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ABSTRACT

‘The purpose of this study was to determine if the training effeets on factate threshold
(LT} and maximal oxygen consumption {VOamax) are specitic 1o musenlature involved
in training or it there is evidence of a general training effect. such that adaptations sire
also found during exercise with untrained muscle sroups. Seven maderately active
male students participated in an vight week progressive endurance training program
that involved leg cycling at specific intensities above and below the pre-t raining 117 10
give a total of 30 minutes of training above 1T, three times per week, All subjects
were tested before and after training for LT and VOsmax \\'Iiilc performing leg cycling
and arm ¢cranking exercises. VOamax showed a significant increase during both les
cycling and arm cranking exercise following training,  Conversely, increases in both
absolute :uu-l relative LT were conlined to leg cycling exercise only. 1t is suggested that
peripheral adaptive responses of oxidative capacity within the trained muscles are
primurily' responsible for the specilicity of the LT response. while cardiovascular
adaptations were benelicial 1o V()g;nax ol both of the musele groups tested.
IFurthermore, the significant improvement in relative LT during leg cyeling and of
VOamax to both arm and leg excreise suggests that adaptive responses of 11 and
VOamax 10 training are not governed by the same physiological processes. Therelore,
it was concluded that. for the conditions of this experiment, the concept of specificity
of training applies to LT but not to VOamax when comparing excreise modalitices

which involve separate musculature.
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THE PROBLEM

INTRODUCTION AND RATIONALE

Training and athletic performance have been key research issues for many
investigators.  In the past. maximum acrobic capacity or maximal oxygen consumption
(VO2amax) was thought to be the primary limiting factor in endurance performance
(Saltin, lI:nrllcy; Kilborn. & Astrand, 1969) and was. therefore. emphasized in
evaluating athletes. VOamax is sensitive 10 training with both central cardiovascular
transport and local active tissue adaptations responsible for its improvement.
tHowever, local muscular adaptations are more directly linked to the adaptations which
are specilic 1o a particular mode of exercise and VOamax values are. therelore. highly
dependent upon the mode of exercise chosen lor testing.  Also, the VO2max response
to training demonstrates some degree of specificity, similar to testing results, since
changes in VO2amax are greatest for exercise involving the trained muscutature
" (Clausen. Klausen. Rasmussen, & Trap-Jensen, 1973: Henriksson. 1977: Ridge. Pyke,
& Roberts, 1976; Saltin, Nazar, Costill, Stein. Jansson, issen et al., 1976). Ilowever,
VOamax has also been shown to improve during exercise involving untrained
mn.;'cul:uurc (Clausen et al., 1973: Lewis, Thompson, Areskog, Vodak, Marconyvak,
DeBusk et al., 1930; Loftin. Boileau, Massey. & Lohman, 1988: Rosler. Hoppeler,
Conley. Claassen, Gehr, & Howald. 1985 Salin et al., 1976). Therelore, these
studies indicate a general training effect on VO2amax but with greater adaptations in

the training mode.
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Lactate threshold (LT}, also commonly referred to as anacrobic threshold. is
another variable which has been identified as a limiting factor in endurance
performance and should be addressed in consideration of specificity of testing and
training. Numerous studies have suggested that the additional consideration of LT is at
least as, il not more important. than VOamax in monitoring cndurance performance
and the prediction thereol (Coyle, Coggan, Hopper, & Walter, 1988: Farrell. Wilmore.,
Coyle, Billing, & Costill. 1979: Jacobs, Schele. & Sjodin, 1985: Sjodin & Jacobs, 1981
Sjodin. Jacobs, & Svendenhag, 1982). LT is also thought to be useful in idcn.lil'ying an
appropriate and optimatl training intensity for athletes. for the purpose of placing a
high degree ol stimulation on oxidative metabolism (Kinderman. Simon. & Keul.
1979). Therefore, the effect of training on LT is a pertinent issue for investigators,
coaches and athletes. barticulnrly those who are involved in several competitive

cendurance sports, such as triathaloas.

LT represents the upper limit of continuous exercise and is important 1o acrobic
training and performance in events such as cycling. cross country skiing, rowing and
running (Droghetti. Borsetto, Casoni. Cellini, Ferrari, Paolini et al.. 1985). all of
which depend upon some portion of the pcrl'orma‘ncc being conducted at the highest
possible rate ol work for extended periods. Kinderman et al. (1979) defined the
exercise intensity during incremental exercise which stimulates rapid lactate
accumulation, at a rate which departs from a curvilinear increase to become
exponential (approximately 4 mmol/l lactate). as anacrobic threshold (A1), The
exercise intensity, during incremental cxcro;:isc, atter which Bla concentration
increases by 1 mmol/l may also be used to identily this point (Hagbers & Coyle, 1983;
Simon, Berg, Dickhugh; Simon-Alt, & Keul, 1981). In this paper, the AT intensity will
be relerred to as LT, in order to a\lfoid confusion with anacrobic threshold as defined

by respiratory parameters (Wasserman, Whipp, Koyal, & Beaver, 1973). It is this
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intensity of work. or physiological landmark. with which athletes are primarily
concerned. since continuous exercise at a higher intensity will result in a loss of
cquitibrinm between muscle lactate production and its climination and in a continuous
increase of BLa (Stegmann & Kindermann, 1932). This will eventually foree o
reduction in work rate. LT, the exercise imensity above which lactate production will
exceed lactate removal. is commonly deseribed in terms of the V2 which exists at the
time this occurs and is referred to as absolute lactate threshold (ALT). It may also be
expressed as oceurring at a percent of VOamax and referred to as r;:lalivc lactate
threshold (RLT). The term LT is also used by Ivy. Withers. Van Handel, Elger. and
Costill (1980) to indicate the work rate at which the first signilicant rise in BLa occurs.
[Towever. this latter delinition is refe-ed to as the acrobic threshold by Kinderman et

al. {1979).

High concentrations of BLa are associated with many types ol exercise induced
latigue. They are thought to have a negative influence on endurance performance by
lowering pH. thus inhibiting fatty acid mobilization or having adverse effects on the
contractile properties of the muscle, the myolibrils, and enzymes of the glyeolyvtic and
oxidative pathways (Golinick. Bayly. & [lodgson, 1986). Therefore. it is advantageons
in endurance competitions to have a higher LT in order to delay the onset of significant

pH reduction.

Therate of Bl.a :u:cum;:iation may be reduced following endurance training due to
diminished lactate production and/or enhanced lactate removal (Donovan & Brooks,
1983: Walsh & Bannister. 1988). A number of training studies have found changes
specilic 1o the trained muscle or specific to exercise responses with irained musculature
which allect submaximal exercise Bla concentration. These include reduced VOaon

response time (Cerrctellic Pendergast, Paganelli, & Rennie, 1979), increased hepatic-



splanchnic blood low (Clausen et al.. 1973}, increased S activity (Henriksson,
1977: Saltin ¢t al., 1976). increased subsarcolemat mitochondria (Hoppeler, Howald,
Conley, Lindstedt. Claassen. Vock et al, 1988). increased capillary per fbre ratio and
mitochondrial volume density (Rosler ¢t al., 1935), and decreased glycogen depletion
(Saltin et al.. 1976). Thesce findings suggest that the effect of endurance training on 1T
will be specific to trained nmsculalulrc. but there is little direct data to support this

hypothesis.

Although a great deal of research has tocused on the factors influencing lactate
production. the identification of threshold variables, and the effeet of training on BlLa

concentrations. the specilic eflect of training LT has received relatively less attention W
compared 1o the specific effect of training VOomax. Therefore, this research was
designed to examine if the effects ol training LT are specilic 1o the muscles which are
involved in the training. LExercise responses to training were compared between the
lr:ii_ncd modc of exercise, leg cveling. and an untrained mode of exercise. arm

-

cranking.

STATEMENT OF THE PROBLEM

The primary objectives of this study were:

1. to determine if changes in lactate threshold measured during exercise with trained
musculature (legs) would also be evident during exercise with untrained musculature

(arms).

2. 1o determine if changes in maximal oxygen consumption measured during exercise,
with trained musculature (legs) would also be evident during exercise vith untrained

musculature (arms).
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Other subobjectives of this study were:

3. to investigate the effeet of training on heart rate measured during submaximal

exercise with trained musculature (legs) and untrained musculature (arms).

4. to investigate the effect of training on heart rate. ventilation and oxygen pulse

associated with LT for arm and for leg excreise

EXPERIMENTAL HYPOTHESIS

1. Due to the l"mdings‘bl' previous studies showing that adaptations of [actlors which
could affeet LT are specific to the trained musculature. it was expected that training
induced changes i n LT would be evident only during exe s with trained musculature

(legs). No changes were expected in LT for arm cranking exercise.

2. Due to previous findings which showed that VOamax may exhibit a genceral training
elfeet, it was expected that VOamax would exhibit an increase 1ollowm-- training

during exercise with both trained and untrained musculature.

OPERATIONAL DEFINITIONS

Lactate threshold (LT): the exercise intensity which identifies the upper limit on
constant workload endurance exercise beyond which blood lactate concentrations
continue to increase. This value, represented in oxygen consumption (VO?2) units, is
initially determined at the exercise intensity during continuous progressive, acrobic
exercise above which blood lactate concentration increases by a rate greater than or

equal to 1 mmol/l per 2 min stage that persisis in subsequent exercise increments. or
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h
the point of exponential rise on a lactate versus resistance graph. This value is then

verified by constant workload 1ests.
Absolute lactate threshold (ALT): L1 expressed in V2 units - Yimin,

Relative lactate threshold (RIF): LT with respect 10 VOamax. It is expressed as a

percentage of maximum oxyvgen consumption (% VO2amax).

Maximum oxygen consumption {VOamax): the highest rate of oxygen consumption
which is measured during a progressive. acrobic. exercise test with a minimum duration
of six minutes. This eriterion is evidenced by a platean in VO2. an increase no greater
than 2 ml/kg/min in VQOa. or a all in VO3 compared 1o the immediately previous

increment ol exereise.
Absolule maximal oxygen consumption (AVOamax): is VOamax expressed in 1ivin,

Relative maximal oxygen consumption (RVOamax): is VO2Imax expressed in

mi/ke/min.

LIMITATIONS OF THE STUDY

Due to the relatively small number of subjects (n=7) the results decrease in
statistical power.

Training cllects found to be specilic o the trained musculature may not be found
in all cases. especially when the activities chosen involve some of the same musele
groups. The results of this sludy may, however, suggest the dcgf(:c 1o which there is a
specific elfect of training, related to such variables as LT, when completely separate

muscle groups are involved.  Also, any conclusions drawn [rom this sindy may only be



projected with confidence to @t group of similarly trained subjects of the same age.
performing similar exercise activities and following a related intermittent training

regime.

The subjects were requested to relrain from regular endurance activity, te. 2- 3
times per week for 1§ or more minutes, particularly activity with heavy :mﬁ
involvement. They were asked to monitor their activity with log books. However,
while the .\‘ubjccl}: were not engaged in regular training for endurance or competitive
activity, maintenance ol normal lifestyie which includes spontancous activity was

aceepted,

ABBREVIATIONS

ADYP - Adenosine diphosphate

AMP - Adenosine monophosphate

ALT - Absolute lactate threshold

AT - Anaerobic threshold

ATP - Adenosine triphosphate

AVOamax -Absolute maximum oxygen consumplion
BLa - Blood lactate

Ca2*- Calcium ion

COn - Carbon dioxide

CO - Cytochrome oxidase

P - Creatine phosphate

I°T - Fast twitch muscle fibres

GADPII - glyceraldehydephosphate dehydrogenase
(3-6-P - Glucose-6-phosphate

GP shattle - a-glycerophosphate shuttle



H7 - Hydrogen ion

HAD - 3-hydroxvacyl-COA dehvdrogenase
H-LDH - Heart specific 11D isozyme
H20 ~ Water

IM - Myotibrillar A'TPase intermediate fibres
IMP - Inosine monophosphate

K* - Potassium ion

LDH - Lactate dehydrogenase

LT - Lactate threshold

LTHR - Lactate lhrcsht.\ld heart rate
LTO2P - Lactate threshold oxygen pulse
LTVe - Lactate threshold ventilation
LTWL - Lectate threshold workload

MA shuttle - Malate-aspartate shuttle

MAP ~ Maximal acrobic power

MaxHR - Maximal heart rate

MaxVe - Maximal ventilation

M-LDH - Muscle specific LDH isozyme

NADH - Reduced nicotinamide adenine dinucleotide
NAD™ - Oxidized nicotinamide adenine dinucleotide
NH4* - Ammonium ion

02 - Oxyszen

OBLA - Onsct of blood 1actate accumulation

OPLA - Onset of plasma lactate accumulation
PCO7 - Partial pressure of CO2

PDIH - Pyruvate dehydrogenase

PFK - Phosphofructokinase

a



pli; - Intracellular pll

pll,, - Extracellular pli

Pi - Inorganic phosphate

(2 - Partial pressure of oxyzen

RI'T - Relative lactate threshold

rpm - Revolutions per minute

RVOmax -Relative maximum oxygen consumption
ST - Slow twitch muscle fibres

SubHR - Heart rate at 75% AVOamax

1172 VO2on - Half time of the oxygen uptake on-response
Ve - Minute ventilation

VM - Marathon vclociiy '

VO2 - Oxygen consumption per minute

VO2amax - Maximal oxygen consumption

VOBLA - Treadmill velocity at OBLA

VT - Ventilatory threshold

Y



REVIEW OF LITERATURE

INTRODUCTION

This study was conducted to determine if training adaptations. in L'T and VOsmax
in particular. are specific to trained musculature or il there is a general training effect.
such that ad:iplalions arc‘ also observed during exercize with untrained musculature.
Certain areas ol the literature must be reviewed in order 1o properly invest igate this

problem.

Since it is important 10 understand the metabolie origins of lactic acid. the first
section will addréss the mechanisms ol lactate production through the metabolic

pathways. its function. and its role in the development of [atigue.

The next section will introduce the Tactors influencing blowd lactate
concentrations. These will be subdivided into the production and removal of lactic

acid and the variables which affect these processes.

The third section will introduce the anacrobic and lactate threshold phenomenons,

The identification of LT and its importance will be discussed.

The fourth section will examine the elfect of training on lactate kinctics and the
metabolic adaptations which could account for any changes. Rescarch which supports

the specilicity of training T will also be reviewed.
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Finally, some considerations for the tratning and testing protocols will be

examined,

METABOLIC PATHWAYS AND LACTIC ACID

ATP Generation for Muscular Contraction

Physical movement may oceur as a consequence ol skeletal muscle contraction.
This process is dependent upon the availability of adenosine triphosphate (ATP). It is
the breaking of high energy bonds within A'I'P which supplics the energy for cross
bridge movement between the actin and myosin lilaments of the myolibril. thercby
producing movement. Without ATP regencration at the contractile site. the muscle is
only capable ol a lew contractions. ATP ix also required tor relaxation from muscular
contractions. The cross bridges are broken when the a new ATP molecule attaches 1o
the myosin head (Astrand & Rodahl, 1986). There are several different metabolic

pathways available tor the repletion of ATP in man.

Intramuscularly stored creatine phosphate (CP) is required for anacrobic alactic
metabolism in which a phosphate group is transterred 1o an ADP molecule. a by-
product of ATP splitting. in order to resynthesize ATP in one step. In the presence of
the enzyme creatine kinase. CP and ADP will react to produce ATP and creatine.
However, CP stores are limited in a muscle fibre and can only cover the energy costs
in maximal ¢ffort for less than 10 seconds (Astrand & Rodahl. 1986). Therctore. the
rate of ATP resynthesis via anaerobic alactic metabolism declines rapidly (McGrail,
Bonen, & Beleastro, 1977). and ths net ATP contribution for this means ol encray

production is small during continuous physical activity.
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The two primary metabolic processes involved in continuous work are anaerobie
and serobic metabolism. The catabolism of glucose or glycogen to Tonn pyruvate are
common pathways for both types of metabolism. However., it is the metabuolic pathway
which pyruvate subsequently follows that determines if ATP is generated anacrobically
or acrobically. The relative contributions of these two systems o a given activity
depend upon lactors such as its duration, inensity. availability and type of stored
fuels. fibre type composition of the muscles involved., and the trained state of the

active muscles.

Glveolysis

Glycolysis is the 10 step sequence ol glucose catabolism to pyruvate with the
concomitant release ol a net two ATP from specific reactions (see Figure 1), Glucose
is the substrate required and converted into glucose-6-phosphate (G-6-P) in the lirst
reaction. Alternatively, G-6-" may be formed Irom the eatabolism of glycogen stored

in the muscle. This is known as glycogenolysis.

-
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Pvruvate

The formation ol pyruvate in the eytoplasm is the braneh point for anaerobic factie
and acrobic metabolism. I the presence of oxyaen. acrobic metabolism, pyruvate
may be oxidized, with the loss of its carboxyl group as carbon dioxide CO2. o Torm
acetyl-coenzyme A. This reaction is catalyzed by the enzyvme pyruvate dehydrogenase
(PDH) (Lebninger, 1982). This acetyl group is then completely oxidized o CO2 and
water (I120), and 34 ATP are produced via Krebs Cycle and the Electron Transport
Chain. Fatty acids and amino acids may also enter Krebs Cycle by being converted to
acetyl-coenzyme A (Lehninger, 1982). and theretore. they represent another potential

source of energy lor muscular contraction.

In what is termed anacrobie lactic metabolism (02 not required), pyruvate does
not enter Krebs Cycle but is reduced to lactate with the eatalytic action of Iactate
dehydrogenase (LDH) (see Figure 2). Therefore. only the original net two or three

ATP generated from the catabolism ol glucose or glycogen. respectively, are produced.

Another metabolic fate of pyruvate is its transamination to form atanine. 1t is also
a precursor in the synthesis of fatty acids and a product ol fat metabolism

(Wasserman, Beaver, Davis, Pu, Herber, & Whipp, 1985).
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l
H-CI'OH LACTATE
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. Figure 2, Reversible ransformation of pyruvate to lactate.
Adapted from Lehninger (1982)

Lactate Dehvdrogenase (LDH)

Lactate dehydrogenase (LDH), E 1.1.1.27, catalyzes the following reversible
reaction: Lactate + NAD® — Pyruvate + NADH + H*
The LDH molecule is a tetramer with different combinations of M and H polypeptide
chains yiclding 5 isozyme forms: Hg, H3M, HaoMa, HM3, and Mg4. The LDII isozymes
Hg and H3M (H-LDH) are predominant in the heart and favor the rapid oxidation ol
lactate to pyruvate. In contrast, the LDH isozymes M4 and HM3 (M-LDIT)
predominate in skeletal muscle and favor rapid reduction of pyruvate 1o lactate. The
other isozymes have intermediate kinetic properties. Other tissues contain a mixture of

the five possible forms (Lehninger, 1982; Sjodin, Thorstensson, & Karlsson, 1976).

Since M-LDH has the greatest catalytic activity (VMax) of any glycolytic enzyme,

lactic acid production is possible with low intensity exercise. In fact, it excceds the

activity of enzymes providing alternate pathways for pyruvate metabolism (Brooks,

1935).
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L.DH isozymes within a muscle fibre are not necessarily mainly the M-LIDIT type.
The types and relative distribution of the L.DIT isozymes in 2 muscle are dependent
upon the libre type(s). and this may be influenced by training (Skinner & McLeilan,
1980). ‘These topics will be diseussed later with regard to influences on lactate

production as well as training adaptations.

Lactic Acid/Lactate and its Role in Metabolism

Lactate is a small and easily diffusible molecule capable of moving rapidiy from
the cells in which it is produced to all water compartments (Gollnick & Hermansen.
1973). Lactate is simply the dissociated form of lactic acid (see Figure 3), and the two
terms are often used interchangeably. Since lactic acid is a strong acid with a low
dissociation constant (pk} of 3.86 (Lehninger, 1982), this molecule is found in the

dissociated form, lactate, 99% of the time at normal pH (Mainwood & Renaund, 1985).

o s

H-CI-OH ~—————p H-C-0OH
COOH coo ~

Lactic Acid Lactate

Figure 3. Lactic acid and its dissociated form - lactate

The role of lactate production in metabolism has not always been clear. In fact,
in the early 1900's Hill and Myerhof proposed that it was the immediate energy donor

for muscular contraction (Follman, 1985). IHowever, work by Lundsgaard in the 1930's
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suggested that muscular contractions could oceur without lactate production (Gollnick,
Bayly, & Hodgson, 1986): therefore lactate was obviously not an energy donor. Hill]
Long, and Lupton (1924) showed that large quantities of lactic acid are produced in
muscles lacking oxysen, from which the oxygen insufficiency theory of lactate

production has developed.

Today it is recognized that lactate production is a consequence of glycolysis and
can occur in the presence as well as the absence of oxygen (Gollnick et al., 1986). It
is an ongoing proccs# within the resting and active individual {Brooks, 1936), forming
when pyruvate and nicotinamide-adenine dinucleotide (NADH) are available to LDH

regardless of how much Q2 ix presem (Holloszy & Coyle, 1984).

With the formation of lactate from pyruvate, the lactate molecule still contains
approximately 93% of the energy available in a glucose molecule (Lehninger, 1982).
Therefore, lactate production could do little 10 supplement aerobic ATP production, a
suggested role of lactate production by those who believe a muscle fibre becomes
anoxic and then mitochondrial respiration is limited. Lactate production must serve
several metabolic function(s) in order for the cell to carry out processes yielding only 2
ATP anacrobically instead of a potential 38 ATP from oxidative phosphorylation of

glucose (see Figure 4).

Anaerobic Catabolism of Glucose:

Glucose + 2ATP + 4ADP + 2Pi + 2coenzyme —) 2Lactic Acid + 2ATP + 2H20 + 2coenzyme

Aerobic Catabolism of Glucose: °

Glucose + 38ADP + 38Pi + 602 —) 6C02 + 6H20 + 38ATP

Figure 4, Anacrobic and acrobic catabolism of glucose. Adapted from Vander et al. (1980)
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The rate of energy production is much higher when lactate is produced compared
to the rate when fats and carbohydrates are completely oxidized to CO2 and H>0
(Jucobs. 1986: Walsh & Banister. 1988). With an increased glyveolytic rate, pyruvate
and cytosolic NADI formation are enhanced.  Lactate production makes possible the
regeneration of cytoplasmic NAD™ (see Figure 2) which helps 10 maintain the
NADH/NAD?* ratio (Katz & Sahlin. 1987). ‘This allows the cuntinued conversion of
slyceraldehyde 3-phosr;h:uc (G=3-P) 10 1. 3-diphosphoglveerate (1.3-DPG) in glycolysis
and continued anacrobic ATP production. as well as acrobic A'TP production when
pyruvate is oxidized. The Electron Transport Chain regenerates mitochondrial NADY
through the oxidation of NADH. and in conjunction with the NADH shmitles, this
enables the regeneration ol cytoplasmic NAD™T. However, during strenuous excercise.
the rate of NAD™ requirement lor glycolysis may surpass the amount regenerated by
the mitochondria and/or transported by the shatties back into the eytoplasm. Thus, an
increase in the eytoplasmic NADH/NAD® will be reflected by an increased conversion
of pyruvate to lactate (Katz & Sahlin, 1987: 1983). thereby performing a regulatory

functon.

Lactate production also helps to maintain blood glucose levels via gluconeogenesis,
This is the conversion of lactate to glucose which occurs mainly within the liver

(Brooks, 1936).

- Lactate Accumuiation and Fatisue

ACIDOSIS

Lactate accumulation has been linked to the development of fatigue: however, the
mechanisms by which this may occur are not entircly clear. Increased blood lactate

levels are associated with a decrease in intraceilular pH (pl};) and extracellular pH

.
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(pll,,) which are thought 1o be a contributing factors to fatigue. A decreased pH
(acidosis) is caused by an increased concentration of H™ jons within the working
muscle cells. Lactic acid is primarily in the dissociated torm at the normal cellutar pil
of 7.0, ‘Therelore. it contributes more than 85% of the liberated HY {ons., with other
sources being G-1-P. glycerol-1-P. pyruvate. citrate, and malate (Sahlin, 1983). Most
of the accumulated 1T jons are released o the blood and are buffered by the

‘bicarbonate and protein butter systems to minimize the effect of the proton load.

- Although acidosis is associated with fatigue, it is not necessarily the cause, as
many biochemical and biophysical changes occur at the same time [atigue is developing
(Mainwood & Renaud, 1984). Yet acidosis does play a direet role in contractile

suppression and ml'luu ¢s metabolic reactions, since enzymes have an optimal pH.

THE CONTRACTILE PROCESS AND THE EFFECTS OF ACIDOSIS

Researchers have suge, »:lcd several possibie mechanisms of action whereby a
decrease ptlj could interfere wuh the muscular contraction process. Therelore, a briet

review of the contractile process is required.

Calcium (Ca=*) is released from the sarcoplasmic reticulum of a muscle cell when
an action potential depolarizes the muscle cell membrane, the sarcolemma. The 'T-
tubules transmit the signal to the sarcoplasmic reticulum. In the absence of C adt
tropomyosin blocks the cross-bridge binding sites on actin. However, upon release.
Ca2* binds 1o troponin € causing tropomyosin 1o move, thereby exposing the cross-
bridge binding sites. Energized myosin molecules bind to the exposed actin siles
resulting in a discharge of the stored energy and production of an angular movement of

cach cross bridge, synonymous with contraction (Vander, Sherman, & Luciano, 1985).
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The contractile process could be influenced by acidosis from the very point of
initial depolarization.  An increased |K¥] in the extracellular space. which
accompanies acidosis. would decrease a muscele cell’s resting membrane potential and

make it more difficult to recruit the muscle Gbre (Sahling 1983).

Calcium storage and release could also be affected. The amount of Ca=*
available 10 activate contraction could be reduced by decreased Ca=* hinding by
cytosolic protein (Mainwood & Renaud. 1985). Alternatively. the sarcoplasmic
reticulum could reduce its Ca™* release when PH decreases. sinee in the opposite
situation. small increases in pHy, i werease a=t release (Mainwood & Renaud. L985).
Accessibility of Ca2® binding sites on troponin € may be altered (Mainwood &
Renaud. 1985). or there could be an increased requirement for Ca2t 1o trigger

contraction (Sahlin. 1983).

Finally, decreases in pH; could influence cross bridge formation to reduce force
development (Mainwood & Renaud, 1985) by decreasing myosin-A'TP-ase activity.

which catalyzes the reaction to energize the myosin molecule (Sahlin. 1983).

Lactic acidosis in musele could also be a perlormance limiting lactor through
indirect contractile suppression.  Lactate and H* efflux from the muscle cell are
related 10 pHy. Mainwood and Worsley-Brown (1975) demonstrated that increasing
pHo during recovery allows greater lactate and HY ¢fflux from the muscle and
subsequently redevelopment of muscular tension capabilities. I there is poor musele
perfusion during exercise then the buffering capacity of HT is limited mul pHy would
decline rapidly, thus limiting both lactate and H¥ efflux. In this case, pll; would
increéxsc causing possible damage within the muscle. 1lence, acidosis could serve as o
protective [eedback mechanism to prevent overload resulting from mismatching of

muscle perfusion with its work load (Mainwood & Renaud, 1985).
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Similarly. fatigue accompanicd by acidosis could be viewed as a safety mechanism
to proteet the muscle cell from ATP depietion (Sablin. 1983). During acidosis. the
protonated form of ATP is a potent inhibitor ol PFK. the main regulatory enzyme in
glycolysis. Thercfore, glycolysis and glycogenolysis are inhibited (Davis. 1985b: Sahlin.
1983). Inhibition of lipolysis is also evident during exercise above LT (Ribeiro.
Hughes. Ficlding, Holden. Evans, & Knutigen, 1985). With a reduction in the
capacities of ATP generation from these energy systems and aceelerated CP
catabolism (ilultman & Sahlin, 1980). both ATP and CP stores fall. This could trigger

a salety mechanism to prevent their concentrations from falling too low.

BLOOD LACTATE CONCENTRATIONS

BLa concentrations depend upon the balance between production, diffusion of
lactate from the muscle to blood. and its subscquent uptake by numerous lissues
(Farrell et al., 1979: Gollnick & Hermansen, 1973: Wasserman, 1987). This section
will include 2 review of the factors influencing lactate production during exereise.

lollowed by a discussion on the mechanisms ol lactate removal during exercise.

Factors Affectine the Lactate Production During Exercise

CELLULAR REGULATION OF LACTATE PRODUCTION

As previously mentioned, it is generally understood that lactate is produced at
rest.  Another well accepted phenomenon is that cellular production of laclate rises
with increasing metabolic demands. i.c. exercise intensity. However, the precise

regulating factors of lactate production within muscle cells are still debated.
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The rate at which glycolysis proceeds is primarily under the control of regulatory
enzymes. Hexokinase and glycogen phosphorylase control the rate of glucose entry
into the glycolytic pathway. llexokinase catalyzes the phosphorylation of glicose to
glucose-6-phosphate (G-6-P) and is allostericatiy inhibited by the product of this
reaction in skeletal musele tissue (Lehninger, 1982). Glyeogen phosphorylase will
catalyze the breaking off ol a glucose residue from a molecule of glycogen to produce
G-1-P. This enzyme must first be activated via adrenergic hormones or by

contractile factor (Gollnick & Hermansen, 1973). such as CAZ*F,

Once glucose has entered the glycolytic sequence. the two major regulatory steps
are catalyzed by phospholructokinase (PIFK) and pyruvate kinase, PFK has both

active andinactive forms and is allosterically inhibited by ATP, CP and citrate, while

-on the other hand, it is activated by AMP and inorganic phosphate (Pi) (Gollnick &

Hermansen, 1973). Pyruvate kinase, another allosteric enzyme. is inhibited when A'TP
levels in the cefl are high and by long-chain latty acids. which would provide ample

fuel Lor mitochondrial respiration (Lehninger, 1982). Hence. with increasing exercise
intensity. a decrease in the [ATP[ADP]x|Pi] ratio Favors an aceeleration in the

catalytic activity of the enzymes regulating glycolysis.

With accelerated metabolism and, therefore, an increase in the glyeolvtic rate,
pyruvale could begin to accumulate within the cell more rapidly than it could be
utilized by the mitochondria. If this were the case then lactate production would
increase due to mass action. By studying the lactate/pyruvate ratio during incremental
exercise, Wasserman ct al. (1985) have dismissed this mechanism since the
lactate/pyruvate ratio did not change during low intensity exercise and at a threshold

work rate only lactate increased abruptly.  Also. since pyruvate concentrations and

I.DH activily increase to a minor extent curing exercise (Gollnick & Hermansen,



1973), there must exist some other mechanism within the cell for regulation ol lactate

production,

Classically. lactate production has been attributed to an oxygen deficieney in
contracting muscle. It is believed 111;11 this limits A'TP production via oxidative
phosphorylation: hence. resulting in an increased glycolviic rate and production of
lactate 10 supplement ATP production.  Support lor this theory comes from studics
which induced respiratory hypoxia and found increased BLa concentrations, which was
thought to imply increased lactate production (Hughes. C lode, Edwards, Goodwin, &
Jones, 1968: Linnarsson. Karlsson., Fagraeus. & Saltin, 1974). Respiratory hypoxia is
thought to reduce PO2 at the mitchondrial level and limit mitochondrial ATP
production.  ATP must then be produced anacrobically, resulting in increased lactate
production. lowever. in normal physiological testing conditions, the oxygen content ol
nspired air is normoxic (21% O2) and constant: therefore, these studies simply
demonstrate that atmospheric oxygen content may be an inlluencing factor in lactate

production.

Supporters of the O2 deficiency theory also point to research demonstrating a
decreased lactate level with an increased O2 content of inspired air. They suggest that
the results are due o a removal of local hypoxia within the working muscle. The
relationship may not be this simple however, since hyperﬁxia is toxic to glycolytic
enzymes. especially giyceraldehyde }pllosphatc dchydrogenase. IHence, inhibition of
glycolysis may be responsible for decreased lactate production (Walsh & Banister,

1988).

This much debated theory, therefore, suggests that the regulatory factor in lactate
production is the PO2 at the level of the mitochondria in the contracting libres. At this

time, measuring mitochondrial PO2 is not within technological limits: however,
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research carried out studying myoglobin saturation of oxveen has estimated that the
critical PO required for maximal acrobic production of ATP is between 1.1 and 0.5
Torr (Walsh & Banister, [988). Connett. Gayeski. and Honig (1983) have estimated a
higher mitochondrial PO2, between 1.0 and 2.0 Torr, with supramaximal stimulation of
the dog gracilis muscle in sitn. This wonld represent approximately $0% VOamax with
in vive muscle stimulation. a point at which Bla concentration is increased above
resting levels and the PO2 has not yet reached a critical level. Theretore. this rescarch
suggests that increased lactate production does not seem to be caused by local musele

hypoxia.

Regulation of lactate production is believed to be related to changes in the NADII
+ HT/NAD? ratio. with lactate production increasing as a consequence of elevated
cytoplasmic NADH + F7 concentrations (Gollnick. 1973: Katz & Sahlin, 1988:
Wasserman et al.. 1985). With increasing exercise intensity. glycolvsis is aceelerated
due 1o allosteric regulation. as previously discussed, and the recruitment of tvpell
muscle fibres (FT), which have higher levels of glycolytic enzymes and lower
mitochondrial volume density, is increased (Schamz. 1986). This generates greater
amounts ol ¢ytosolic NADH + H¥ 10 be transported 10 the mitochondria for rapid
reoxidation via the malate-aspartate shuttle (MA shuttle) (see Figure 5) or the
r.n-glyccrophospha.tc shuttle (GP shuttle), since the NADT content in the muscle is
limited (Katz & Sahlin, 1988: Schantz, Sjoberg, & Svendenhag, 1936). The enzymes
regulating the control of the GP shuttle are higher in typell fibres while typel libres
have higher enzyme levels for those regulating the MA shuttle. However. it is sugzested
that the MA shuttle is the more important of the two shuttle systems in human skeletal
muscle, since its lowest enzyme activity is about 30 times higher than the lowest activity

in the GP shuttle (Katz & Sahlin, 1988 Lehninger, 1982; Schantz, 1986).
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With an increase in glycolviic rate eviosolic NADI production increases. 1f there
ix an imbalance in the rate of evtosolic NADIH production and transport ol the
reducing eyuivalents across the mitochondrial membrane by the shattle systems then
cytosolic NADI/NADT will increase (Schantz, 1986: Wasserman ¢t al.. 1985). Since
the rate of lactate formation rom pyruvate is limited by the production of NADIIL.
then it follows that an increase in lactate/pyruvate ratio reflects an increase
NADII/NADT (Connett ¢t al.. 1984: Katz & Sahlin. 1987). Connett et al. (1984) and
Schantz (1986) proposed that the capacil{cs of the MA shuttle are not exceeded even
at 100% VOamax, but an increased NADH/NAD* ratio or reduced redox state is
necessary to create a driving loree for the NADH shuttles, resulting in increased

laciate production.

The activity of ilu; shattle systems is influenced by the dilference in NADH
concentration belwccﬁ the mitochondria and the cytosol: therelore, cytosolic NADH
may also increase il there is an increase in mitochondrial NADH {Katz & Sablin,
1987). Katz and Sahlin (1987) suggested that mitochondrial NADH, reflected by
muscle NADH. increases due to muscle hypoxia not because the ensymatic capacity ol
the mitochondria to handle reducing equivalents is exceeded. Ilence, the literature
mndicates that the redox state of the muscle cell has a regulatory clfect on iaclate
production. but more rescarch is needed to determine il mitochondrial NADIT
increases during normoxic submaximal exercise are due to decreased PO, Future
research should also address the issue ol possi.blc dilferentiation in the changes of

NADH during exercise in 8T and ' muscle fibres.



20

G-6-P Malate - Malale
tMDH .
G=3-p NAD mMhhH
o D |
NADH * M
ADH = H°
1,3 0PG

Oxaloacetate Oxaloacelate

l Glutamate=—T—#= Glulamate
Pyruvate CASAT ( ) MASAT
ASDACLILe ~ag—d

e ASDAL2NE

s -ketoglutarate —t ~=ketoglutarate

CYTOPLASM MITOCHONDRIA

Figure 5. The malate-aspartate shurle, Adapted from Lehninger (1982)

MUSCLE FIBRE COMPOSITION

Human muscle fibres are composed of different fibre types. and their distribution
varies between individuals. The two most distinet fibre types identified are the type 11
or fast twitch (FT) fibres, which are glycolytic in nature and therefore better suited for
anaerobic work, and the type I or slow twitch (ST) fibres, which are higher in oxidative
capacily and better suited for acrobic work (Essen, Jansson, Henriksson, Taylor, &
Saltin, 1975; McGrail, Bonen & Beleastro, 1977). These fibres have very different

contractile and mctabolic properties which have led to their characterization.

However, based on myofibrillar ATPasc staining, after preincubation al different pH
values, it was discovered in the 1970's that type II fibres may be subdivided in Ila, 1Ib
and Ilc (Schantz, 1986). Also, Essen et al. (1975) identified type Ib which has a

slightly different staining pattern than that of type 1. Of the type 11 Gbres, the type IIb



are the most common. The type Ha fibres or Tast oxidative glycolytic (FOG) fibres
have greater oxidative capacities than the type 1Ib and are therefore imcrmcdizué o
1T and ST (Edgerton. Smith. & Simpson, 1975). ‘These subpopulations exhibit ranges
of contractile, histochemical and biochemical properties.  Yet in most literature, libre
type discussion or analysis is limited to ST (type D). FT (type 11b) and FOG (type Ha)

libres.

The live isozyme forms of L.DH. which were previously introduced. represent one
distinguishing characieristic of FT and ST mll\th. fibres. M-LDH., which [avors laclate
formation lrom pyruvate. is relatively more abundant in FT fibres. 1-LDIH. on the
other hand, is more predominant in ST fibres and favors the reformation of pyruvate
from lactate (Gollnick & Hermansen. 1973). Hence, the FT:ST ratio in exercising
muscle groups may influence the rate of lactate production and removal and
subsequently atfect LT. In fact. Aunola and Rusko (1936) and Ivy et al. (1980) lound

significant relationships between the percentage of ST fibres in exercising muscles and
This is understandable, since increased ST recruitment simultancously reduces
lactate production and increases its removal. Unrecruited ST libres may also

contribute to lactate removal.
o

As work intensity Increases in an incremental exereise test. it l-ms been
demonstrated that initially ST fibres are recruited and then progressively more FT
libres are recruited. which are capable of greater contractile tensions and {aster rates
of ATP production (Gollnick, Pichl, & Sahlin, 1974). The LT phcnomcnon is likely
related 1o this progressive recruitment of larger motor units. This is known as the
recruitment theory to explain lactate accumulation. Increased lactate production
accompanies increased FT recruitment due to the biochemical characteristics of IFT

fibres such as greater pereentage of M-LDH, greater glycolytic capacity and smaller



oxidative capacity, smaller capillary/fibre ratio, and reduced mitochondrial density
(Walsh & Banister, 1988). Furthermore, NIgt may accumulate with 1T recruitiment.
This oceurs due to conversion of two moles ol ADP 10 ATP and AMP. AMP is
subsequently catabolized 10 IMP and NH3 with the catalvtic action of adenyiate
deaminase (Lehninger, 1982). Nl accumulation stimulates the production of
pyruvate but inhibits s oxidation, thereby further contributing o increased lactate

production (Walsh & Banister. 1988).

CATECHOLAMINES

Catecholamine concentration in the blood can influence the rate of lactate
production within the muscle libre through stimalation of glycogenolysis and therefore
augment lactate production (Brooks. 1986). Catecholamines act on the cell membrane
to activate the enzyme adenyl cyclase. and through a cascacde elfect, glycogen

phosphorylase b is eventually converted to glycogen phosphorylase a. This allows

increased glycogen utilization via glycolysis (Lehninger. 1982).

It is believed that increased catecholamine release. due to increasced sympathetic
activity during exercise. may be a possible mechanism lor lactate accumulation and
hence LT (Walsh & Banister, 1988). Studies have shown significant relationships
between LT and the catecholamine threshold during incremental exercise (Galbo.
Holst, & Christensen. 1975: Van Iarn & Brooks, 1985). In fact, a 1T is not possible
without catecholaminergic stimulation. This was demonstrated by Chirtel, Buarbee. and
Stainsby (1984) who found that lactate and VO2 merely demonstrated a lincar
relationship during progressive, in situ, electrical stimulation of the dog gastronemius-
blnnlaris muscle. The lack of an identifiable threshold may be attributed 10 the

absence of increased sympathoadrenal activity with eleetrical stimulation, which
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normally oceurs during excreise. Therefore, while the LT phenomenon may be closely
reiated 1o catecholamine concentration. it cannot account for all lactate production

that docs oceur with incremental muscular activation.

Interestingly, catecholamines may also influence lactate production in non-
contracting lissue, since eatecholaming infusion at rest into whole organisms or isolated
muscle preparations has been shown 1o augment lactate production (Walsh & Banister,
1988). Stainsby. Sumners, and Eitzman (1985) concluded that a major portion of
clevaled blood lactate concentration comes from 11011-5clivc musclc,‘;:incc only 4-8% ol

the increase in blood lactate could be attributed to the contracting muscles lollowing

norepinephtine infusion.

SUBSTRATE AVAILABILITY

The type ol substrate that is available 1o the muscle eell pre-exercise will have a
signilicant infTuence on the rate of lactate production. Llevation of blood, free fatty
acid levels delays the onsct of lactate accumulation due to an inhibition of
carbohydrate metabolism (Skinner & MeLellan, 1930). Exercise with muscies low in
slycogen will result in lower lactate values. and there will be a greater reliance on the
oxidation of fat (Gollnick et al., 1986: Hughes, Turner, & Brooks, 1982). C onversely.

muscles high in stored glycogen will stimulate glycolysis 1o a greater extent.

ENDURANCE TRAINING \

It has long been recognized that endurance training leads to adaptations which |

|
result in lower lactate levels in trained compared 1o untrained subjects at identical \

workloads (Crescitelli & Taylor, 1944: [olmgren & Strom. 1959: Robinson & Ilarmon,
i
1941). Some believe that the inability to convert IT to ST muscle fibres, to some \

4
\

\
\
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degree. himits the trainability of LT (Ivy et al., 1930). Tlowever, muscle libres may
increase their oxidative capacities (Henriksson. 1977). This permits increased fat and
pyruvate oxidation and results in reduced lactate production at a given exercise
intensity.  The convertibitity of I°1 1o ST fibres will be addressed in the section on

training adaptations.

Recent research has uncovered some of the adaptive responses to endurance
training which are responsible for the changes in LT, "T'o date. they are numerous:

therelore, they will be discussed in detail in a separate section.

Lactate Removal During Exercise

Lactate accumulation is.also related 1o the rate at which lactate can be removed
from the circulation. I the rate of removal falls below the rate of production with
increased work load. and cannot catch up, then kactate will continue to accumulate in
the blood during continuous or incremental activity. Lactate can diffuse from the
muscle ccil nto the interstitial space and then into the capillaries. Onee in the biood
stream, it may be redistributed and removed by oxidation in cither cardine tissue or
skeletal muscle tibres comaining the H-LDIT isozyme. This is possible since the
conversion ol pyruvate to lactate by M-LDH is reversible by H-LDI. Pyruvate may
then be metabolized in the normal sequence in Krebs Cyele. The alternative to
oxidation is gluconcogenesis in the liver and kidneys, which involves the reversal of
certain glycolytic reactions. ‘The liver and Kidneys have the key enzymes to perform
the reversible reactions, unlike skeletal muscle tissue which lack the required enzymes,
These enzymes are phosphoenol pyruvate carboxylase, pyruvate carboxylase. Iructose
1,6-diphosphatase and glucose 6-phosphatase (Lehninger, 1982). However, during

xercise, splanchnic blood flow is significantly reduced limiting the potential for

[t

sluconcogenesis.



Using liver blood How values reported by Rowell. Kraning, LEvens. Kennedy.
Blackman and Kasumi {1966). Gollnick and Hermansen (1973} caleulated that about
4% of Iaclate is removed by the liver during steady state exercise. This is small
compared Lo the amount oxidized by skeletal muscle during exercise. 1o which blood
Mlow is increased. The contribution of cardiac tissue w lactate removal is less than
10% of the total removed (Newman, Dill, Ldwards, & Webster, 1973). The fraction
of lactate turnover that is oxidized increases greatly, from 42 to 72%. during the
transition [rom rest to exercise in rats (Donovan & Brooks. 1983). During rest in
humans approximately 40-50% of lactate is oxidized and at 0% VO2amax this
inereases to Y0% ol the lactate removed. Hence, skeletal musele is regarded as the

main site of lactate removal during exercise (Gollnick & Hermansen, 1973).

It seems comradictory that skeletal museles are at the same time both responsible
for the production of lactate and primarily responsible for its removal during exercise.
This is possible since it occurs between different fibre types. Owles was the first to
suggest such a possibility in 1930 (Gollnick et al., 1986). Lactate released from FT
fibres. which have low oxidative capacities and the M-LDIT isozyme. may be oxidized
in 8T and FOG fibres. which have higher oxidative capacitics and the H-LDIT isozyme

(Brooks. 1986: McGrail et al., 1977).

Lactate oxidation is not. however, limited to the ST and FOG fibres in excreising
muscles, Nonexereising muscles have been shown to take up lactate produced by the
exercising muscies.  Ahlborg, Hagenleldt, and Wahren (1975) lound that the femoral,
arterial-venous lactate dilterence in a resting leg changed from a negative to a positive
difference when cither the other leg or arms were excerciseqd. This indicated uptake of
lactate by the resting leg. In fact, 70% of the resting leg's VO2 could be accounted for

by lactate and glucose catabolism during one-leg exercise, and this inereased to 90%
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during arm exercise. o another study, incremental bicvele exercise tests were
performed by eight maies while both arterial and venous lactate kevels were measured
in the torcarm (Yoshida. Takechi. & Suda. 1982). Belore exercise. there was no
significant difference between arterial and venous lactate levels: however. venous
lactate values were lower during excreise. They found that the first rises in laciate
above resting levels (A1) occurred at 37% VOamax in arterial blood bt a 33%
VOamax in venous blood. Therelore. the inactive lorearm was responsible for blood
lactate removal. It is partly due to the removal of lactate from the blood by tissue
other than active muscle that there is 2 significant difference between muscle and Bla
concentrations. Ience, BLa level is not merely a rellection of lactate production in

the active musele (Walsh & Banister, 1988).

Donovan and Brooks (1983) proposed that the rapid accumulation of actate in the

blood could be explained by a decreased rate ol removal during incremental exereise.

Hermansen and Stensvold (1972) found that approximately 60-70% VO max is a
critical level for not only lactate production but also for removal,  Exercise above and
below this intensity demonstrated a decreased rate of lactate removal during recovery
lrom previous high intensity exercise. Therelore. c:\:crcisc intensity during incremental
exercise could atlect the rate of removal, thus contributing the 1T phenomenon. This
could occur duc to o decreased blood [low to inactive muscles and the liver which
actively remove lactate (Donovan & Brooks, 1983). It could be partially attributed to

a saturation ol lactate uptake mechanisms, il they exist (Walsh & Banister. 1983).

Factors other than exercise intensity have been proposed to influence blood lactate
removal. Aunola and Rusko (1986) proposed that lactate clearance is dependent upon
the muscles’ oxidative capacity, which is influenced by the fibre type distribution.

Glycogen concentration of working muscles is a factor in lactale removal, just as it was
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in lactate production. Muscles low in glycogen will 1ake up increasing amounts of

laetate tor oxidation (Gollniek et al., 1986: McGrail et al.. 1977).

THE ANAEROBIC AND LACTATE THRESHOLDS

The Anaerobic Threshold

Research related to BLa concentration and accumulaliﬁn has been popular due to
its proposed relationship with increased ventilation. pH changes and subsequently
latigne (Wasserman. Van Kessel, & Burton, 1967). Many researchers have tried
noninvasively, via gas cxélmngc measurements, to identity the point of metabolic or
lactic acidosis, reflective of a rise in lactate above resting levels (Davis, Frank, Whipp.

& Wasserman, 1979: Wasserman ¢t al., 1967: Wasserman et al., 1973).

Increases in lactic acid concentration have an influence on arterial PCO2 and HY.
And since ventilatory control mechanisms try to maintain homeostasis of arterial PCO»
and H™ concentrations. it is believed that lactate threshold may be determined trom
respiratory measures (Davis. 1983a). Lactic acid has a pK ol approximately 3.‘) and is
consequently almost totally dissociated in the physiologic range of pH; therefore, the
excess HT jons accompanying increased lactic acid production must be buffered.
immediately reacts with bicarbonate [[TCO3] within the cell, leading to an increased
('O2 production via the reaction catalyzed by carbonic anhydrase (Davis, 1985):

HY + HCO3™ = 112003 — CO2 + H20),

The additional CO2 produced from the buffering of lactic acid places an additional
load on the respiratory system.  Ventilation is increased in relation to VO2 to prevent
PCO? from rising. This is known as isocapnic butfering where Ve/VO is rising while

Ve/VCO remains constant.  Hlowever. with further increases in laclate produclion,
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ventilation is stimulated 1o an ever greater extent such that Ve/VCO? increases
reflecting respiratory compensation from the metabolic acidosis of exereise
(Wasserman, Hansen, Sue. & Whipp, 1987). ‘Thus, there are really two vemilatory
thresholds and investigators define one or the other 1o represent the anacrobic
threshold (AT). The break in ventilation where Ve/VCO2 remains constant is the
preferential definition of AT, but the second ventilatory threshold is satistactory for

incremental exercise with stages of four minwtes in length (Wasserman., 1987).

The controversy exists. however, as 10 whether AP determined by one ¢ of these
methods is i fact associated with changes in BLa concentration. known as 1)1, After
reviewing the literature, Walsh and Banister (1988) concluded that any association
between .L'l' and AT is coincidental since the two may be dissociated by factors such as
training and various testing protocols. Also, ventilation may be controlled by lactors
other than a lactate mediated decrease in pH. Therelore, the Tocus of this research is

in regard to changes in lactate metabolism measured directly through blood sampling

and not by noninvasive techniques.

Investigators often use the term A'T to identify the first rise in BLa concentration
above resting levels cither invasively or non-invasively. as previously discussed,
Exercise above this intensity may, however. be endured in continuons exercise due to
an eventual stabilization in BLa concentration. since the rate of ¢catabolism can eatch
up to the rate of production (Kinderman ¢t al., 1979: S(.hu.n .quhc.s & Cession-
Fossion, 1981: Simon, Young, Guiin. Blood. & Case. ‘)\3 Wax\«.rman. 1987).
Hencee, it is not this exercise intensity with which endarance athletes are concerned:
rather, one secks to identily the exercise intensity (V1) beyond which lactate levels
do not exhibit an eventual platean during continuous exercise.  Endurance exercise

above this intensity will lead to fatigue and the inability to comtinue for extended
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periods. This physiological landmark will be defined in this paper as LT, which
corresponds 1o the VO3 during incremental exercise beyond which the BLa
concentrations increase abruptly or exponentially (Brooks. 1985: Kinderman ¢t al..

1979: Stegmann & Kinderman, 1982).

Lactate Threshold.

DEFINITION

LT is a critical exercise intensity since individuals may exercise up to this intensity
with little or no lactate accumulation: however. once it is surpassed lactate begins to
accurmulate in the blood exponentially (Campbell, Hughson, & Green, 1989: Gollnick
ct al., 1986: Hughson. -Wcisigcr_. & Swanson, 1987). This point may corrcspr.;nd to
BLa levels above or below four mmol/l - the fixed AT (Stegmann & Kindermann,
1982; Stegmann. Kindermann, & Schnabel, 1981). Below LT in steady state exercise.
lactale concentrations may remain unchanged or increase temporarily and then decline
or platean. This is due to the balancing of the rate of appearance with the rate of
disappearance of lactate in the blood (Brooks, 1985). LT represents the highest
exercise intensity that can be maintained without a progressive increase in lactate
during 20 10 40 minutes of exercise (Ribeiro et al., 1986). Above this intensity, there is
an accumulation of Iactate since the rau': of appearance is greater than the rate of its

removal from the blood (Brooks, 1985).

T'his critical intensity has been expressed according to workload, power output,
vclogily and VOa. However, it is best expressed as the VO2 in incremental exercise,
corresponding to the lactate breakpoint, since thresholds have been shown to oceur at
dilferent pt‘i\\fl;‘l' outputs depending on the protocol {(Ribeiro ¢t al., 1986). LT may be

expressed as an absolute (I/min or ml/kg/min) or relative value (% VOamax).



Researchers have given many names to excreise intensities corresponding to a
given level of lactate. its inerease above resting values, or the point of exponential
increase. These include acrobic threshold. ancrobic threshold, onset of blood lactate
accumulation (OBLA). ouset of plasma lactate accumulation (QPLA). laciate
threshold. lactate turning point. maximal steady state, the individual anacrobic
threshold. excess lactate. and acrobic capacity (Jacobs, 1986). The exercise intensity
reflected by these terms may be identical or vary due to the method of identification.
Thercefore, the field of lactate kineties is olten confusing and controversial making

comparison of studies ditTicult.

Nevertheless, the development of micro blood sampling in the 1970's has made
threshold determination-guite popular, and routine and the literature continues 1o
grow. The identitication of LT is now considered quite important due to the
association of lactate accumulation with metabolic changes and latigue. Bl.a
parameters have demonstrated their uscfulness in the assessment of physical litness by

contributing to coaching and training effectiveness.

LACTATLE THRLESHOLD AND ENDURANCI: PERFORMANCI

VO2max has been recognized as an important determinant of endurzinee
performance (Astrand & Rodzhl, 1986). However, many studies indicate that it is
more accurate 1o ¢xpress an individual's metabolic capability for endurance exercise by
reporting VO2 at LT, or a similar physiologic landmark, than it is to report VO2amax,
After a few years of intense cndurance training, athletes are likely 1o achicve high
acrobic capacities, but their performance continues 1o improve over the following
years. Therefore, within such a small range of VOamax, this variable is not a suitable

parameler with which 10 predict performance.  Studies have suggested that Luctate



related variables may be more sensitive indicators of training adaptations than
VOamax (Jacobs, 1986). Coyle et al. (1988) found that competitive cyelists who had
trained for 3-12 years had similarly high values lor VO2amax values but differed
considerably in the duration for which they could cycle at 88% VOamax. The results
ol this investigation revealed that for these athletes the single best prediélor of

performance time to fatigue was the % VOamax at LT when cycling.

The exercise intensity associated with the rapid exponential rise in BLa has been
applied in research to predict endurance running performance (Farrell et al., 1979;
Jacobs et al., 1985: Sjodin & Jacobs, 1981). The critical intensity investigated by
Farrell et al. (1979) was defined as the onset of plasma lactate accumulation (OPLA).
Subjects performed runs of various distances 3.2, 9.7, 15. and 19.3 kilomelers. It was
found that the correlation coetficients relating both VO2 at OPLA and trcadmill
velocity at OPLA 10 running performance were greater than or equal to 0.91. This:

indicates that endurance runners tend to self regulate their running intensity close 1o

LT.

In studies by Jacobs et al. (1985) and by Sjodin and Jacobs (1981), lhc
physiological landmark investigated was defined as OBLA - a blood lactate
concentration of 4 mmol/l. Jacobs et al. (1985) designed their study to compare the
predictive power of a lactate related index (WOBLA) during submaximal exercise to
that of an exhaustive cycle ergometer test for evaluating the endurance capacity of
soldiers. The subjects. 43 male soldiers, performed a continuous exercise test to
voluntary exhaustion on a cycle erzometer. The subjects cvcled at 60 rpm with a 50 W
power oulpui increase every fourth minute. The power output associated with OBLA
(WOBLA) was determined through plots of lactate concentrations vs cycle power

outputs, From the results of the exhaustive test, the maximum power output that could



be maintained lor 6 minutes (Wmax) was calculated using a mathematicat formula.
The subjects also completed a 3000 m cross counizy run within two weeks ol the eyele
lest, upon which they were timed.  The same tests were completed tive months later,
but the 3000 m run was referred 1o as a “loaded run” as the soldiers were in lull
uniform carrying weapons and equipment.  The time for the 3000 m run for cach test
was significantly correlated with both Wmax and WOBLA. When Wmax and
WOBLA wcrc‘cxprcsscd rclative to body weight the relationships were stronger. The
two variables had similar predictive power. Sixty-nine and 62% of the variation in
running performance on the first and second tests, respectively, could be accounted for
by the variation in the combination of WOBLA and body weight.  Based on this data,
the researchers suggested that a submaximal test based on BLa could be substitnted lor
an exhaustive exercise test without a significant loss ol predictive ability of running

performance in the ficld.

Sjodin and Jacobs (1981) recognized the importance of evaluating endurance
exercise performance and designed an experiment to study marathon performance as it
related to OBLA. training volume, and muscle fibre characteristics. Eighteen. male
volunteers, were trained by submaximat, long distance running in this study. Two to
three weceks prior to their participation in the marathon. the subjects completed a
continuous stepwise, progressive protocol in order to determine the treadmill velocity
which corresponded to a BLa accumulation of 4 mmol/l (VOBLA). Immediately alter
the marathon, muscle biopsies were taken from the vastus lateralis in order to
determine muscle [ibre type distribution as well as capillary density. Marathon velocity
(VM), the means to evaluate exercise performance, was the dependent variable. It
was found that VOBLA was the independent variable with which VM correlated the
best, and 92% of the VM variation was accounted for by this variable, Four pereent

more of the variance in VM was accounted for by adding training kilometrage to VM,



Al performance variables were positively correlated to percentage of 8T muscle libre
distribution and capillary density. It was concluded that endurance exercise
performance. in this case marathon performance, is closely related 10 VOBLA and 1o
the ability to run at a pace close 1o that velocity during the race. Percentage of ST
muscle fibres, capillary density. and training volume prior to the event were also
related to VM. Sjodin and Jacobs (1981), unlike Jacobs et al, (1985), used the same
activity mode for LT determination and the performance 1o be measured. Perhaps,
this may cxp!aiﬁ why they achieved better correlations between the treadmill velocity
at which BLa accumulation of 4 mmol/l occurred (VOBLAY) and marathon running
performance, measured as velocity (VM). VOBLA accounted for Y2% of the

variation in VM.

In summary, these studies suppﬁn the current preference for measuring LT to
predict endurance performance. The latter two studies suggest that OBLA or LT is
best used tor application research when it is determined in the specilic activity mode to
which it is to be applied. This implies that LT or the point of rapid lactate

accumulation iIs sport specitic.

ENDURANCE TRAINING AND LACTATE THRESHOLD

Training_Adaptations and Lower Blood Lactate Concentrations

There are central and peripheral adaptations which oceur as a result of endurance
training. Central adaptations generally represent improvements in the cardiovascular
system, allowing enhanced oxygen delivery. These changes are reflective of a more
efficient heart and include reduced heart rates at rest and during submaximal work,

decreased systolic blood pressure during rest and work, prolonged diastole, and
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reductions in contractility of the heart. Other central adaptations include a reduced
peripheral resistance and deereased release of catecholamines at given work loads
(Hollmann, Rost. Liessen, Dufaux, Heck. & Mader. 19381). Peripheral adaptations o
endurance training that have been cited indicate incrchscd stze and number of
mitochondria as well as increased mitochondrial enzyme activity.  Shifts in substrate
.utilization result in increased free fatty acid metabolism during submaximal exercise.
and increases in muscle glycogen stores allow for improvements in endurance.
Increased oxygen extraction from the blood is also possible due o rises in myoglobin

content, increased capillarization. and the development of collaterals (Hollmann et al..

1981).

Lower BLa levels are demonstrated at the same absolute and relative work loads
following training (Denis, Dormois, Castells, Bonnefay, Padilla. Geyssant et al.., 1988:
Karlsson, Nordesjo, Jorfeldt, & Saltin, 1972). This could be explained by one or more
of the above mentioned adaptations. Holloszy and C oyle (1984) suggested that
biochemical adaptations within the trained musculature account for the lower lactate
levels, not central cardiovascular adaptations that allow improved oxygen delivery.
They argued that it O2 delivery was responsible for lactate formation then a higher
oxygen consumption. at a given absolute workload, should accompany lower lactate
levels after training, and this is not scen. If peripheral adaptations within the trained
musculature are indeed responsible for the changes observed in lactate metabolism
following training then the specificity of LT 1o training should be predictable and
understandable. ‘Therclore, it is pertinent 1o review some of the physiological

adaptations to which could inlluence lactate metabolism and LT,
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Iindurance training constitutes a powerlul stimulus for capillary proliferation in
human skeletal muscie. Andersen and Henriksson (1977a) as well as Klausen,
Andersen, and Pelle (1981) found a 20% increase in capiliary density in the vastus
lateralis following cight weeks of bicycle ergometer training. Hoppeler et al. (1985)
reported a similar 29% enhancement of capillary density along with a 26% increase in
capillary to fibre ratio following a six week training regime on a bicycle ergometer. In
a cross-sectional study of six untrained and six endurance-trained runners, capillary
density and capillaries per fibre of the quadriceps femoris were 36% and 53% higher,
respectively, in the trained muscles. Following low intensity, long duration, cross
country ski training the number of capillaries per fibre and the capillary density

increased 40-50% in the triceps brachi (Schantz, 1986).

The ability of individuals with cardiovascular disease, such as decreased blood
flow, 1o increase their exercise tolerance after training is attributed in part to increased
capillarization. This will increase capillary transit time of blood and allow greater
oXygen extraction fof cellular respiration (Terjung, Mathien, Erney, & Ogilvie, 1988).
This implies a reduction in glycolysis and lactate production for people recetving
inadequate oxygen supply. However, with the normal person, where this topic is highly
debatable, an alternative explanation for the effect of increased capillarity on LT is

that it may allow for increased lactate removal from within exercising muséle fibres

(Tesch & Wright, 1983). ,

In support of the specificity of training LT, Terjung ct al. (1988) suggested that
enhanced capillary density is not dependent on muscie fibre type, but rather, it seems
to be associated with the fibres recruited during exercise. Even FT fibres may then
show improved capillarity. Rosler et al.'(1985) demonstrated that capillary

proliferation is specific to trained limbs only.



BLOOD FLOW

Increased blood flow or better distribution through active and nonactive muscles
tissue would enhance lactate removal. Capillary profiferation has already been
discussed and would represent one mechanism by which blood flow in active muscle
could be improved lollowing training. Decreased peripheral resistance. a central
adaptation, (Hollmann et al.., 1981: Klausen, Secher. Clausen, Hartling, & Trap-
Jensen. 1982) could augment blood How through active and nonactive tissue o increase
lactate removal. Better blood redistribution to active motor units within the muscie is

a possible peripheral adaptation {Terjung et al., 1988).

Maintenance of blood flow to the liver during exercise could influence kactate
removal. Clausen et al. (1973) found the reduction 1o hepatic-splanchnic bleod (low
during exercise 1o be less marked after endurance training in man. Donovan and
Brooks (1983) suggested that the increased mclﬁlvolic clearance rate in trained
compared 1o untrained rats during exercise could be attributed to the maintenance of
splanchnic blood flow in the trained animals. This explanation also accounts for the
higher blood glucose levels and greater conversion of lactate into glucose during hard

exercise in the trained compared 1o untrained rats.

CATECHOLAMINES

Endurance training scems to reduce the sympathoadrenal response 1o submaximal
exercise. There are smaller increases in norcpun.phr:m. and epinephrine at the same
absolute and relative workloads after endurance training compared to before training
(Gollnick et al.. 1986). Lehman and Keul (1986) found that trained cjrclisls
demonstrated lower catecholamine responses and Bl.a levels cumpar‘cd to untrained

controls in ¢xhavstive, incremental exercise.



As previously discussed, blood catecholamine concentrations are linked to BLa
accumulation via the activation of glycolysis in both active and nonactive muscle lissuc..
A reduction in sympathetic activation and subsequently lower catecholamine levels in
response lo training is categorized as a central adaptation (Hollmann et al.. 1981),

which may result in reduced BLa concentrations.

MUSCLE FIBRE COMPOSITION

Musclc libre types have classically been viewed as being inconvertible from FT to
ST (Baldwin. Klinkertuss, Terjung, Mole. & Holloszy, 1972). It was believed that FT
fibres simply increase their oxidative capacity through endurance training and
subsequently produce less lactic acid (Gollnick. Armstrong, Saubert, Pichl, & Saltin,
1972: Henriksson. 1977: Holloszy & Coyle, 1984). This results in a transtormation of
typellb (FT) fibres into type lla (FOG) fibres (Andersen & Henriksson, 1977b: Ingjer,
1.979). However, new technological .dcvclopmcms have allowed a better understanding
of muscle fiber diversity and fibre type transitions. As previously discussed, the muscle
fibres currently identifiable may be classified as type L type Ib. type IIa, type IIb and
type lle. Type llc and type Ib may be collectively referred to as myofibrillar ATPase
intermediate (IM) fibres (Schantz. 1986). Alter cross country ski training for six and

cight week periods, it'was found that the proportion of IM fibres increased (Schantz,
1986). Since the IM fibres had almost as high an oxidative capacity and a slightly
higher glycolytic capacity compared to type I [ibres, this is viewed as a sizn of ongoing
type 11 to type I transformation. In addition, the IM fibre arcas and mitochondrial
volume density were intermediate between those of type I and type Ila, and capillary
supply was comparable to lype -fi:l-ienicc, IM Tlibres have properties intermediate

between type I and 1 with both slow and fast isoforms of contractile and regulatory

protcins.
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Animal studies also support the assumption that extensive physical training and

other forms of increased load (chronic nerve stimulation) may produce alierations in
fibre type composition (Pette, 1984). These transformations may be due 1o increased
activity of the motor units rather than nerve discharge frequencies, which was
previously believed and originated from the cross innervation studies of Buller ¢t al. in
1960 (Pette, 1984: Schantz. 1986). Towever. in order 10 induce these changes.
endurance excrcise should demand intensitics which exeeed the tension genwrating
capabilities of type I fibres. This will ensure the recruitment of a gresier proportion of
motor units innervating FT {ibres and provide the stimulus of increased activity to these

fibres (Schzinl:r.. 1986).

The conversion of recruited muscle fibre types or simply their increased oxidative
capacilic§ following training resulis in lower lactate concentrations due mainly to-the
enzymatic profile changes. which are characteristic 1o fibre types.  Adaptations in
glycolytic and mitochondrial enzymes in trained muscle tissue will be discussed in the

following scctions.

GLYCOLYTIC ENZYMES

Glycolytic enzyme levels and activity ratios ol PFK. GADPI! and LDIT do not
respond to endurance training, or they exhibit a decreased level of activity (Klausen ¢t
al., 1981; Schantz, 1986: Simoncau, 1983). However, an adjustment in the relative
contributions of glycolysis and oxidative phosphorylation to metabolism aller training
may be reflected by enzyme ratios.  Sjodin et al. (1982) found that the ratio of PFK to
CS decreased signilicantly after training, due 1o a combination of nonsignificant
increases in €S and significant decreases in PFK. Furthermore, the ratios of LDI/CS
and PFK/CS have been shown to be directly refated to the exercise intensity at OBLA

(Jacobs & Sjodin, 1983: 1985: Sjodin & Jacobs, 1981)
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Lactate production and/or lactate removal may be inlluenced by the shifts in LDH
isuzymes associated with endurance training, even if total LDII activity decreases
| {Holloszy & Coyle, 1984; Sahlin & Henriksson. 1984: Schantz, 1986). Sjodin et al.
{(1982) reported LD levels were unchanged in trained musculature alter training.
[lowever, there was an increase in the relative activity of 11-LLDH due to cither an
increase in absolute H-LDI activity or a decrease in M-LDH. Similarly. Sjodin et al.
(1976) found that long distance running at 70-80% maximum heart rate increases the
H-LDH/M-LDH ratio. This could simultancously increase the rate of lactate oxidation

and decrease the rate of production.

MITOQCHONDRIAL ENZYMES

IEndurance training has the ability to increase the activity levels ol certain
mitochondrial enzymes. The increased enzymatic activity level along with increases in
mitochondrial size and number contribute 1o the enhanced generation of ATP via
oxidative phosphorylation and oxidation of pyruvate following training (Holloszy &
Covle. 1934: Schantz, 1986). Mitchondrial content may increase even in type II fibres
Ly four fold or more with strenuous endurance training (Holloszy & Coyle, 1984).
Saltin et al. (1976) and Henriksson (1977) showed adaptations are limited to the
excrcised leg when only one is trained. Likewise, Rosler et al. (1985) measured a 40%
increase innitochondrial volume density in trained legs but found a 17% decrease in

the untrained arms.

Increased levels ol mitochondnal enzymes of the pathway lor fatty acid oxidation,
the citrate cycle, and the respiratory chain have been demonstrated in the muscles of
endurance trained people (Holloszy & Covle, 1984). The activities of SDH and CO,

enzymes of the citric acid cycle and clectron transport chain, respectively, are 27-92%
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do
greater in trained compared o untrained musculature (Andersen & Henriksson, 1977a:
Gollnick w1 al.. 1972, Heariksson. 1977: Klaussen et ai., 1981 Sahlin & Henriksson,
1984: Schantz, 1986). The activity of HAD. a key enzyme in fat oxidation, is also
enhanced in active tissue by endurance training (Sahlin & lenriksson, 1984: Schanz,
19862 Simonenu et al.. 1983). Increases in these oxidative enzymes is evident in both

type 1 and type I fibres (Schaniz, 1981)

The higher lc\-cls‘ol‘ mitochondrial enzymes will have two main eflects according o
Michaclis-Menten kineties.  Iirstly. the maximal eatalytic rate will increase. Seeondly,
a given substrate concentration will result in a greater eatalytic rate. or a fower
substrate concentration can achicve the same catalytic rate as before. Sinee the
maximal catalytic activity ol the mitochondrial enzymes are not likely exceeded, the
second effect is more likely applicable 1o metabolic adapiations during submaximal
exercise. This type of enzymatic adaptation may be used 10 explain lower Bla levels
at a given workload after endurance training.  Mitochondrial content and subsequently
mitochondrial enzyme levels have been related to the sensitivity ol respiratory control,
such that muscles high in mitochondrial content require a smaller increase in |[ADP] to
stimulate a given rate of mitochondrial respiration (Holloszy & Coyle. 1984). This
results in fess stimulation of PFK and therefore glycolysis due 1o fower ADP, AMDP.
and Pi concentrations, as well as inhibition of PFK by higher ATP levels, With less
glycolvtic stimulation at a given exercise intensity after traintng, Bla concentrations

will be reduced.

NADH SHUTTILE SYSTEM [IENZYMI:S

Endurance training has the ability to locally increase the activity of the MA shuttle

enzymes but leaves the GP enzymes unaliered (Schantz, 1986). The activity of the GP
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shuttle reflects the ability of the museles o oxidize a-glycerophosphate. This parallels
the muscles” glycolytic capacity and is inversely related to the capacity lor
mitochondrial respiration (Holloszy & Coyle. 1984). Lnhancement of the MA shuttle
may influence LT by contributing 1o both decreased lactate production and increased
tactate removal. Increased enzymatic activity of the MA shutife may mean a less
reduced cytoplasmic redox state is necessary to provide the driving foree to accelerate
the shuttle’s activity.  This means there will be a decreased NADIE concentration in
the cytoplasm at a given VO3, thereby decreasing the availability of NADH_:@
participate in the conversion of pym\imc 1o lactate {Schantz, 1986). The MA shuttle
enzyme levels were found to be higher in type I libres both in untrained and trained
musculature {Schantz, 1986). This could enhance {actate removal by type 1 fibres alter
training since cytosolic NADH s kept lower, and low NADH levels facilitate the

conversion ol lactate to pyruvate {or oxidation.

SUBSTRATE UTILIZATION

EEndurance training may significantly increase the capacity of the muscle to oxidize
Iats and reduce glyeogen depletion (Karlson, Nordesjo, & Saltin, 1974). ‘This is due 10
cnhanccmc‘nl of the muscle cell’s mitochondrial density, .+oxidation, oxidative
phosphorylation, and the electron transport chain (Walsh & Banister, 1988). In
addition, preferential prolileration ol subsarcolemmal mitochondria, which is closer to
the capillaries than interfibrillar mitochondria, suggests better use of blood borne free
fatty acids alter endurance training (Hoppeler et al., 1985). Greater utilization of fats
is supported by an increased volume density of intracellular lipids Irom 0.47 1o 0.92%
(Hoppeler et al.. 1985). A lower respiratory exchange rnt“io at both the same absolute
and Telative intensity after training also indicates a greater reliance on lat luels

-~

(Holioszy & Coyle. 1934). Free fatty acid oxidation has an inhibitory effect on glucose



uptake and glycolysis (Hickson, Rennie, Conlee, Winder, & Holloxzy, 1977) and is.
therefore. likely related to the decrement in glycogen depletion in trained versus
unirained legs (Saltin et al.. 1976). Since giycogen depletion is related to fatigue and
increased oxidative phosphorylation offsets lactate production, shifts in substrate

utilization lollowing training contribute to greater endurance.

Test Specificity of Lactate and/or Anaerobic Threshold

Lactate/anacrobic threshold is subject 1o variation within the same individual
depending on the mode of exercise employed. This is 1o be expected due to
differences in muscle fibre composition throughout the body and the trained state of
the muscles. due either to intentional training or habitual use. The results of the
following studies provide sup.porl for the hypothesis that the effect of 1raining on LT is

sport or modality specific.

The first study to lﬁcasurc AT exhibited during different modes ol exercise was
conducted by Davis and Vodak (1976). They tested 30 male subiccts during arm
cranking activity, leg cyeling and treadmill walking. An additional nine subjects were
tested to investigate the validity of AT detection using laboratory measures of gas
exchange compared to BLa values. The subjects had no training lor four months prior
to the experiment. The AT was determined by nonlinear increases in Ve and VCO»
and abrupt increases in FEQ2. AT detection methods by gas exchange corresponded

| 1o those employed by Wasserman et al. (1973), which according to Kinderman ¢t al.
(1979) would clﬁl’inc the Acrobic Threshold. The results indicated no significant
difference existed between the two modes of exercise using the legs. TTowever, the
relative AT for arm cranking was significantly lower than both leg cycling and

treadmill walking. The investigators suggested that this was due to smaller muscle
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mass of the arms and possibly due 1o specitic training adaptations induced by daily
activity patterns of the subjects. such as cyeling. They also concluded that the gas
exchange AT was a valid and valuable indirect method for the detection of the
dc.w.!upmuu of lactic acidosis during incremental exercise. In essence then, the results
of this experiment do not indicate any specilicity in the point of rapid lactate
accumulation (LT). but they do suggest specilicity in the blood lactate parameter of the
first risc. in BLa. indicated by rcspiralor& patterns. 1lowever. the investigators have
not controlled for the eltect ol training.

o
Withers. Sherman. Miller. and Costill (1981) investigated the specilicity of AT in
endurance trained cvelists and runners. This experiment was designed to determine
the relative and absolute AT of endurance trained cyclists and runuers on both their
specilic and non-specilic exereise modalities. The study involved 10 endurance trained
cyclists and 10 endurance trained runners. The sex of the subjects is not stated. bwt
the morphological data suggests that they were male. Each subject performed an
incremental exercise test to exhaustion on both a bicycle ergometer and treadmill.
Their criteria for identifving AT were identical to those recommended by Davis et al.
(1979) which were: 1) an increase in Ve/VQ2 without an increase in Ve/VCO2 and 2)
an increase in FEO2 without a decrease in FECO2. Again, the physiological
landmark measured does not reflect an exponential increase in BLa but rather the first
signilicant increase. Interestingly though, they reported no significant dilferences in
AT, expressed as a pcrx.c.uln-'c. of VOamax. between the cycelists and munners on the
bicyele ergometer or between the two groups on the treadmill. When AT was
expressed in /min and ml/kg/min there were significant differences. Based on this
data. the rescarchers suggested that the adaptive responses to exercise (VOamax and
AT) arc in part o l'un‘cliun of the specific movement patterns exceuted in training.

They recommended [urther laboratory testing to determine if either of these two
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variables involve specifically trained musculature.  However, these conclusions based
on dilferences in absolute Al may not be of great signiticance since as Davis ¢t al,
(1979) explained. AT itself provides insight into the cirenlatory and metabolic
responses of exercise stress but "..expressing the AL as a percent fraction of maximal

acrobic power allows meaningful comparisons between subjects and modes of activity.”

The results of this study would suggest that relative AT would not be not signiticantly

different between the trained cyclists and runners. Similarly, Davis et al. (1979) found
no significant difTerence in relative AT between measurements recorded cyeling and
treadmill running, The involvement of similar muscle groups could help 1o explain

these findings.

Conversely, Wiswell, Girandola. and deVries (1979) as well as Jacobs and Sjodin
(1983: 1985) did find significam dilferences in the relative AT and OBLA,
respectively, between bicyeling and treadmill. Wiswell et al. (1979) engaged 30 male
college students in maximal capacity tests. and AT was determined noninvasively. AT
of leg cycling and treadmill running were recorded as 69.4% and 74.5% ol VOamax.
respectively. It was concluded in this study that AT may be exercise modality
dependent. Similarly, Jacobs and Sjodin (1985) found that OBLA occurred at an
oxygen consumption 16% higher during treadmill running than leg cycling exercise in 12
subjects. OBLA was at 85% of treadmill VOamax and 79% of leg cycling VOamax.
The differences in OBLA (16%) are not commensurate with the differences in peak
acrobic capacity between the two modes (9%). Also, the VO2 at OBLA was nol
significantly correlated 1o peak VO2 on cither ergometer. This reemphasizes that
different mechanisms exist for the control of these two variables and that LT is & more

sensitive indicator of acrobic fitness than VOamax.
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‘The differences in absolute and refative 1T between biking and treadmill running
were afso not related to he differences in VO2amax in an carlier study by Jacobs and
Sjodin in 1983. ln both studies (Jacobs & Sjodin, 19831 19385). the ratio of key
glycolvtic to key oxidative enzymes were related to the dilferences in relative LT, The
lateral head of the gastronemius and vastus lateralis were chosen to be representative
of the predominant muscle groups involved in running and cycling, respectively. The
two muscles did not differ in absolute activity levels of CS. PIK and LDH in either
study. The ratios of CS/LDH and CS/PFK did difler between the two muscles. “In
fact, the CS/LDH ratio was significantly higher in the gastronemius than the vastus
{ateralis in both studies. and the correlation coelficient relating this ratio 1o the
ditference in treadmill and cycling relative LT was 0.71 (Jacobs & Sjodin. 1933).
These findings suggest that peripheral metabolic characteristics are more signilicant
than cemral cardiovascular capacities in accounting for the differences in LT between

cyeling and treadmill running.

Training Lactate Threshold and Other Blood Lactate Parameters

The majority of litcrature suggests that LT and AT, an indication of the {irst rise
in lactate above resting levels, are trainable il the training program is designed to
affect these parameters. The purpose of the research by Kindermann et al. (1979) 'was
10 show that work load intensities markedly above AT, ax identified according to the
zas methods of Wasserman ¢t al. (1973). can be maintained with slightly clevated
lactate levels for prolonged periods of time. The experimental procedures involved
seven cross country skiers who performed an exhaustive exercise test on the treadmill.
Treadmill speed was increased by 2 km/h every three minutes while a constant grade

ot 5% was maintained. Through interpolation. treadmill speed, VO2, and heart rates®
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at the BLa concentration of 4 mmol/l were determined.  The beginning of the steep
rise in lactate level, 4 mmol/l. was reached at above 8% of maximal work capacity in
all athletes. This data dictated the intensities of two lurther exercise bouts of 30
minutes each. During the lirst of these subsequent exercise tests, the heart rate
coinciding with 4 mmol/] lactate was kept constant.  1ixercise at a constant heart rate
resulted in imtial lactate rises to 4 mmol/! in the first 10 minutes. Aller this, they
continuously reduced as a result of treadmill speed reduction. ‘The second test
involved maintenance of a constant treadmill speed: the speed at which the lactate
concentration of 4 mmol/l was expressed. When exercise was performed at a constant
running speed. the lactate values rose 10 approximately 4 mmol/l around the live
minute mark and remained relatively stable Tor the duration of the 1est, Most of the
subjects were able 1o continue for 10 10 15 minutes beyond the required 30 minutes
without a change in lactate concentration. The results showed that endurance training
at intensity levels leading o lactate values around 4 mmol/l can be maintained tor 45
10 60 min and longer in several cases. Therefore, they suggested that the \\l)li|11;|l
intensity ol endurance training. which is maintainable and places a high stimufation on
oxidative metabolism. is near the "acrobic-anacrobic threshold” of 4 mmol/l lactate.
They stated. "In contrast. work load intensities in the range ol the AT, as defined by
Wasserman ct al. (1964, 1973, 1973) are markedly lower.” Kinderman et al. (1979)
suggested a new arrangement of anacrobic and acrobic-anacrobic concepts.
Wasserman's AT was redelined as aerobic threshold: the acrobic-anacrobic transition
was proposed 1o represent approximately 2 1o 4 mmol/l lactates and the Tormer
acrobic-anacrobic threshold was redefined as AT - when lactate concentrations
increase exponentially at approximately 4mmol/l. This AT proposed by Kinderman ct

al. (1979) is synonymous with LT defined in this paper.

—
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Yoshida et al. (1982) followed the recommendations of Kinderman et al. (1979)
and trained seven male subjects at the workload corresponding to 4mmol/l lactate for
15 minutes, three days/week lor cight weeks. The exercise intensity was approximately
30-95% VOarax. The effects of training on the point at which arterial lactate levels
rose above the resting level, defined as AT, were investigated. Training resuited in a
14% improvement in VOamax and a 37% increase in absolute AT, indicating

significant adaptations at this training intensity.

Five men and five women trained on a bicycle crgométer at workloads which

clicited heart rates after 10 minutes similar to those measured at the 4mmol/l level in

“an incremental exhaustive test (FHloppeler et al., 1985). They exercised for 30 minutes.
five davs/week lor six weeks. The training program followed a format of progression
such that the workload ol the {ollowing session was increased by 8 or 9 Watts as soon
as the heart rate at the 10 minute mark and the end of the training session dropped
enough to indicate the subjec. -ould perform at the next higher work load. The results
indicated no change in heart rate at the intensity corresponding to BLA levels of 4
mmol/l in the post-training, incremental test. There was :1‘ 14% increase in VOmax
and a 7% increase in the VO2 at which BLa concentrations of 4 mmol/|l were
measured. The investigators concluded that each subject worked at greater than 35%
of maximal heart rate for 2/3 of the program with this protocol and that it was very

cllective,

Changes in the exercise intensity corresponding 10 OBLA were studicd on eight
well-trained male middle and long distance runners after a training program at OBLA
(Sjodin ct -:l 1982). These nmners added one 20 minute training session on the
treadmill to their normal training program. cach week for 14 weeks. The treadmill

velocity which corresponded with OBLA (VOBLA) was significantly improved after
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the 14 weeks, However. the VO3 detined by OBLA increased insignificantly from 38.6
10 60.6 mi/kg/min as did the relative VO2 from 85.3% 10 So.0% VOaxmax. The imtial
high level of acrobic fitness and the relatively few training sessions at OBLA may have
contributed to the minor changes in oxveen cost at OBLA (Bouchard. Boulay,
Thibault, Carrier. & Dulac, 1980). Iowever. there was an increase in VOBLA. shilts
in LDH isozymes. and a decrease in the PFK/CS ratio, in the active skeletal muscles
without a significant change in maximum acrobic power. This may provide support to
Kix\dcmann et al. (1979) who suggested that an optimal training intensity was at Bla
concentration of around 4 mmol/l. “Therefore. these nvestigators also suggested that
"... VOBLA may be a more sensitive parameter for the monitoring adaptations of

training than is the determination of VOamax.”

An carly study which examined Bla concentrations alter training was carried ot
by Saltin et al. in 196Y. This study involved 42 sedentary males with a mean age ol
40.5 years. The subjects were pre-tested and post-tested on a Krogh bicyele ergometer
during submaximal and maximal ¢xcrcise. Bloce! lactate (luctuations were measured in
submaximal tests during which the subjects exercised on different oceasions for six to
seven minutes at 300. 600 and Y00 kpm/min. Alter the training program. a 1200
kpm/min workout was included for some of the subjecis. The training program ran for
3-10 weeks for two to three sessions cach week. However., it is important to note that
the mode of training differed from the mode of c.;\'crci.\'c tested. The subjects ran about
two miles cach session. This distance was covered with high intensity intervals two
days per week and continuous running one day per week. 1t may have been that is was
this [ailure to use the same mode of cxcrci:;c for testing and training which resulted in
a lack of relative BLa changes. Other lactors may have been the relatively low

training [requency and the small number of Bla samples taken.



Henritze, Weltman, Schurrer, and Barlow (1985) trained female subjects at or
above LT, ‘Their definition of LT represents the highest work rate and associated VO2
attained that was not associated with an elevation in lactate above baseline levels.
Although this intensity is not the sume as LT detined in this thesis study, it deserves
attention. The training intensities determined accordipg to LT are relatively tow and
yet significant training adaptations were observed. Training at LT (mean value 44%
‘V02max) did not increase VO2max., but relative LT was raised by 16%. Training
above LT elicited no sighificant improvement in VOﬁma:\ but did increase absoluu.
and relative L’l‘ by 48% and 42%. respectively. However. they suggested that their
test for LT may not have been sensitive enough. since increases of 25-35 Wauts per
stage in the incremental tests resulted in rises in VO of 10 to 15% of VOamax. Error
in LT determination may. lh;.:rcl'orc. account for the large increases in LT with such
low intensity training. The results of this study suggest the importance of very gradual

increases in workload in an incremental test 1o accurately idemify LT.

A study designed to determine if LT could be increased si ignificantly within the
first three weeks of exercise training was conducted by Gaesser and Poole in 1986.
Training involved cycle ergometer exercise m 70-80% of pretraining VOamax for three
weeks. six days per week for 30 minutes. LT was determined from BLa vs VO2
graphs and identilied as the VO2 prior to that point at which an abrupt and nonlinear
increase in BLa occurred. There was no signiﬁcam dilference before training in LT
and in VT, the VO2 at which Ve/VO2 increased without a simultaneous increase in
Ve/V(CO2. After the three week period. exercise training produced changes in LT but
not VT, Absolute and relative LT incrcascd 29.3% and 14.2%, respectively.

VOamax was augmented by 11.1%. Gaesser and Poole (1986) proposed that the most
significant adaptations to L'l occurred within the first few weeks of training, when
compared to other studies of comparable frequency and duration but dilfering in

number ol weeks training.
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Poole and Gaesser (1985) chose to investigate the influence of high and low-
intensity. continuous training and high-intensity. interval training on 1.1 and venulatory
threshold (VT). Seventeen sedentary young males voiunteered 1o participate in the
training which lasted for four weeks with three training sessions per week. The
subjects were divided into the three different training groups.  All exercise as well as
pre and post-testing was done on cyele ergometers. LT was caleulated as the VO
associated with the work load prior 1o an increase in venous lactate above resting
values. "This corresponded with the onset ol an exponential rise in BLa.” VT was
determined at the VO2 at which Ve/VO2 increased without a simuitancous increase in
Ve/VCOa. The results lor afl three training gronr))s showed inereases in VOamax,
maximum work rate, and relative and absolute LT. There were no signilicam
differences between grbups with respeet to the variables measured. It was concluded
that continuous and interval training were equally effective in clevating LT and
VOamax in a four week training program. Further increases above a training itensity
of 50% VO2max (similar to the low intensity, continuous group) did not alter LT to
any greater extent. Another important point to be drawn [rom this study was the
observation ol a significantly greater increase in LT than VT for the low intensity.
continuous group. This suggests that LT and VT are regulated by dillereni
mechanisms: therefore, the two parameters should not be used interchangeably to

measure the effects of training.

A number of studics have used noninvasive methods to determine the clfeet of
training on the lirst rise in BLa concentrations above resting levels. Assuming that
there is some correlation in ventilatory parameters and Bla concentrations, it may be

of interest to review these studies.
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Davis ¢t al, (1979) evaluated the relative alterations in A’ and VO2max of nine
middle-aged normal sedentary males after nine weeks of endurance training. AT
determined by ga& anaiysis actually corresponded to the aerobie threshold
identification by Kindermann ¢t al., (1979). thought to indicate the first elevation of
BLa above resting levels. The subjects exereised on bicyele ergometers tive days per
week for 45 minutes at 50% of the way between "AT" and VOamax tor the first four
weeks and at 70% of the difference lfor the last five weeks. Both absolute and relative
"AT". as identified during o> maximal exercise test. increased significantly after training
by 44% and 15%. respectively. VOamax improved by 25%, and mm;imum ventilation
and maximum work rate also improved. During a constant load cycling test at an
intensity just betow the pretraining "AT”, the subjects were able to perform a greater
amount of work without an accumulation of BLa. The investigators concluded that
"AT” of previously sedentary, middle-aged males is profoundly inlluenced by endurance

exercise. -

Another study. almost identical in protocol, lraincd both males and females for
cight weeks on a bicyele ergometer, five days per week for 45 minutes cach session
(Casaburi. Storer, Ben Dov, & Wasserman. 1987). The exercise intensity for the lirst
four weeks was 30% of the way between AT and VOamax. but the intensity was

increased to 75% of the difference for the last four weeks. “ heresulls were also

comparable to those of Davis et al. (1979) with improvements in relative and absolute

AT of 38% and 16%. respectively. VOamax increased by 15% after training.

In summary, there are different training methods which will influence Bl.a
paramelers, and there is little good reason to include or exclude a specilic model on
the basis of these varied results. However, the design and duration chosen for the

experiment should be carefully controlled. The studies indicate that after training BLa
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concentrations are lower compared to the same absolute and relative excreise intensity
before training. Increases in LT may occur with' moderate training intensities and with

or without concomitant changes in maximal acrobic capacity,

Specificity of Training Adaptations and Blood Lactate Concentrations

Training has demonstrated a transfer effect of increased maximal acrobic capacity
in activity with untrained musculature (Clausen et al., 1973: Lewis et al.. 1980 Loftin
et al.. 1988: Rosler et al.. 19852 Saltin et al.. 1976). However, thix does not seem
likely to apply 1o LT. Decreases in muscle and Bla at the same absolute and relative
submaximal workloads following an endurance training program have been
demonstrated while cxércising with the training muscles. However, these changes were
absent for exercise with untrained muscles. These findings provide support for the

specificity of training LT.

Donovan and Brooks (1983) proposed that LT is improved due to increased
lactate removal rather than decreased lactate production. The liver is an importam
site of lactate removal. but during exercise its influence is deereased due 1o reduced )
blood 1o the organs (Donovan & Biowoks. 1933). However, Clausen et al, (1973) gave
evidence that hepatic-splanchnic blood flow at a given VO2 was less reduced during
exercise following training. This finding is of further signilicance since ICG ¢learance.
used to indicate hepatic-splanchnic blood ffow, was unchanged during exercise with
untrained muscles. This suggests specilicity ol a training response which could
influence BLa concentrations. although they were not measured in the study by

Clausen et al. (1973).
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Adapiations to one leg training were investigated by Klausen et al. (1982). The
training program consisted of one leg eycling with each leg for 30 minutes, three days
per week for a duration of ¢ight weeks., Comparisons of results were made between
one and two leg exercise before and alter training.  During one Ic.l_ :xercise the arterial
lactate concentrations were about 4 mmol/l higher than during two leg cxcrcisc at the
same VO2, as would be expected given the smaller muscle mass lor ohc leg cycling.

Arterial BLa concentrations decreased after training during submaximal exercise for R
both one and two leg exercise. The venoarterial lactate difference was only slightly
decreased during two leg exercise. while it was substantially reduced during one leg
exercise. This could be attributed to the inerease in leg blood tlow seen with one leg

exercise but not with two legs. This indicates that increased lactate removal is possible

inn the specilic activity pattern lor which the individual was trained.

One legged bicyele training was employed with 13 male students by Saltin et al.
(1976) 1o distinguish between the local and general effects of training with different
training procedures. Training of one leg was done by either an endurance or sprint

procedure. and a third group trained both legs using the two dillerent approaches.

When exercising with the trained leg, subjects exhibited an increased VOamax. lower
heart rates, :md decreased BLa responses at submaximal work levels compared to

measurcments obtained:from exercise with the untrained leg. It was hypothesized that
the fower lactaie levels could be explained by increased oxidative capacity, as
evidenced by changes in SDH activity foand in the trained leg, as well as a significantly
lower glycogen depletion in the trained versus untrained leg. - It was conclided that the
adaptations to training were primarily local in nature, but improved central circulation
was evidenced during exercise with untrained muscles as the non-trained leg exhibited

F
a 6% increase in VOamax.
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Henriksson (1977) engaged subjects in one-leg bicyele exercise for two months.
SDIH activity increased signiticantly in the trained leg as did tat oxidation. ‘This
suggested that metabolism of fat was a function of increased muscle oxidative capacity.
FFrom these findings. it would be expected that BLa level would be reduced in trained
leg exercise. In fact, the BLa level at 100 W was significantly lower in the trained leg
compared to pretraming level. The untrained leg also exhibited a lower BLa level

after training, but this change was not significant.

A slow VO3 on-response appears 1o be associated with lactate accumulation.
Cerretedli et al. (1979) set out to investigate it specific muscle training influences the
interrelationships between hall time of the VO2 on-response (1172 VO20i) and carly
BLa increases. In a cross sectional study, it was found that subjects with alr rady
trained arms or legs exhibited shorter 1172 VO20n and lower Bla cuncc:ﬁr:u ion when
exercising with trained limbs. In a longitudinal study. subjects were trained cither leg
cycling or zrm cranking lor live weeks, five days per week lor a duration of 30
minutes, The results again showed a shorter t1/2 VO20n accompanicd by lower lactate
levels for the trained limbs, [t was previously discussed that trained musele cells
require 2 smaller disturbanee in intracellular homeostasis in order 1o stimulate a given
level ol mitochondrial respiration. and this may result il'; less lactate production. The

findings of these two studies suggest that this is true and that these adaptations are

specific to the trained limbs.

Rosler et al. (1985) investigated whether the transter elfect in acrabic capacity of

trained o untrained muscles could be explained by ructural changes in the untrained
muscles. They hypothesized that increases in mitachondrial volume density. capillary
per fibre ratio, and number of capillaries for muscle Tibre arca would not be found in

the untrained muscle, since these changes are usually evidenced as local taining

———
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adaplations believed 1o be responsible for increased VOamax. Their experiment was
designed to study the effects of cight weeks of bicyele training. performed live days per
week at the maximum power output that could be maintained for 30 minutes. The 10
male sxxlajcgls were pre- and post-tested during arm and leg ergomzicy and on the
ultrastructure of the untrained arm muscle (deltoid) and trained leg muscle (vastus
lateralis). The results showed an increased leg VO2amax of 13% accompanied by a
40% increase in mi;ochoudrial volume density and a 15% increase in capillary per
fibre ratio. In contrast. the mitochondrial volume density unexpectedly decreased by
17% in the arm. and the capillary per fibre ratio remained unchanged even though arm
Vdgmax improved by 9%. In search for an answer to this contradiction. the
investigators concluded that the improvements in arm VO2max could not be attributed
to an enhanced cardiovascular fithess. since arm exercise before and after the 1raining

did -not fully tax the system. They hypothesized that during arm exercise the increased

RSN

capacity after training could be accounted for by a greater uptake and oxidation of
lactate by the legs, which accompanies cndurahcc training. Their discussion is well
arzgued: however, it does tot take into consideration their BLla results. These showed
that 4 mmol/l levels ol plasma lactate were reached at the same absolute workload
betore and alter training during arm exercise, although this power output increased by
7% in leg exercise.  Since BLa values should represent the diftference between output
and removal, one would expect the lactate levels to have decreased during arm
exercise if in fact the legs were metabolizing a significantly increased amount of
lactate. suflicient to increase the arm VOamax by 9%, Since absolute LT remained
stable during arm exercise after training and VO2amax increased. it is likely that had
caleulations been made on the relative LT, it would have shown a decrease. This has
not been supported by other studics. The lindings of this study, therefore, seem to 7

suppuort the specificity of training absolme LT, but no data was presented with respect

\
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to relative LT changes. The study being presented in this paper is similar in design to
the one undertaken by Rosler et al. (1985): however, changes in relative 1.1 will also

be examined.

Kayak and bicycle training were used 10 compare the circulatory and metabulic
responses to both submaximal and maximal kayak crgometer performance in an
investigation by Ridge ¢t al. in 1976. T'en healihy males who were untrained for both
kayaking and cycling were chosen as subjects and tested during two submaximal load
lests and a maximal exercise test on the kavak ergometer, before and after a tour
week training program cither kayaking or cycling.  Following training. the kayak group
demonstrated significantly reduced VO2 at both submaximal loads while kavaking., but
the bicycle trained group did not. As cxpccicd. the VOamax kavaking showed a
significant improvement for the kayak trained group. but the bicyele group did not
improve. BLa accumulation was significantly reduced after training in the kayak
trained group at the same relative work loads on the kayak ergometer. The bicyele
group [ailed to show a significant improvement afler training. The researchers
postulated that these training adaptations could be related 10 increased oxidative
capacity of the muscle libres or improvements in efliciency. They sugeested that the
major ¢ffect of training on the performance of arm work was due to circulatory and/or

metabolic adaptations at the local muscle level,

-

In summary, these studies support the hypothesis that specilic muscular
adaptations account for changes in BLa concentrations and/or physiological variables

which could be related to lactate metabolism.
P




PROTOCQOL

Considerations for the Training Protocol

The two most important variables in a training program are duration and intensity.
It training adaptations that will affect LT are 10 be clicited these must be carefully
considered and controlled.  Schantz (1986) suggested that if the training stimulus is
below a critical point it cannot be compensated for by fong duration excreise. Fibre
type transformations are especially dependent upon a sulficiently high training intensity
(Pette. 1934: Schantz. 1986). The greater the demands placed on the human body, the
more intensively it will adapt and become more elficient. within physiologic limits
(Holimann ¢t al.. 1981). This suggests that if one wishes to train LT it may be best to

eXercise at intenstties above this critical intensity.

A successiul training program will also incorporate a progression of the training
intensity. This is necessary since the individuals’ capacity will increase during the
training period. and stimulus well within the capacity of the untrained individual will
not provide a major adaptive stimulus (Holloszy & Coyle. 1984). The most common
means of increasing intensity is by raising the workload. thus ensuring that the training
intensity remains above LT throughout the training program. By training at intervals
above LT and then recovering inbetween, the individuals must cope with a high BLa

concentration and subsequently handle the process of lactate removal.,

Prescribing training intensity with respect to LT rather than as an arbitrary
percentage of maximal heart rate or VOamax will resull in similar training stresses on
the individuals (Dwyer & Bybee, 1983: Jacobs. 1986). Although heart rate cannot be
used to identify LT, it is a 100l with which training intensity may be monitored (Dwyer
& Bybee. 1983). However, above LT heart rate continues to drift towards maximum

during steady state activity (Ribeiro et al.. 1986).



Lactate Threshold Determination

Exercise tests conducted 1o identity LT are often incorporated into tests designed
1o measure maximal acrobic t;:lpacily. Consideration of stage lengths and warkload
increments are very important in order to obtain valid and reliable data for both 1T
and VO2. Signiticantly higher VOamax values were tound for a one minute’
incrementat test compared to either :ilhrcc or five minute incremental test, but OBLA
was not sig:rilicazllly different in the three west conditions (McLellan, 1985). “This

suggests that in order to obtain accurate relative LT values, which are dependent on

-

- - vatid YOamax measurements, the stage lengths should not be o long, since total test

time will then. be lcnglﬁcncd. Yet. il the stage increments are too often, LT may be
gmvcrcslimalt;d due to insulficicat time 1o allow the development ol even close to steady
state conditions at that workload. It has been suggested that three minute stage
durations are optimal {or LT determination (Yoshida. 1984): however. this may
compromise the accuracy of VOamax by creating too fong of a test. Wasserman
(1957) suggested that maximal acrobic capacity is highest when the test fength is 0-13
minutes in length. On the other hand. total test time is also dependent upon the
magnitude of the workload increment. With large increments. which shorten test time.

there

e

s a loss in sensitivity of identifying LT, Recall that Uenritze ¢t al. (1985) found
large improvements in LT after training which may have been crroncous due to the
large incrcmc.:nts in workload. Preliminary studies have revealed that for the purpose
of this experiment two minute stage icnglhs combined with (.25 kp increments for arm
cranking and 0.25-0.5 kp increments for leg cycling have been retiable in identifying
both LT and VOamax. while generally keeping the total test time between 14 -17

minutes.



Considerations for the Arm Cranking Protocol

Arm cranking is a valid and reproducible mode of testing tor measuring the
serobie capacity of an individual for upper body excrcise (Bar-Or & Zwiren. 1975:
Sawka, 1986). Arm exercise it not limited by central cardiovascular abilities, however,
since o smaller muscle mass is recruited compared 1o leg exercise. On the average.
arm cranking VOamax is 65-70% of leg VOamax in individuals untrained for upper
body exercise (Bar-Or. 1975: Franklin, 1985: Sawka, 1986). Other comparative
obscrvations between arm cranking and leg cyeling include higher heart rates and BLa
concentrations and lower stroke volumes for arm crgometry. at a given submaximal
VOa. Higher lactate levels. heart rates and VO2 are also seen at a given power
‘vutput durin:__;. arm ergomelry, since it represents a greater rclmive"imcnsily than during
teg cyeling (Franklin, 1985: Sawka.:1986). A review of the literature also revealed tha
maximal heart rates are generally lower during arm versus leg excercise. The difference
ranges [rom 3 to 23 beats/minute. and there is a mean difference ol 11 beats/minute
(Franklin. 1985). Although the two exercise modes elicit different physiological
responses at a given workload. the same general test principles used for lower body

exercise should be employed for upper body testing (Sawka. 1986).

However. the single best test methodology for upper body exercise has not been
determined. and a review of the literature reveals that little standardization in the
protocols has been employed 1o date.  Investigators seem evenly sf:lil on the utilization
ol continuous or intermittent protocols to measure arm VO2max. with rest periods
during discontinuous exercise ranging from 1 to 20 minutes (Sawka, 1986). It is
suggested that intermittent protocols may enable improved maximal performance by
minimizing the effects of localized fatigue (Sawka. 1986). It also allows for fingertip

blood xampling during the intervals. However, for the purposes of standardization
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between arm and leg ergometry and the dentitication of 1T, 1the comtinuons protocol is

more suitable for this study.

There is inconsistency in the continhous protocals with respeet to both stage
lengths and workload increments. Stage lengths vary from one to six minutes, with the
majority ol studies using 1wo or three minutes. The increments in workload vary from
5w 25 Watts, while increments around 16 Wans appear 1o be the most common

(Franklin, 1935: Sawka. 1986).

There is variation in the relative position of the crank arm. such that the subject

. has been positioned with the center of the ergometer shalt level with the shoulder (Bar-

Or & Zwiren, 1975: Ceretelli et al., 1979: Lewis ot al.. 19802 Pendergast. Ceretelli. &
Rennic. 1979: Tesch & Lindeberg, 1984). heart level (Loftin ¢t al.. 1988).
glénohumcral joint (Reybrouck. Helgenhauser, & Faulkner, 1975) ax well as m
midsternum and table top levels in other studies (Sawka. 1986). The intluence of the
crank axis position on physiological rexponses is contlicting and requires further
research (Sawka, 1986). Blood samples have been obtained from the carlobe (Rosler
et al. 1985). tinger tip during a discontinuous protocol (Steinacker, Marx, Marx, &
Lormes. 19362 Tesch & Lindeberg, 1984), and antecubical vein (Pendergast et al..
1979). The rate ol arm cranking is also not st:::tdardizcd with all investigations., A
range of 30 to Y0 RPM has been used. with most studies averaging around 30 to 60

RPM (Franklin. 1985: Sawka. 1986).

In summary, the wide varicty of testing protocols sugzests that the investigalor
should experiment before hand to develop a protocol that ix suitable to both the

subjects and purpose of the study.



METHODOLOGY

INTRODUCTION

This study was conducted to determine it Ill;.: clfects of leg cycling training were
specilic 10 this mode of exercise or if there was also evidence of training adaptations
for arm cranking exercise. This chapter deseribes and outlines the subject population.
the testing and training procedures tollowed, the means of data collection, the analysis

of blood samples employed in order 10 investigate the problem. and the statistical

design used to analyze the data.

SUBJECTS

Seven healthy male volunteers participated in this study. All were moderately
active individuals who were not engaged in any regular endurance or weight training

“regime at the onset of the study nor in the recent past.

The subjects were {ully informed of the experimental procedures, as well as the
risks and discomtorts associated with the study, belore they consentéd to participate.
Prior to any testing. cach subjeet signed a consent form (seé Appendix C) which
verified that they had understood the verbal explanation of the treatments andllcsls.
Belore any testing sessions, the subjects were brought to the lab for familiarization with

the environment and the equipment involved in the testing and training.  Subjects were
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mstructed to refrain from large meals aad caffeine tor three hours preceding each test.

They were also urged to avoid intense exercise on the day before and day of testing,

EXPERIMENTAL DESIGN

Threce healthy male subjects w'crc tested several months before the experiment
began. Their lactate threshold and maximal oxygen consumption were measured
during both arm cranking and leg cycling exercise before and after an cight week
period with no endurance training. The data collected from these subjects indicated
that neither lactate threshold nor maximal oxygen consumption were significantly
altered following this ¢ight week perivd of normal activity. On the basis of these data,
it was decided not to include a control group in the experimental design ol this study.
A f[ourth subject was also lested at the same time as the experimental subjects. and
measurements of lactate threshold and maximal oxygen consumption were not diflerent

between the two tests. The results for these four subjects were combined for statistical
analysis and are presented in Table 1. These pilot subjects had & mean age. weight
and height ol 22 years, 78.4 kg, and 179.5 em. respectively. which was simitar 1o the
experimental group’s mean age, weight and height of 21 years. 77.9 kz. 179.1 cm,

respectively. No significam dillerences were found between pre- and post-testing

values for absolute and relative VOamax nor lor absolute and relative LT

All subjects underwent maximal acrobic power (MAP) and [T exercise testing
before and alter an cight week endurance training program. “The exercise testing, both
pre and post training, included one progressive, incremental, MAP-LT test while arm

cranking and one while feg cycling. Each complete MAP-LT Test involved a phase of
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Table 1

Absolute Relative Absolute Relative

VOomax VO2max LT LT
{l/min) (ml/kg/min) {l/min) {ml/kg/min)

Leg Pre 3.51 45.1 242 68.5

Cycling . =035 42 +0.44 *7.0 -
Post 3.53 45.1 251 70.6
+0.41 34 +047 +6.9
Arm " Pre 229 29.5 1.35 59.0
Cranking +0.19 29 : +0.13 22
. Post 228 295 . L38 60.1
_+0.05 +39 (+0.19 53

N =4; Valucsarcmeans SD .
VO2max, maximal oxygen consumption
~ LT, lactare threshold

continuous, progressive exercise, [ollowing the format of Table 2, until the subject was
unable to maintain the workload. If a plateau in VO2 was not attained in this test
then a phase of continuous exercise at the maximal intensity identificd during the
progressive phase was administered, following recovery to a heart rate of less than 100
bpm (approximately 10-15 minwies). In addition, each subject performed a LT
verification test for each exercise mode (sce Figure 6), All tests were conducted on
separate days within one wcek,'—-st‘:;;x that fogr test d’ays_wcre required per subject
before and after training. The order of the maximal tests was randomized for the pre-
training test period and the order was maintained for the post-testing sessions. The
purposes of these tests were:

1) to establish the absolute and relative VO2amax for each exercise mode '

2) 1o identify the absolute and relative LT for each cxercise mode
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3) to determine the training intensities for the intervals above and below LT when lex

cycling

The training program involved leg eveling exercise which was performed
intensitics which alternated from above 10 bDelow 1. with a minimum of one day
between training sessions. It consisted of cight weeks of training three times per week,

All post tests were conducted within one week of the last training session.

~

MAP-LT TEST

Subjects performed two step-wise, incremental MAP-LT tests within one week
according to the protoéol in Table 2. The workload associated with LT was used as
the first steady state load in the LT Verification Test. One MAP-LT test involved leg
cycling on a Monark bicycle ergometer, and the other test involved arm ¢ranking on
the same Monark bicycle ergometer with modified hand grips substituted for the
pedals. For arm cranking, the subjects were seated with the bicyele stabilized on a
table. Hall of the subjects were randomly assigned to begin testing with the leg cycling
MAP-LT Test, and the other halt began testing with the arm cranking MADP-LT Test.

The same order was maintatned before and alter the 8 week interval.

Special ¢are was laken to ensure that the subjects were positioned correctly before
“and during the test. For leg cyeling, the bicyele seat was adjusted to o height that was
both comlortable aud allowed a slight bend in the kace when the leg was fully extended
during pedaling. ‘This height was recorded and used for all subsequent tests.
Similarly, the stool on which the subjects sat for arm cranking was adjusted so that the
crank axis was approximately at the height of the glenohumeral joint, and this heighn

was recorded and used lor all subsequent arm cranking 1ests. The subjeet sat on the
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stool sume distance from the table on which the ergometer was placed, such that the
clbows never tully extended at any time when cranking.  Considerable care was taken
1o center the stool and the subject on the stool so that the work would be divided as

cqually as possible between cach arm,

MAP-LT Test Phase |

"The subjects’ height and weight were recorded before they began their live minute
warm-up at a resistance lower than the first test intensity.  Subjects were encouraged to
stretch well after the warm-up.  The tests began when the subjeets indicated readiness. |
A cadence of 60 rpm was maintained throughout both arm and leg cycling tests. The
initial resistance on the crgometer for the pre-testing ranged from U.5-1.0 kp and
1.5-2.0 kp for the arm cranking and leg cycling tests, respectively, in order to elicit
heart r:;lcs ol approximately 100-120 bpm. The work load was subsequently increased
every two minutes until completion of the test. During arm cranking, the workload was
increased by a resistance of 0.25 kp cach stage (14.7 Watts). During leg cycling. the
workload was increased by 0.5 kp (29.4 Watts) afler cach two minute stage until the
subject’s heart rate was approxiﬁmlcly 140 bpm. Afler this point, the resistance was
increased by only 0.25 kp for cach new two minute stage. The resistance for the [irst
eXercise stage of the leg cycling post-training test ranged from 2.0-3.0 kp in order to

attain the same heart rates that had been seen in the first stage of the pre-training test.

Subjects were verbally encouraged to continue until, they reached their maximal
acrobic power (VOamax). This normally coincides with a perceived, complete
exhaustion of the ability to perform at the prescribed inln:.n.xsily1 or the inability to

maintain the proper cadence. The criterion for VOamax was:

I Exhaustion is relative 10 a specific intensity performance and does not relate 10 2

breakdown of cardiopulmonary. CNS, metabolic or postural functions.
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1) aievelling of VO2 between the last stage two or more stages, e, a change in VO
ol less than 2 ml/kg/min. with a heart rate greater than 130 bpm or equal 10 the known
maximum heart rate
2) a decrease in VO2 from a previous peak. with a heart rate greater than 180 bpm or

¢qual to the known maximum heart rate

Table 2
Sample Protocol fora Leg Cvcling MAP-LT Test

Time Stage Resistance Time of Blood Sample
(min) (kp) (min)

Oto2 1 1.50 2:00 10 2:15
2w4 2 2.00 4:00 w4:15
4106 3 2.50 6:00 w06:15
68 4 - 275 8:00 to08:15

St 10 5 3.00 10:00 to 10:15

10w 12 5 3.25 12:00t0 12:15
Pattern continues unzil test termination |

Note,
Initial resitance and the stage at which the resistance begins to increase by only
0.25 kp varies between subjects,

MAP-LT Test Phase Il

If neither of the outlined conditions for a obtaining a true VO2amax were met al

the end of the MAP-LT Test then the subject continued with Phase 3. A 10-15 minute

recovery period was allowed until the heart rate was below 100 bpm. The subject then
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restimed exereising at the workioad of the last completed stage of phase 1 and
continued exercising until unabie to continge. usually at least two to three minutes

later. The highest VO2 of the two iests was taken as the VO2amax.

Blood Lactate Measurement

Capillary blood samples of approximately 30 ul. were taken from a fingertip in the
leg cycling tests and rom a pre-warmed toe in the arm cycling tests, in order 10 allow
continuous exercise. Warming ol the toes with an cl.cctric heating pad. set at medium,
was necessary in order to oblain adeguate blood flow. Al blood sampling was done
within 15 seconds lollowing cach increment in workload. Exactly 20 uL of the blood in
the hcparinizéd cnpillafy was then transferred into a vial cbmaining 380 uL ol diluting
solution and thereby haemolysed. Blood samples were measured within five hours=
using o Kontron Model 640 Medical Laclate Analyzch 1o determine their lactate

concentration.

Oxveen Consumption Measurement

During each test. VO2 was measured via the open circuit method with the subjects
breathing through a two way. non-rebreathing, T-shaped valve (Iians Rudolph - Large
2 Way. No. 2700). Iixpircd air was passed through a Roxon Metabolic Carnt (Ametek)
which caleulated the VO2 at 30 second illlgwa!s nsing inspiratory volume information

measured by a Morgan Ventilometer Mark 2 turbine attached to the mouth picce.

t2

Samples are stable for at feast 48 hours (Kontron Medical. 19381).

w

Lactate concentration is determined by enzymatic-clectochemical processes. The
oxidation of lactate 10 pyruvate by the enzyme cytochrome b2 results in the
production of an clectrochemically active substance which produces a current in
proportion to the sample's lactate concentration (Kontron Medical, 1981).
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These VO2 values were used 1o obtain immedisie teedback on the progression of the
test. Calibration of the Roxon Metabolic Carnt's gas anadvzers and of the ventilometer
was performed prior o cach testing session. The VO values which were used for the
data comparisons were determined using expired volume measurements obtained by
sampling with a 120 1 tissot 1ank during the last 30 seeonds of every 1wo minute stage

and during the final 30 seconds of the test.

Heart Rate Measurement

Hean rate was monitored continuously with & Sport Tester PEIOOD (Polar Flectro
Ky) which the sulecctQ-worc around their chests throughout the tests. The recording
sport tester watch was set on memory lo store heart rates at five second intervals
throughout exercise and recovery. These data were filed using interfacing with an IBM

computer and PIE3000 software.

LT DETERMINATION

LT \Q;as initially identificd from a graph of BLa concentration (mmol/l) versus
resistance (kp) using the data obtained in the MAP-LT tests. LT was represented as
the VO2 associated with the workload just before BLa concentration exhibited an
abrupt rise (approximately equal 1o | mmol/l during one test stage) and continued 10
rise sharply with subsequent increases in workload. L1 identificd by this means was

subsequently verified with the LT Verilication Test protocol.



LT VERIFICATION TEST

LT in a progressive exercise test, with two to three minates ar each work
increment, sl-muld coincide with the highest exercise intensity at which BLa
concentrations can still exhibit a plateau. “Therclore. the LT Verification tests were
performed in order to substantiate that exercise at the ALT VOa, as initially identified

by the MAP-LT tests, represented an intensity for which BLa concentrations did not

" .

—

rise couliﬁhously. The protocol for the LT Verification Test (see Figure 6) was based
Qn previous, unpublished research in our laboratory (Sylvia Weihrer, 1989} which
demonstrated that BLa concentrations have stabilized between the 8 and 12 minute
mark during a 20 minute, constant workload test performed at LT intensity. This

observation allowed for a shorter test time to determine il a given exercise intensity

was above or below LT.

On a day following the initial determination of LT from each MAP-LT Test, each
subject performed a LT Verification Test at the same 60 rpm cadence used for MAP-
LT tests. A test involved two 12 minute exercises separated by a five to ¢ight minute
active recovery period rest. The first 12 minute workload (Load 1) was that which was
assoctated with LT in the MAP-LT tests. The second 12 minute workload was 0.25 kp
(14.7 W:ills) above the first workload (Load 2A) or 0.25 kp below the first workload
(Load 2B). depending on the BLa response to the first 12 minute period. Subjects
were given a five minute warm-up at 30% VOamax, after which the ergometer
resistance was increased to the first workload. The subjects exercised at this load for
12 minutes during which time heart rate and VO2 were monitored. Capillary blood
sa.m'plcs were taken at the 8th and 12th minute. Each sample was analyzed
immcf:jiatcly after it was taken in order to determine if lactate levels were rising, stable

or decreasing. I the BLa concentrations had increased by a rate greater than 0.05
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mmol/l/min for tire workload period between samples then the subject was judged 1o be
working above LT, and the workload for the second 12 minute stage was decreased by
0.25 kp (14.7 Waus). On the other hand. if the Bla concentrations between 8 and 12
minutes exhibited a decrease or Tailed 10 inerease by more than .05 mmol/l/ min then
the subject was judged to be at or below LT, and the workload was increased by 0.25
kp (14.7 Watts) for the second 12 minute test.  Before the seeoad phase. subjects were
allowed 10 recover for a period of four minutes at 50% VOamax. If the heart rate had
not recovered to approximately 120 bpm. the recovery workload was further lowered to
the warm-up workload (30% VOsmax) for one to three more minutes. thus allowing
approximately live to cight minutes of recovery. al approximately 30-50% VOamax.
between steady state loads.  Blood samples were taken again at the 8 and 12 minute

mark of the second constant workload.

If the subject failed 10 exhibit a rise in BLa concentrations in both of the
verification workloads lh.cn‘ l'u‘rtlicr-lcsting was required 1o find the exercise intensity
corresponding to 1T ﬁb(wc ivhich lactare levels continue to rise in the test. On a
sgpar:‘llc day, the subject pcrlorm;d l‘l the linal exercise inensity of the first 1,71
Verification Test t'ollowc(l_-b,_\'f .at:l"i‘vc recovery and then another 12 minutes at
workload higher by 0.25 kp (14.7 Warts).

LT was defined as the highest incan VO2 and the constant workload during which

BLa concentrations stabilized or deercased.
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Figure 6, Diagramatic representation of the LT Verification Test protocol.
The exercise intensity for the sccond 12 minute period of exercise, Load2A
or Load2b, depends upon the blood Lactate response to the first 12 minute
period of exercise, Loadl.

EXAMPLE OF LT DETERMINATION

Sample data from a leg cycling MAP-L'I" Test is presented in Table 3. 'l’lu‘:sc data
have been graphed with BLa concentration (mmol/1) as a function of pedaling
resistance (kp) for cach two minute stage (sec Figure 7). These data show that after
. two minutes of exercise at cach stage t’:’;::lu 2.5 kp, the subject’s BLa concentration had

risen by less than 1.00 mmol/l between samples. However, after exercise at 2.75 kp,
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the subject’s BLa concentration had risen by 1.26 mmol/l 10 3.06 mmol”", and this
represented the first stage of exercise with an increase in BLa concentration of greater
than or equai to 1 mmol/l. After this workload. the values continued 1o rise sharply.
Therefore. the 2.5 Kp stage was judged o be the ET workload and was chosen as the

{irst workload for the LT Verification Test.

Table 3
, Sample Data From a Leg Cvcling MAP-LT Test -
Resistance  Time VO Heart Rate Lacmte

(kp) . (min) (ml/kg/min)  (bpm) (mmofl)

1.5 2:00 19.2 127 1.84
2.0 4:00 24.0 135 1.94
2.5 6:00 27.7 154 2.30
2.75 8:00 32.2 164 4.06
3.0 1000 343 177 5.34
325 12:00 37.7 187 7.00
3.5 14:00 44.5 198 8.00
3.75 15:00 435 201 10.70

VO2, oxygen consumption
HR, heart rate

The results for the LT Verification Test for this subject are presented in Table 4.
The first 12 minutes of constant workload excreise were performed at a resistance of

2.5 kp, as determined from the MAP-LT Test. Blood samples were taken at the 8th
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Eigure 7, Blood lactate concentration {mmol/T) versus resistance (kp) graph
of sample MAP-LT data in order to nuuallydetermmlacmmhmholdand
the associated workload.

r

and 12th minute of this test, and it was found that the lactate concentration had

decreased from the 8§ minute to the 12 minute sample. The rate of change averaged
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.05 mmol/l/min. ‘Therefore, this exercise intensity could be maintained for this
subject without a continual rise in BLa concentration. In order to confirm that this was
the highest exercise intensity at which maintenance of Bla concentration was possible,
the subject to exercised lor another 12 minutes at a resistance ol 2.75 kp.  During this
phase of the test. the subject’s BLa concentration increased by a rate of 0,25
mmol/l/min from the 8 1 12 minute mark. "This rate of change was greater than the
criterion of 0.05 mmol/I/min that representéd the maximum rate of increase at which
BLa concentrations would be considered stable. Therefore, this test confirmed that
LT could be identitied duting constant workload exercise at a resistance of 2.5 kp.
The oxygen consumption for the 12 minutes at this workload remained rcI:ilivcly stable.
Therefore, the VO2 measurements. caleutated u.sin:__-. tissol sampling at the end ol each

2 minutes, were averaged 1o give a L' value of 29.2 mi/ke/min.

1



Table 4

HR, heartrate ~* -

e - Lee Cyeling LT Verification Tes
Resistance  Time vO2 Heart Rate Lacute
kp) (min) (ml/kg/min) (bpm) (mmo/l)
2.8 2:00 29.2 154
4:00 28.0 156
6:00 29.3 158
8:00 28.9 154 5.06
10:00 29.1 158
12:00 30.9 158 4.84
Rate of change (mmol/l/min) -0.05
LT = Mean VO2 (ml/kg/min) 29.2
Resistance  Time vO2 HeartRate . Lactawe
(kp) (min) (mlkg/min)  (bpm) (mmofl)
2.5 2:00 331 T - 162~
4:00 28.9 164
6:00 34.0 168
3:00 319 173 6.08
10:00 32.0 170
12:00 35.2 172 7.08
Rate of change (mmol/l/min) +0.25
Note. The above data is from two 12 minute periods of exercise; the first at
2.5 kp and the second at 2.75 kp.
V02, oxygen consumption

ENDURANCE TRAINING PROGRAM

The subjects began their training program within a week of their first pre-training

MAP-LT test. The training program was conducted with leg cycliug only on a Monark
. e "

bicycle ergometer for eight weeks of three sessions per week. Each training session

followed a standard format (sce Figure 8).
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Figure 8, Diagramatic representation of the format for a training session.
Subjects begin with a 3 minute warm-up and then altemats between exercise
mitervals above and below jactate threshold.

The subjects began cach training session with a three minute warm-up at 50%
VOamax. This represented an exercise intensity below LT for ail subjects and was
reasonable in order to provide an adequate but not a difficult warm-up. The workload
was then increased to a resistance that was 0.25 kp greater than the resistance at LT,
as determined in the leg cycling LT Verification Test. The initial training intensity,

thercfore, corrcﬁpouded to approximately LT plus 5% VOamax and was intended 1o




stimulate a continual rise in Bla coneentrations while not being so anacrobic or
difficult as to foree termination of exercise,  Inorder 1o assure that training exereise
was done at the appropriate intensity relative to LT, the heart rate was continually
abserved on PL1E3000 monitors worn durmg all training sessions. and the pedaling
resistance was adjusted to stimulate average heart rates that compared with those
recorded during suprathreshold intensities seen during the MAP-LT Verification Tests.
As OBLA and heart rate have been observed to tollow a reasonably constant
relationship throughout training (Hoppeler et al.. 1985: Rosler et al., 1985), it was
expected that use of heart rate monitoring would achieve a progression in training
intensity that matched a.ny training adaptations, Subjects were required to maintain
the same pedaling [requency ol 60 rpm as employed in the pre-testing sessions. The
subjects cxcrciscd at this workload for cight minntes. This was followed by a four
minute recovery at the workload corresponding to approximately LT minus 15% of
pre-training VO2max. in order to lacilitate both recovery and lactate removal. This
range of exercise intensity was lrom 53-66% leg VOomax. and falls within the range of
optimal exercise intensities for BLa .\.‘.ovuv which have been previously reported
(Hlermansen & Stensvold. 19728 Beleastro & Bonen., 1975). The resistance was then
increased again 1o the training load for another cight minutes of exercise above LT.
The training and recovery resistances and intensities for each subject are presented in

Table §,

A total volume of 30 minutes of training above threshold was :ichicvcd by
performing Tour intervals of ¢ight minutes and one interval of six minutes, cach.
separated by four minute recovery periods at an intensity below LT, As the traiing
program progressed, the workload was increased by a small amount, appro:_cimatcly':i
Wails, when the subject’s heart rate in the previous session {ailed to reach the target
heart rate prescribed for the first 1rlaining session.  All training sessions were done in

the laboratory and supervised by the investi galor.
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Within a week of terminating the training program. all subjects were tested arm

cranking and leg cycling using the same pre-testing protocols.

Table 5
Traini { Rocovery Resi i .
Subject Initial Initial Final Recovery  Recovery

Training  Training Training ~ Resistance  Intensity
Intensity Resistance :

(p) (®BVO2max) (kp) Gp) (%VO2max)
MB 375 80 45 275 59
DC 325 73 4.0 2.0 53
DI 3.75 87 as 3.0 66
DM 35 77 4.25 25 56
PP 3.75 . 463 275 58
DS 35 77 413 25 57
cv 30 7 3.75 20 - 83

%VO2omax, percentage of maximal oxygen consumption

STATISTICAL ANALYSIS

A Doubly Multivariatc (DM) MANOVA design was used for statistical analysis of
the data at the 0.05 level of significance. When a significant omnibus test was found,
univariate analyses were used to determine for which variables ll;crc were significant
time and/or limb main cffects and interactions. If there were significant main cffects,

DM MANOVA analyses were performed for that factor level (limb or time) to
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determine which contrasts were significant. The 0,05 level of significance was adjusted
to (.025 in this follow-up procedure. using the Bonteronni technigue in order 10 prevent

inflation of the Type I error rate whick oceurs because each factor has two cells.

A dependent t-test was performed in order 1o analyse the difference in mean

weight pre- and post-training,



RESULTS

INTRODUCTION

The main objectives of this study wcfc to determine if the training eflects from an
cight week, leg cycling training program on both LT and VO2max were specific to the
training mode or if there was a general training 2ffect. The mean data and statistical
analysis are presented in the following section, and the raw data is presented in

Appendix A. These observations are based on 100% attendance by all subjects at all

lesting and training sessions.

SUBJECTS

Seven moderately active male students volunteered to participate in this study.
Mecan. descriptive data of the subjects is presented in Table 6. They ranged in age
from 19 to 24 years with a mean & SE of 20.9 & 0.07 and had a mean height of 179.1
+ 1.9 em. All of the subjects showed a significant (p<0.01) pre-post training decrease

in body weight from 77.9 &+ 2.2 kg to 76.4 = 2.0 kg.



Table 6

Age Height Weight Leg Cycling Am Cranking

(years) {cm) k) VOomax . Lactate Threshold
(Vmin) (/min)

209 179.1 779 3.89 282

+0.7 £1.9 2.2 #0.11 +0.09

N =7; Values are means + SE
VO2max, maximal oxygen consumption

SUMMARY OF DESCRIPTIVE ANALYSIS

The dependent variables compared were measured during MAP-LT Tests and LT
Verification Tests. Thc variables obtained and compared during maximal excreise in
the MAP-LT tests wcrc absolute maximal oxygen consumption expressed in I/min
(AVO2max), relative maximal oxygen consumption expressed in ml/kg/min
(RVO2max), maximal heart rate (MaxHR), and maximal ventilation measured in
I/min (MaxVE) as presented in Table 7. Information obtained during submaximal
exercise from the LT Verification Test included absolute lactate threshold expressed as
a rate of oxygen consumption in I/min (ALT), relative lactate threshold taken as a
percentage of AVOimax (RLT), and lactate threshold workload measured in kpm/min
(LTWL) (see Table 3). Also recordcd at the lactate threshold intensity were heart
rate (LTHR), ventilation in I/min (LTVE), and oxygen pulse in [/beat (LTOAP).
SubHR was determined from the MAP-LT Test data but was measured at a
submaximal exercisc intensity to represent the submaximal heart rate at the workload
associated with approximately 75% of leg AVO2max and 75% of arm AVOimax.
Following training, SubHR was determined at the same absolute workload as had been

used to determine pre-testing SubHR (see Table 10).
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All of the dependent variables recorded were significanily lower (p<0.01) when
measured during arm cranking as compared to leg cyeling, both pre- and post-training.
exeept SublIR for which there was not a signilicant difference between the arm and leg

exercise values.,

Maximal Exercise Resuits.

Post training adaptations of VO2max for both modes of exgrcise are presented in
Figures Y and 10. Following leg cycling training, AVO2max values increased
significantly (p<0.01) during both leg cycling (9%) and arm cranking (5%). The
significant changes (p<0.01) in RVO2max values for legs and arms, (11% and 7%,
respectively) were grc:itcr. Positive interactions for both variables indicates that the
magnitude of increase was significantly greater (p<0.05) for leg-AVOamax and

RVOamax than for arm-AVOQO2max and RVOamax. This is supported by the change

in arm-AVO2max/leg-AVO2amax ratio from 0.694 1o 0.669.

There were no significant post-training changes in either mode of exercise for
MaxHR and MaxVE, and this suggests that there was no learning effect and that the

subjects attained true maximal effort in both testing sessions.
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Table 7

Effect of Teini Maximal Exercise Results
Absolute Relative Maximal Maximal
VOrmax VOomax Heart Rate Ventiaton
(V/min) (ml/kg/min) (bpm) (Y/min}
Leg Pre 3.89 50.1 195 135.1
Cycling +0.11 +1.6 26 *6.9
Post 423 »~ 55.4 »= 192 1424
*0.10 +*12 24 +7.2
Arm Pre 2.70 349 187 106.2
Cranking +0.06 *1.0 23 *4.3
Post  2.83 »» 373 %~ 185 1147
+0.05 *1.1 2.5 *6.9
N=7; Values arc means + SE

VOomax, maximal oxygen consumption

Significandly different from pre-training, * p<0.05, ** p<0.01
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Figure 9, Comparison of the mean values and SE for absolute maximat oxygen

consumption (AVO2max) measured during leg and arm exercise pre- and

post-training on 7 subjects. AVO2max increased significantly by 11% and 7% for leg cycling
and arm cranking, respectively.




01

50+

RVO2MAX (ML/MIN/KG)
&

PRE PQST
LEG

PRE POST TIME
ARM MODE

Eigure 10, Comparison of the mean values and SE for relative maximal oxygen
consumption (RVO2max) measured during leg and arm exercise pre- and

post-rzining on 7 subjects. RVOomax increased
leg cycling and arm cranking, respectively.

significantly by 9% and 5% for
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Submaximal Exercise Resulis

Post training values showed significant increases in ALT (18%. p<(.01) and RIL1
(8% p<0.05) measured during leg cveling. but there was no significant difference
observed during arm cranking (see Figures 11 and 12). ALT values were expressed in
I/min rather than mi/kg/min in order 1o climinate the effect of weight loss. Similar
results were found for the workload at which the lacate threshold was measured. Leg
LTWL increased by 18% following training (p<0.01), but arm LTWL remained
unchanged. However, neither LTHR nor LTVE showed significant changes following

an cight week training program for cither mode of exercise.

The heart rate response during the MAP-LT exercise test was compared for a
given mode of excreise at the same submaximal workload pre- and post-training. This
workload represented an intensity of approximately 75% of VOamax for the respective
type of exercise. Therefore, the effect of training on heart rate was cvaluated at a
similar relative intensity for both arm cranking and leg cycling. ‘This is confirmed by
the lack of a significant mode main effect. There was a significam (p<0.01) reduction
in leg SubHR by 25 bpm following endurance training and 16 bpm for arm SubHR.
Although the univariate test of significance for arm SubHR was significant (p=0.02),
the ditference between pre and post arm SubHR must be considered non-significant
since the multivariate analysis for arm SubHR and LTO2P combined showed an
insignificant time main effect (p=0.066). The lack of significance shown in multivariate

analysis of the time main cffect preciudes consideration of the univariate results.



Table §

Effect of Troining on Lactate Threshold
Absolute Reltative LT
LT LT Workload
(/min) (%AVOrmax)  (kpnymin)
Leg Pre 2.82 726 11828
Cycling *0.09 1.6 458
Post 3.3 > 792" 14018 =~
+0.05 *1.6 *332
Amm Pre 1.63 602 501.4
Cranking +=0.12 =38 *33.2
Post 1.75 62.1 5143
*0.06 323 *16.6

N =7 Values are means + SE
LT, lactate threshold.

% AV02max, pereentage of absolute maximal oxygen consumption
Significandy different from pre-training, ® p<(.05, ** p<0.01
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Eigure 1], Comparison of the mean values and SE for absolute lactate threshold
consumption (ALT) measured during leg and arm exercise pre-and

post-training on 7 subjects. ALT increased significantly for leg cycling only by 18%.
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Figure 12, Comparison of the mean values and SE for relative lactate threshold
consumption (RLT) measured during leg and arm exercise pre-and

post-training on 7 subjects. RLT increased significandy for leg cycling only by 9%.




Table 9
" Traini Variables M j a1 Lactate Threshold

LT LT LT |
Heant Rate Ventilation Oxygen Pulse
(bpm} (/min) (ocat)
Leg Pre 167 727 0.017
Cycling +1.8 24 +0.0006
Post 170 845 0.020*~
*1.8 022 0.0005
Arm Pre 142 489 0.011
Cranking - *4.5 4.7 *0.0006
Post 46 526 0.012
252 12 +0.0003

N = 7; Values are means = SE
LT, lactate threshold
Significandy different from pre-training, * p<0 05, ** p<0.01

Table 10
SubHR
(bpm)
Leg Pre 171
Cycling +3.2
Post 146
4
"Arm Pre 165
Cranking 59
Post 149
49

N =7; Values arc means + SE

SubHR, Submaximal heart rate at approximately 75%

maximal oxygen consumption

Significantly different from pre-training, * p<0.05, ** p<0.01




DISCUSSION

In order to determine i training adaptations are specific W trained musculature.,
the prcsém study compared the subjects’ physiologieal responses to arm exercise auxd
leg exercise before and after leg cycling training, ‘These two modes of exercise were
chosen to represent activity involving primarily separate muscle groups.  Although it is
possible that trunk muscle fibres may have been recruited during both activities, the
subjects were constantly observed and instructed 1o minimize trunk activity during arm
cranking. Muscular overlap was not considered as a problematie factor in the study
involving arm and leg exercise by Lewis et al. (1930). Since Ahlborg et al. (1975)
found no I:MG activity of the arms during feg cycling, Lewis et al. (19830) felt that the
contribution ol muscles involved in arm cranking would "...represent. at most,
moderate static work for stabilization.”, during leg cycling. Therelore. unintended
training of the musculature involved in arm cranking during the leg eycling training
program is unlikely. Furthermore. Bar-Or and. Zwiren (1975) proposed that any trunk
muscle contribution would be the same in two testing sessions. and the contribution of

trunk muscles to arm VOamax would. therefore, be similar betore and after training.

LT measured during leg cycling was responsive 1o the eight week. endurance
training program. ALT and RLT increased 18% and 9%, respectively, and 1TWI.
also improved 18%. "This stucy was similar in design to that of Rosler ¢t al. (1985)
except that their training intensity was the maximum power m::inlai:qu!e for 30
minutes, live limes per »\}cck. They lound a 27% increase in the workload a1 OBLA.,
but they did not report on any changes in OBLA relative to maximal oxygen

consumption. Their training program resulted in a 13% improvement in leg
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AVOamax. which is greater than this study's increase of 9%, However, the mean
initial acrobic fitness level (AVOamax = 3.66 I/min) was fower for their subjects
which, along with the cffectiveness of their training protocol. may have contributed to

the greater magnitude of adaptations that they observed.

The presem invcsligalion verilied the tindings of Rosler et al. (1985} that training
adaplations in BLa related variables such as OBLA or LT are specific to the training
mode of exercise. They found no significant ditference in the workload at OBLA for
amm cranking. Similarly, this study failed to produce any significant alteration in arm
ALT as a result of leg cycling training. On the other hand. arm and leg AVO2max
both increased following the leg eyeling training program. The specilicity of LT
:td:ipl:\liﬂﬁ:: and the generality of adaptations in VO2amax support the concept that
these variables are to some extent dependent upon different physiological processes
(Ready & Quinney, 1982). In addition. the greater enhancement in ALT compared to
AVO2amax and the associated increase in RLT, suggest that peripheral rather than
central [actors have a greater potential for improvement.  Andersen and Henriksson
(1977a) have demonstrated this in a training study which found a 20% and 40%
increase in capillary density and oxidative enzyme activity, respectively, while

AVO2max increased by a smaller margin of 16%.

Many peripheral adaptations which may allow increased lactate removal and/or
decreased Iactate produclfon to resull in an enhanced LT have demonstrated
specificity to the training mode or muscles. These include decreased glycogen
depletion and greater Tat oxidation, enhanced enzymatic oxidation potentiat
{Henriksson, 1977: Saltin et al., 1976). decreased delay in VO2-on response (Cerretelli
et al., 1979). and increased volume density of mitochondria (Rosler ¢t al., 1985).

Klausen et al. (1974) observed a reduction in veno-arterial lactate difference for
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trained muscuiature only. [t is speculated that alterations in these Tactors contribute to
the specificity 1o training that 11 has demonstrated in this stady, A diminished
catecholamine release during submaximal exercise is found alter training and could
also influence BLa concentrations or 1T due to a decreased stimulation of

glycogenolysis (Richter. Ruderman. Gravas, & Galbo. 1982).

The increase in LT may be attributed to either decreased lactate production by the
exercising muscle [ibres or to ncreased removal by exercising and non-exercising
musculature, or possibly some combination of these two effects. Sinee Bla
concentrations are only a gross indicator of metabolic activity and a product of both
lactale production and removal. it is not possible to determine the ;::msc for an
increased LT in this study. Donovan and Brooks (1983) and Favier. Constable. Chen,
and Holloszy (1986) l';csllx conducted research with rats in an altempt to solve this
problem. Favier et al. (1986) concluded that endurance training induced adaptations
resulting in reduced lactate production by contracting muscle. Conversely. Donovan
and Brooks (1933) suggested that training results in a higher metabolic clearance rate
of lactate. The higher metabolic clearance rate is thought to be related to inereased
removal by untrained as well as trained muscle tibres (Donovan & Brooks, 1983).
Autributing increased lactate removal to non-active muscuiature implies that. in this
study, the untrained musculature used for arm cranking would have become more
capable of oxidizing lactate following training. 1f this were true then one would also
have expected 1o observe an increase in arm LT. However, as arm ALT did not show
any signiticant improvement, it is not probable that an increased removal by untrained
or non-exercising musculature contributed 1o the enhancement in leg ALT following

trainming.
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Changes 1n ventilatory measures are used by some investigators as indicators of
changes in BLa related parameters. A’ and LT are often identilied by ventilatory
measurements (Davis et al., 1979: Kinderman et al.. 1979: Wasserman et al., 1967).
There was an insignificant trend to increased L'TVE for the legs which may provide
some support 1o the use of non-invasive methods of LT identification. However, since
the change in LTVE lollowing training was insignificant. the identification of |
modilications in LT by comparing changes in the ventilatory response to exercise may

not be a sensitive enough approach.

ALT was expressed in this sted as a rate of oxygen éonsumplion at which
concentrations exhibited a specilic pattern during incremental and steady state
exercise. The protocol of this investigation allowed lor a comparison of VO2
measurements at the same workload during both types ol exercise test. The VO2
values were not always comparable between the incremental MAP-LT Test and the
steady state LT Verilication Test. Therelore, workload adjustments downward, and
less [requently upward, were sometimes required in the second 12 minute steady state
phase of the LT Verification Test in order to attain similar VO2 values and observe a
plateau in BLa concentrations. McLellan and Gass (1989) experienced similar

ditficulties in identilying "anacrobic threshold”.

Ramp tests, characterized by smail and short increments of work, and step Le °S1S,
during which larger workload increases are made and maimained for longer intervals,
have been found to differ in both the slope of VO2 increase relative to workload and
the total lag time for VO2 adjustment (Fernandez, Moi;lér, & Butler, 1974; Swanson &
Hughson, 1988}, Fernandez et al. (1974) suggested that the discrepancies in steady
state and progressive iest- VO measurements appear to bé smaller for better
conditioned subjects. This may explain why some of the subjects exhibited comparable

VO3 values between the two types of tests and others did not.
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From these observations. it is evident that one must be cautious in applving the
commonly used method of identitving LT as & workload from an incremental exercise
test, since the metabolic responses during incremental and steady state activity may
differ. Finding the constam workload associated with the same oxvaen cost as LT, as

identified in incremental exercise, may avoid improper exercise prescription.

The mean increase in leg AVOamax of Y% in response to the leg cyeling training
program is comparable to the improvements of 10% and 8% reported by Saltin et al.
(1976) and Henriksson (1977). respectively. Presem lindings ol a 5% signiticant |
¢nhancement in arm AVO2max support the concept ol a general training elfect due to
adaptations clicited by leg cycling training. Lewis ot al, (1980) and Rosler et al. (1985)
referred to this phenomenon as the transter effeet of endurance training to exereise
with untrained limbs. Clausen et al. (1973}, Lewis et al. (1980). and Rosler et al.
(1985) all observed a transter effect following various leg cycling training regimes. They
lound 13-17% increases in leg AVOImax accompanied by Y-10% enhancements ol arm
AVOamax. Although the results presented here show improvements which are smaller
in magnitude, this could be attributed in part 10 a reduced frequency of three training
sessions per week used in this investigation compared to their four to live sessions per
week. Similarly. this may be a possible explanation for the lack of a transter effect
from leg cycling training to kayak crgometry in a study conducted by Ridge et al.
(1976) in which subjects trained for only four weeks, four times per week. Other
factors which may have influenced the results of this rescarch compared to other
studies are dilferences in training intensity and initial fitness level of the subjects. The
subjects recruited for this investigation were moderately active, and pre-testing
revealed that they had above average leg AVOamax, 3.89 I/min, and RVOamax,

50.11 ml/kg/min.
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The explanation for the general or transfer effect of training is unclear. Cardiac
output and sympathetic control influence skeletal muscle biood flow which is a eritical
factor in the limitation of arm and leg AVO2amax (Reybrouck et al.. 1975). Clausen ct
al. (1973) and Saltin ¢t al. (1976) proposed that the primary factor accounting for an
increased VO2amax during exercise with untrained musculature is improved cardiac
performance lollowing endurance training. This or decreased total peripheral
resistance (Loftin et al.. 1988) allows enhanced blood flow 1o untrained musculature
and hence higher peak oxygen consumption rates. Clausen et al. (1973) tound that
arm AVOamax increased by 10% which was similar in magnitude to the increase in
cardine output {10-129%) during heavy arm excercise [ollowing leg eyeling training. The
similarity in these adaptations could indicate that the increase in arm AVOamax could
be aliribulcd to the enhanced cardiae output during arm t..mnkuw exercise (Clausen et

al.. 1973).

Hypervolemia, a chronic expansion of blood volume due mainly to increased
plasma volume. is an exercise adaptation (Green, Jones, Hughson. Painter, &
Farrance, 1987: Green, Thompson. Ball, Hughson. & Sharratt. 1984) which could
increase end diastolic volume and theretore also increase cardiac output. Since there
is not a concomitant increase in red cell volume, hemoglobin concentration is
decreased, and therefore, the blood's oxygen-carrying capacity per unit volume of
blood is also reduced (Green et al., 1987). These investigators did not tind any
increase in VOamax after short term training even though blood volume increased by
12.3% . suggesting that a reduced volume content of O2 is alfected by increased

cardiac output. Therefore, it is unlikely that hypervolemia contributed to the increases

in VO2amax or its transfer effect with training.
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Since Rosler et al. (1983) found arm AVO2amax/ leg AVOamax was only 1,74,
they argued that the cardiovaseular system was not the limiting factor in arm
ergometry.  Arm cranking, they proposed. did not fully tax the cardiovascular system.
Therefore. they suggested that it was unlikely that improved cardiac output would
affect arm VO2max. Alternatively, Rosler et al. (1985) suggested that increased
lactate oxidation by the trained leg muscles counld be responsible for the increased
VOamax during performance with untrained arm musculature. In ll.lis case, one would
expect to see lower BLa concentrations a1t maximal and perhaps submaximal
workloads during arm exercise.  However, their tindings do not support this
hypothesis. Ilence, central cardiovascular adaptations may have been the primary
contributing factor 10 the general training ¢lfeet which resulted in improvements in

VO2amax during exercise involving untrained musculature,

The results of this study also demonstrate a trend toward reduced SubHR during
exercise with trained as well as with untrained mascles. This is supported by
mvestigations reported by Clausen et al. (1973) and Lewis et al. (1980). They
demonstrated similar training induced reductions in heart rate at a given workload
during both arm and leg exercise. [lowever, there are also instances in which training
was not shown 1o inllucnce submaximal heart rate in the non-trained mode of exercise.
Saltin et al. (1976) [ound that training with one leg resulted in only minor reductions in
heart rate when cycling with the other untrained leg.  Similarly, Clausen ot al. (1973)
also demonstrated that subjects trained by arm cranking rather than leg cycling had
only small decrements in heart rate measured during leg cycling alter training., while

they had significant changes when arm cranking.

Ong possible explanation for these contradictory findings may be related 1o the

size and degree of training of the muscles and the influence this would have on
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determining whether central or peripheral adaptations are more predominant (Clausen
et al., 1973). Arm cranking or one-leg cycling may not involve a large enough muscle
mass Lo siress the central cardiovaseular system such that large and transferable
adaptations result. Peripheral adaptations may have a greater influence on the heart
rate response to exercise With this type of training. Theretore, the resulting reductions
in heart rate are specilic 10 exercise with the trained muscles. The peripheral factors
which exhibit infiuence over cardiac function include changes in fon concentration
(Tibes & Groth. 1977). Adaptations influencing ion concentrations may result in a
decreased firing rate of muscular alferent nerves which would have an influence on the
adrenergic control of heart rate (Winder. Hagber, Hickson, Ehsanis, & McLane.
1978). The central adaptations which may contribute to a transler effect of heart rate
reduction inelude increased stroke volume, due 1o changes in the contractility of the
myocardium and increased venous return, and decreased sympathetic activation of the
heart (Lehmann & Keul, 1986: Winder et al.; 1978). The findings of this study scem to
reflect that both central and peripheral adaptations have influenced the changes in
SubHR. There was a considerable although non-significant, reduction in arm SubHR
of 16 bpm suggesting a transfer cffect. However, the 25 bpm decrease observed lor leg

SublIR is larger and supports the specilicity of training concept.

The heart rate response 1o exercise at a given absolute VO3 is typically higher for
arm cranking exercise relative to leg cycling exercise (Vokac ¢t al., 1975). Therefore,

ra

it follows that in order 10 elicit similar heart rates between the two modes during
submaximal exercise, arm cranking wenld need to be performed at a lower rate of
oXygen consumption or workload. Given that arm ALT occurred at a lower oxygen
consumption than leg ALT before and after training, #t might have been expected that

the LTHR would be similar for upper and lower body exercise. The results, however,

indicated that arm I'THR was significantly lower than leg LTHR belore and alter the
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eight weeks of training. “This suggests that ihere are indeed large differences in the
endurance capacity for submaximal activity between the upper and lower body in

individuals untrained for either activity.

With the increasing use of heart rale 10 monitor exercise intensity outside of the
laboratory, it is important 10 recognize the spgcil‘icily of LTHR 1o 1the mode of activity
as demonstrated here between arm cranking and leg cyeling.  [owever. it is possible
that LTHR would not differ greatly when compared between two modes of exereise
involving similar musculature and activity patterns.  Further studies are needed 1o
clarify this matter. ‘The reduced arm LTTR is also ol significance for amputees and
paraplegics among whom physical activity has become increasingly prevalent. This
population often employs upper body training such as arm cranking, and since the
exercise intensity preseribed may exceed arm LT, common exercise prescription

formulas based on heart rate may not be practical.

Training did not have a significant influence on LTHR for cither exercise mode.
Perhaps, this parameter is not sensitive to endurance training, or more likely. it is not
responsive 1o a training period of such & relatively short duration in comparison to the
training life ol an athiete. Similarly, Hoppeler et al. (1983) and Rosler et al. (1985)
lound no alteration in the heart rate at OBLA for cither upper o2 lower body exercise

[ollowing 6-8 weeks ol leg cycling training.

Heart rate and V02 data collected by Vokae, Bell, Bautz-Iolter, and Rodahl
(1973) showed that oxygen pulse was lower during submaximal arm cranking exercise
than during submaximai leg cycling exercise. This may refleet a reduced cardiane
clficiency for arm cranking. In this study, oxygen pulse (1LT02P) was caleulated and
compared al the LT intensity for arm cranking and leg cycling. The resulting

signilicant difference between arm and leg LTO2P may indicate differences in cardiae
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clficiency even at the same relative intensity. Since the heart rate at threshold was not
significantly altered by training, the higher leg L'TOAP following training may be
primarily attributed to the increased V2 measured at L1 and the associated
metabolic adaptations. ‘The lack of a ~significant difference between pre and post arm

1'TO2P supports the specificity ol metabolic adaptations measured a LT,

Numerous studies have found differences in the body’s physiological responses to
arm cranking cxercise as compared 1o leg cycling excreise. These findings include the
identification of a lower ciliciency for arm cranking compared to leg cycling exercise.
and consequently tlml. there is a greater oxygen cost and higher BLa concentration
elicited by arm cranking at the same submaximal power output. At maximal exertion.
VO2 and workload are lower forarm cranking and are generally ;1ccompn|1iccl by a

reduced heart rate response and Bl.a concentration (Franklin, 1985: Sawka. 1986).

The findings of this study support that the metabolic stresses and capacities of
upper and lower body exercise are different. All of the submaximal and maximai
exercise variables measured, except SubHR, were significantly lower (p<0.001) during
arm cranking lh:m.during leg eycling exercise both pre and post training. SubHR was
measured at similar intensities relative 1o VOamax for the two exercise modes. and no
significant difference was found between the arm and leg measurements. This last
obscervation was not expected and is surprising given that MaxHR was lower for arm

cranking than leg cycling.

‘The training elfect is said 1o be maximal when the subjects are initially untrained
(Bouchard ct al.. 1930). Similarly, in order to study the effect of training on exercise
involving untrained musculature it is desirable to recruit subjects who are untrained for
both modes of activity to be used in the study. Arm cranking VOamax is generally

63-73% of leg cycling VOamax for sedentary individuals (Bar-Or & Zwiren, 1975;
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Iranklin. 1985: Sawka. 1986). Upper body lr:ﬁning can significantly reduce this
difference 1o approximately 90% of peak leg eyeling VOamax (Sawka, 1986). This
difference is probably also dependent upon the relative distribution of muscle mass in
the upper and lower body. Betore cvele erzometer training, Lewis et al. (1980) and
Rosler et al. (1985) reported arm AVOsmax/ leg AVOamax ratios of 0.64 and 0,74,
respectively.. The observed ratio in this study was (.69 which suggests that the subjects
recruited for this study were similarly unconditioned for arm exercise. During maximal
exercise tlesting, the peak heart rate achieved for arm cranking before training was
significantly lower than the leg cycling peak heart rate by 8 bpm. and it was 7 bpm
tower after the exercise program. Previously reported dilferences range from 3 to 23
bpm with a mean of 11 bpm (Franklin. 1985). Smaller skeletal muscle mass, muscle
fibre composition, differences in muscle libre recruitment patterns. as well as reduced
blood perfusion may place limitations on the maximal clfort during upper body
exercise (Reybrouck et al., 1975: Sawka, 1986). These factors may partially account
for the reduced peak oxygen uptake values and maximal heart rates observed during

upper body exercise relative to lower body exercise.

In conclusion, the method of leg cycling training employed in the present study was
successful in stimulating significant physiological adaptations which may be attributed

to cither central or peripheral processes, or both. The major findings are as [ollows:

1. Leg cycling training resulted in an 18% significant increase in leg LT, expressed as
an oxygen consumption (ALT), and a corresponding 18% risc in leg LTWI.. The

enhancement of leg RLT suggests that lactate related variables may be more sensitive
indicators of training adaptations than VOamax, and this supports the hypothesis that
different adaptive processes govern the physiological responses of LT.:md VOamax to

training. This is also supported by the specific effect training had on LT, while
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tratning resulied in a general adaptation or o transter ctfect on VO2amax. Therclore.
this study supports the idea that training induced increases in LT are specific 1o the

trained mode ol exereise when compared to activity involving separate musculature.

2. As previously reported, 1t is possible to clieit training induced increases in VOamax
measured in an exercise mode for which the subject is untrained. ‘This transter effect
suggests that the general nature of the adaptations are related to elements which are
common to separate muscle groups such as the central portion of the cardiovascular
system. However, since both AVOamax and RVO2max increased by a significantly

greater amount for leg cycling than for arm cranking. the concept of specilicity of

degree. Therelore. peripheral adaptations would also

(=

traininy is still pertinent to some

seem to be a determining factor in the effect of training on VO2max.

3. Heart rate measured at submaximal exercise intensitics may be significantly reduced
through endurance training during exercise in the trained mode, and a trend exists for
a smaller decrement in submaximal heart rate during activity involving untrained

musculature.

. Variables such as heart rate. ventilation. and oxygen pulse measured at the LT
intensity differed in their responses to training. The heart rate at LT was specific to
the exercise mode. and the lack of a training effect after eight weeks suggests that it is
a good variable for monitoring training intensity for short term periods. The elfect of
long term training on LTHIR should be investigated.  Since ventilation at LT (LTVE)
was not significantly altered by training for cither mode ol exercise, it was [ound not 1o
be a sensttive enough indicator by which 1o measure changes in LT. Oxygen pulse at
LT (I.TO2P) exhibited training induced increases only lor the trained mode of
cxercise. This supports the hypothesis that there is an influence of local or peripheral

[actors on adaptations related to the LT intensity.
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Appendix A

RAW DATA

Tabie 11
Anthmpometnic Raw Data
Subject Age Height Pre Weight Post Weight

{yr) (em) kg) (kg)
MB 20 187.3 74.0 73.5
DC : 19 179.5 n.4 71.7
DI 22 1772 77.8 75.7
DM 21 178.3 733 72.3
PP 24 181.7 76.9 4.4
DS S 21 170.2 38.3 86.9
cv 19 179.2 82.4 30.2

Note, Pre and post weight values are means of 4 pre and 4 post tests.
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Table 12
Subject Pre Leg Post Leg Pre Am Post Arm
AVOamax AVOamax AVOamax AVOamax
(1/min)
MB 4.11 4.35 .18 9
o o 3.75 3.94 2.63 273
D 3.50 39 2.46 2.61
DM 3.89 4.10 2.86 3.02
PP 3.96 4.56 2.56 278
ns 4,36 4.49 291 2.88
cv 3.63 4.27 LN 2.88
Subject Pre Ley Post Leg Pre Amm Post Arm
RVOomax RVOomax RVO2max RYOzmax
(ml/kg/min)
MB 55.27 59.88 37.62 10.07
DC 52.02 55.06 36.09 37.30
e | 45.00 52.06 31.62 3427
DM 52.94 57.53 39.01 41.62
PP 51.81  58.48 33.49 37.68
DS 49.56 51.70 33.53 33.44
cv 44.15 5332 3278 36.17
Pre Leg PostLeg  PreAmn Post Arm Preleg  PostLeg  PreAmm Post Arm
MaxVE MaxVE MaxVE MaxVE MaxHR  MaxHR MaxHR MaxHR
(V/mir) (bpm)
MB 113.07 162.22 124.94 143.00 199 194 19 138
DC 14539 152.90 101.51 102.56 201 192 190 186
DL 105.34 106.79 88.58 90.94 184 180 - 182 175
DM 146,02 139.89 110.67 130.40 201 201 190 194
PP 144.94 160.77 102.54 167.95 192 191 184 181
DS 153.06 140.11 112.26 104.24 189 190 177 179
cv 138.00 134.49 102.83 124,00 201 194 194 189

AVO2max, absolute maximal oxygen consumption. RVO2max, relative maximal OXyEen consumpuon
MaxVe, maximal ventilation. MaxHR, maximal heart rate
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Table 13
Submaximal Exercice Raw Datg
Subject Pre Leg Post Leg  Pre Amn Post Arm Pre Leg Post Leg  Pre Arm Post Arm
ALT ALT ALT ALT RLT RLT RLT RLT
{1/min) (AVOmax)
MB 3.09 3.37 1.19 1.52 75.2 77.5 42.8 52.2
(D o 2.56 32 1.42 1.62 68.3 81.5 54.0 59.3
Di 2.82 3.38 1.60 1.84 80.6 86.4 65.0 70.5
DM 275 3.21 1.95 1.88 70.7 78.3 68.2 62.3
PP 2.88 3.29 1.63 1.78 72.7 72.1 63.7 64.0
DS 3.13 3.59 2.10 1.94 71.8 80.0 722 67.4
v 2.49 335 1.50 1.69 68.6 78.5 554 58.7
Subject Pre Leg Post Leg ™ Pre Amn Post Arm Preleg PostLeg PmAm Post Arm
LTWL LTWL LTWL LTWL LTVE LTVE LTVE LTVE
(kpm/min) (Vmin)
MB 1260 1440 450 540 71.75 91.40 34.54 49.71
DC -.080 1350 450 450 66.34 84.75 41.03 49.13
DI i260 1440 450 450 70.26 81.75 417 51.84
DM 1170 1530 630 540 76.48 78.51 ©  61.87 52.53
PP 1350 1440 450 450 74.07 77.80 52.93 50.78
DS 1170 1350 630 540 80.72 84.10 68.49 57.63
cv 990 1260 450 540 63.23 93.12 42.06 56.32
Subject Pre Leg PostLeg PreAmn Post Arm Pre Leg Post Leg PreAmm Past Am
LTHR LTHR LTHR LTHR SubHR SubHR SubHR SubHR
(bpm) (bpm)
MB 171 169 129 120 179 142 180 158
DC 168 173 134 143 169 130 174 162
DI 164 170 127 139 159 136 154 140
DM 171 176 143 ‘152 169 157 141 140
PP 158 163 154 147 164 145 160 132
DS 169 166 157 160 174 163 161 161
cv 165 175 143 159 184 152 18 149
Subject Pre Leg Post Leg Pre Amm Post Arm
LTOzP LTO2P LTO2P LTO,P
(/bean)
MB 0.018 0.020 0.009 0.013
DC 0.015 0.019 0.011 0.011
BI 0.017 0.020 0.013 0.013
DM 0.016 0.018 0.013 0.012
PP 0.018 0.020 0.011 0.012
DS 0.019 0.022 0.013 6.012
cv 0.015 0.019 0.010 0.011

ALT, absolute lactate threshold, RLT, relative lactate threshold. LTWL, lactate threshold worklezd.
LTVE, lactate threshold ventilation, LTHR, lactate threshold heart rate. SubHR, submaximal heart rate.
LTO4P, lactate threshold oxygen pulse



Table 14

Summary of DM MANOV As for Factors of Mode and Time

Appendix B

STATISTICAL ANALYSIS

Multvariate Tests Sig. of F

Univariate Tests Sig. of F

Variabies  Mode Time lntccaca
AVOpmax 0.000 0.006 0.017
& RVOomax

MaxHR 0002 0.187% 0.601
&MaxVE

ALT, 0.000 0.016 0.001
RLT

&LTWL

LTHR 0000 0234* 0047
&LTVE

SubHR  0.000 0.013 0.085
&LTORP

Varjable Mode Time Interaction
AVOpmax 0.000 0.003 0.011
RVOomax 0.000 0.001 0.003
MaxdR 0.000 0.071 0.289
MaxVE 0.004 0.165 0.878
ALT 0.000 0.001 0.005
RLT 0.000 0.018 0.151
LTWL 0.000 0.001 0.007
LTHR 0.003 0.162 0.921
LTVE 0.000 0.088 0.016
SubHR 0.730 0.003 0.116
LTOoP 0.000 0.002 0.030

Note. * Not significant at p< (.05, therefore will not be valid to analyse these varibles for
arm or leg changes over the factor of time,
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Table 15
Summary of DM MANOQVAs for Factor of Time

Muldvariate Tests Sig of F Univariate Tests Sig of F

for Time Effect for Time Effect
Variables Arm Leg Variable _Amm Leg
AVOymax 0.018 0.007 AVOomax 0.005 0.004
&RVOymax RVOrmax 0.003 0.001
ALT 0.081 0.006 ALT 0.107 0.000
RLT RLT 0.414 0.009
&LTWL LTWL 0.689 0.009
SubHR 0.066 0.001 SubHR 0.020 0.001
&LTO2P LTO2P 0.413 0.000
Table 16
Summary of Multivarjare MANQVASs for Factor of Mode

Muldvariate Tests Sig of F Univariate Tests Sig of F

for Mode Effect for Mode Effect
AVOomax 0.000 0.000 - AVOpmax 0.000 0.000
&RVOomax RVOomax 0.000 0.000
MaxHR 0.005 0.002 MaxHR 0.001 0.000
&MaxVE MaxVE 0.009 0.007
ALT 0.001 0.000 ALT 0.000 0.000
RLT ' RLT 0.022 0.000
&LTWL : LTWL 0.000 0.000

"LTHR  0.007 0.000 LTHR  0.003 0.003

&LTVE _ LTVE 0.001 0.000
SubHR  0.002 0.000 SubHR 0211 0.718
&LTO7P LTOoP 0. 0.000

8
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Appendix C
CONSENT FORM

Studies involving human subjeets require written consent of the participants. |

autherize Nancy Saumure (231-6747 or

S64-9136) of the School ol Human Kinetics. University of Ottawa, 1o administer and
conduct exercise tests designed to measure my maximal acrobic power and lactate
threshold and supervise all endurance training sessions. This stady will be condueted

under the supervision of Dr. J. S. Thoden. Department of Human Kinetics (564-5912).

[ understand that all testing sessions will be Lond;utul in the presence of two
individuals who possess valid CPR certificates and who have access 10 a telephone in
the unlikely event ol an emergency to contact an ambulance. T understand that
although no medical doctor will be present, there are doctors on campus at the Student

Health Services during operating hours.

I understand that I will perform two feg eyeling tests and two arm cranking tests on
Monark exercise ergometers, both before and after an cight week endurance training
program. The first complete test in each exercise mode is performed 1o measure my
maximal acrobic power and lactate threshold and will involve progressively increased
workloads ¢very two minutes Jor a minimum ol six minulv;s and a maximum of 20
minutes. The test will be terminated when 1 cannot maintain the required cadence due
to fatigue or if I become distressed in any way or develop any abnormal response.

This test may also require performance of a phasce of continuous exercise, after a 10 10
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1§ minute rest. it the maximal intensity identified during the progressive phase. ‘The
second test in cach exereise mode, performed (o verify the lactate threshold. will
involve two 12 minute bouts of continuous, submaximal exercise separated by a 6 to 10

minute active rest period.

During the performance of lﬁc pre and post training tests, 1 will breathe through a
mouthpicee and my heart rate will be monitored by a Sport “lester strap attached
around my chest.  Capillary blood samples will be drawn by micropuncture from a
finger while leg cycling and {rom a prewarmed toe while arm cranking. Blood is taken
at the end of cach 2 minute stage during a maximal acrobic test and four times during
steady state, lactate threshold v:_:ril'icaliqn tests and usually requires less than 10
samples for any given test. 1 will experience a slight pricking sensation when blood
samples are collected. T understand that [ may experience some local muscular
fatigue. dryness of the mouth and throat, and an increased resistance o breathing
while exercising: although every cffort will be made 1o conduet the test in such a way
as to minimize discomfort and risk. However. I understand that there are potential
risks 1o some individuals while performing an exercise test, these include episodes of
transtent lightheadedness. fainting, chest discomlort, leg cramps and very rarely. heart
attacks. I recognize that a physical examination prior to performing exercise testing is

necessary and I will be required to submit a doctor's certilicate.

I understand that between pre and post testing sessions, I will participate in a leg
cycling., enduranee training program consisting of three training session per week for
cight consecutive weeks. During each supervised training period, my heart rate will be -

monitored during submaximal exercise.

T understand all information collected will be kept confidential and presented in an

anonymous form in the final report. T understand that I will be informed of my
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maximal acrobic power and lactate threshold as well as the results of the stady, upon

its completion.

I understand that I have the right to withdraw from this sty at any time.

DATE: SUBJECT:

WITNIESS:






