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ABSTRACT

During graded exercise, an intensity is reached where a subjects 

ability to remove lactate lags behind the rate of lactate 

production. The influence of body fluid shifts, during exercise 

of increasing intensity, on the pattern of the blood lactate 

response was studied.

The maximal oxygen uptake (V02 max) was measured using a 

treadmill, on eleven subjects. Subsequently, lactate 

accumulation in venous blood was measured, in triplicate, up to 

an oxygen consumption greater than 90% V02max. During all 

exercise, oxygen consumption was measured using an online system. 

In addition, the blood samples at each workload were used to 

determine haematocrit (Hct) and haemoglobin (Hb) levels.

The Hct and Hb values were used to calculate lactate accumulation 

(corrected for body fluid shifts) as opposed to the absolute or 

total lactate levels. The correction for body fluid shifts was 

done using two techniques. The one using haematocrit only and the 

other using both haematocrit and haemoglobin. The total and 

accumulated lactate levels were related to %V02max using two 

different models. Firstly, a lactate threshold (LT) was 

determined using the classic lactate turning point (LTP) concept, 

(ie. two straight lines fitted to the data points). These lines
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were computer generated. The intercept of the two lines (LT) was 

compared for total lactate against accumulated lactate 

(calculated using Hct alone and secondly Hct in combination with 

H b . In the latter cases, both the LT intercepts were shifted 

slightly to the right (ie. to a higher % of V02max). The average 

difference in LT when adjusting with Hb and Hct was 0,519 of 

%V02max (0,72% change) and when adjusting with Hct only was 1,17 

of %V02 max (1,65% change) .

Secondly, an exponential curve was fitted by regression to the 

data (r=0.989+/-0.018). A substantial shift in the curve, both 

down and to the right, was obtained when adjusting total lactate 

to accumulated lactate. The %V02 max at a lactate concentration 

of 4mmol/l was used to define the position of the curve. The 

difference when using Hct alone to calculate accumulated lactate 

corrected for fluid shift was - 9,20% of V02max (p<0.05), and 

when using Hb and Hct in combination, -8,71% of V02max (p<0.05) .

It is concluded that expressing the lactate curve as an 

accumulated curve (corrected for body fluid shifts) , rather than 

in absolute terms, significantly alters the construction of the 

curve during the exercise protocol used in this study. This is 

especially relevant when using the exponential model.
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CHAPTER 1. INTRODUCTION
Many factors have been identified as having an influence on 

success in distance running. These include V02 max, fraction of 

V02 max that can be utilised and running economy, which have all 

been associated with successful performance (1,7,12,19). It has 

been recognised since 1927 that lactate increases in the blood 

once the exercise intensity rises above a certain level. This 

accumulation of lactate has been used as a gauge of physical 

fitness in patients with cardio-vascular disease as well as in 

normal, healthy subjects to assess the effects of training 

(1,5,11,12,15,30,59). The ability to perform at a higher 

percentage of V02max without the accumulation of lactate in the 

muscle and blood, has a high correlation with success in distance 

running (1,22,28,53,61,79,80).

Lactate production occurs as a result of the rapid breakdown of 

glycogen in the presence or absence of oxygen 

(14,18,23,33,38,51). The intensity of the exercise that begins 

to elicit the increase in lactate concentration in muscle and 

blood is highly variable, and is influenced by many factors, 

including diet, physical fitness and the type and duration of the 

exercise (1,2,6,16,31,44,52,52,78).

There has been considerable debate concerning the pattern of 

lactate accumulation, with two basic schools of thought emerging
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(i) the anaerobic threshold (classical theory) which proposes 

that at a certain work intensity, aerobic metabolic processes can 

no longer meet the skeletal muscle requirements for ATP, and 

anaerobic glycolysis, with the accompanying lactate production, 

must supplement aerobic metabolism (3,4,88,89), and (ii) the 

imbalance between production and removal of lactate which results 

in an exponential increase in lactate (8,9,10,13,25,27,28,46,60).

It has been known for some time that during short, intense 

exercise, fluid is lost from the vascular compartment. Several 

investigations show an increase in the concentration of major 

plasma constituents during short, intense muscular exercise, 

primarily as a result of the decrease in plasma water 

(19,26,34,45,83). The rate and extent of the plasma volume shifts 

and lactate accumulation during and after physical stress, are 

related to the type and intensity of that stress. The response 

of the intravascular volume to running exercise also varies 

considerably among individual (26) , as does the lactate response. 

Because fluid shifts will affect lactate concentrations, the 

pattern of lactate accumulation may therefore be influenced by 

fluid shifts. The purpose of this study was to eliminate any 

influence plasma volume changes may have on the construction of 

the lactate curve, by comparing lactate accumulation levels to

absolute or total levels of lactate.
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CHAPTER 2. LITERATURE REVIEW

2.1. LACTATE ACCUMULATION.

2.1.1. The classic concept of lactate accumulation.
It has been recognised since 1924 that lactate increases in the 

blood above a certain exercise level (3). This lactate threshold 

(LT) has also been called the anaerobic threshold (AT) , to imply 

the onset of increased anaerobic glycolysis. Wasserman 

et. al. (88,90) defined the AT as the peak work rate or oxygen 

uptake at which aerobic metabolic processes can no longer meet 

the skeletal muscle requirements for ATP. As a consequence, as 

work is incremented above the AT, a progressive increase in 

anaerobic glycolysis must accompany aerobic metabolism to sustain 

adequate levels of ATP regeneration.

Normally there is a low concentration of lactate ( [lactate]) in 

muscle and blood at rest, ie.~ lmmol/kg wet muscle or litre of 

blood. At low exercise intensities, little or no change in 

[lactate] occurs (31,58). The source of this lactate is probably 

tissue with a low rate of oxygen utilisation (cornea, GIT, 

resting muscle, etc.) as well as erythrocytes, which do not 

possess mitochondria. As the exercise intensity increases, a 

point is reached where an increase in [lactate] in blood and

muscle becomes evident (88).



4

The intensity of the exercise that elicits this rise in lactate 

concentration is variable and is influenced by a number of 

factors, including diet, physical fitness and type, intensity and 

duration of exercise (6,16,27,28,31,38,39,43, 47,58). The most 

rapidly accumulated and highest lactic acid levels are reached 

during exercise that can be sustained for 60 - 180 seconds ie. 

very high intensity (61) . As the intensity of exercise decreases, 

thereby extending the work period, there is a corresponding 

decrease in both the rate of buildup and the final level of 

lactic acid.

This classic concept of lactate metabolism during exercise 

suggests that a deficit in oxygen uptake and delivery at the AT 

results in muscle anaerobiosis. When inadequate oxygen is 

available in the mitochondria, electron transport and rate of 

oxidative phosphorylation are slowed. This causes a fall in 

[NAD]/ [NADH] and [ATP]/ [ADP][Pi] of the mitochondria and 

cytoplasm. This in turn stimulates muscle glycogenolysis and 

glycolysis, with increased production of lactic acid and a 

consequent metabolic acidosis (71) . It also causes changes in 

ventilatory and gas exchange dynamics.

The lactate/pyruvate ratio (L/P) of the contracting muscle in 

humans does not increase until the muscle P02 falls to critically 

low values (89,90). Muscle [lactate] remains at resting levels



5

until the muscle interstitial P02 falls to below 8mm Hg, at which 

point it increases sharply (9,18,89).

The role of lactate production is to "bank" some of the energy 

contained in the glucose molecule and transfer it to ADP for the 

production of ATP when required. Lactate production is considered 

by some therefore, as an "emergency method" for ATP production, 

or a supplement to the normal aerobic production of ATP.

Glycogen is used 18-19 fold more during anaerobic glycolysis 

compared to oxidative phosphorylation for the same ATP yield 

(23) . Net production of ATP from the degradation of glucosyl 

units to lactate only releases 10% of the total energy stored in 

the glucose molecule. The rate of energy release however, can be 

the difference between a mediocre and high level performance. The 

relative importance of the aerobic and anaerobic components of 

metabolism to ATP production is related to the duration and 

intensity of the exercise (57).

2.1.2. Lactate accumulation not related to anaerobic 
metabolism.

The traditional view of lactate accumulation is being challenged 

with some investigators arguing that- lactate production is a 

multifaceted process that is not always related to oxygen
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availability, stating that the muscle always has enough oxygen 

during submaximal exercise (25) . Connet et.al. (18) , for example, 

showed that there were high levels of oxygen present in muscle 

mitochondria even when lactate was increased. Lactate production 

occurs as the result of the rapid breakdown of glycogen, and this 

can occur in the presence as well as the absence of oxygen 

(18,31) .

A number of potential mechanisms have been suggested as being 

responsible for the sudden increase in blood lactate observed 

with increasing workload. Fibre recruitment (9,76), mitochondrial 

saturation (9,48) and hormonal factors (9,74) are among the more 

prominent variables thought to have a contributing role. Lactic 

acid production and output has been shown (18) not to be 

secondary to an inadequate supply of oxygen as mitochondrial 

NAD/NADH is highly oxidised while lactate output occurs.

Muscles contracting in isolation, in response to electrical 

stimulation, are not exposed to many of the variations in [H+] , 

hormones and other metabolites that occur in exercise. Their 

metabolic response to contractions, in terms of lactic acid 

production and output, does not show a break or threshold. 

Lactate rises continuously - one or more of the variables of 

exercise must stimulate the muscle to produce more lactate as

exercise progresses (14,74,75).
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The results of tracer kinetic experiments have played an 

important role in elucidating these new theories (53) . When 

metabolism is accelerated, as in exercise, lactic acid will 

inevitably be formed, however lactic acid does not necessarily 

accumulate at all levels of exercise. During light and moderate 

exercise, the energy demands of both trained and untrained 

subjects are adequately met by oxidative reactions. In 

biochemical terms, the ATP for muscular contraction is made 

available predominantly through energy generated by the oxidation 

of hydrogen. Any lactic acid formed is rapidly oxidised and the 

blood lactate level remains fairly stable even though oxygen 

consumption increases (57).

Brooks et.al. (8) studied the rates of lactate appearance (Ra) and 

disappearance (Rd) in humans during progressive increase in the 

intensity of exercise. During this form of exercise, Ra and Rd 

are linearly related to arterial lactate level and exponentially 

related to V02. These results indicated that the blood lactate 

inflection point during graded exercise was due to a greater rate 

of increase in Ra than in Rd. Stanley et. al. determined that 

lactate turnover exceeds glucose turnover by 32% when using [13C] 

lactate and [14C] glucose in humans during steady state cycling

at 40% of V02 max (76) .
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2.1.3. Lactate accumulation during exercise.

Lactate production is an ongoing process that takes place in the 

resting individual, and during exercise is highly correlated to 

metabolic rate (4,46,58) . Lactate does not necessarily accumulate 

at all levels of exercise. Immediately at the onset of light 

exercise, the production of lactate is increased but the lactate 

concentration does not change appreciably, therefore the rate of 

lactate degradation must also have increased (9,51,75). The 

increase in lactate concentration in blood during exercise is 

secondary to increased muscle lactate production. Blood lactate 

levels depend on the balance between rates of production and 

removal (50,87). An exercise intensity at 50%-60% of V02 max 

usually only elicits a rise in blood and muscle lactate in 

relatively unfit individuals. In trained runners there is little 

or no lactic acid accumulation until a running intensity is 

reached which requires 60%-90% of V02 max (28,57). Physiological 

responses to exercise are markedly altered at work rates where 

lactate increases (89).

An initial slow rise in lactate accumulation is followed by an 

exponential rise in lactate at faster run speeds (9,13,46). The 

precise reason for the rise in lactate during high intensity 

running is unclear, but involves more than 02 availability 

(18,31) . The work rate/exercise intensity where an excess of
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lactate begins to accumulate during submaximal oxygen uptake has 

been defined as the lactate threshold (LT) . Central to the 

evidence which supports the idea that the LT is the result of 

anaerobic metabolism, is the observation that blood lactate 

levels are lower in subjects who exercise while breathing 

hyperoxic gas mixtures (42). However, V02 does not increase, 

which is possibly an indication that hyperoxia increases lactate 

clearance. During exercise, the relative blood flow to 

gluconeogenic areas is decreased in favour of the working muscle, 

and relative lactate removal through gluconeogenesis is reduced 

(25) . In the study by Hogan et al. (42) the mechanism of 

increased clearance is probably increased perfusion of tissues 

and organs capable of removing lactate, ie. the liver, which 

receives higher blood flow during exercise when hyperoxic gas 

mixtures are inspired (9,42).

During exercise, the main route of lactate removal is through 

oxidation (10,57). This conclusion is supported by results of 

studies on dogs (27,48) , rats (25) and humans (76) . A high V02 

max and a good running economy (RE) are common characteristics 

of good and elite distance runners. However, the ability to 

perform at a high fraction of V02 max without an accumulation of 

lactic acid can determine success among runners who are 

relatively homogenous with respect to other aerobic factors 

(22,28,61) . Runners with high LTs are capable of performances



10
that are superior to those of runners who have higher maximal 

aerobic capacities but lower LTs (28,58,79,80).

Acevedo investigated the physiological adaptations that resulted 

from increases in exercise training intensity in previously 

conditioned runners. He found that previously trained runners can 

increase training intensity to improve performance by lowering 

lactate production at the intensity at which they trained, 

despite no changes in V02 max (1). Eldridge (27) also found that 

with training there is improved efficiency of lactate removal 

during exercise which results in only minor blood concentration 

increases despite a large increase in production rate. This 

favourable response could be due to the athletes genetic 

endowment (type of muscle fibre), or specific local adaptations 

with training that would favour the production of less lactate 

(89), as well as a more rapid rate of removal at any particular 

exercise level (25) . It is well documented that capillary density 

and the size and number of mitochondria increase with endurance 

training, as well as the concentration of various enzymes 

involved in aerobic metabolism (31,35,57). Such alterations 

enhance the cell's capacity to generate ATP aerobically.

2.1.4. Consequences of lactate accumulation.

The accumulation of protons caused by glycolysis have basically
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two fates within the cell - they may be bound to negatively 

charged buffers, usually proteins (eg. haemoglobin) , in the cell, 

or they may combine with pyruvate to form lactic acid.

Physiological responses to exercise are markedly altered at work 

rates where lactate increases. The increase in lactate 

concentration is accompanied by an equimolar increase in hydrogen 

ions which must be buffered immediately. In the plasma, this is 

accomplished almost completely by the bicarbonate buffering 

system (57,89). Vigorous exercise creates a great demand for 

buffering, and regulation of pH becomes progressively more 

difficult. At exercise intensities above 70% V02max, the rates of 

glycolysis and susequent production of H+ are high. Following 

high intensity exercise to exhaustion, muscle pH can drop to 

values below 7.0 (65), which can cause nausea, headache and 

dizziness, as well as discomfort in the muscle groups involved 

in exercise (57).

This increased acidity will ultimately cause the breakdown of at 

least two components of muscle action (31,57,61). Firstly, the 

activity of the key glycolytic enzyme, phosphofructokinase, is 

reduced, which would reduce glycolysis, and subsequently 

interrupt the energy supply.

Secondly, inhibition of glycogenolysis can also occur at
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different levels. During formation of cyclic-AMP, H+ is a potent 

inhibitor of adenylcyclase. The conversion of phosphorylase b 

into the more active form phosphorylase a, by phosphorylase 

kinase, is inhibited by H+. Phophorylase a will only accept the 

dianionic form of inorganic phosphate, which in the presence of 

excess H+ is largely present as H2P04‘, resulting in a decrease in 

substrate availability (65) .

Thirdly, local muscular fatigue is generally attributed to a 

decrease in the number of active cross-bridges (41,65). 

Accumulated protons interfere with calcium regulation of the 

cross-bridge cycle by preventing calcium binding by troponin-C. 

Competitive inhibition by the accumulated protons with calcium 

for troponin binding has been suggested, or the process may 

involve a decreased Ca2+-troponin affinity (31,61,65).

2.1.5. Source of lactate

2.1.5.1. Lactate accumulation not related to anaerobic 

metabolism.

Lactate accumulates in the blood during exercise secondary to an 

increase in muscle lactate, and depends on the balance between 

the rate of lactate appearance (Ra) and disappearance (Rd) . 

Muscle lactate can increase because of various proposed 

mechanisms. (i) Glycolysis increases so rapidly that the
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mitochondria cannot utilise pyruvate rapidly enough to prevent 

its elevation in the cytosol, which results in increased 

[lactate] as a result of the law of mass action (48,87).

(ii) The mitochondrial membrane shuttle which normally reoxidises 

reduced cytosolic NAD and transfers protons and electrons to 

mitochondrial co-enzymes for recombination with 02, becomes rate 

limited. This causes a change in the cell redox state, thus 

converting pyruvate to lactate (78,89,90).

(iii) Lactate increases may be caused by the sequential 

recruitment of fibre types, in which Type 1 fibres (high 

mitochondrial capacity) are the predominant contracting fibres 

at low and moderate work rates, and Type 11 fibres (high 

glycolytic capacity) contract proportionally more at the higher 

work rates. No change in redox state is implied and therefore 

pyruvate must increase before or with lactate (2,77).

(iv) The terminal enzyme of the glycolytic pathway, lactate 

dehydrogenase (LDH), has the greatest catalytic activity (Vmax) 

of any of the glycolytic enzymes, which is several times greater 

than the combined activities of enzymes that provide alternate 

pathways of pyruvate metabolism. In addition, the K_, for the 

conversion of pyruvate to lactate is in the order of 0.08mM, 

which is sufficiently low to assure maximum stimulation of LDH
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for the production of lactate (8, 23).

(v) Donovan and Brooks (25) postulated that increased blood 

[lactate] results from decreased lactate clearance. This could 

result from the reduced blood flow to the liver which occurs 

during exercise (8,25) .

2.1.5.2. Lactate accumulation related to anaerobic metabolism. 

To distinguish between the concepts of lactate increases due to 

mass action or due to change in cell redox state, Wasserman et 

al (90) studied arterial lactate and pyruvate during an exercise 

test, and at the transition from exercise to rest. The [lactate] , 

[pyruvate] and [lactate]/ [pyruvate] ratio (L/P) were plotted 

against exercise V02. They found that at low work rates there was 

little change in any of the variables, and at moderate work rates 

[lactate] and L/P ratio increased at approximately the same V02.

[Pyruvate] also increased, but only at higher work rates and at 

a slower rate than [lactate]. On a log-log plot, the mean point 

where pyruvate started to increase was 31% above that of lactate. 

The slopes of both lactate and pyruvate log-log curves before 

this transition (rapid increase) point were above zero, but not 

significantly different from each other. The slope of the 

pyruvate curve after the transition was significantly less than 

the slope of the lactate curve, showing that pyruvate
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accumulation accelerated less rapidly than that of lactate.

Wasserman et al concluded that small changes in [lactate] occur 

at low work rates and are proportional to changes in [pyruvate]. 

Major changes in [lactate] at and above the lactate threshold 

appear to be primarily determined by oxygen availability and 

changes in redox state rather than a mass action effect.

2.1.6. Fate of lactate.
Lactate production is an ongoing process that takes place in the 

resting individual and, during exercise is highly correlated to 

metabolic rate (10) . It is the inevitable result of muscle 

glycogenolysis and glycolysis, and during exercise appears to 

serve at least two purposes, ie. (i) the maintenance of blood 

glucose through gluconeogenesis and (ii) the shuttling of 

oxidisable substrate, in the form of lactate, from areas of 

glycogenolysis (production) to areas of high cellular respiration 

(removal).

Virtually all tissues and cells can oxidise, at least to some 

extent, lactate to C02. The first major reaction is the oxidation 

to acetyl-CoA, which may enter numerous pathways (oxidation in 

the Krebs cycle, synthesis of fatty acids, cholesterol and ketone 

bodies) . The major product in the body will vary with dietary and 

hormonal conditions, eg. it will be glucose in the starved
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animal, glycogen and fatty acids in the fed one, ketone bodies 

in diabetes and C02 in exercise (50).

Most (75%) of lactate formed during sustained, steady-state 

exercise is removed by oxidation during exercise, and only a 

minor fraction is converted to glucose (8,9) . As suggested from 

a-v difference measurements of lactate and lactate tracer across 

muscle, approximately half of the lactate formed in a working 

muscle bed is released into the venous circulation. The remaining 

lactate formed in the muscle and some removed from arterial 

circulation, are combusted within the muscle, and appear as C02 

in the venous blood (10).

Of the lactate which appears in the blood, most will be removed 

and combusted by oxidative fibres in the active muscle bed and 

the heart (76,77) . The shuttling of oxidisable substrate in the 

form of lactate from areas of high glycogenolytic rate to areas 

of high cellular respiration, through the interstitium and 

vasculature, appears to represent an important means by which 

substrate is distributed, metabolic "waste" is removed and the 

functions of various tissues are co-ordinated during exercise 

(10,25,31,66) .

During recovery from sustained, exhausting exercise, most of the 

lactate accumulated during exercise will continue to be removed
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by direct oxidation (10,25,31). As the muscle respiratory rate 

declines in recovery, lactate becomes the preferred substrate for 

hepatic gluconeogenesis. Practically all of the newly formed 

liver glucose will be released into the circulation to serve as 

a precursor for cardiac and skeletal muscle glycogen repletion 

(86) .

Liver glycogen depots and muscle glycogen levels will not be 

completely restored until refeeding. During refeeding after 

fasting, a substantial amount of dietary glucose appears to 

bypass the liver, circulate to the skeletal muscle, and be 

converted to C-3 compounds (mainly lactate), which then 

recirculate to the liver and undergo glycogenesis. The muscle, 

therefore, plays a very important role in the carbohydrate 

metabolism of resting individuals (10,40).

After exercise, lactate will be favoured in comparison to other 

compounds, as a glycogenic precursor in the liver, but the mass 

of lactate, although elevated, is insufficient to restore liver 

glycogen to "normal" pre-exercise levels. This is because most 

of the lactate-carbon is disposed of as C02 during both exercise 

and recovery, therefore other gluconeogenic and glycogenic 

precursors must be utilised after exhausting exercise. The 

general consensus of studies which have utilised tracer lactate

on resting or exercising animals or humans, support the
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conclusion that oxidation is a major avenue of lactate disposal 

(8,10,25,48) .

2.1.7. The influence of glycogen levels on lactate production.
The concentration of glycogen is easily altered by diet or 

exercise or a combination of the two. Changes in blood and muscle 

[lactate] induced by exercise are greatly influenced by the pre­

exercise concentration of glycogen in the muscles that are 

engaged in the exercise. When glycogen is lowered by exercise or 

diet, there can be a reduction in maximal power and V02max 

(31,38,61). Under these conditions, lactate concentrations are 

below those attained when the muscle is well loaded with glycogen 

(31) .

2.1.8. Measurement of the lactate response.
Although there is widespread use of the plasma lactate response, 

detection techniques vary considerably. Among the issues to be 

considered in obtaining accurate measures of blood lactate are: 

sampling site, timing of measurement, sample handling and 

preservation, and analytical methods used (4).

Blood samples are drawn from many sites - arteries (3,14,32, 

40,88,89,90), capillaries (15) and most popularly, veins
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(1,11,13,18,19,20,21,26,28,38,42,58). The most common field 

sampling site for lactate is the ear-lobe (39,59) or the finger 

tip, which yield arterialised capillary blood. In many exercise 

conditions, especially if the sampling site is cold, a good blood 

flow is difficult to obtain. When larger volumes of blood (more 

than 0,1-0,2 ml) or repeated measures are required, a venous 

catheter can be inserted at a convenient site. The catheter is 

kept free flowing by using heparinised saline which could 

possibly contaminate the blood sample and artificially lower the 

lactate level.

Whether the sample is obtained by lancing or via catheter, 

contamination by sweat can also be problematic as sweat lactate 

levels are considerably higher than blood lactate levels (5). 

Regardless of how the sample is obtained, continued lactate 

production within the red blood cell and clotting in the 

collected sample can still occur. In addition, the blood which 

picks up the lactate from the active muscle is diluted with blood 

from less active areas of the body. Simultaneously, the lactate 

is being removed from the blood at variable rates by the heart, 

liver, less active muscles and other organs. Lactate values 

determined from femoral blood samples may be 2x higher than 

values determined from cephalic or antecubital venous samples

(33) .
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The protocol used to determine lactate accumulation may also have 

an effect (59,60,78), as lactate within the exercising body is 

far from a stable quantity, requiring that blood samples be 

handled carefully and consistently. As the lactate levels in the 

blood are dynamic, the timing of the blood draw is important, as 

is obtaining a good blood flow so that the sample can be obtained 

as quickly as possible (5) .

The training status of the subject can also affect the lactate 

response curve due to increased metabolic rate, increased lactate 

removal rate and increased economy (biomechanical efficiency) in 

trained individuals (5,28,61,79,80). Other factors that could 

influence the lactate response could be any alteration in the 

environment, eg. temperature, altitude, track composition or pool 

length. The environment, time of day, warm-up and recovery should 

be standardised as much as possible to eliminate these 

influences.

2.1.9. The ventilatory threshold (VT).
Physical activity affects oxygen consumption and C02 production 

more than any other physiological stress. Ventilation increases 

to maintain proper alveolar gas concentrations to allow for the 

increased exchange of 02 and C02. During light and moderate 

steady-state exercise, ventilation increases linearly with 02 

consumption and C02 production and averages 20-25 litres of air
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for each litre of 02 consumed. Ventilation is mainly increased by 

increasing tidal volume at low intensities, while at higher 

intensity exercise breathing frequency becomes more important. 

With this adjustment in ventilation there is complete aeration 

of the blood, with P02 and PC02 remaining at near resting level 

values (35,57,61).

The ratio of minute ventilation to oxygen consumption is the 

ventilatory equivalent and is usually -25:1 during submaximal 

exercise. During more intense exercise, the increase in 

ventilation is disproportionate to the increase in oxygen 

consumption, resulting in the ventilatory equivalent increasing 

to between 35-40:1 (57).

It has been postulated that the LT can be determined during 

progressive exercise by observation of the point at which this 

disproportionate increase in ventilation occurs (67) . The use of 

a respiratory event to characterise a metabolic event in muscle 

is based on several assumptions, one being that the change in 

muscle and blood lactate concentrations occur simultaneously 

(88) . Some studies indicate that there is a time delay associated 

with lactate diffusion from the muscle, as well as retention of 

a substantial part of the lactate within the muscle (40) and 

diffusion hindrance for lactate above a certain concentration.

Yeh et al. (92) found the non-invasive gas response had such a
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large range of variability that they felt it was unsuitable for 

clinical work.

The use of progressive exercise in which frequent step increases 

in power output induce abrupt increases in ATP demand could 

compound the situation. In ramp work tests, VT is not affected 

by the slope of the ramp manoeuvre, whereas LT is greatly 

dependent on the ramp function (46) . In progressive exercise, the 

threshold for muscle accumulation of lactate considerably 

preceeds the blood LT, which in turn preceeds the VT (13,32,62) .

Green et al . (32) demonstrated that the ventilatory threshold 

occurred at a higher absolute and relative work intensity than 

the lactate threshold when using a progressive incremental 

protocol, which was in disagreement with previous research 

(23,88). The latter studies had concluded that the exercise level 

at which the blood lactate begins to increase corresponds closely 

to the exercise level at which the ventilation response during 

exercise demonstrates an abrupt increase in slope. Green explains 

the discrepancy by use of objective computerised multisegmental 

linear regression techniques to avoid subjective bias, a model 

previously validated by Orr et al (62) .

Segal and Brooks (68) also observed significantly lower LT 

responses but significantly higher VT responses at given work
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rates, an observation that was subsequently repeated by Hughes 

et al. (44) and Heigenhauser et al. (38) . Hughes studied glycogen 

depleted subjects and found that the onset of blood lactate 

accumulation (OBLA) occurred at a significantly higher workload 

and %V02 max than during exercise in the normal glycogen state. 

However the workload and %V02 max at which VT occurred, shifted 

to a lesser workload during the glycogen-depleted state.

Hagberg et al.(36) studied the relationship between LT and VT in 

patients with McArdles syndrome. During incremental exercise 

tests, these patients, who lack the enzyme phosphorylase, had no 

blood lactate response. They did however, demonstrate a definite 

VT at a work rate which elicited approximately 70% V02max.

Simon (69) showed that ventilatory and lactate thresholds were 

coincidental in a trained subject, but not necessarily the same 

in untrained subjects. Acevedo (1) found that there can be a 

dissociation of the onset of blood lactate accumulation (OBLA) 

and the ventilatory threshold as a result of increased training 

intensity. Gaesser et al. (30) and Poole et al. (63) also observed 

that training resulted in a clear separation between VT and LT, 

ie LT shifted to a higher percentage of V02max but VT remained 

unchanged or the shift was less pronounced.
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Part of the inconsistencies may be due to the terminology used 

to identify where the lactate threshold occurs and the many 

different protocols and methods used in evaluation of the LT and 

VT (54) . If LT is taken as the exercise intensity at which the 

level of lactate increases to just above the resting value, this 

would mostly be lower than VT, where VT is taken as the exercise 

intensity at which the ventilation response shows an abrupt 

increase in slope.

2.1.10. Lactate and catecholamines.
Exercise also affects the levels of circulating catecholamines, 

with the magnitude of the increase being related to the intensity 

of the effort as well as the duration of the exercise (57,87) . 

Other factors also determine catecholamine response to exercise, 

including age (plasma catecholamine secretion is greater in older 

subjects at the same exercise intensity) and gender (there is 

greater adrenalin secretion in males compared with females who 

perform the same relative intensity of exercise) (29,57).

Sympathetic activity affects many factors, including blood flow 

distribution, enhanced cardiac contractility, substrate 

mobilisation, liver glycogenolysis and adipose tissue lipolysis - 

all of which are beneficial to the exercise response.
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Beta-adrenergic agonists (eg. adrenalin) increase muscle lactate 

output during contractions and have a major effect in determining 

the magnitude of the lactate response (8) . Adrenalin infused into 

the bloodstream in a progressive manner causes an elevation of 

blood [lactate] (74) . Results of studies on animals implicate 

beta-adrenergic stimulation of muscle glycogenolysis as a cause 

of lactate formation (8,48,73). A high correlation (0.92) was 

found between tracer measured blood lactate appearance and the 

arterial adrenalin level in running rats (64). Results obtained 

on exercising humans support the conclusions reached on the basis 

of animal experiments (56).

During progressive exercise adrenalin and noradrenalin 

concentrations increase. They rise slightly up to approximately 

50% of V02max. Adrenalin concentration increases sharply during 

exercise as V02 exceeds 50% of V02max (74) . This increase causes 

an increase in lactate release in the working muscle and reduces 

uptake by the liver (87) . Both working and inactive muscle 

contribute to lactate exchange during exercise (72,81). Adrenalin 

exerts an acute and enhancing effect on muscular glycogenolysis.

Via the beta-adrenergic receptors, the catecholamines set into 

action a series of cascading reactions that lead to the action 

of phosphorylase a, the regulating enzyme for glycogenolysis. 

During muscular contractions, increases in cytoplasmic Ca2+
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concentration, as the result of release from the sarcoplasmic 

reticulum, have also been shown to activate phosphorylase a. 

Although Ca2+ release contributes to the breakdown of glycogen 

during muscular activity, this appears to be a transient response 

(48,91) . In the transition from rest to exercise, the Ca2* 

mediated control of muscle glycogenolysis predominates, however, 

once the catecholamines have been activated and released, control 

of glycogenolysis shifts to hormonal control.

Lactate release from skeletal muscle is mediated by beta- 

adrenergic agonists, whereas alpha-adrenergic agonists do not 

stimulate lactate production (8,48,73). The blockade of beta- 

adrenergic receptors in exercising dogs had two striking effects, 

ie. the inhibition of lactate production and the increase of 

glucose turnover (48) . Inhibition of Ra of lactate was much more 

profound when the blocker was infused steadily into the running 

dog than when administered in a single injection prior to 

exercise (48) . Beta-blockade inhibits the exercise-induced muscle 

glycogenolysis, resulting in an increase in the ability of the 

working muscle to take up glucose, thus the bulk of lactate 

arises from plasma glucose and not from muscle glycogen (18,48) .

The rate of glycogenolysis in the working muscle is therefore 

under dual control; an intracellular, metabolic control and a 

hormonal control that involves beta-receptors in the muscle.
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2.2. BODY FLUIDS

2.2.1. The effect of body fluid shifts on the concentration of 
plasma constituents.

Van Beaumont et al. (82,83) evaluated the effect that

haemoconcentration had on the concentration of plasma proteins 

and electrolytes during maximal exercise. They felt that 

conclusions concerning physiological homeostatic mechanisms, 

based solely on changes in plasma solute concentrations, could 

lead to erroneous interpretations. It has been known for some 

time that during short, intense muscular activity, fluid is lost 

from the vascular compartment (19,26,34,37,55,70).

Proportional changes in plasma volume can be calculated fairly 

accurately from changes in haematocrit alone, especially at 

submaximal work rates and in a cool enviroment (82) . Van Beaumont 

et al. reported that, although the red cell mass remains constant 

in this situation, the volume of human red blood cells can 

increase, decrease or remain constant during physical stress 

depending on the interactions of plasma osmolality and blood pH 

(84). In order to eliminate any error which can occur because of 

changes in the red blood cell volume, both haematocrit (Hct) and 

haemoglobin (Hb) values should be used.(19,20,37,84). A study by 

Kanstrup et.al. (49) emphasised the total amount of Hb rather
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than the Hb concentration as being important for high 02 uptake 

and physical performance.

The acid-base balance in the forearm venous blood is only 

influenced to a minor extent by submaximal leg exercises, with 

non-significant changes at work levels less than 55% of V02max, 

and small decreases at work loads between 55% and 75% of V02max. 

With maximal exercise (85-100% of V02max) , the blood pH can 

decrease to below 7.10 (65) . It seems that the greater the 

acidification of the blood, the greater the chance for red cells 

to increase in volume (20,85). In many cases, the erythrocyte 

continues to swell after termination of short-term, maximal 

exercise. Possibly, under severe lactacidotic conditions, the 

entry of lactic acid into the erythrocytes is fast enough to 

account for the delayed swelling after exercise, especially since 

the highest lactate concentrations are found after short, maximal 

exercise (84) .

Volume changes in the human erythrocyte can only be properly 

assessed when both osmotic and acid-base parameters are 

considered simultaneously. The extent and the rate of plasma 

volume shifts are related to the type and intensity of that 

stress (84). The response of the intravascular volume to running 

exercise varies considerably among individuals (26).
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The expected concentrations of a plasma constituent following a 

fluid shift can be calculated from the following equations:

(i) Using haematocrit only:

[CE] = [Hct2 (100 - HctJ] Ci / [ Hct^lOO - Hct2) ] (83)

(ii) Using haematocrit and haemoglobin:

[CE] = [Hb2 (100 - HctJ] C : / [ Hbx (100 - Hct2) ] (84)

where CE = Expected concentration if the change in

concentration is the result of a change in 

solvent only.

Ci = Plasma lactate concentration at baseline (first

workload in this study)

H cd = Haematocrit value at baseline

Hct2 = Haematocrit value at subsequent workloads

Hbx = Haemoglobin value at baseline

Hb2 = Haemoglobin value at subsequent workloads

The actual gain, or loss, of the solute is the difference between 

the expected and the measured concentrations.
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2.2.2. Factors influencing the change in plasma volume.

Percent change in plasma volume (aPV%) can be calculated from the 

following equations:

(i) Using haematocrit values only:

a PV% = [100/(100 - Hctx) ] x 100(Hctx - Hct2) /Hct2 (82,85)

(ii) Using haematocrit and haemoglobin values:

a% PV = 100 [Hbx(100 - Hct2)/Hb2 (100 - Hctx) ] - 100 (84)

Maximal work load, maximal oxygen consumption, as well as 

variations in blood pressures and capillary diffusibility 

contribute to the range of loss in plasma fluid during exercise. 

Haemoconcentration is apparent shortly after the start of 

muscular activity, with the largest change in plasma volume 

occurring during the first 4 - 6  minutes of exercise (34) . After 

the termination of the physical activity, restoration of the 

plasma volume to pre-exercise level takes approximately 60 

minutes (17,37).

It appears that plasma volume shifts during submaximal exercise 

are due mainly to variations in hydrostatic pressure and 

intracellular osmolality (34). With augmented work stress, 

incremental plasma volume losses may be related to proportionally
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greater increases in capillary pressure and osmolarity in the 

active muscles (55).
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CHAPTER 3. MATERIALS AND METHODS

3.1. Subj ects

Eleven healthy, non-smoking subjects, ( 8 males, 3 females), 

volunteered to participate in the study. Ten of the subjects were 

participating in competitive road running and one in a high 

intensity aerobics programme. The physical characteristics of the 

subjects are shown in Table 1.

3.2. Exercise testing.

3.2.1. Maximal oxygen consumption.
Initially we measured each subject's maximal oxygen uptake (V02 

max) using an intermittent, incremental protocol, on a motorised 

treadmill (E10, Powerjog, Birmingham, England). During all 

exercise, oxygen consumption was measured using a precalibrated, 

online system (Oxycon 4, Mijnhardt, Bunnik, Holland). The end 

point was taken when the difference between the V021 s on two 

successive workload increments ( 1% change in elevation), was 

less than 1,0 ml/min.kg. Subjects received verbal encouragement 

during the test and were required to sustain exercise for a three 

minute period.

3.2.2. Running economy.
The running economy of each subject was also determined, at 12.0 

km/hr and 0% elevation, on the treadmill (Table 2).
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Running Economy (RE) was calculated as:

RE = ( V02 - Rest V02 ) / Velocity

3.2.3. Lactate measurement.
After a week's recovery, we determined the lactate curve of each 

subject, on three different days, using a graded continuous 

exercise protocol, on the treadmill (Table 3) . Measurement of the 

three lactate curves were carried out within a two week period 

to minimise changes due to training effects. Subjects were 

requested to maintain their usual dietary habits, leisure time 

activities and training programmes during the testing period. We 

measured the lactate curve of each subject on three different 

occasions to test the reproducibility of the lactate response 

during exercise.

3.3. Procedure.

3.3.1. Blood collection.
Venous blood samples were collected into evacuated EDTA tubes, 

via a winged infusion set inserted into a forearm vein, and kept 

patent using a heparinised saline solution. To reduce the 

possibility of contamination of the blood sample by the 

heparinised saline solution, the first portion of the sample 

drawn was discarded. The winged infusion set was inserted while 

the subject was seated. The subject then stood on the treadmill 

while the metabolic cart was calibrated, the ECG leads were
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connected, the Hans Rudolph helmet was adjusted and the two-way 

non-rebreathing valve was positioned. The period of standing 

exceeded 20 minutes to allow postural equilibration of body 

fluids.

3.3.2. Lactate determination.
The subject commenced exercising at 5.5km/hr and 0% elevation. 

The first blood sample was collected after 2,5 minutes of 

walking, and this sample was used to measure the baseline Hct, 

Hb and lactate levels. The workload was increased without a break 

in exercise, and all subsequent measurements were made during the 

third minute of graded exercise, until an oxygen consumption 

greater than 90% of V02 max was reached. Exercise heart rate was 

measured using a three lead subcostal ECG recording. The total 

period of exercise lasted between 24 to 30 minutes.

3.3.3. Analytical methods.
The blood samples from each workload were used to measure 

haematocrit, haemoglobin and plasma lactate concentration. 

Haematocrit was measured immediately, in duplicate, using a 

microhaematocrit centrifuge, for all eleven subjects.

Haemoglobin was measured using a Technicon H3 Coulter Counter for 

seven of the subjects, only during one of the three lactate curve 

determinations. The plasma used to measure lactate was stored at
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-20°C and analysed 2-4 weeks after collection using an enzymatic 

technique (Boehringer Mannheim).

3.4. Curve construction

3.4.1. Lactate threshold (LT).
The lactate curve was constructed by relating lactate 

concentration to steady state oxygen consumption, expressed as 

percent V02 max. The lactate threshold (LT) was determined 

individually for each subject, for each test. We utilised a 

computer program which fitted two straight lines, with slopes bl 

and b2, which intersect at x = LT and y = a .  [ y = a + bl(x - 

LT) where x < or = LT; y = a + b2 (x - LT) where x > LT ] . The 

mean of the three determinations for each subject was used for 

statistical analysis.

3.4.2. Exponential model.
Because of the controversy regarding the existence of a lactate 

threshold (7,8,64), the lactate curve was also constructed by 

fitting a least squares regression exponential model to 

individual data (Tablecurve-Jandel Scientific, 1974). The form 

of these curves were expressed as y = a + bexp(-x/c) . A separate 

curve was constructed for each test, and the mean for each

subject was used for comparisons.
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3.4.3. Influence of fluid shifts.
The influence of fluid shifts on the lactate concentration, 

during the continuous incremental exercise, was assessed by­

calculating the anticipated or expected lactate concentration if 

change in lactate concentration is the result only of fluid 

shifts. The accumulated lactate concentration corrected for body 

fluid shifts was calculated as:

Accumulated [lactate] = Measured [lactate] - Expected [lactate] 

EQUATIONS FOR DETERMINATION OF EXPECTED [LACTATE].

1) Using haematocrit only:

CE = C, [ Hct2 (100 - HctJ ]/ [ Hctj (100 - Hct2) ] (83)

2) Using haematocrit and haemoglobin:

CE = C3 [ Hb2 (100 - HctJ]/ [ Hbi (100 - Hct2) ] (84)

where: C 1 = plasma lactate concentration at the first workload. 

Hbx = the haemoglobin value at the first workload 

Hb2 = the haemoglobin value at each subsequent workload. 

Hctt = the haematocrit value at the first workload 

Hct2 = the haematocrit value at each subsequent workload.

The lactate concentration at each workload was then converted to

the accumulated lactate corrected for body fluid shifts,
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according to the change in plasma volume (PV), using either 

haematocrit values alone (n=ll, repeated three times) or 

haematocrit and haemoglobin values (n=7), as described by Van 

Beaumont et.al. (82,83,84,85), and Dill et.al.(24).

EQUATIONS FOR THE CALCULATION OF CHANGES IN PLASMA VOLUME

(i) Using haematocrit only:

% a PV = 100/(lOO-HctJ x 100 (Hct1-Hct2) /Hct2 (82,85)

(ii) Using haematocrit and haemoglobin:

% a PV = 100 [Hbx (100-Hct2)/Hb2 (lOO-HctJ ] - 100 (84)

The accumulated lactate concentrations corrected for body fluid 

shifts were used to reconstruct the individual curves using the 

two different models, ie. lactate threshold and exponential fit. 

The lactate threshold on the one hand and the %V02max at a 

lactate concentration of 4mmol/l on the exponential plot on the 

other hand, were compared before and after conversion of the 

lactate concentrations from absolute (total) levels to 

accumulated levels corrected for body fluid shifts. Once again, 

the curves were constructed separately for each test, and the 

mean for each subject was used for statistical analysis. 

Differences between values measured before and after were 

compared statistically using the student t-test for matched 

dependent data. The null hypothesis was rejected at the 5% level.
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Chapter 4. RESULTS

4.1. Subjects.

The mean of individual measurements of body mass, age and height, 

are presented in Table 1, with the mean responses to maximal 

exercise and running economy shown in Table 2. All subjects were 

in good health with a mean body mass index of 22,8.

Table 1. Physical characteristics of subjects.

AGE HEIGHT MASS BODY MASS

(yrs) (cm) (kg) INDEX

(Kg/m2)
MEAN 33.45 170.7 66.86 22.8
RANGE 24-43 159-180 48.0-86.5 19.0-28.4
± SD 5.7 7.2 11.92 2.8
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Table 2: Physiological variables during maximal exercise

V02 max V02 max RE HR(max)

1/min ml/kg.min ml02/kg. km beats/min
Mean 3.64 55.08 167.8 184
Range 2.66 - 4.49 46.5 - 69.7 157.3 - 187.8 169 - 198
+ /- SD 0.58 6.9 10.83 9.96

where RE = Running Economy

Table 3: Protocol used for the determination of the lactate 

curve.

TIME (minutes) SPEED (km/hr) ELEVATION (%)
0 - 3 5.5 0.0
3 - 6 5.5 6.0
6 - 9 5.5 12.0
9 - 1 2 5.5 15.0

12 - 15 5.5 18.0
15 - 18 6.0 18.0
18 - 21 6.5 18.0
21 - 24 7.0 18.0

4.2. Percent change in plasma volume.

Changes in plasma volume were calculated for each workload of the 

lactate determination, for each subject, using either Hct values 

on their own or by combining Hct and Hb values. An example, for
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subject PP is presented in Table 4. The largest change in plasma 

volume, when using Hct only, occurred during the first nine 

minutes of exercise, which has also been described in previous 

studies (34) . When using both Hct and Hb, the largest change 

occurred during the highest workload, ie. after 24 minutes of 

exercise and above 80% of the subject's V02max.

Table 4: Percentage plasma volume changes for subject PP.

TOTAL

EXERCISE TIME 

(min)

%V02 max % PLASMA 

VOLUME CHANGE 

USING Hct

%PLASMA 

VOLUME CHANGE 

USING Hct & 

Hb
2.5 23.89 -7.716 -8.106
5.5 35.22 -6.974 -9.814
8.5 47.38 -11.338 -11.392
11.5 52.73 -7.518 -9.144
14.5 60.65 -5.090 -6.869
17.5 65.03 -3.166 -10.095
20.5 71.95 -7.344 -11.152
23.5 79.81 -9.546 -10.523
26.5 87.63 -8.818 -15.404

There are slight differences in the %change in plasma volume when 

using the 2 methods (ie. Hct only or Hct and Hb) , although no 

definite trend was apparent (figure 1). The curves are similar, 

except for the last workload, where the subject was working at
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above 80% of V02max. This could be due to changes in the volume 

of the red blood cell at maximal exercise, as described in 

previous studies (20,85).

There were large individual variations in the maximum percentage 

change in plasma volume, but such individual variations have 

frequently been observed following exercise and thermal 

dehydration (21) . When using Hct values to determine the 

percentage change in PV, the maximum aPV% varied from -3,23% to 

-18,57% with the mean maximum aPV% = -9,70 +\- 4,68% (n=ll). When 

using both Hct and Hb, the change in PV ranged from -3,83% to 

-15,40% with the mean maximum aPV% = -8,21 +\- 3,80% (n=7).
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Figure 1: Comparison of %changes in plasma volume 

using Hot values alone or a combination of Hct and

Hb values for subject PP.
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4.3. The lactate threshold.

4.3.1. Reproducibility.

In each subject, the lactate threshold was determined separately 

for each repetition, for both the unconverted and converted data. 

Figure 2 compares the three unconverted repetitions for subject 

HG, showing good reproducibility with a coefficient of variation 

(%CV) of 2.52%. (Average coefficient of variation for the group 

= 2.68%). The mean of the three LT determinations was used for 

statistical analysis. Figure 3 compares the data converted using 

Hct values, and once again the three curves show good 

reproducibility with %CV = 3.63, (average coefficient of

variation for the group = 3.60%).

Lactate threshold data obtained from subjects before and after 

adjusting for body fluid shifts, using haematocrit only, are 

presented in Table 5. These LT values are the mean of the three

repeat measurements for each subject.
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Figure 2: The lactate threshold - a comparison of 

three determinations for subject HG.
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Figure 3 : The lactate threshold - a comparison of 

three determinations after adjusting for body fluid

shifts in subject HG.
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Table 5: The Lactate Threshold - differences when adjusting 

with haematocrit.

Subj ect LT

unconverted 

%V02 max

LT

converted 

using Hct 

%V02max

Difference

AC 82.81 83.62 0.81
ZY 57.04 58.57 1.53
PP 68.19 68.82 0.63
TP 76.13 75.63 -0.50
DD 72.02 72.14 0.12
HG 74.02 74.50 0.48
DS 73.42 73.69 0.27
OC 72.84 73.01 0.17
D 60.04 60.50 0.46
CO 70.39 72.23 1.84
RD 59.59 64.99 5.40
MEAN 69.68 70.70 1.02
SD 7.87 7.15 1.59

4.3.2. Adjusting with Hct alone compared to adjusting with Hct 
combined with Hb.
Converting to the accumulated lactate concentration and 

correcting for plasma volume shifts using haematocrit only
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Figure 4: The lactate threshold - a comparison of %V02max 

at LT, before and after converting from total lactate to 

accumulated lactate corrected for body fluid shifts using 

Hct (Test 1).
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shifted the lactate threshold slightly to the right, ie. to a 

marginally higher value of V02 max (figure 4) . The average 

difference in LT, when adjusting with Hct only, was 1.02 of %V02 

max, which represents a 1.46% change (Table 5).

When adjusting with Hct and Hb (Table 6) , the average change was 

0.355 of %V02 max, which represents a 0.5% change (figure 5) . The 

shift in both cases was not significant. When comparing the two 

different curves, there is not much difference between the LT 

result for data adjusted with Hct and that adjusted with Hct and 

Hb (figure 6) . This indicates that although the latter is 

considered the more accurate approach, adjusting for body fluid 

shifts using Hct only, does provide an acceptable approximation. 

The comparison of %changes in plasma volume using Hct alone or 

a combination of Hct and Hb values for subject PP (figure 1) also 

shows there is little difference between the methods of

determining body fluid shifts.
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Table 6: The Lactate Threshold - Differences when adjusting 

with Haemoglobin and Haematocrit.

Subj ect Lactate LT adj

Threshold with Hct Difference

%V02max and Hb
AC 82.81 83.54 0.73
ZY 57.04 57.77 0.73
PP 68.19 68.77 0.58
TP 76.13 75.51 -0.62
DD 72.02 72.63 0.61
HG 74.02 74.23 0.21
DS 73.42 73.67 0.25
MEAN 71.95 72.30 0.36
SD 7.94 7.81 0.48



Table 7: Comparison of the LT when adjusting with Hot alone 

and when using a combination of Hct and Hb.

Subj ect LT adjusted LT adjusted Difference

with Hct with Hct & Hb
AC 83.62 83.54 0.08
ZY 58.57 57.77 0.80
PP 68.82 68.77 0.05
TP 75.63 75.51 0.12
DD 72.14 72.63 -0.49
HG 74.50 74.23 0.27
DS 73.69 73.67 0.02
MEAN 72.42 72.30 0.12
SD 7.60 7.81 0.38
t 0.836

Difference not statistically significant.
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Figure 5: The lactate threshold - a comparison of 

V02max at LT, before and after converting from total 

lactate to accumulated lactate, adjusted for body fluid 

shifts using Hct and Hb values in subject DS.
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Figure 6: The lactate threshold - a comparison of curves 

adjusted for body fluid shifts with Hct and those adjusted 

with both Hct and Hb, in subject HG.
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4.3.3. Total lactate compared to accumulated lactate adjusted for 
body fluid shifts.
When comparing total lactate to the adjusted accumulated lactate, 

subject TP, who suffers from Thallasaemia had the only intercept 

that shifted to the left (Tables 5 and 6) . If these data were 

omitted, the differences increased to 1.17 of %V02 max or 1,65% 

(Hct) and 0.519 of %V02 max or 0,72% (Hb Sc Hct) . The changes then 

become significant (Table 8) .

Table 8: Difference in lactate turnpoint between total lactate 

and adjusted accumulated lactate when omitting the 

subject with Thallasaemia.

Difference in LT - Difference in LT -

Adj. using Hct Adj using Hct Sc Hb
MEAN 1.171 0.518
STD. DEVIATION 1.591 0.232
STD. ERROR 0.503 0.0947
t 2.328 5.470

p < 0.05 p < 0.002
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4.4. Exponential model.

4.4.1. Reproducibility.
Due to the controversy surrounding the existence of a lactate 

threshold, an exponential curve was fitted to each subject's 

data. Once again, a curve was fitted to the data for each of the 

three repetitions. An excellent fit was obtained when using the 

original data (r = 0.989 +/- 0.018), as well as for the data 

converted by adjusting with haematocrit ( r = 0.985 +/- 0.024) 

or by adjusting with haematocrit and haemoglobin (r = 0.988 +/- 

0.027) . A comparison of the three curves using unconverted data 

shows excellent reproducibility (figure 7) , as does a comparison 

of the three curves using the converted data (figure 8).

The %V02max at a lactate concentration of 4 mmol/1 was determined 

for each set of data, as a measure of the position of the curve 

(figure 9) . Using the %V02max values at the 4mmol/l lactate 

concentration, the coefficient of variation for the three 

repetitions of the original data for subject ZY was 2,26%, and 

the average %CV for the group was 1,99%. The %CV for the three 

repetitions of the converted data for subject ZY was 1,2 0% and 

for the group the average %CV was 3,03%. The mean value for the 

three repeat lactate curve determinations was used for

statistical analysis.
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4.4.2. Comparison of total lactate and accumulated lactate 
adjusted for the shift in body fluids.
As was observed when using the lactate turnpoint, the shift in 

the curve was down and to the right, ie. to a higher % of V02 

max. In this case, however, the shift was more pronounced. The 

differences between the %V02max at a lactate concentration of 

4mmol/l, before and after adjustment, were compared using the t- 

test for paired observations. The shift was found to be 

significant (p < 0,001) in both cases (Hct only : t = 14,375; and 

Hct and Hb : t = 9,106). The data is presented in Tables 9 and 

10 .
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Figure 7: The exponential fit for subject ZY - a 

comparison of three repetitions for total lactate 

concentrations.
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Figure 8: The exponential fit - a comparison of 

three repetitions after converting to accumulated 

lactate and adjusting for body fluid shifts using Hct

only in subject ZY.
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Table 9: Comparison of the %V02max at [lactate] of 4mmol/l

before and after converting to accumulated lactate 

and adjusting with Hct, when using the exponential 

model.

SUBJECT %V02max at 

4mmol/l [L]

%V02max at 

4mmol/l [L] 

converted 

with Hct.

Difference 

(%V02max)

AC 82.23 88.60 6.32
ZY 68.04 74.76 6.72
PP 65.52 76.48 10.96
TP 74.37 85.55 11.18
DD 73.0 81.0 8.00
HG 73.50 80.70 7.20
DS 69.48 78.73 9.25
OC 70.00 77.50 7.50
D 60.62 72.01 11.39
CO 73.24 82.80 12.11
RD 71.25 82.00 10.55
MEAN 71.03 80.24 9.20
SD 5.51 5.00 2.12
= 14,40 and p < 0,001t
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Figure 9: The exponential fit - a comparison of 

%V02max at a [lactate] of 4mmol/l, before and after 

converting to accumulated lactate and adjusting for 

body fluid shifts using Hct values in subject ZY

(Test 3).
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Table 10: Comparison of the %V02max at [lactate] of 4mmol/l

before and after converting to accumulated lactate 

and adjusting for body fluid shifts with Hct and Hb, 

when using the exponential model.

SUBJECT %V02max at 

4mmol/l [L]

%V02max at 

4mmol/l [L] 

converted 

with Hct & Hb

Difference 

(%V02max)

AC 82.28 90.55 8.27
ZY 68.04 73.75 5.71
PP 65.52 78.75 13.23
TP 74.37 85.29 10.92
DD 73.0 80.75 7.75
DS 69.48 77.50 8.02
HG 73.50 80.60 7.01
MEAN 72.31 81.03 8.714
SD 5.44 5.47 2.53

t = 9,07 and p < 0,001
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Figure 10: The exponential fit - a comparison of 

%V02max at a [lactate] of 4mmol/l, before and after 

converting to accumulated lactate and adjusting for 

body fluid shifts using Hct and Hb values in subject

DS (Test 2).
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4.4.3. Comparison of adjusting for body fluid shifts using Hot 
alone and Hot in combination with Hb.

When comparing %V02max at a lactate concentration of 4mmol/l for 

data adjusted with Hct or Hct and Hb, the differences using Hct 

alone appear to be slightly higher than those using Hct and Hb 

(when observing mean values, Tables 9 and 10) . When comparing 

individual differences, there were varied results and the 

difference was not statistically significant (Table 11) . The 

appearance of the curves are also similar (figure 11) . Once 

again, adjusting for body fluid shift using Hct only does provide 

acceptable results.
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Table 11: Difference in %V02max at [lactate] of 4mmol/l when 

adjusting for body fluid shifts using Hct alone and 

Hct in combination with Hb.

SUBJECT %V02max at %V02max at Difference

4mmol/l [L] 4mmol/l [L] (%V02max)

converted converted

with Hct with Hct & Hb
AC 6.32 8.27 -1.95
ZY 6.72 5.71 1.01
PP 10.96 13.23 -2.27
TP 11.18 10.92 0.26
DD 8.00 7.75 0.25
HG 7.20 7.01 0.19
DS 9.25 8.02 1.23
MEAN 8.52 8.71 0.18
SD 1.99 2.53 1.38

t 0.35 and there is no significant difference.
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Figure 11: The exponential fit - a comparison of curves 

adjusted for body fluid shifts using Hct alone and 

adjusted using a combination of Hct and Hb in subject HG.
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CHAPTER 5. DISCUSSION

5.1. The change in plasma volume during graded exercise.
During this study, the venous lactate concentrations increased 

three to six fold during heavy exercise, over the resting values, 

and the PV decreassed between 3,23 and 18,6%. Even at work rates 

requiring close to 100% of V02max, PV has been reported to rarely 

decrease by more than 15-18%, provided there is little previous 

dehydration (26) . Sjogaard et al. (70) found that the

intracellular lactate concentration was twice that of the 

extracellular lactate concentration after intense exercise. The 

lactate concentration gradient therefore favoured a flux of water 

into the intracellular space, however interstitial water volumes 

doubled while intracellular water volumes increased only 

slightly. Osmotic forces due to lactate gradients during short­

term, non-steady state activity, cannot therefore be the only 

factor of importance. They also observed that with exhaustive 

dynamic exercise, the interstitial water doubled in the active 

muscle while no changes were observed in the inactive muscles 

(70) .

The response of the intravascular volume to running exercise 

varies considerably among individuals (26), as was seen in this 

study. The largest changes were generally seen during the first

two or three workloads. Factors which could limit further
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haemoconcentration during running are (i) the venous pressure in 

the legs is reduced due to the action of the muscle pump, (ii) 

there is movement of water into the ' intravascular space from 

inactive tissues as a result of the rise in plasma osmolality 

during exercise, and (iii) the accumulation of fluid in the 

active muscle is countered by rising tissue pressure and plasma 

tonicity, and by changes in the colloid osmotic pressure of 

plasma and interstitial fluid (26).

On the other hand, an important factor causing an increased 

filtration of water from the capillary bed into the interstitial 

space may be an enlarged functional capillary surface area, due 

to dilation of terminal arterioles and an increased mean 

capillary pressure. Both capillary hydrostatic pressure and 

intracellular osmolality contribute to the outward flux of water 

in the capillaries of the contracting muscles (34,70). If water 

released from the breakdown of glycogen has an influence on the 

changes in plasma volume, differing glycogen levels in the active 

muscles could also explain the variability of the changes in 

plasma volume.

5.2. Reproducibility of the lactate curve response.

When the lactate curve response was repeated on three different 

occasions, calculation of accumulated lactate concentrations, 

corrected for body fluid shifts on each occasion, resulted in a
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highly reproducible lactate curve response.

A zero lactate accumulation concentration during the lower 

exercise intensities indicated that the production and removal 

of lactate were in balance. Lactate turnover and oxidation rates1 

increase markedly from rest to moderate exercise with only a 

moderate increase in circulating lactate concentration 

(25,48,85). During graded exercise, lactate concentration usually 

increases only slightly above resting values during lower work 

loads. We found that during lower workloads, the lactate 

concentration dipped below initial lactate concentrations for 

some of the subjects, indicating the rate of disappearance (Rd) 

of lactate was greater than Ra (the rate of lactate appearance. 

Lactate concentrations increase sharply usually between 50-80% 

of V02max (46,76,81), which was also the case in this study.

5.3. Calculation of body fluid shifts.

Haematocrit values were used independently as this could be a 

simple test for routine analyses, ie. an acceptable approximation 

but accurate only when red cell volume is constant. When 

calculating body fluid shifts, the inclusion of haemoglobin with 

haematocrit values in the equation provides a more accurate 

assessment because it takes changes in red blood cell volume into 

account (20,37,84,85) . Human red blood cells can increase, 

decrease or remain constant in volume during physical stress
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depending on the interactions of plasma osmolality and blood pH 

(84). With maximal exercise, there are very large increments in 

plasma osmolality, but this influence on the erythrocyte can be 

neutralised or overcompensated by significant acid-base 

disturbances (84).

Under the conditions of our study, we found no significant 

differences in the percent change in plasma volume and the 

lactate curve response corrected for body fluid shifts when using 

the equation which included haemoglobin compared to the equation 

which relied on haematocrit alone. While changes in plasma 

volume are calculate with greater accuracy using both Hct and Hb, 

an acceptable result using haematocrit alone would provide a 

simple test for routine analyses and would be faster and less 

expensive than using both Hct and Hb. It would also be 

convenient for use during field trials. It seems, therefore, that 

the measurement of haematocrit alone constitutes a simple and 

easy method of correcting for body fluid shifts, and that it 

would appear to be unnecessary to take the additional precaution 

of measuring haemoglobin concentration.

5.4. The influence of body fluid shifts on the lactate curve 

response.

In correcting for the effect of body fluid shifts on lactate 

concentration during a graded exercise protocol, we needed to
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express lactate levels as a concentration of accumulated lactate. 

When we compared the lactate curves constructed using total 

lactate concentrations, uncorrected for body fluid shifts, to 

lactate curves constructed using accumulated lactate 

concentrations corrected for body fluid shifts, the difference 

in the lactate threshold (lactate turnpoint) was physiologically 

marginal even though statistically significant when we excluded 

the subject with Thallassaemia.

On the other hand, when we fitted exponential curves to the two 

sets of data, the 4mmol/l thresholds were markedly different. 

Fitting an exponential function to accumulated lactate 

concentrations, corrected for body fluid shifts, resulted in a 

significant alteration in the properties of the curve when 

compared to the same type of curve fitted to absolute (total) 

lactate concentrations, not corrected for body fluid shifts.

We conclude that the interpretation of any lactate curve response 

that neglects to correct for body fluid shifts could result in 

a significant error.

5.5 Conclusion

The purpose of this study was to determine whether body fluid 

shifts had any impact on the pattern of lactate accumulation. 

The rate and extent of plasma volume shifts and lactate



70

accumulation during physical stress are related to the type and 

intensity of that stress. When using the classic lactate 

threshold model, the differences were slight, and although 

statistically significant could not be considered physiologically 

significant. The exponential model, on the other hand, showed 

significant changes in the position of lactate accumulation 

curve. These changes were not only statistically significant but 

could also be considered physiologically relevant.

In conclusion, it appears that expressing the lactate curve as 

an accumulation curve rather than in absolute terms significantly 

alters the construction of the lactate curve during the 

continuous, graded exercise used in this study, when using the

exponential model.
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