is increased accord-
ingly (Gollnick and Hermanrsen, 1973). '

Pyruvate production at this intensity is greatly enhanced
as a result of increased glycogenmclysis and the reduced cy-
tosolic ATP levels (Newsholme and Start,197€). HMuch of the
pyruvate will be converted ‘to lactate as a consequence of
the LDH isozyme activity of the recruited FT fibers. Disa-
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guilibrium of lactate relesase frow muscle and its ﬁetaboliSm
-cause blood lactatse ievels to rise. At aprroximately tmmol
La/L blood, the buffer capacity of tha blocd bacomes satu-
rated {Mader et al,1976). Now fre= H+ ions are pressant in
the circulation, causing the hydrogsn iom concentration to

rise,

Continuing lactate influx causes an exponential increasa
in blood lactate and a significant drop in blcod pH. This
work intensity corresponds o the ‘threshold of decompen-
sated metabolic acidosis' (Reinhard et al,1979) and is indi-
cative of the body's ability to compensate effectivaly for
metabclic acidosis.

The free H+ ions provide an additional drive to ventila-
tion (Sutton and Jomes,1979) which now increases out of pro-
portion to C02 flux. Ventilatory drive may be further en-
hgnced by the incrzased nerve ,impulse flow associated with
FT™ fiber stimulation (Mahler,1979).

Inside the cell, the increased lacpéte production causas
a decrease 1in intracellular pH which 4is much 1larger than
that seen extracellularly (Sahlim,1977). lactate production
is in this way self-limiting since declining pH inhibits the
reaction velocity of PFK (Danforth,1965) and initiates
changes in the ionic form of glycolytic substrates and pro-
ducts (Sahlin,1977). Glycolytic flux is tetarded accord-
ingly and the rate of ATP production is slowed.

Muscle acidity has other effects which may interfere with
the muscles®' ability +to contract. Wenger and Reed (1976)
listed 2 of thesa. An H+ mediated decrease in the parmea-
bility of the membrane to N¥Na and K+ could result in a hyper-
polarized stata and impairment' of depolarizaticn .required
for contracfion . Further, H¢ ions could actively compete
with Ca2+ for the binding sites on actcmyosin (Katz,1970)
and inhibit contraction ip this manner.



Apparently then,'at vork intensities above the TDMA, the
vork time is limited by the accumulation of intracellular
and extracellular lactate and its effect on acidity in those
' compartments.

*

2.5 COMPAFISON OF E RESPONSE OF TRAINETL AND
----- U%THKIHEDI§FDIVIUUIt§ T TTTT,TTT T

Fndurance training has been shown to produce changas in
the relative contribution of the aerobic and anaerobic en-
ergy supply systems at absolute and relative submaximal work
intensitias (Saltin and KRarlsson,1971). It has also been
shown to be important in da2termining the use cf carbohyd;
rates and fats as substrates during work (Rultmen et
al,1967;Holloszy,1976). The general response to training is
a movement towards a higher contribution of the aarobic en-

ergy systems and a greater use of fats as opposed to carboh-
ydrates, '

Table 3 presents a comparison’ of the response of trained

and untrained subjects to submaximal work.

Fndurance training increases the ability to oxidize fat
and carbohydrate substrates including FFA's and the end-pro-
ducts‘ of glycolysis - pyruvate and lactate (Morgan et
al,1971;4ole et al,1973; Essen et a1,197§;Holloszy,1976),
This ability “is 1linked to an imcreased provision of sub-
strates and an increase in the activity of enzymes necessary
for oxidative metabolisa.



PARAMETER RESPONSE AUTHORS
: trained vs untrained

Fat Oxidation > Holloszy, 1976
Pyruvate Oxidation > ‘ Morgan et al, 1971 -
Mole et al, 1973. \\\\\
Pyruvate Transamination ' > Mole et al, 1973
L;ctate Production < Saltin and Karlsson,
: 1971
Lactate Oxidation > Essen, 1975

Standard Bicarbonate

Keul et al, 1966

Physiclogical Landmarks

Lactate T-Hold > Wasserman et al, 1973
Davis et al, 1979

TDMA > ) Mader et al, 1976

Kindermann et al, //mei
1279

Table 3: A comparison of the response of tiained and untrained
subjects to submaximal work.
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More FFA's are mad2 available to the mitochondria by vir-
tue of an incf;ased intracellular triglyceride content'(Hou—
ald et al,1978;Holloszy,1973) and enhanced activity in the
anzyrmes requirad for the activation, transport and beta-oxi-
dation of fatty acids (Mola et al,1971;Holloszy ,1973).
Although the glycogen content of muscle also tends to rise
in the trained state {(Taylor et al,1972a;Taylor =2t al,1972b;
Paylor =t al,1978; Gollnick et al,1972) the actual utiliza-
tion of glycogen 1is decreas=d with training (Saltin and
Karlssen,1971a and b), '

The augmentation of the activity of the oxidative enzymas
is the second major adaptatioﬂ seen with endurance training,
‘The affécted systems include: (1) the enzymes of the Kreb's
cycla (Holloszy et al,1970;Dohm et a1,1973}; (2) th2 elec-
tron transport chain activity (Barnard and Petar,1971;Horgan
2t al,1973;Gollnick et al,1973) and, (3) the malate~-aspar-
tate shuttle mechanism (Mole 2¢ al,1973). The mechanism of
the increased oxidative activity appears +to be relat=ad to
increased protein synthesis and proliferation of wmwitochond-
ria within the npmpuscle (Morgan et al,1973;Heppeller et
al,1973). ' '

Even ihough the capacities for both fat and pyruvate oxi-
dation are enhanced with training (Holloszy,1976), the in-
creased oxidative energy provision as a result of chronic
exercisz is almost entirely due +to an augmentation of fat
oxidation (Holloszy et al,1977; Hermansen et al,1976j). This
is most 11ikely the result of the inhibition cf glycolysis
dpring“increased oxidation of fats (Newsholme and PRan-
dle,19€ 4 ;Neely and norgan,197H;Eénnie,winder and Hol-
loszy,1976). Glycolytic inhibition is mediated through the
accumulation of citrate which acts as an allosteric modula-
tor of PFK activity., The declining glycolytic flux causes
an accumulation .of G=6~P and the inhibition - of hexockinase,
activity.
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Lactate production and appearance in the blccd at abso-
lute and relatiée submaximal workloads is reduced in th=2
trained state even at similar rates of glycolysis (Saltin
apnd Karlsson,1971a). While part of the reason for this de-
crease is an enhanced pyruvate oxidation (Mole et al,1373)
Skinner and HcLelldn (1980) havecattributed ©part of the
difference to a change in the LDH isozyme activity and ala-
nine transamination. '

Pyruvate is converted to lactate by the action of the M-
LDHrisozyme while the revarsa reaction 1is catalysed by H-
LDH. Karlsson et al (1975 have demonstrated a decreas= in
‘thé total LDHE activity with endurance training but a shift
tovards +the H-LDH isozyme. Meanwhile, Sjodin (1976) and
Sjodin at al (1976) reported that the relative activity of
the H-LDH isozyme was enhanced in both- FT and ST fibers fol-
lowing an endurance training regime. As a result, slowaer
lactate production may be expected along _with an improvement
in the ability of the muscle to uptake (Saltin et al, 1976)
and oxidize lactate (Jorfeldt,1970).

An alternate pathway for the removal of pyruvate is its
+ransamination to alanine., Since alanipne aminotransfarass
activity has been demonstrated +tc increase with endurance
training (Mole et al,1973) it is possible that alanine pro-
duction may attenuate lactate accumulation in the muscle.

The decreased production and enhanced utilization of lac-
tate results eventually in a 1lesser accumulation of lactate
intramuscularly and in the blocod at subraximal workloads
(Sailtin and Karlsson,1%971a). The ability to deal with the
blood lactate will affect tha appearance of +the azaro-

bic/anaeroblic transition on the basis of blcod parametzrs.

Training appears to hava 1little =ffect on the resting
concentration of standard bicarbonate i.e. those alkalies
bound as bicarbonate at a pC02 of 40mmHg, 37degraes C an&
completely 02 saturated hemoglobin (Keul 2t al,196€). Be-
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cause the leval of standard bicarbonate is independeont of
the pco2, it ﬁill be influenced mainly by the nom-volatile
acids (lactic . and pyruvic) in the blood therseby providing
the powar for respiratory compensation of the metabolic aci-
dosis. However no additional buffering capacity is indi=-
catad through this mechanisn. '

As a consequence‘of the increased oxidative capacity, de-
creased lactate production and increased removal, and equi-
valent buffering for individuals in the trained state, it
would appear that the physiological landmarks .under study
{VO2max, lactéte threstold, threshold of decompensated me=-
tabolic acidosis), will differ from the un;rained state,

Both longitudinal (Davis, et al,19f9;5a1tin and Karls-
son,1971} and cross~sectional studies (Hermansen and Sal-
tin,1967;Hilliams et al,1968) have demonstrated that the LT
occurs at -a greater relative proportion of the maximal oxi-
dative capacity in subjects in the +trained state. As a re-
sult, the onset of the metabolic transition during incremen-
tal work is delayed in these subjects. -

The enhancad capacity of trained skelsatal muscle for the
oxidation of fat substrates, in conjunction with the in=-
creased ability to metabolize lactate in skeletal, cardiac
and hepatic tissue, may be expected to create a blood lac-
tate equilibrium at a higher relative workload following
chronic endurance exercise, Consequently, the buffer systenm
is relieved of some of its stress and the appearance of TDHA
is delayed. ' —

It is therefore expected that the transitional phase fron
aerobic to anaerobic metabolisam during incremental work will:
occur not only at a highar proportion of the maximal oxida-
tive éapacity in the traimed subjects, but also encompass a
larger continuum of workloads than in the wuntrained state.
will differ from the untrained indjividual.



Chaptar III
METHODOLOGY

3.1  SUBJECT

The subjects in this study were 18 young.ihealthy; male
volunteers between the ages. of 20 and 30 who wers asympto-
matic for any disease and had mno history of difficulty dur-
ing exertion. Body fat estimatious'wé}e performed to en-
sure that all -volunteers are non-obese i.e., not above the
average body fat percentag? for age and sex by more than
10%. All procedures were éxplained in full and the subjects
were encouraged to ask questions pertaining to the protocol
prior to the obtainment of consent in writing, in accordance
with the American College of Sportsmedicine's guidelines for
human research models (1975).

Half of the subjects (n=9) were considered to be un-
trained i.e., not involved in any systematic endurance
training for a period of at lsast € mopths pricr to the-on-
set of experimentation., The rest of the subjects (n=9%) w=re
considered as endurance trained i.e., they had been involved
in a trgﬁning regimen for at least ¢ months pricr to the on-
set of experimentation requiring at 1least 10 hours of
cross~country ski training per weak.

3.2 EXERCISE PROCEDURES

The testing required that =ach subject visit the labora-
tory on two separate occasions, The visits were separated
by at least one day with 3ach subject being tested at the
same time of day (+ or - 90 minttes) to minimize any diurmnal
affects.
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~3.2.1 Dpay ome

On the first day of testing, the subject reported to the
laboratory for an orientation session. Following a descrip-
tion and a demonstration of the testing procedures, consent

were obtained in writing.

During this wvisit, the subject were agquainted with tha\
gas collection apparatus and the Monark cycle ergometer to
be usad during testing‘was adjusted to suit the subject
(seat height = 109% of the inseam length). . In addition, a
resting 12 - lead electrocardiogram tracing was obtained and
an e@stimaticen of the‘éubject's body density was made based
cn undervater weights. ' ‘ o

3.2.2  Day two

On the second day of testing the subject appearéd in the
laboratory in a post~absorptive state for the performance of
a continuous incremental work:Gtest o exhauvstion. 2all exer- -
cise testing was performed with the subject seated in an up-
right position on a Monark cycls erqometer. -

After an initial weighin, the subject remained in a rest-
‘ing state for at least 20 minutes prior to the onset of ex-
arcise. During +this ttae tha subject was prepared for V5
electrocardiography and a ~ Teflon cathetear {(J21co,
20g.,Raritan,¥.J,) was placed 1in a superficial vein on the .
dorsal surface of the right hand. The catheter was con-
nected t? a 3-way stopcock (Monoject,St.Louis) via 10cm. of
flexible tubing (Abbott Llaboratories, Chicago).

During fhe test, the subject began pedalling with nc re~
sistance at a pedalling frequency of 60 rpms.' {(The actual
nunber of revolutions was monitored via a microswitch at-
tached to the inside of the ergometar whealy.
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The exercise period began with a ‘warmup period during
which time the workload was graduvally ihcreasgd to a point
that ﬁrqducad a staadyjstate heqrt rate of 120 brm, Subse-
quently the exercise intensity was iNgreased 180 kpm/min.

every 2 minutes until subjective feelings of exhaustion or
" an inabfiity to maintain tha work inten%igy vas noted..

During the Bxercise‘ thq subject breathed through, a Col-
lins 'Triple J¢ iow resistance and high velocity valve. The
axpired air was collected through plastic tubing into a tis-
sot tank., Bespirétory gas samples were collected duriang the
final 30 seconds of each workkoad and the mixed expired sam-
ples ﬁera anaiysed for oxygen (FEOQ2) and carbon dioxi&%
(FECO2) content on a Godart capnograph and oxygen analyser.
As well the total expired Géntilatiqn (VE} was calculdted
from the- collacted gas. Electrocardiogram recordings were
made automatically at the onset of ‘sach minute.

Minute ventilation (BTPS) was caltulatedland correct2d to
STPD and finally used in conjunction with the FEQ2 and FECO2
in the ccmputation of VG2 and vcoz. Ventilatory squivalants
of oxygen (VEO2) and of carbon dioxide (VECO2) . were then
calculatad as the ratio of VE to v02 and of VE.tc VCO2 rés-
pectively,.

Respiratory gas and venous blood sampies wvere collacted
at rest, during the final 30 seconds of the yarmu% period
and during the final 30 seconds of =ach subsequent workload.

-3.3 éLOQD SAMPLING AND ANALYSIS

During =sach blood sample,'1m1 of blood was withdrawn and
discarded while a further S5ml was collected in a clean syr-
ingé. The cathetar was kapt patent bawveen samples 'uith
'sterile, heparinized saliné. One ml of the bhlood sample was
immediately deproteinized in ice-cold perchloric acid and
then frozen until the enzymatic detefmination of lactate

contant (Boehringer Mannhaim; accuracy 0.2mM) could be
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'made. The remaining 4ml of blood was us2d for the immediate

determination of blood pH on a Corning pH/hlccd gas analyser
fmodel:165;'accuraéy 0.007 pH units).

\‘IT #as detérmined as -the workload at which the first sta-
tisticail& significant increaser in blood lactate occured
(fvy ét a1,1980). The TDMA wasS acertained as the'uorﬁload
coinciding with the first significant drop in pH.

3.4 SIATISTICAL ANALYSIS

The following statistical techniques were used for the
analysis of the data:

1. Descriptive statistics including means and standard dev-
iatious.

2. Dna vay anaiysis.of variance with Shaffe post-hoc analy-
is to determine sSignificant changes in lactate concentr-
ation and pH. ) '

3. Ono way analx:is of variance to compare measures of work-
load, oxygen onsumption, % V02 max utilized and heart
rate at the LT and at the TCMA in traiped and untrained
-sSubjects, . -

4, Correlational co-efficients to relate the changes in blood QQD
parametaers to those in vantilaticn,

.



Chaptar Iv
RESULTS AND DISCUSSION

The purpose of this study was twofold; to objectively de-
fine criteria for the ﬂetermlnation of tha transition phase
from aeroblc to anaerobic metabollsm, and to compare the lo-
cation and duration of the transition phase in untrainad and
in endurance trained subjects. To this end the results and
discussion will be _subdivided into 3 sections: (1) physio-
logical characteristics of the subject groups, (2) critaria
for the determination of +the transition phase, and (3) a
compariéon of the transition phase in untrained and in en-
durance trained subjects.

—— ———— Emem e

’ \
4.1 PHYSTOLOGICAL CHAFACTERISTICS OF THE @EQI GROUPS

Table 4 provides a summary of the physical charactaris-
tics of the trained and dntra;ned sﬁbjects. Nao significant
differences were observed with —respect to age, height or
weight of the subjects, The trained subjects, howaver,
rroved to be significantly leaner than their untrained coun-
terparts. This is a common observation in trained subjects
since endurance trainimng often leads to a reduction in body

Pt percentage (Parizkova, 1978).

Maximal values of oxygen consumption, heért rat¢ and
blood lactate concentration in-trained and untrained sub-
jects are presented 4in Table. 5. VNo dlfferences were oh-
served in maximum heart .rate or in the maximum blood lactate
conpenttation between the tw;‘ subject groups, indicating
that the 2nd points of exercise were similar. in relative
terns for Botﬁ trained and untrained subjects., However,
trained subjects were characterized by a significantly
highef maximal oxygen consumption. A plethora of authors,

/j_uﬁ- -h
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Age ’ 21.1 22,7
(Yrs) . 3.8 2,2
Height - 177 177
(cm) N L 6 7
Weight 72.5 _ 7404
(kg) . 8.0 . . 7.4
 Body Fat 10.3% 13.2
(%) 2.1 ‘ 3.5

- ———— A T T N S e e apm oy i e e S Gl A D S MR P SN T AN W AR SN AR g S el ab el

* Significaqt at 0.05 levef

Table 4: Physical characteristics of trained and

untrained subjaéts.

using both longitudinal (Saltin et al, 1969; Wwilliams et al,
1967; I.Astrand et al, 1973; Davis et al, 1979) and cross-
éectional {Saltin and Grimby, *1968; Astrand and Rodahl,

1977, p. 319-325) designs hava reported anm increase in maxi-

mal oxygen consumption with endurance training. It appears.

that the trained subjects in this study were, in fact, more
anduranc? trained thasm the untrained sﬁbjects;

4,2 CRITERIA FOR THE DETERMINATION OF THE TRANSITION PHASE

The means of the pH, and, lactate valuss with increasing
workloads are presented in Figures 4 and 5. Figure 4 con=-
tains ihformation spejific to untrained subjects while Fig-
ure 5 describes the iesponses of trained individuals. 2as

L)
L3
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PARAMETER TRAINED UNTRAINED

D AL e e v e e W R S Y W D S g T D G T SN AP Y W S P R W W W ED D W N W W SN A SR Ak S SN D A o TR b veh e o W v e dl e

V02 max 6i4x 52

(ml/kg/min) : 3

Heart Fata 193 193
(bpm) 10 ) 9
Blood lLactate ' 1.7 11.6
{nM) 3.0 2.7

kil R R R R T R Y e L L kT i ——

* Significant at 0.05 level
Tabla 5: Maximal values of oxygen consumpticn, heart rate
. and blood lactate concentration in trained aad
untrainad subjacts.

expected, blood pH values.remained stable for a period of
time after blood iactate had started to accumulate, indicat-
ing thatﬁcompensatory mechanisms were in opsraticn.

The pH values recorded during the present experimentation
were markedly lower than those described previously (Bouhuys
at al,. 1966& Feinhard et al, A979) , even at rast. This
may be the result of stress Tesponse 'to the catheter inser-

b
e

tion.
. d .
The summaries of ANOVA for lactate values with increasing
workloads in untrained aﬁd trained subjects are presentad in
Tables 6 aﬁﬁ 7- respectively. Significance was obtained'
across workloads at the 0.01 and the 0.05 level respec-
tively. A‘pomparison"gf means was conducted using Schaffe
post-hoc¢ analysis and the results are prasented in Tables 8
and 9, - . }
o - 48 - |
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Figure 4: Mean values of pH and lactate concentration with

1]

increasing workleoads in untrained subjects.
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Figure 5: Mean values of pH and lactate concentration with

incresing worklcads in trained subjects.
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SOURCE OF 35 af MS F
VARIATION

Batwaen Subjects

€.5x10 7 9.3x10 9.4 3%
Within Subjects

5. 1x10 52 9

D R e D W AL S D D S S S S G D R TS G W e WD S e S M N T NN M A I A SR A b i A e el e

*Significant at 0.01 level

Table &6: Summary of ANOVA comparing blood lactate values

with increasing workloads in untrainad subjects.

- The critical difference required for significance in the
Scheffe test was determined to be 1.1 nM in the untrained
subjects.and 0.9 =m¥ in the trained subjects. These valuss
vere added to the resting lactate values for each subject in

. theli respective groups, to ascertain where a significant
increasa in blood lactate had occured. 1T was dafined by
the workload just prior to the first significant accumula-
tion of blood lactate,
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SOURCE OF sg d€ MS 4
YARIATION _

Betwaen Subjects

9.1x10 8 1.1x10 . B.lux
Rithin Subjects

1.1x10 58 1.9x10

- A e ol — — Y R T A TEL W R A M S S M M D Sy W SR e b G T e R R G am g

* Significant at 0.05 level

Table 7: Summary of ANOVA comparing lactate concentration

with increasing workloads in trained subjects.

The summaries of ANOVA comparing blbod acidity measures
(pH) with incr2asing workloads in untrained and trainad syb-
ject are prasented in Tables 10 and 11, respectively. Sig-
nificance was obtained across the workloads im both subject
groups. Scheffe post-hoc analysis was utilized %o conpare
the individual worklwoad means. These results are summarizad
in Tables 12 and 13.

The critical <c¢hange in pH required for significance in
the Scheffe test was determined to be 0.08 pH units inﬁthe
untrainsed subjacts and .11 pH units in the trained subjects.
These values were subtractad from the resting valuwe for sach
subject in their respective 'groups to determine where a sig-
nificant decrease in blocod pH had occcur=ad.

- 52 =
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SAMPLE  Rest 2 3 4 5 6 7 .8
Mean La conc.

(m) 1.3 1.5 1.6 2.6 4,4 5.0 7.7. 9.4
/
Rest 1.3 w 0.2 0.3  1.3%x 3,1% 3.8% 6.4% B.1¢
2 1.5 0.1 1.1% 2.9%  3,5% 6.2¢ 7.9%
3 1.6 | 1.0 2.8% 3.4% 6.1¢ 7.8%
4 2.6 1.8% 2.4% 5,1% 6.8%
S 4.4 0.6 3.3% 5.0%
6 5.0 * 2.7¢  UL.ux
7 7.7 1.7%

- h ek A i G L S S Dy e A S D S D e D T Sk b o v A kP v WD WS SN D S N A S

F 1
* Significant at 0,05 level; S (.,05)= 1.1

Table 8: Post-hoc comparison of mean blood lactate values

' with increasing vorkloads imn untrained subjects for
the determination of criterion difference in lactate
required for the LT.

The TDMA was defined as the workload just prior to the
first significant decrease 1in blood pH in cemparison to
resting values,

. A comparison of the mean blood lactate comcentrations at
LT and at TDMA for the trained and untrained subjects is
provided in Table 14. No significant differences wara ob-

served at the .05 level of significance at either threshold
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SAMPLE Rest 2 3 u 5 6 7 8 9

Mean La conc. 1.0 1.3 1.3 1.5 2.2 3.4 4.9 7.1 6.6
(aM)

_____ e e e e e e e e e e e e e

Rest 1.0 0.3 0.3 0.5 1.2% 2.u% 3.9% €.1% 5.6%

2 1.3 _ 0 0.2 0.9% 2.1% 3,6% 5.8¢ 5,3%
3 1.3 0.2 0.9% 2.1% 3.6% 5.8% 5.3%
4 1.5 . 0.7 1.9% 3,8% 5.6% 5.1%
5 2.2 , 1.2¢ 2.7% 4.9% .
6 3.u4 1.5% 3.7% 3.21
7 4.9 2.2¢ 1.7+
8 7.1 0.5

_* Significant at 0.05 level; S (.05)= 0.9

Table 9: Post-hoc comparison of mean blood lactate values
with increasing workloads in trained subjects for
the determination of criterion difference in lac-
tate required for the LT,
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SOURCE OF - 5SS df NS F
VARIATION

T W AR T D G G wm W Seh wi wh S A T N S U S A Ep TR e A A i D G MRS SEY G e T G A S  w we E D E S WS PR W G5

Between Subjects

390.2 7 ' 55.7 21.2%

Within Subjects

129.0 52 2.6

e s i ey S b A ool NS SN NS AN T Y P A VIR R G S R e e i G ki b own e T S S S D S TS WS N A S TR ND WD SE D e sk s o sl

* Significant at 0.01 level

Table 10: Summary of ANOVA comparing the measures of blood

pH with increasing workloads in untrained subjects,

point, However, a large standard deviatiom cf blood lactate
concentrations was noted at the TDMA. Thkis indicates that
an absclute lactate value of umﬂ as suggested by Kindermann
et al (1979) may not adequately describe the same point in
different subjects.

Correlational co-efficients relating the ©percentages VO2
maximum observed at the LT, the TDMA, the first pncn-linear
increase in VE (STPD} and the minimum value of VECO2 for un-

trained trained subjects are dasscribed in Tables 15 and
16 respectibely.

Previous investigations had sﬁggested that the LT - as

datermined from blood lactate measurements - would be highly

- 55 =
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SQURCE OF S5 af MS F
VARIATION

Betwveen Subjects

290.0 8 ' 3€.3 11.6%

Within Subjects

177.7 58 . 3.1

R L TE A S S S D . T S G A e ki W G S N D TP EE dnt mm G W WD S D W e e W

* Significant at 0.01 level

Table 11: Summary of ANOVA comparing the measures of blood pH
with increasing worklcads in trained subjects,

correlated with the first non=-linear increase in VE (STPD)
{Rasserman et al, 1973; Davis et al, 1976; s Painhard at al,
1979). 1Likewise, the TDMA has been reportéd to cofrespond
to the minimum value of VECO2 (Reinhard et al, 1979; Gutin

and Young, 1980) although +this relationship is somevhat
“—™yeaker.

In the present study, no significant correlations esxistead
between thesa parameters. Possible reasons for these dis-
crepancies include: a difference in exercise protocols (1
minute versus 2 minute workloads), differences in the ioca-
fion of blood sampling and differences in the statistical
criteria used to denote thra2shold points. In additiom, the
ventilatory respohses to exercise may diffef batween trained
and untraipned individuals (Byrne=-Quinm et al, 1971, Stagenm-
ann et al, 1975)
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SAMPLE Rest 2 3 4 5 6 7 8
Mean pH , 7.30 7.30 7.29 7.29 7.27 7.25 7.23 7.19
~
Rest 7.30 0 .01 .01 .03 .05 .07 .11%
2 7.30 * 001 001 003 ) IOS .07 .11*
37.29 0 .02 .06 ‘.06 .i10%
4 7.29 - S .02~ .04 cL06 L 10%
h5 7.27 M i . .02 .Ou 008*
6 7.25 | S 02 . .06
7 7.23 . .04

* Significant at .05 level: S (.05)= .08

Table 12: ‘Post-hoc cdmparison'of mean blood pH vafﬁes
with increasing worﬁ%oads in untrained sub-
jects for the determination of criterion dif-
ference in pH requirad for the TDMA.
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 SAMELE Rest 2 3 a4 5 . 6 7 8 9
- Mean pH 7.30  7.28 7.28 7.28 7.28, 7.27 7.22 7.20 7.18

.
A AL v w e D S AR e R D SR N T R W U e evn e e S S W W NS TR S WD WA D D TS P W e T wloms A s e o T .

,
Rest 7.30 " .02 .02 .02 .02 .03 .08  .10% .12%
2 7.28 - 0 0 0 .01 .06 .08 .10
3. 7.28 S 0 0 .01 .06 .08 .10
s 7.28 0 .01 .06 .08 ,10
5  7.28 01 .06 .08 .10
6 7.27 .05 .07 .09
7. 7.22 - B | o 02 .ou
8 7.20 ' ) .02

e R S R D A — —— P Y - ) D ——— A —— S D S A W - T A S o

* Significant at .05 level; S (.05)= .11

Table 13: Post-hoc comparison of mean blvod pH values
with increasing workloads in trained sub-
jects for the determination of criterion dif-
ference in pH reguirad for the TDMA,
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PAPAMETER f TRAINED o UNTRAINED

R
Lactate conc. ‘ 1.6 : 1.7
at LT (mN) : .3 . .3
S '
k1
Lactate conc, o 4,7 .
at TDMA (mM) 2,3 .
. " ‘ )
m --ﬂ“--------‘——ﬂ-——-~-—-—------ -------------------- iy i am b g W
* Significant at .05 level. l L ~—

Table 14: Comparison of maan lactate “Woncentration at the LT and
i at the TDMA in trained and untrained sub jects.

¥ S

4,3 - THE TRANSITION BHASE IN TRAINED AND UNTRAINED SUBJECTS

-

Table 17 }mgvides a compgrisog)of the LT-and the TDMA asﬂ

: observed in trained and unt;%fgeﬁ subjects.
N '

Qc at a significantly hiéher absoclute

LT was fou
workload ™ in erms o ;pq/minﬁhand in v02) ih trained
subjects'in comparison to untrained subjects. This differ-.

o ance also rémai ed when workload was expressed relative to
(ﬁ the indivigualﬂs ;ZZ max. This . group also demonstrated ;
t

higher mean heart e at this point.

*

~

The TDMA alsoJBccured at * a significantly higher absolute
:;/;\\workload in the trained subjects in compa;ison to those in
T the untrainad group., Again this difference remained when
‘ workload was exp:essgd relative to the individuals* V02 max.
a Table 18 provﬁgas*a comparison of +the relative and abso- ..
lute work capacity encompassed by the aerobic-anaerobic
traiji;ibﬁ'phase in ‘trained §nd untrained subijects.
‘- 59 -
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. LT . TDMA Non-linear . Minimum -

. increase in value of.

ve Bstep, <« VECO2
_

ki el e R R R R b Lk L b T T ————

LT -. 04 <A1 . -.39
’\_/ .

TOMA - .97 +U3

Non-linear ~

increase in o .54

VE (STED)

. . - .
o T S wp e\ gy e P e W vt b kT — L R L E R R R D e L gm g -

* Significant at .05 level; Critical value = .602

Table 15; Corralational co-efficients of % v02 max observed at
the LT, the TDMA, the first non-linear increase in
VE and the minimum valua of VECO2 in untrained subjacts.

- ) 4

K

No significant differences were observed between trained
and untrained subj%cts in terms of the workload, the percen=-
‘tage VO2 max or the V02 values between the LT and the TDMA.
It appéars, then, tkat the tréineahsubjgcts have- a transi-
t&e&:phaée which occurs at a higher relative proportion of
the maximal oxidative capacity. '

-

The LT has been shown, previously, to b2 elevated in en-
durance trained subjects. (Hermanéen and Saltin, 1967; wil-
liams et al, 1968; Costill, 1970; Davis et al, 1979). Lac-

tate production and its appearancae in the blcod at absoluta
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LT® TDMA Non-linear Minimum
increase in value’ of
' VF VECO2
LT .28 -.21 Ak -=.38
TDNA ) ) .0u . .25

Non-linear
increase in .34
" VE (‘STPD)

“x Significant at ,05 level; Critical value = .€602
Table 16: Correlational co-efficient of % V02 max observed at the
' .LT, the TDMA, the first non-linear increase in VE and the

minimum value of VECO2 trained subjects,

— ! A

and relative submaximal workloads is reduced in the ;raiﬁéd

state even at similar rates of glycolfsis (Saltin and Karls-
son, 1971).

The elevation of the LT is believed to be the result of
several mechanisms. Training results in an increased abil-
ity to oxidize fats (Hdlloszy et al, 1977; Hermansen et al,
1976) dcaqsidg an inhibition of glycolysis (ﬁeushclme and
JRandle, 1964; Maely -and Morgaﬁ, 1974; Rennie et al, 1976).
At the same time, the ability to oxidize pyruvate, is also .

.increased (Holloszy, -1976) and alternate pathways favoring

the!transaﬁination of pyruvate to alanine increase their ac-

J- . )
tivity (Mole et al, 1973). The net result is a decreased v
production of lactate.

( - 61 -
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LACTATE THRESHOLD . o ' >
. ‘Workload ~ . 1269% . .- 1020
(kgn/min) 7 156 ‘ 201
vo2 ' \ 46 * & 32
(ml/kg/min) 3 7 .y
Y
% V02 pmax T2% 62
' 10
Heart Rate ’ 155% - a4
(bpm) 11 ' 10

THRESHOLD OF DECOHPENSATED METABOLIC ACIDOSIS

..——'—-’N‘\-_/_—
Worklecad ' 1600 % . ' 1350
(kgn/nin) 1 167
V0?2 : 57+ | 43
(ml/kg/min) . 4 - S
% V02 max 89* : 83
s 6 7
Heart Rate 177 173
{bpm) 8 ‘ ' 9

e A A I . T o — D . — N —— A Y i b o k ———

* Significant at .05 level

Table 17: A comparison of the workload, oiygen consumption, and
' heart rate at the LT and at the TDMA in trained and
untrained subjects.
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PARAMETER ' TRAINED UNTRAINED
Workload 340 . 330
(kgm/min) 210 168
Vo2 11 12
(nl/kg/min) 8 (5
% V02 max : 18 .- 21

13 T 10
Heart Rate ' 23 29
(bpm) ~ . 12 2 . ‘ 4

L T T il W i A o v T - P A - W S D TN W kB w l d ek el A mu G AR A TR g D S M N Ay A e A W el

* Significant at the .05 level

Table 18: The uorkloéds, oxygen consumptions and heart
rates measured between the LT and the TDMA
in trained and untrainad subjects.

Ivy et al (1980) have recently demonstrated a significant
corgslation between the LT and the percentage of ST fibers
in biopsy samples. Well trained endurance athlstes tend to
have higher percentages of ST fibers (Bergh et al, 1978;
Costill ot al, 1976a; Costill et al, 1976b; Gollnick et al,
1972; Saltin et al, 1977) and a preferential H~LDH isozyme
pattern (Karlsson et al, 1975; Sjodin et al, 197€). The ST
fibers would, tharefore, have the hbility to oxidize the
lactate baing produced ;n'adjaCGnt fibers, preventing some
lactate release into the circulation.
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Blood lactate values are dependent not only on lactate
production, but alsec its release and metabclism.

Lactate release into the blood is governed by the perfu-
sion of the involved mhuscla fibers (Grahah, 1978) and also
by the pH gradient against vhich the diffusion is occurring
(Mainwood and Worseley - Brown, 1975). . Lactate releasa is
facilitated by a high extracellular ‘PH and inhibited by a
lov extracellular PH. As may be noted from Figure 4, values
of blood pH at LT are similar in trained and untrainad sub-
Jects. Hence lactate release does not appear to be an im=-
portant factor at this point. ) '

The catabolisn of lactata occurs 1largely in puscle still
ocperating aeroblcally during exerc1se._ This includes both
~ skeletal (Essen et al, 1975; Ahlborg et al, 1975 and car-
diac muscle (Keul et al, 19€6). In addition lactate may act
a8s a gluconeogenic precursor in the liver ( Wahren, 1977),
Several chronic adaptations with exerciss say enhance tha
ability of trained subjects to remove lactate from tha
blood. . '

. s mentioned previously, skeletal muséle of ondurance
trained subjects is characterized by a' loyer total LDH ac-
tivity but a shift towards the H~LDH subgroup (Karlsson at
al, 1975). This adaptation apparently occurs in both ST and
FT fibers (Sjodin, 1976; Sjodin et al,1%76y. Rerobically
operating fibers thus demonstrate the ability to oxidize
greater amounts of the lactate produced by more active lac-
tate producing fibers. This lactate-oxidizing funétion of
non-working musculature may be facilitated by a deéreased
blood flow to the vorking musculaturp and a concomitant in--
crease in the blood to less actlve musculature / (Rowell
1974; Clausen, 1976) .

The rate of splanchnic uptake of lactate appears to be
proportional to its blood concentration and the blood flow

- 64 -



-y

to this area (Hultman, 1967; Rowell, 1974). Training re=- '
sults in a redistribution of blood flow of which more is di-
rected to the hepatic tissues (Rowell, 1974; Clausen, 1976).

Tha increased Mlactate washout" seen with training has an
affact on the appearance of the LT.

The machanism of the elavation lof the TDMA witnessad may
also be multi-facetad. The appearance of a significant drop
in blood pH is dependent mainly cn: (1} the degrea of axer-
¢ise-induced acidosis finding its way into the blood, (2)
the compansatory capacity of the blood i.e., the buffer sys-

tems, and (3) the abilit§ to remove H+ from the circulation.

The trained subjects in this study apparently had a re-
duced acid stress affecting the circulatory system. The
reasons for a decline in lactate following training have
been outlinad above. No diffarences in the bloed lactate
concentration at the TDHMA wera-noted im a comparison between
trainesd and untrained subjects even though the TDKMA otcurred

at a higher relative wvorkload in trained subjects.

The trained subjects appear to have no significant advan-
tage ‘'over their untrained counterparts in ternms of the com=-
pensatory capacity of the circulatory éystem for acid
stress. The amount of absolute or relative work performed
during the transition staga2 was not different between the
subject groups. This is in good agreement with the work of
Robinson and Harmbn (1941) and Keul et al (1966} who found
no difference, with training, in the levél of standard bi-
carbonate - the primary buffer of lactate in the blood (Keul
st al, 1972). '

The standard bicarbonate lavel is relatsd to pH through
the Henderson Hasselbach egquation: pH = pKa + 1log
[ AC03]/pCO02]. He¢ ion entering the circulation is buffared
in the bicarbonate system. 1In order for the pH to memain

Y



constant with an increase in H+ ion concentration and in
the saturation of the available bicarbonate, the CO2 content
of blood must decrease in proportion to the sa*uration of
HCO3~-. ' This system is effective during the transition phase
but as the workload intensity increases the acidosis becomes
saturating to this buffer system and pH declines despite a
significant reduction irn .pC0O2 (Whipp, 1977).

Cna of _tﬁe bqsic principles of exercise physiology 1is
that of progressfve overldad. According to this axiom, as
an individual becomes more trained, the absolute workload
against which he is working must be increased in order to
provide the same overload to the metabolic systems (de
vries, 1980). 1In the present study it was demonstrated that
the transition phase of metabolism, as delineated by the ap-
pearance of the LT and the TDMA occurs at a higher ﬂropor—
tion of the wmaximal oxidative capacity in . tyained subjacts
in ccmparison to untrained individuals. This indicatgs that
fellowing endurance training, mnot only does the absolute
training workload have to be increased, but also the work-
load relative to the individual's maximal capacity mégt also
Ee increased. .

By elévatiug the locatiom of the transition éhase within
the oxidative capacity, the potential perfcrﬁance in pro-
longed events is increased with or without changes in the
maximal oxidative capacity. For this reason, V02 max ié not
an especially good predictor of endurance performance in in-

dividuals of similar capacitias,

—_———



Chapter V
CORCLUSIONS AND RECOMMENDATIONS

—

The ﬁesults of the presant study implicats the following

conclusions: 1?

{1) The LT may be definad by an increase in blood lac-
tate from resting values of 1.10 mM in untrained subjacts
and 0.90 pM in trained subjects.

(2) The TDXA wmay be defined by a decrease in blood pH
from resting valus of 0.08 units in untrained subjects and
0.11 units in trained subjects.

(3). Neither of these points are significantly related
to a mnon-linsar rise in VE (STPD) or the minimum value of
VECO2 in these subject groups.

(4) The transitiom phase in trained subjects occurs at
a greater relative proportion of the maximal oxidative ca-
pacity in ceomparison to untraimed subjects. This .shift is
the result of a significantly elevated LT and a signifi-
cantly higher TDMA. The total oxidative capacity locat=d
within tha transition phase is independent of the training
state. ]

Based on these conclusions the following recommendations
seem warranted; —

-

(1) The mechanisams resulting in an elevation of tha TDMA
should be ascertained, These studies should concentrate on
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the regulation of respiratory compensation and tha metabolic
removal of acid metabolites; To this end, measurement of
pC02, Hb comcentration” and standard bicarbonate would be
helpful in more fully describing the acid/base status of the
blood,

37

(2)‘The correlation of the TDMA with perfermance capacity
is still unknowan. This undarstanding is critical for tha
practical application of the transition phase to training.

(3) Longitudinal training studies are Tequired to iden-~
tify the most efficient methods cf influencing these points.

N ?

(4) The - transition phase should also be explored using
alternate protocols. Smaller increments would surely halp
refine the delineation of the +transition phase, Longer
workloads would help to ensure that blood lactate concentra-
tions were trulf representative, particularly at the higher
vorkloads, ‘
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APPENDIX A D a

-

LT j ~
Physical Characteristics of Subject Groups

Subject Number Age Height Weight Body Fat %
—& (yr) (cm) (Kg)

TRAINED SUBJECTS

7 1. 18 173 67.0 9.0
2. 18 164 62.1 8.0
" 3. .21 184 70.5 8.9
' 4. 18 175 69.4 7.3 §
5. - tz 29 166 67.8 13.0
6. 19 173 68.0. 12,9
7. 25 1m1 76.9 11.5
8. 22 176 78.9 13.0
9. 20 175 69.4 11.0
X 21.1 177 72,5 10.3
UNTRAINED SUBJECTS o
1. 21. . 10 87.2 10.9
, 2. 25 179 73.1 18.0
//#‘\\\ 3. 24 . 186 | 85.6 13.0
_ 4. 19 180 82.1 13,0
5, ' 24 175 . 76,2 17.0
6. 23" 176 81,9 14,0
7. 25 176 61,2 8,0
8. 23 185 — 73,5 9.0
9. © 23 173 71.5 . 14.5
X 22.7 177 4.4 %3.2
s
) N
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APPENDIX B

~

Maximal Values of Oxygen Consumption, Heart Rate, and Blood Lactate
Observed in Trained and Untrained Subjects.

\K\\“ Subject Number Maximal Maximal Maximal
Oxygen ‘Heart Blood

N Consumption Rate Lactate
(ml/kg/min) {(bpm) {mM)

TRAINED SUBJECTS .
1. 6l 191

o~ A9
‘ 2. 70 203 11.2
3. ' 64 195 - 11.2

4. 61 200 t 13.3

\\H;)%. 60 ( 180 10.6

8. ' 66 80 15.6
9. 66 190 _ 6.3
X 64 . 193 11.7

UNTRAINED SUBJECTS

1. . 56 204 12.6

2. 51 187 13.3

3. » . 48 194" 13.2

4. 51 198 . 4.3

5. 58 175 10.9
y © 6. | 50 190 13.9 i
' 7. T a2 198 .9.6 '

8. 58 192 _ 14.2

9. 54 196 13.3

X 52 193 11.6

A




APPENDIX C

SUBJECT WORKLOAD (kp's) .

NUMBER R 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 ' MAX.

UNTRAINED .
1. 1.7 1.4 2.3 2.3 3.6 5.6 5.7 10.1 12.3
2. 0.7 1.7 1.9 2.1 q.w 7.3 9.0. 13.3
3. 1.3 1.6 - 1.7 2.8 4.7 5.3 6.0 7.6 13.2
4. 1.3 1.3 1.2 1.3 3.0 4.3 “8.0
5. 1.0 2.1 2.6 3,4 6.2 9.8 11.4 13.3
6. 1.2 1.4 2.1 1.7 4.8 8.4 12.9 3.6 13.9
7. 1.9 1.6 1.3 6.2 9.6 10.4 - 8.0
8. 1.3 1.4 3.0 3.8 7.2 9.2 9.0 14.2
9, 1.0 1.4 1.6 2.4 4.8 5.0 7.7 8.4
X~ 13 1.5 1.6 2.6 4.4 5.0 7.7 9.4 , 11.6

S .

Blood lactate values in untrained subjects with increasing workloads.

-
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APPENDIX D

SUBJECT R 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 MAX.
NUMBER. WORKLOAD :6 's)
TRAINED
1. 0.8 1.0 1.2 1.0 1.8 2.9 6.4 9,2 14.2
2. 1.0 1.2 1.2 1.0 1.9 3.3 6.3 11.0
3. 0.7 2.6 2.3 2.8 5.4 6.4 9.9 11,2
p.? 1.2 1.6 2.0 1.6 2.8 3.9 6.3 10,1 10,4 17.2
5. 1.0 1.2 1.2 1,3 3.9 9.9 10.1 13.3
6. 1.4 1.1 2.1 2.2 2.1 3.7 10.3 9.0
7. 1.0 1.1 0.9 1.5 1.5 2.5 2.8 10.6
a. 1.0 1.6 1.9 2.5 2.6 4,2 4.7 8.6
9. 1.0 1.2 0.9 2.0 3.0 4.7 4.9 6.3 12,2
X 1.0 1.3 1.3 1.5 2.2 3.4 4.9 7.1 6.6 11.7

Blood lactate values.in trained subjects with increasing workloads.

-
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APPENDIX

WORKLOAD (kp's)

SUBJECT
NUMBER R 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
;
UNTRAINED . |
1. 7.30 - 7.29  7.30  7.30  7.30  7.31 ﬁ/w.wm 7.17
2. 7.31 7.30 © 7.27 7.28  7.30 7.20  7.19
3. %.31  7.28  7.30  7.29  7.27  7.27 7.21  7.18
4. 7.30  7.32  7.31  7.28  7.20  7.17
5. 7.28 7.26  7.32  7.27 7.30  7.22  7.19
6. 7.31 7.33  7.20  7.27  7.28  7.27 7.26  7.22
7. 7.33  7.27  7.33  7.30 7.30  7.22 —
8. 7.28 7.27  7.31  7.25 7.28 7.19  7.14
s. 7.30 7.28  7.28 7328  7.27  7.28  7.22 o
% 7.30 7.30 7.29 7.29 7.27 7.25 7.23 7.19

Blood pH walues in untrained subjects with increasing workloads,

e
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ARPPENDIX F

SUBJECT

WORKLOAD (kp's)
- NUMBER R 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
TRAINED
1. 7.31 7.26  7.29  7.28  7.2% 7,28 7.22  7.23
2. 7.25 7.30 7.30  7.25 7.24 7.1  7.12
3. 7.32 7.26  7.24  7.27_ 7.26  7.28  7.22
4. 7.30  7.24  7.27  7.27 7,32  7.27 7.15  7.10
5. 7.33  7.30_  7.27  7.29 7.26  7.30  7.26  1.16
6. 7.31 7.23  7.28 7.28 7.28  7.23  7.19
7. 7.29 7.26 7.2  7.25  7.27  7.28 7,14  7.15
8. 7.27 7.26 7.28 7.28 7.24 7.22 7.15
9. 7.32 7.36  7.32  7.30  7.34  7.25  7.27  7.17
- /v..
X 7.30 7.28 7,28 7.28 7.28  7.27 7.22 7,20 7.18

~
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APPENDIX G

Lactate at . Laétate at -
‘LT’ *TDMA '
(mmol La/l) (mmel La/1) ;
TRAINED -
1. ‘ 1.8 , 2.9
2, 1.9 3.3
3. 1.8/ L 6.4
4, 1.6 . "3.9
5. 1.3 10.1
6. 2.1 ‘ 3.7
7. 1 : 2.5
8. 1.9 Mf : 4.2
.9, 0.9 ’ 4.9
UNTRAINED N
1. 2.3 5.6
2. 1.7 7.3
3. 1.7 - . 5.3
4. 1.3 : 3.0
5. - 2.1 6.2
6. 1.7
7. 1.3
8. 1.4 v
9.

/ 1.6 o 2.4

. Blgod lactate values at Lt and TDMA in trained and

untrained gubiject:s. o ‘
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APPENDIX H _ .

SUBJECT ‘LT "TDMA * ~ Non-linear .. ° Minimum
NUMBER (¢ vozmax) * (» Vozmax}' increase in . velue of
) VE("STPYST" ) - VECO, - |
(3 VO max] | (3 VO max)
. - - '. ;9— .
UNTRAINED - N ’
1. 8 75 _ 75, . 75
2. 52 %0 75 15
3. 56 85. 75 <78
a. 6 . -8 , 6 . 69
s, . 56 87 81 - 81
6. 73 92 78 73
7. 71 88 - ‘ 71 ‘ 69
8. 60 74 \ 60 - 83
9. w57 81 57 76
. ‘ 1 . -
TRAINED ‘ ) o
1. o 80 : 92 S 92 75
BT CYR o84 - . e . " 68
3. 0 . - sg o  _~_ a1 o ! : 80 -
4 67 . \/\89 75 B 1
5. ~ - -75. 93 : 75 ' 93
6. .80 95 64 - 64
7.. - 78 - 79 .18 .78
8. .64 86 70 © 79
9. 59 ° . e . Sz < 86

~

-
- . '

- . Lactaté'threshpld, threshold of decompensated metabolic

acidosis, point of non-linear rise in VE, and the mini-

.- mum value of V_CO:

e



APPENDIX I

m:mumnﬁ LACTATE THRESHOLD TDMA

8¢

NUMBER ml/kyg % <Own_mx _Ga\su.,:. HR ml/kg % <0mﬂmx kpm/min HR
« UNTRAINED
1. . 38 67.8 1260 141 . 42 75.0 1440 170
2, 27 52,4 720 ~ 1s0 46 90,2 1260 181
3. - 27 56.3 900 133 41 . 85.4 1440 167
4. 35 . 68.6 1260 156 40 78.4 1440 186
5. 30 ' 55.6 900 131 a7 87.0 1440 167
6. 37 . 72.5 1260 160 46 92.0 1530 182
7. 30 71.4 900 141~ 37  88.0 1080 166
8. 33 .. 56.9 1080 140 47 81.0 1440 167
9w 29 60.4 900 141 34 73,9 1080 168
TRAINED . , .
1. - 49 80.3 1440 152 56 91.8 1620 170
2, 59 84.3 1260 171 59 .. 84.3 1440 189
3. 37 57.8 1080 143 58 \ 90.6 1800 184
a. 41 67.2 1080 138 - 54 . 88.5 1440 . 174
5. 46 75.4 1080 161 57 - 93.4 1260 184
6. 51 ‘ 79.7 1440 161 61 95.3 "1620 179
7. 47 . 78.3 1440 162 48 78.7 . 1620 167
. 42 63.6 - 1260 159 -y 86.4 1800 168

39 59.1 1260 145 63 5.4 1800 176




APPENDIX J
CONSENT PQRM

~T _ . _the ungersignQG, agraea to participate
in the_fhesis _research entitled * 2 comparison of the transitionm

from aerobic to anaerobic metabolism im trained and untrained
subjectst. . )

T understand that this will involve my performance of work om a
stationary bicycle. During this test, the resistance against
vhich I am pedalling will be increased over period of about 20
pinutes from a very easy effort to a maximfim effort. During this
test I may expzct my heart rate to reach nean maximal levels. For
the length of the test I will be breathing imto a mouthpiece that
collects my éxpired air;' During the test blood sanpies will also
be withdrawn from a vein in the back of =y tand. This will b=
accomplished with tke use of a venous catheter which will be
inserted by gqualified medical personnel.

Although I realize that T can stop the test at any time, I
understand that certaim personal risks are involved with a
moderate to Eaximal work test such as 1ight-headedness, nauseé,
fainting, chest discomfort, leg cramps, muscle strains and/cor

sprains, and,-in very rare cases, cardiac failure.

I realize that in agreeing to participate in this study I can
expect to derive mo direct monetary or othervwise mat=arial revard.
In any case all reseults will be held confidential by the
rescarchers.

I certify that, tolthe best of my knowledge, I am free from th2
sympthoms or treatment. of any mneuromuscular, pulmopnary or
circulatory disorder and that I have not in the past suffered
difficulty during exertiom.

In signiug this consent form, I acknowledge that I have had the
opportunity to hear the test and any potential risks explained and

ask any questions I wantead. ‘
: - 87 -
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APPENDIX K

- INFORMATION FOF SUBJECTS

-

Now that you have kindly consented to be a subject in this
expariment, there are a few things that I would like you to try
and keep in mind.

DIET: _ There are no major dietary restrictions imposed by this
study. Try to maintain a noraal diet of approximately
60% carbohydrate, 15% protein and 25% fat. I only ask
that, whén you report to the lab for testing, please
ensure that you have eaten no sooner than 4 thours
previously.’ It is also igportant that you do not cosume
any caffeine-contalning beverages on the day of ¢the
testing;(i.e. coffee, tea, cocoa or Coke).

EXERCISE: On the day of +the test, all other exercise behaviors
must be avoided. If you are traipning now, avoid higk-~-
intensit and prolonged duration exercise on the day
previous tc tha test also.

Your ipncremental work test will occur at on

'in room 306 of Bontpetit Hall. Try to arrive at least - omne half
_ hour prior to the designated time in order that we may place the

catheter and allow you a chance to rest before your test. TYou
should be dressed in shorts and T-shirt and be wearing relatively
sturdy training shoes omn your feet.

If for any reasocn you are ubnable to appear at the designated -

- tipe, please contact me at 729-5726 during the evening or leave a

message at the lab (231-6543),
Thank you for your cooperation

-

BOB REID
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