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ABSTRACT 

An attempt was made to evaluate the applicability of a theorized model 

concerning plasma lactic acid kinetics to running performance assessment. This 

model incorporated two distinct lactate thresholds identified as the aerobic 

threshold (AerT) and the anaerobic threshold (AT). Two groups of males with 

different levels of fitness were tested. Group 1 (n=5) consisted of recreational 

athletes (X \02 max = 49.3 ml/kg·min-1) who ran less than 20 miles per week, 

while Group 2 (n=6) were highly trained runners (X \02 max = 65.5 ml/kg·min-1) 

who all ran at least 40 miles per week. All subjects participated in two 

incremental work load. (IWL) and four constant work load (CWL) tests that 

consisted of horizontal treadmill running at different speeds. The IWL tests 

elicited linear increas'es in \02 and were highly correlated for both Group 1 (r = 

.986) and Group 2(r = .999). However, three unbiased observers found the 

identification of both AerT and AT, using independent lactate and respiratory gas 

exchange "breakpoints," very subjective in nature. The test-retest reliability was 

generally poor and varied considerably among both the observers and the individual 

predictor variables. The validity of the respiratory gas exchange predictors was 

then evaluated against the criterion lactate thresholds using the estimates of a 

fourth, more experienced observer. The resultant correlation coefficients were 

generally not high, while t-test evaluation demonstrated significant (p < .05) 

differences in fifty percent of the cases. This same observer then pooled all of the 

ventilatory predictors in an effort to better estimate both AerT and AT indirectly. 
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These indirect ventilatory estimates consistently underpredicted the criterion 

lactate thresholds. This finding suggests that increases in running speeds may 

confound the normal associate between plasma lactate and ventilation at in

creasing work levels. Arbitrary lactate concentrations of 2mmol/2 and 4 mmol/L 

were further evaluated as threshold predictors. This methodology consistently 

overpredicted the criterion lactate thresholds in terms of \02 ' When any of these 

AerT and AT threshold estimates were compared to the lactate responses during 

the appropriate CWL test, no meaningful relationships were found. These 

observations question the physiological significance of both AerT and AT evalu

ation during treadmill running, as well as pointing out the difficulty in reliably 

detecting both plasma lactate thresholds regardless of the methodology. 



CHAPTER 1 

INTRODUCTION 

In the course of normal human metabolism, carbon dioxide (C02) is 

produced and oxygen (02) is consumed. The production of this C02 may have 

two origins, either as a metabolic by-product, i.e. aerobic metabolism, or as a 

consequence of the buffering of lactic acid, (47), i.e. anaerobic metabolism. 

When the aerobic metabolic component accounts for the total energy production, 

theoretically no lactic acid is produced. However, even in the resting human, 

small amounts of lactic acid are always present in the blood (21). This 

observation suggests that there is always an anaerobic component included in the 

total need of the organism at all levels of normal metabolic function, i.e. from 

rest to maximum exercise. 

Lactic acid in the blood typically remains near resting levels during 

exercise at low work intensities. However, as the individual progresses to 

heavier intensities, the levels of extracellular lactic acid usually rise, particu

larly in the first few minutes of exercise (9). This rise in blood lactate is 

generally thought to be a consequence of increased anaerobic glycolysis occur

ring in the activated muscles. Considerable evidence now indicates that an 

increase in blood lactate above resting levels occurs in normal subjects at a 

certain critical work level (45,46,47,48,49,51). However the rate of lactate 

production, the final lactic acid level achieved, and the time during which lactic 

acid levels remain elevated will vary depending on the specific exercise protocol. 

As an example, during continuous work of long duration, requiring a constant 

1 
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level of energy expenditure, the concentration of lactate in the blood can 

fluctuate significantly. If the exercise is of moderate intensity, the plasma 

lactates may increase initially and then return to pre-exercise levels, while 

during heavy exercise the lactate concentrations may plateau or continue to rise. 

Very heavy exercise often elicits a constant rise in lactic acid (46). Incremental 

work is characterized by a marked, continuous increase in lactate levels once a 

critical threshold level of work has been exceeded. 

In a series of classic experiments, Bang (1) measured blood lactate 

during long duration, moderate intensity exercise and found that a peak blood 

lactate value occurred after approximately five minutes of bicycle ergometry 

work, but with continued exercise at the same intensity lactates often fell to 

pre-exercise levels. It was concluded that this initial rise in blood lactate is due 

to a transient, insufficient supply of 02 to meet the exercise demand, i.e. the 

period of suggested oxygen deficit. Bang (1) hypothesized that part of the 

lactate accumulated in the muscle is subsequently oxidized and restored to 

glycogen within the muscle as the oxygen supply becomes adequate. However, 

under different circumstances such as heavier exercise (1), or during moderate 

work under extreme environmental conditions (11,13), the rate of lactate 

production may have remain elevated. Moreover, factors other than an 

insufficient delivery of 02 may also govern the production of lactate (23) and are 

the subject of continuing research. 

The significance of this initial rise in blood lactate above baseline 

resting values has been actively researched by several investigators, resulting in 

controversy (9) over the physiological interpretation of specific lactate values at 

various relative levels of submaximal work (15). It is impossible to tell from 

blood concentrations alone if lactate is or is not being produced. Several 
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investigations (2,3,22,34,43) have demonstrated that plasma lactate is the 

consequence of, 1) muscle lactate production and consumption, 2) diffusion of 

lactate out of the muscle, and 3) the uptake of lactate by various other tissues. 

It is obviously precarious to infer that blood lactate concentrations are truly 

representative of total cellular lactate production (9). While much research has 

attempted to better elucidate the intra-and intercellular mechanisms of lactate 

balance, many questions are still unanswered. However, Gollnick (9) concluded 

that blood lactate concentrations may still give valuable information about 

changes taking place in the muscle and other tissues, as well as the blood. 

Wasserman and Whipp (47,50) pioneered much of the early work 

evaluating the relationship between changes in plasma lactic acid above baseline 

resting levels and the corresponding respiratory gas exchange patterns. This 

research resulted in the establishment of non-invasive methodology which 

estimated alterations in the aerobic and anaerobic components of metabolism 

occurring during exercise leading to the concept of anaerobic threshold (45). 

Generally, these researchers concluded that any observed rise in plasma 

lactate above baseline resting values indicated the onset of metabolic acidosis 

(47). This interpretation was later questioned by other investigators (25,27). 

New terminology was proposed· in an effort to define more precisely the 

physiological events that coincide with increases, above resting levels, in the 

rate of lactic acid production. Various non-invasive methodologies were 

concurrently suggested. The validity of many of these have been questioned. 

Recently a model has been proposed that attempts to summarize past 

research findings in this area with a clear and physiologically consistent theme 

(41). For a period of time, most researchers accepted the originally proposed 

concept that the anaerobic threshold (AT) was a distinct, singular event. 
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However, it has been suggested that alterations in the plasma lactate concentra

tion during increasing exercise may involve two separate events, with a discrete 

transition period separating them. These two events have been termed the 

aerobic and anaerobic thresholds (25). This expanded concept is not in concert 

with the findings of several previous studies (45,49), thereby seriously ques

tioning the entire concept of anaerobic threshold. Thus, the physiological events 

that accompany the appearance of increases in blood lactate above resting levels 

need to be further elucidated, i.e. the relationships between the respiratory gas 

exchange parameters and changes in plasma lactate concentration. Further 

research may either confirm previous findings or identify new theories and 

methodologies that will accurately define the anaerobic or the aerobic/anaerobic 

thresholds. 



CHAPTER Z 

REVIEW OF LITERA TURE 

In 1964, Wasserman and McIlroy (45) attempted to describe the 

anaerobic component of metabolism during exercise by evaluating the relation

ship between blood acid-base parameters and pulmonary gas exchange. 

Specifically, they monitored plasma lactate and bicarbonate concentrations 

along with the respiratory exchange ratio (45). It was observed that, at a certain 

"threshold" during the incremental work test, these physiological parameters 

began to change simultaneously and in an abrupt and quantifiable manner. They 

hypothesized that these changes were a result of a failure of the cardiovascular 

system to supply the working muscles with adequate 02' thus causing an increase 

in anaerobic metabolism. The term "anaerobic threshold" (45) or AT was 

suggested to indicate this point of increased anaerobiosis. 

Prediction of AT 

In this early work (45), these researchers used end-tidal measurements 

of COZ and nitrogen to detect the abrupt change in R (respiratory exchange 

ratio). In this study the concentration of nitrogen was measured in place of the 

more commonly used concentration of oxygen. However in later research 

attempting to better define the physiological changes at AT, other respiratory 

gas exchange measures have been suggested. For example, in 1973, Wasserman 

et al. (49) described four events which characterized the onset of metabolic 

acidosis, including: a non-linear increase in ventilation (\E), a non-linear 

increase in carbon dioxide production (~OZ)' an increase in end tidal 0z 
5 
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(PETOZ) without any change in end tidal COZ (PETCOZ), and a transient increase 

in R above that expected. This additional increase in R was considered to be the 

least sensitive indicator of AT. Simultaneous observations of PETOZ and 

PETCOZ on the other hand were thought to be very sensitive to the detection of 

A T and could be used to rule out either emotional or pathological sources of 

hyperventilation. \E was also suggested as a suitable determinant of AT, 

especially because it can be measured with relative ease. 

Davis et al. (7) later attempted to evaluate the feasibility, validity and 

reliability of AT determination, using a computerized, but not a breath-by

breath analysis system. They found that predicting AT from non-linear increases 

in \e: and \c0Z, and abrupt increases in the concentration of expired 0z (FEOZ), 

was acceptable. How~ver, it was noted that FECOZ was usually much more 

variant than the PETCOZ measurement as used by Wasserman et al. (47). Thus, 

FECOZ could not be used in the same context as the previously established 

PETCOZ criterion. Although these researchers (7) concluded that the feasibility 

and validity of indirect lactate threshold determination was good, the reliability 

of these methods was low. 

The same researchers have found it often necessary to include duplicate 

tests to increase the certainty of their prediction (7). Even with duplicate tests, 

however, there was still a high degree of subjectivity in determining the 

respective breakpoints. After reviewing several sample figures used for the 

prediction of AT presented by these authors and others (5,6,19,48,49), it would 

appear difficult for "untrained" technicians to apply the stated criteria effec

tively and reliably. 

More recently, Davis et al. (5) conducted a study to ascertain the effect 

of physical training on AT using middle-aged men working on a bicycle 
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ergometer. The testing was conducted in a more sophisticated laboratory setting 

capable of measuring end-tidal gas partial pressures. Two criterion for AT 

prediction were applied; first, an increase in the ventiliatory equivalent for 02 

(\t./VJ2), and an increase in PET02 without a decrease in PETC02. These 

investigators concluded that AT detection was easier to quantify using these 

criterion as opposed to break points in \.E, \c02, or FEC02 (7). It was 

suggested that breath-by-breath analysis allows for finer resolution of any break 

points. 

In a review article, Wasserman and Whipp (47) suggested that it is 

better to define AT in terms of oxygen uptake (VJ2). For each individual, AT 

appears to occur at the same VJ2 somewhat independent of the duration of the 

work increment. On the other hand, AT may be defined in terms of work rate 

provided steady state VJ2 is achieved. In an earlier study (49), they compared 

one-and four-minute work duration increment protocols utilizing subjects who 

had a lactate threshold betwen 50 and 60 percent of their maximal oxygen 

uptake (\02 max). Applying the non-invasive respiratory parameters outlined 

earlier (49), the one minute test was found to be preferable because AT was 

more clearly defined, and it was more likely that \02 would plateau, thereby 

better identifying \02 max. Moreover, the test was shorter, the subjects 

recovered faster, and AT may be expressed in terms of either \02 or the actual 

work intensity (47). 

Mode of Exercise 

Most of the early investigations used the bicycle ergometer as the 

exercise mode, including those studies which attempted to validate the non

invasive techniques against actual plasma lactate levels. It has been demon-
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strated, however, that sub maximal lactates obtained on the treadmill are lower 

than those obtained during cycle ergometry for the same \02 (14). Thus, the 

applicability of AT determined on the bicycle ergometer to another mode of 

exercise such as running may be inappropriate (7). For example, Davis et al. 

found significantly lower AT values during cycling as compared to treadmill 

running. 

Recently, investigators have examined the lactic acid response while 

performing treadmill exercise. In a study examining the onset of plasma lactate 

accumulation i.e. AT, and distance running performance, Farrell et al. (8) incor

porated a somewhat different protocol for determining the appearance of meta

bolic acidosis during treadmill work. Each runner performed a series of 10-

minute steady state runs at various paces. Lactic acid accumulation was 

measured at the end of each run. This approach is similar to the earlier work of 

Hermansen and Saltin (14). To evaluate the onset of plasma lactate accumula

tion (OPLA) from different treadmill velocities, or oxygen consumptions, two 

methods were employed. First, a visual inspection indicated that point on the 

graph above which there was either an exponential or linear rise in lactate above 

the baseline. Second, linear regression of at least four data points above and 

four data points below the visual determination of OPLA were projected on a 

graph. The intersection of these two regression lines gave a second estimate of 

AT. These two methods were in close agreement. Due to technical difficulties, 

however, these researchers were unable to validate the use of respiratory 

exchange parameters as indicators of OPLA. This was unfortunate, as anaerobic 

threshold assessment, using ventilatory responses had not been validated against 

venous blood sampling during treadmill exercise (8). 
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Physiological Significance of AT 

The kinetics of the lactate response to exercise is of crucial 

consideration. Therefore the extended time-course of this response must be 

considered. This may explain why there appears to be considerable uncertainty 

concerning the relative work intensity necessary to accumulate lactate 

(17,18,26,30). Moreover, the concept of an onset of metabolic acidosis (AT) 

above a certain work level as introduced by Wasserman et al. (49) appears to be 

especially difficult to relate to performance considerations. Costill (4) measured 

lactate levels in highly trained runners and found that they could work for 
. 

extended periods at up to 90% of their \02 max with only a moderate increase in 

lactate levels. This confirmed earlier research by Hill (16), which showed that 

with prolonged exhaustive (steady-state) exercise, there was little lactate 

accumulation. Furthermore, in the former investigation, Costill (4) found low 

levels of lactic acid in competitive runners at the end of a marathon race. In 

two very fit runners there appeared to be little if any initial rise in lactate and 

no significant increase after several hours of running at intensities of approx-
. 

imately 70% of \02 max. Possibly these runners were all able to work at 

significantly greater intensities than that level of work corresponding to their 

probable AT, as would be defined by Wasserman (49). This would only be a 

speculation as AT was not measured in these athletes. 

Exhaustive exercise of prolonged duration is often characterized by 

relatively low plasma lactate concentrations. For example, in a glycogen 

depletion study evaluating lactate alterations during bicycle ergometer exercise 

for periods of up to three hours, plasma lactate reached low to moderate levels 

never exceeding an average of 4 mmol/L (10). Rowell et al. (37) also found low 

levels of lactate in normally active men exercising at intensities ranging 
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. 
between 48 and 70 percent of \02 max. In many instances, an early peak in 

plasma lactate concentration was observed which then subsided to relatively low 

levels after approximately 30 minutes of cycling. These data would indicate that 

a significant amount of lactic acid had been removed. 

These previous observations substantiate Bang's (1) original work where 

he observed an initial rise during the early stages of exercise followed by a 

gradual decrease in lactate levels with prolonged exercise. Hermansen and 

Stensvold (15) later attempted to better define this phenomenon by evaluating 

lactate production and removal during treadmill running at various intensities 
. 

ranging from 30 to 80 % of \02 max for thirty minutes in well-trained subjects. 

Blood samples from a finger were obtained every five minutes. In most cases, 

they observed an initial small or moderate increase in blood lactate following 

five minutes of exercise which thereafter plateaued or decreased slightly. 

Immediate post-exercise values were often low, i.e. less than 2 mmol/L. These 

findings are in concert with the viewpoint that an initial increase in plasma 

lactate is not always followed by a continued rise throughout the work period, 

and, in fact, may often decline. Therefore, from a performance standpoint, the 

onset of a metabolic acidosis as measured by AT appears to have little 

relevance. Unfortunately, Hermansen and Stensvold did not evaluate the \02 

during the extended runs or define the AT. 

New Terminology 

In light of some earlier work (24,29) following the time course of lactic 

acid appearance in the blood, Lehman and Keul (27) introduced new terminology 

to describe that level above resting values at which a more substantial increase 

in lactate takes place. They defined the point where lactate concentrations 
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reached 4 mmol/L (29) as the "aerobic-anaerobic threshold." Kinderman, Simon, 

and Keul (25) later attempted to distinguish the significance of the aerobic-

anaerobic transition in relationship to various possible training intensities. 

Kinderman et ale were interested in comparing Wasserman's (45,48,49) concept 

of AT against that of their previously established criterion (24). The subjects 

consisted of seven well-trained cross-country skiers who ran on an inclined 

treadmill. The speed was increased gradually every three minutes and arterial 

blood was sampled from the ear lobe at the end of each work stage. Each 

subject then participated in a 30 min run -on the treadmill at a speed which had 

previously elicited an increase in lactate concentration to 4 mmol/L. Again it 

was found that most subjects could exercise at this intensity for 30 minutes or 

longer with no change from the criterion lactate level. The researchers 

suggested that Wasserman's (45,49) definition of AT corresponds with an increase 

in lactate to approximately 2 mmol/L and that this threshold marks the upper 

limit of "exclusively" aerobic metabolism. A new concept of two thresholds, i.e. 

aerobic and anaerobic thresholds was therefore suggested (25). Their new 

terminology was as follows: l 

I. Aerobic threshold (AerT) - formerly AT (49) and defined as the 
first sign of an elevation in blood lact.ate (approximate 2 mmol/L) 
above resting levels. 

II. Aerobic-anaerobic transition - (2-4 mmol/L plasma lactate). 

III. Anaerobic threshold (AT) - formerly aerobic-anaerobic threshold 
(27) and now defined as the steep part in the exponential rise in 
lactate (approximately 4 mmol/L). 

1 This later terminology shall be used exclusively throughout the 
remainder of this text. 



12 

These definitions may be more descriptive of the actual physiological alterations 

occurring with exercise. Thus AT would now denote the "true" onset of a lactate 

induced metabolic acidosis. Unfortunately, respiratory gas exchange measures 

were not obtained so it may still be necessary to use invasive measures to 

confidently describe these criterion for each individual. 

AerT, AT and Performance 

Simon et ale (40) have recently investigated the relationship between 

these thresholds and the actual pattern of lactate accumulation. Using bicycle 

ergometry and criteria analogous to that defined by Kinderman et ale (25) and 

later expanded by others (41), both AerT and AT were identified during an 

incremental work test by venous lactate measures. The subjects then performed 

four constant load work bouts for 30 minutes each at intensities that were as 

follows: 1) just below AerT, 2) just above AerT, 3) just below AT, and 4) just 

above AT. The accumulation of plasma lactate was monitored throughout the 

work period. The first two workloads were completed by all subjects, while only 

three of the five participants finished work level 3 and no subject was able to 

cycle for the entire thirty minutes at work level 4. The four levels of work 

corresponded to mean values of 46, 57, 74 and 86 percent of \02 max, 

respectively. Understandably, the plasma lactates leveled off at low concentra

tions during the first two work periods. At the work level just below AT, plasma 

lactate continued to increase moderately throughout exercise. A representative 

response to the heaviest work period was characterized by a very dramatic 

increase in venous lactate up to the point of exhaustion. In this example, the 

mean plasma lactate concentration at the end of the work bout was 11 mmol/L. 
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Thus it appears that during prolonged work at levels well above AerT, 

the plasma lactate levels begin to increase as the workload is intensified with 

each successive exercise period. Other research has demonstrated that with 

athletic events requiring above 70 percent of \02 max there is a high correlation 

between the work intensity and post-race lactate concentration (4). Farrell et 

ale (8) found that the onset of plasma lactate accumulation, determined from a 

series of discrete 10 min work bouts, is closely related to race pace for long 

distances and seems to be independent of the competitive level of the runner. 

These phenomenon are in basic agreement with the later observations 

of Wasserman and Whipp (47), realizing some differences in terminology; the

exception being that an initial rise in plasma lactate as defined by Wasserman 

(48,49) does not always persist. However, above critical work intensities, the 

buildup of lactate eventually becomes so great that it is associated with fatigue 

and exhaustion. The work intensities which would elicit this latter response are 

either near or above AT. Kinderman and Keul (24) made similar observations 

which emphasized more of a causal relationship between lactic acid and fatigue. 

They too found a steep rise in lactate when working in excess of 80 % of \02 

max in their subjects. 

Effects of Fitness And Training 

Levels of training and fitness may influence the individual's response to 

lactate accumulation response. Rusko (38) noted that endurance athletes may be 

characterized by the highest intensity of exercise they can perform prior to the 

onset of lactic acid accumulation, as well as ~2 max. Wasserman and Whipp 

(47) concluded that the absolute work rate at which lactate begins to appear is 

higher in fit subjects and may also be considered an index of fitness. It follows 
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that the quantity of lactate produced at a given absolute work rate would 

therefore be less in the fit individual (47). Hermansen and Salt in (l3) demon

strated this distinction while measuring lactate accumulation in non-athletes and 

athletes after ten minute work bouts at increasing intensities. 

The lactate accumulation curves that were presented in the work of 

Hermansen and Stensvold (14) were very similar to those representing the lower 

work loads in the Simon et al. study (40). The fact that Hermansen and Stensvold 

(15) did not find higher levels of lactate accumulation may be explained by the 

high level of fitness for the subjects in that study. These investigators noted 

that the blood lactates increase little up to a critical point (possibly AerT) which 

in some instances was approximately 80 percent of \02 max, after which 

pronounced production might then occur. 

More recently, other researchers attempted to evaluate the conse

quence of training on AT. Davis et al. (5) found that training increased AT 

considerably in middle-aged men both in absolute and relative terms, with \02 

max also increasing in a proportional manner. In his original work, Bang (1) 

asserted that the effect of training lessens or even abolishes the initial rise in 

lactate at certain work loads, further demonstrating a response of AT to 

training. Kinderman et al. (25) has suggested the importance of establishing a 

training intensity in the AT range, the rationale being that the aerobic metabolic 

systems would be significantly stressed. In addition, these workloads may be 

continued for long periods of time. Accurate appraisal of the athlete's lactate 

accumulation parameters, i.e. AerT and AT, may therefore be very important in 

designing the most effective training program. Moreover, these researchers (25) 

have summarized the findings of many investigators by concluding that the 



15 

parameters of respiration and metabolism, while measured at less than maximal 

load, may be more reliable indicators of the state of conditioning than \02 max. 

Overview 

Overall there appears to be four general patterns of lactate appearance 

that are discernable depending on the intensity of the prolonged exercise. 

Wasserman and Whipp (47) have described them as follows: at very low to low 

work intensities, there is no increase in lactate; during low to moderate work, 

lactate peaks early and then returns to normal; when exercise is moderate to 

heavy, plasma lactate increases significantly and then may either decrease 

slightly or remain elevated; and while working at heavy to exhaustive intensities, 

lactate continues to increase throughout the work period. Understandably this 

description is simplified as it does not consider "the physiological inter-individual 

variability among subjects. Other factors that might confound the relationship 

between blood lactate levels and intensity of exercise include the level of 

fitness, testing methodology and protocol, and the inherent investigator 

subjectivity. Moreover, during the past fifteen years, many investigators have 

endeavored to more precisely elucidate the transition from aerobic to anaerobic 

metabolism in terms of many different physiological parameters. In the past few 

years research has begun to better clarify this intriguing aspect of physiological 

function. 

An excellent review by Skinner and McLellan (41) has focused on this 

state of metabolic transition. The authors have attempted to summarize the 

physiological evidence surrounding these events and present a theoretical model 

integrating the results of past research. In summary, Skinner and McLellan 

explain the production of lactate during this aerobic-anaerobic transition period 
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emphasizing factors other than tissue hypoxia alone. Changes in respiratory 

exchange gas exchange parameters are suggested to occur in a distinct and 

measurable fashion. These measures include \E, \02, \c02, FE02' FEC02, and 

R (See Appendix A). With respect to the relationship between lactate production 

and pulmonary gas exchange responses, these researchers incorporate the con

ceptual terminology first described by Kinderman et al. (25) and Mader et al. 

(29), i.e. two distinct thresholds AerT and AT, with a variable transition period. 

However, satisfactory methodology has not been fully established for the valid 

and reliable estimation of these two thresholds via respiratory gas analysis. 

Moreover, these measures have never before been collected in an attempt to 

validate their relationship during running. Therefore, while generally incor

porating this model (41) as a theoretical guide, the following rationale and 

objectives were established. 

Statement of Problem 

The purpose of this study was to evaluate the response of plasma 

lactate and its corollary pulmonary gas exchange parameters in response to both 

incremental and constant load, i.e. steady state, exercise protocols while running 

on a motor driven treadmill. The major emphasis was directed toward precisely 

defining the lactate response to increasing and steady-state exercise, thus 

providing a clarification of the present controversy in terminology, i.e. 

aerobic/anaerobic vs. anaerobic threshold. In addition, an attempt was made to 

confirm previous non-invasive methods used in describing the parameters of the 

aerobic-anaerobic transition period. 



The specific objectives of this research were: 

1. To evaluate the subjectivity involved with the threshold deter
mination for both AerT and AT incorporating the criteria 
outlined by Skinner & McLellan (41). 

2. To determine the validity and reliability of determining AerT 
and AT, using respiratory gas exchange measures previously 
suggested, during an incremental work test on a motor driven 
treadmill. 

3. To validate these events against criterion plasma lactate 
measures as suggested by Kinderman et al. (25). 

4. To evaluate the previously determined aerobic-anaerobic tran
sition from the incremental work test against constant load 
treadmill running at various paces for periods of 30 min each. 

s. To better characterize the difference in plasma lactate and 
respiratory responses between individuals with dissimilar 
levels of aerobic fitness. 
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CHAPTER 3 

EXPERIMENT AL DESIGN AND METHODOLOGY 

A total of eleven male volun.teers were recruited from the University of 

Arizona community, i.e. students, staff and friends, to participate in this study. 

Table 1 summarizes their physical characteristics. Each subject was asked to 

read and sign the consent form previously approved by the University of Arizona 

Human Subjects Committee before participation was allowed (see Appendix B). 

The subjects were divided into the following two groups depending on their level 

of training: 1) those who ran less than 20 miles per week, 2) those who ran more 

than 40 miles per week. All subjects reported to the laboratory no less than 3 

hours post-absorptive. An attempt was made to standardize the testing time, 

i.e. either morning or afternoon, for each subject. All subjects unaccustomed to 

treadmill running were given practice trials to familiarize them with this type of 

exercise. Also, all subjects were asked not to alter their training regimens 

throughout the course of the study. 

Initially, each subject participated in duplicate incremental work load 

(IWL) treadmill tests. A modified horizontal treadmill test protocol (42) was 

incorporated. The rationale for applying this protocol was that an inclined test 

will not elicit the true horizontal running speed that correlates with either the 

subject's AerT or AT for level running. It was also felt that this type of test 

more specifically replicates a major portion of the type of training and racing in 

which one normally participates. For example, while running up a grade, the 

recruitment pattern for various muscle groups may vary considerably from those 
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Subject . Age 
(yr) 

GROUP I, Sportsmen 

1 T.S. 29 
2 G.F. 29 
3 0.5. 27 
4 S.B. 25 
5 S.C. 34 

X 28.8 
.:!:. S.D. 3.4 

GROUP II, Trained Runners 

6 R.R. 25 
7 T.R. 34 
8 P.S. 27 
9 0.5. 32 

10 M.J. 23 
11 R.A. 23 

X 27.3 
.:!:. S.D. 4.7 

Table 1 Subject characteristics 

Ht Wt \02 Max 
(cm) (kg) (ml/kg·min-1 ) (L·min-1) 

182.5 89.0 46.6 4.15 
175.3 67.7 50.3 3.41 
177 .8 89.8 46.0 4.13 
171.5 . 60.2 52.4 3.16 
182.0 79.0 51.2 4.06 

177.8 77.1 49.3 3.78 
4.6 13.0 2.8 .46 

180.5 72.5 57.8 4.14 
170.3 56.0 68.9 3.86 
174.4 65.0 70.7 4.60 
182.0 73.7 63.4 4.68 
195.2 79.0 62.6 4.94 
184.0 75.8 69.7 5.28 

181.0 70.3 65.5 4.6 
8.6 8.4 5.0 0.52 

Max Time 
(min) 

8.00 
8.50 
8.50 
8.50 
9.00 

8.50 
.35 

10.00 
11.00 
12.00 
12.75 
13.00 
14.00 

12.13 
1.45 

Training 
(mi/wk) 

0-5 
0-5 
0-5 

15-20 
10-15 

40 
75 
55 
70 
65 
80 

64.2 
16.3 

I-' 
\0 
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used during level running. The protocol for the incremental work load (IWL) test 

was as follows. The initial speed was established at 140 m/min for all subjects. 

After the first minute and for every minute thereafter, the speed was increased 

at the rate of 20 m/min until the subject was no longer able to maintain the 

pace, or to a maximum speed of 400 m/min at which time the speed remained 

constant until the subject could no longer maintain the pace. 

A one-minute period for each increment of work was selected. Earlier, 

Wasserman et al. (49) found that one and four minute IWL tests are similar in 

predicting the onset of metabolic acidosis. The shorter overall duration of a IWL 

test using one-minute increments would make it more attractive to the average 

researcher as well as the subject. Standard respiratory gas exchange measures 

as well as venous blood samples were collected at the end of each minute 

throughout the test. These procedures are described in detail later in this 

section. 

The resultant lactate concentrations for each minute of the IWL test were 

plotted against the respective treadmill speeds. Visual inspection was used to 

provide an estimate of the initial increase in plasma lactate above baseline 

levels. The corresponding speed at this point was then chosen as the fixed pace 

for the first in a series of thirty minute runs. A total of four of these constant 

work load (CWL) exercise bouts were performed by each subject. Each work 

bout was performed at a different running velocity separated by increments of 

20 m/min. For example, most subjects in Group I performed their CWL tests at 

speeds of 160, 180, 200, and 220 meters per minute (m/min). In most cases, the 

subject did not complete the full thirty minutes at the highest velocity 

attempted. All treadmill runs were usually separated by a week and never less 

than three days. Room temperature for all tests varied between 240 and 27°C. 
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A medium-size (30 cm) fan was operated and directed toward the subject during 

all of the CWL tests. 

In order to keep the kinetics of the CWL tests in concert with the IWL 

test, the selected pace for the thirty minute run was achieved in the same 

successive fashion as the IWL test protocol. In other words, each CWL test 

started at 140 m/min and the speed was increased 20 m/min each minute 

thereafter until the steady state pace was reached. This also allowed for 

adequate warmup for each subject, particularly at the higher CWL test paces. 

Therefore, the running time at the eventual steady state pace was always less 

than thirty minutes. 

Respiratory gas exchange measures were obtained at the end of minutes 

1-10, 14, 15, 19, 20, 24, 25, 29, 30. If the subject was unable to complete the 

run, gas exchange was also measured during the last minute of that test. Venous 

blood samples were collected simultaneously with the respiratory measures. In 

order to achieve some economy in the number of chemical analyses to be 

performed, only selected samples were taken during the first ten minutes of the 

run. For this same reason, blood samples were not always drawn at minutes 14, 

19, and 24. 

Serial venous blood samples were obtained from an indwelling 18 gauge 

Teflon catheter (Des!3ret Angiocath) placed in a prominent medial vein of the 

lower forearm. A small bore extension tube (Abbott Laboratories, vol. 1.5 ml, 

length 95 cm) was then attached to the catheter and secured just distal to the 

elbow. The remainder of this tube was attached to a three-way stopcock. One 

end of the stopcock was connected to a solution administration kit (Travenol Lab 

inCoool) from which a 250 ml Fenwal bag filled with physiological saline 

solution provided a steady drip to maintain catheter patentcy. Heparin was not 
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needed to keep the catheter patent. Blood was collected in the following 

manner. Shortly before the end of the minute designated for collection, 2 

milliliters (mI) of saline and blood were withdrawn from the extension tube and 

catheter with a 3 ml disposable syringe attached to the open end of the stopcock. 

Another 3 ml syringe was immediately put in its place and 2.5 ml of whole blood 

was collected. The system was then allowed to flush itself with saline until the 

next collection period. The initial sample of mixed saline and blood was always 

discarded. 

Triplicate micro-capillary tubes were promptly filled for later measure

ment of hematocrit. Immediately thereafter, 2 ml of blood were pipetted into a 

previously cooled test tube filled with 4 ml of diluted (8%) perchloric acid. The 

test tube was covered and thoroughly mixed by vortexing and allowed to stand in 

an ice bath until the conclusion of the test. Plasma lactate determinations were 

made in duplicate following the guidelines of a standard enzymatic method (39) 

using a Beckman 35 spectrophotometer. The mean of both trials for each minute 

sample is the reported value. 

Although blood sampling during cycle ergometer work is a common 

laboratory technique, the collection of serial venous blood samples while 

treadmill running has been reported only briefly earlier (32,33,35), while the 

precise methodology has never been fully elucidated. Therefore considerable 

pilot work was employed in order to refine the technique for this specific 

laboratory application. These preliminary trials revealed that at higher inten

sities of work there sometimes was a "shut down" of blood flow in the 

catheterized vein, although this response was quite variable. It was felt that this 

peripheral shunting effect could be overridden in most instances by the applica

tion of heat. After considerably more experimentation, it was found that the 
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most effective method of heating was accomplished by having the subject 

immerse his hand and lower forearm in a water bath for 15 minutes at a 

temperature of 4SoC prior to catheterization. The subject's hand was then 

placed in a plastic glove, wrapped with heat tape, and then covered with a 

mitten. The temperature of the heat tape was regulated via a current regulator. 

The current was adjusted to the point where any further increase in heat would 

cause discomfort. The electrical cord was secured at the elbow in the same 

manner as the previously mentioned catheter extension tube. Unfortunately, 

because of these and other technological difficulties, some blood samples were 

not obtained. However, these missing samples proved not to be critical in the 

final analysis of the data. 

During both the IWL and CWL treadmill runs, the subject's electrocardi

ogram (ECG) was monitored continuously from a CMS lead configuration via a 

high-persistence ocilloscope (Hewlett-Packard Model 78312 A). Heart rates 

were calculated from the ECG which was run for the last S sec each minute 

corresponding to a respiratory g,as exchange and lactate collection period. 

All respiratory gas collections and analyses proceeded in the following 

manner. The subject breathed through a low-resistance valve (Hans-Rudolf) into 

a 3 liter mixing chamber which was sampled continuously by Applied Electro

chemistry 02 (model S-3A) and C02 (model CD-3A) gas analyzers. Output 

voltages corresponding to the fractions of 02 and C02 were transmitted to a 

Cromemco (Model Z2) micro-processor. All inspired air was first directed 

through a high-velocity, low-resistance CD-4 gas meter (Parkinson-Cowan) modi

fied to provide the micro-processor with voltage interrupts for each 0.1 liter of 

ventilation. The micro-processor calculated and stored the standard repiratory 

measures. Every 15 seconds, the data was updated to allow for a "running" 1 
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minute average as described elsewhere (5Z). Before and after each IWL and CWL 

test the gas analyzers were calibrated with gas of a known concentration, 

previously verified by the Scholander microtechnique. Any electronic "drift" in 

the analyzers was sensed by the computer and the reported values corrected, 

assuming a linear change over time. 

The indices used both individually and in combination to determine the 

AerT and AT thresholds of each subject were \E, \coz, \£./\nz, FEOz, 

\£/\cOZ and FECOZ. Using these indices, the following criteria were employed 

in selecting the AerT: 1) the first point at which \£ began to increase in a 

nonlinear manner, Z) the point at which \c0Z began to increase in a nonlinear 

manner, 3) the point at which the ventilatory equivalent for Oz (\E;\DZ) 

exhibited a systematic increase without a concommitant increase in the ventila

tory equival~nt for COZ (\£./\cOZ), and 4) that point at which FEOZ reaches its 

lowest value. Similarly the determination of AT incorporated these following 

criteria: 1) a second departure point from linearity in the \£ plot, Z) that point 

at which (\£/\cOZ) made a significant and consistent increase, and 3) that point 

at which FECOZ reached its highest point. Likewise, the criterion applied to the 

plasma lactate curves for AerT and AT determination were the first and second 

points of departure from linearity, respectively. (See Appendix A). 

Pre v ious studies that have described the measurement of Aer T, AT, or 

similar thresholds, have often approached these determinations with a great deal 

of subjectivity. To examine this approach, the following methods were 

completed. All individual criterion threshold measures outlined above were 

plotted against time for both IWL tests using a Hewlett-Packard 85 mini

computer. Three knowledgeable but unbiased observers were then asked to 

evaluate these plots independently of the subjects identity. There was no formal 
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training or practice. Each observer was provided with examples and definitions, 

which were verbally emphasized, describing the determination of the thresholds 

for each criterion variable. The observers rated each plot on the basis of one of 

the following three categories: 1) a distinct breakpoint was determined, Z) the 

observer felt confident of a breakpoint, however he was unable to differentiate 

between two consecutive minute values or else the breakpoint fell between two 

distinct points, 3) no breakpoint was apparent. Individual regression coefficients 

were then calculated comparing the test-retest reliability across each criterion 

variable by observer. In some cases this was not possible, as it was felt a 

minimum of four paired data points were necessary to perform the analysis. For 

example, because of two or more category 3 responses by an observer for each 

variable within a group resulted in the number of paired, i.e. test-retest data 

pairs, falling below four, no correlation analysis was completed. For all analysis, 

the corresponding minute values, i.e. the real time during the test, were 

transformed to absolute values of \02 (L·min-1). A mean \02 was used for 

those determinations in category 2. 

Standard statistical practices were employed. These included a depen

dent t-test, one-way analysis of variance and Tukey's post-hoc test. In all cases, 

the level of significance was set at the .05 level. 



CHAPTER 4 

RESULTS 

The linearity of the increases in the energy costs for the IWL protocol 

for each group is illustrated in Figures 1 and 2. Figures 3 and 4 are examples of 

representative individual plots of each of the criterion variables for Group I and 

Group II respectively. In general, there appeared to be some inter-individual 

variations within each group. One of the most apparent differences between the 

groups other than levels of fitness was the length of time sustained during the 

IWL test, where the mean difference in treadmill test length between groups was 

227.5 seconds (see Table 1). 

Reliability 

Table 2 shows the individual correlations for each subject for paired 

observations of \02 (L'min-1) for each minute of IWL between tests 1 and 2. 

The mean correlations and standard errors of the estimate for Group I and II 

were .993 .:!:. .097 and .995 .:!:. .093, respectively. A series of t-tests revealed 

several significant differences at the p < .05 level. For example, subject 1 

showed a decreased mean \02 of approximately 7% for test 2, while subjects 7, 

9, 10 exhibited similar decreases in \02 of approximately 2-5%. Every subject's 

\02 (L 'min-1) was also averaged within his group for each minute. These results 

are illustrated in Figures 5 and 6. Significant differences were found between 

the \02 response between the tests for both groups. The mean decrease in \02 

from IWL test 1 to IWL test 2 was -2.6% for Group I and -1.2% for Group II. The 
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Table Z Individual correlation coefficients for test-retest \oz 

Subject r S.E.E. 

GROUP I 

1 .993 .078 

Z .997 .045 

3 .990 .080 

4 .991 .064 

5 .998 .051 

GROUP II 

6 .986 .lZ0 

7 .996 .069 

8 .996 .088 

9 .995 .092 

10 .997 .108 

11 .997 .080 

* = significant difference at p < .05 level 

S.E.E. units are \ozL·min-1 

t Value df 

7.94* (6) 

Z.14 (7) 

1.92 (7) 

-.76 (7) 

.81Z (8) 

-.85 (8) 

Z.Z8* (10) 

-.07 (10) 

3.4Z* (11) 

6.Z0* (11) 

-Z.10 (1Z) 
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test-retest reliability (:tS.E.E.) for \02 max for Groups I and II were 

r = .986 + .136 and r = .972 .:!:. .117 respectively. There was no statistical 

difference between tests. 

Observer Reliability 

Table 3 illustrates a summary of the individual observer evaluations by 

category for each criterion variable response across time for both IWL tests. 

These data do not lend themselves to quantitative statistical analysis. Empirical 

observation suggests that all three investigators evaluated IWL tests 1 and 2 in a 

similar manner for both groups. However, in all cases, each observer most often 

felt able to define the "breakpoint" accurately with a distinct point 

determination, e.g. category 1 observation, in Group II. The numb~r of category 

3 selections, i.e. no point determined, was equivocal across groups and trials. A 

summary of all observer responses across individual variables showed only 

moderate variation. As a group, the observers made a category 1 choice nearly 

80% of the time. 

In the statistical analysis, many zero-order correlations were computed. 

When these involved test-retest reliability data of observer judgment, the 

analyses were confounded by within-subject variability as well as observer 

reliability. It was not possible to differentiate between subject variability and 

observer variability. 

The test-retest reliability for each observer's evaluation of the specific 

thresholds for both IWL tests is presented in Table 4. There appears to be a 

considerable amount of variation between the observers as well as between the 

criterion variables. This underlines the subjective aspect· of these 

determinations. Moreover, the observer (TR) who had the most number of cases 



Table 3 Three unbiased observer's categorical evaluation of predictor variables for determination of AerT and AT 

Observer AerT AT 

Test Lactate1 \£1 \cO2 \£-1\02 FE02 Lactate2 \£2 '£/\c02 FEC02 

Group 1 
J.W. 1 4-1-0 2-3-0 3-0-2 1-3-1 5-0-0 3-2-0 0-1-4 5-0-0 5-0-0 

2 3-0-2 1-4-0 4-1-0 3-2-0 5-0-0 2-3-0 0-1-4 5-0-0 5-0-0 
J.B. 1 5-0-0 5-0-0 5-0-0 5-0-0 5-0-0 5-0-0 4-0-1 5-0-0 3-0-2 

2 5-0-0 4-0-1 4-0-1 5-0-0 5-0-0 5-0-0 5-0-0 3-1-1 5-0-0 
T.R. 1 5-0-0 4-0-1 5-0-0 5-0-0 4-0-1 4-0-1 2-0-3 5-0-0 4-1-0 

2 5-0-0 3-0-2 1-0-4 4-0-1 5-0-0 4-0-1 1-0-4 4-0-1 4-0-1 

TOTAL 27-1-2 19-7-4 22-1-7 23-5-2 29-0-1 23-5-2 12-2-16 27-1-2 26-1-3 

Group 2 
J.W. 1 1-5-0 5-1-0 5-0-1 4-1-1 6-0-0 4-2-0 2-4-0 3-0-3 6-0-0 

2 5-0-1 2-4-0 3-3-0 5-1-0 6-0-0 5-0-1 0-1-5 6-0-0 6-0-0 
J.B. 1 6-0-0 5-0-1 5-0-1 4-0-2 6-0-0 6-0-0 6-0-0 6-0-0 5-0-1 

2 5-0-1 6-0-0 5-0-1 3-0-3 5-0-1 6-0-0 5-0-1 5-1-0 6-0-0 
T.R. 1 6-0-0 6-0-0 6-0-0 6-0-0 5-0-1 4-0-2 4-0-2 4-0-2 4-0-2 

2 6-0-0 6-0-0 3-1-2 6-0-0 6-0-0 6-0-0 0-0-6 3-1-2 5-0-1 

TOTAL 29-5-2 30-5-1 27-4-5 28-2-6 34-0-2 31-2-3 17-5-14 27-2-7 32-0-4 

Values expressed as category responses 1,,2, 3 where 

1 = definite breakpoint 
2 = breakpoint less clear, occurring in the range of several consecutive 

minutes 
3 = no breakpoint apparent I..H 

VI 



Table 4 Test-retest observer reliability 

Observer AerT AT . 
\c°Z \£./\oZ 

. 
'.£/\cOZ Group Lactatel \£1 FEOZ Lactatez \£Z FECOZ 

J.W. 1 r .57 .-- .90* .92 .95 .-- .73 -.07 

S.E.E. .379 .172 .204 .314 .293 .399 

Z r .92*" .80* .68 .65 .63* .98 .-- .-- .50 

S.E.E. .210 .245 .515 .477 .398 .142 .-- .-- .681 

J.B. 1 r .61 .82* .84 .78 .93 .74 .88 .28 .37 

S.E.E. .419 .Z68 .174 .325 .159 .367 .203 .293 .Z81 

2 r .93* .62 -.030 -.37 .81 .10 .39 .73* 

S.E.E. .244 .405 .342 .358 .282 .649 .459 .383 

T.R. 1 r .89* .-- .-- .54 .81 .-- .-- .29 .32 

S.E.E. .178 .273 .493 .-- .293 .276 

2 r .68 .58 .-- .72 .67 .99 .-- .-- .72 

S.E.E. .396 .442 .528 .516 .077 .-- .-- .424 

* significant difference at p <; .05 
.-- correlation cl]efficient not determined, less than four paired data points 
S.E.E. units are V02 L·min-1 

Vl 
~ 
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where no analysis could be performed, due to category 3 responses, also had the 

fewest incidents of significant difference. On the other hand, an observer who 

feels the necessity to pick a "breakpoint" regardless of the certainty of the 

evaluation will increase his error. Overall in 20% of cases (8 out of 40) where 

correlation analysis were performed, there was a significant difference between 

the specific criterion thresholds for the first and second IWL tests. 

Validity of Indirect Estimates of AerT and AT 

In an effort to evaluate the validity of indirectly determining either 

AerT or AT, another observer, who was more experienced with the dual threshold 

concept criteria, made independent observations. In addition, these observa-

tions were made by simultaneous evaluation of both criterion variable plots, i.e. 

using both IWL tests together for each variable independently. This methodology 

enhanced the confidence of the evaluation by the observer. The resultant points 

were again transformed to the corresponding \02 (L'min-1) for that minute. In 

most cases, this was the mean \02 at the chosen minute of both IWL tests. 

Otherwise the appropriate \02 was calculated using four values if it was a 

category 2 observation. In some instances, there was no breakpoint using the 

AerT variable predictors in Group I subjects. It is important to recognize this as 

a major shortcoming in the validation of both the indirect and direct estimates 

of AerT in Group I. When no breakpoint was apparent, minute one was always 

chosen. This methodology was adapted because it was felt that the initial 

running speed during the IWL test was too high, i.e. either equal to or above the 

subjects AerT, and therefore little if any baseline data were available to 

determine the breakpoints. It was felt that this first point would be close to the 

true threshold value. Nevertheless, this line of reasoning does not negate the 
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fact that a true breakpoint was often· not evident for these Group I subjects. 

Therefore, any interpretation of the analysis done with Group I AerT should be 

approached cautiously. 

Correlational analysis of the respiratory gas exchange predictors deter

mined by the more experienced observer with the criterion lactate evaluations 

are presented in Table 5. This analysis attempted to ascertain the validity of 

each individual respiratory gas exchange parameter for the determination of 

either AerT or AT. These correlations, with one exception, i.e. r = .31, ranged 

from .67 to .96. A series of t-tests revealed significant mean differences 

between the estimated and criterion variables in 50% of these evaluations. 

In an effort to further improve indirect methods of AerT and AT 

prediction against criterion lactate values, all of the respiratory gas exchange 

criterion variables were then pooled to provide a best single estimate of both 

thresholds for each subject (7). The accuracy of this approach \s explored in 

Figures 7 and 8. With the exception of the AerT prediction in group I, the other 

three regression analysis demonstrated significant differences between the 

criterion and estimated values at the .05 level. Indirect ventilatory evaluations 

of· AerT and AT proved to be consistently lower than those of the criterion 

lactate estimates. Although not significantly different by paired analysis, 

respiratory gas estimates of AerT in Group I had the lowest correlation (r = .423) 

and the largest standard error of the estimate (S.E.E. = .359). It should be 

recalled that for this group in some cases the breakpoint was arbitrarily chosen 

at minute l. 

Other researchers (25) have suggested less subjective methods of AerT 

and AT estimation by establishing arbitrary levels of plasma lactate as criterion 

thresholds. Therefore, Table 6 presents a comparison of the respiratory gas 



Table 5 Validity of the experienced observer's break point estimation for 
respiratory gas exchange measures with criterion lactate determinations 

AerT AT . 
\cO2 \E/\tJ2 

. 
\E/\c°2 Lactatel \£1 FE02 Lactate2 \£2 

Group I 
Breakpoint 2.07-2.48 1.57-2.34 1.57-2.34 1.98-3.11 1.57-2.62 2.54-3.50 2.40-3.43 2.31-3.12 
Range (\02 L·min-1) 
r .78* .78* .71 .84 .96 .89 
S.E.E. .179 .179 .260 .187 .127 .206 

Group II 
Breakpoint 2.69-4.06 2.36-3.42 2.26-3.63 2.28-4.01 1.89-3.31 3.72-4.37 2.70-4.60 2.75-4.23 
Range (\02 L·min-1) 
r .67* .79 .94 .31* .72 .95* 
S.E.E. .323 .311 .204 .469 .336 .132 

* significant difference at p < .05 level 

FEC02 

2.31-2.91 

.76* 

.254 

2.63-4.01 

.80* 

.251 

VI 
\0 
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Table 6 \o2(L'min-1) at lactate and ventilatory thresholds 

Subject 2 mmol/L AerT AerT 4mmol/L AT AT 
Lactate Vent. Lactate Vent. 

GROUP I 
1 2.83 2.24 2.24 3.43 3.56 2.82 
2 2.17 1.63 2.08 2.86 2.54 2.54 
3 2.83 2.62 2.62 3.56 3.51 2.90 
4 2.16 2.06 1.57 2.65 2.55 2.31 
5 1.83 2.29 1.68 3.09 3.01 2.48 

X 2.36 2.17 2.04 3.12 3.03 2.61 
:!:. S.D. .45 .36 .43 .38 .50 .25 

GROUP II 
6 3.06 3.03 2.25 3.86 3.85 3·92 
7 2.93 2.78 2.16 3.68 3.60 3.09 
8 3.78 3.28 2.49 4.17 4.14 3.70 
9 4.00 3.64 3.02 4.53 4.46 3.78 

10 4.02 3.37 2.83 4.78 4.32 3.85 
11 4.34 3.89 2.80 4.88 4.76 4.60 

X 3.37# 3.33* 2.61*,# 4.32 /-1-.19 3.67 
:!:. S.D. .57 .40 .33 .49 .42 .58 

* ,# = significant difference at p < .05 
(ANOVA & Tukey's Post-Hoc Test) 
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exchange and lactate breakpoint t.hresholds previously determined by C the pooled 

data estimate with those determined by linear regression of \02 and lactate, 

while interpolating a specific \02 value for the criterion 2 mmol/L and 4 

mmol/L plasma lactate levels from individual lactate and \02 curves. In other 

words, these latter estimates were determined from the transformation of 

absolute 2 mmol/L and 4 mmol/L plasma lactate to time, and from time to \02 . 

In every case but two, the thresholds determined by arbitrary plasma lactate 

levels occurred at a greater metabolic rate than those of the lactate curve 

"breakpoint" estimates, and these latter estimates were likewise at a larger \02 

uptake than the respiratory gas exchange determinations. A one-way analysis of 

variance determined that only in Group II comparisons of AerT thresholds were 

these differences significant. Table 7 similarly represents these same values in 

terms of relative \02' i.e. % \02 max. 

The dissimilarity between the groups when evaluating their exercise 

response was consistent and expected. Perhaps one of the most striking 

examples of this phenomenon was the difference in lactate kinetics at com

parable work loads. The apparent difference between the mean response for 

each group to the IWL tests are shown in Figure 9. Thes.e values represent the 

mean lactate responses across subjects for both IWL tests for each min. 

Constant Work Load Tests 

Figure 10 represents the plasma lactate responses for Subject 5 during 

all six treadmill runs. Similar individual curves for the other 10 subjects are 

presented in Appendix C. A quantitative summary of the CWL test runs for each 

subject is presented in Table 8. The individual curves were subjectively 

evaluated in order to determine the two specific CWL runs whose lactate 



Table 7 Relative percent of \02 max at lactate and ventilatory thresholds 

\02 Max Lactate AerT AerT Lactate 
Subject ml/kg'min-1 2 mmol/L Lactate Vent. 4 mmol/L 

(% Max) (% Max) (% Max) (% Max) 

GROUP I 

1 46.6 68.2 54.0 54.0 82.7 
2 50.3 63.6 47.8 60.1 83.9 
3 46.0 68.5 63.4 63.4 86.2 
4 52.4 68.4 65.2 49.7 83.9 
5 51.1 45.1 56.4 41.4 76.1 

X 49.3 62.8 57.4 53.7 82.6 
.:!: S.D. 2.8 10.1 8.1 8.7 3.8 

GROUP II 

6 57.9 73.9 73.2 54.3 93.2 
7 68.9 70.8 67.1 52.2 88.9 
B 70.7 82.2 71.3 54.1 90.6 
9 63.4 85.5 77.8 64.5 96.8 

10 62.6 81.4 68.2 57.3 96.7 
11 69.7 82.2 73.7 53.0 92.4 

X 65.5 79.3 71.9 55'.9 93.1 
.:!: S.D. 5.0 5.7 3.9 4.6 3.2 

AT 
Lactate 
(% Max) 

85.8 
74.5 
85.0 
80.1 
74.1 

79.9 
5.6 

93.0 
87.0 
90.0 
95.3 
87.4 
90.2 

90.5 
3.2 

AT 
Vent. 

(% Max) 

68.0 
74.5 
70.2 
73.1 
61.0 

69.4 
5.4 

72.9 
74.6 
80.4 
80.8 
77.9 
87.1 

80.6 
7.1 

.po 

.po 
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Table 8 Lactate thresholds determined from constant workloads 

. 
Speed Lactate X \02 . 

Subject Test % VOZ max 

(m/min) (mmol/L) (L·min-1) 

GROUP I 

1 2 mmol/L 4 160 2.Z5 ± .49 3.10 ± .76 74.6 
4 mmol/L 5 180 3.68 ± .21 3.51 ± .16 84.6 

2 2 mmol/L 4 180 1.26 ± .26 2.41 ± .04 70.7 
4 mmol/L 5 200 2.73 ± .40 2.70 ± .11 79.2 

3 2 mmol/L 3 160 1. 76 ± .13 2.91 ± .02 70.5 
4 mmol/L 4 180 3.51 ± .16 3.24 ± .04 78.5 

4 2 mmol/L 4 180 2.12 ± .10 2.29 ± .06 72.5 
4 mmol/L 5 200 4.09 ± .24 2.54 ± .04 80.4 

5 2 mmol/L 3 160 1.94 ± .20 2.34 ± .07 57.6 
4 mmol/L 5 200 3.65 ± .24 3.09 ± .10 76.1 

X- 2 mmol/L 168.0 1.87 2.61 69.2 
:!: S.D. 10.9 .39 .37 6.6 
X- 4 mmol/L 192.0 3.53 3.02 79.8 
:!: S.D. 11.0 .50 .40 4.6 

GROUP II 

6 2 mmol/L 4 220 2.06 ± .24 3.08 ±.03 74.4 
4 mmol/L 5 240 3.32 ±.21 3.55 ± .10 85.8 

7 2 mmol/L 4 260 1.96 ± .48 3.29 ± .07 85.2 
4 mmol/L 5 280 3.95 ± .70 3.47 ± .08 89.9 

8 2 mmol/L 3 260 1.35 ± .17 3.38 ±.07 73.5 
4 mmol/L 4 280 2.63 ± .27 3.75 ±.08 81.5 

9 2 mmol/L 4 260 1.31 ± .18 3.54 ±.04 75.6 
4 mmol/L 5 280 3.03 ± .78 4.17 ±.04 89.1 

*10 4 280 1.99 ±.16 3.91 b06 79.1 
*11 4 280 1.89 ±.ll 4.36 ±.04 82.6 

X- 2 mmol/L (N=6) 260 1. 76 3.59 76.7 
:!: S.D. 22.0 .24 .47 4.7 
X- 4 mmol/L (N=4) 273 2.80 3.74 86.6 
:!: S.D. 16.3 .80 .31 3.8 

*Subjects 10 and 11 had no CWL runs that could be described by the 4 mmol/L 
criteria 
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response most closely approximated those responses defined by Kinderman et al. 

These values identify: 1) the most intense CWL run where the lactate response 

was in a relative steady state for the last 20 minutes of the test, and 2) the CWL 

test where the lactate response for the majority of the test was approximately 2 

mmol/L or less. For example, the two running paces that were identified from 

Figure 10 were ZOO and 160 meters per minute, respectively. The values are 

means of the IDZ and plasma lactates gathered over the steady state portion of 

the test. It was felt that these two CWL running speeds would therefore most 

closely represent the "true" AT and AerT threshold responses. 



CHAPTER 5 

DISCUSSION 

The kinetics of changes in plasma lactate and the corollary alterations 

in respiratory gas exchange measures with exercise have been interpreted 

differently with regard to their physiological significance. The purpose of the 

present study was to test the lactate kinetics model described by Skinner and 

McLellan (41) using treadmill running as the exercise perturbation. Subjects with 

grossly different levels of cardiovascular fitness were studied. Group I consisted 

of moderately fit individuals (>< \02 max = 49.3 ml!kg'min-1) who did very little 

to only moderate training by running. Although only several of these subjects 

were involved in low level running activity, they were all capable of running 

continuously for thirty minutes at three of the four increasing workload 

intensities. The subjects in Group II, however, were very well trained amateur 

runners who had a mean \02 max of 65.5 ml!kg·min-1• 

Most of the previous work evaluating lactate response during exercise 

has involved cycle ergometry. This mode of exercise has two distinct advantages 

over treadmill running. First, with cycling the arms remain stationary during the 

exercise creating fewer problems in the collection of blood samples. Second, 

with cycling it is possible to increase the work loads in a measurable and linear 

fashion. The measurement of true work in conventional terms during treadmill 

running is not feasible. However, the relationship between changes in work and 

concommitant changes in \02 is linear. Hagan et ale (12), using a horizontal 

protocol, have recently shown that the relationship between increases in 

49 
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treadmill speeds and oxygen uptake is best described by a linear model. Figures 

1 and 2 suggest that the protocol employed during the IWL tests also elicited 

linear increases in \02 with increases in work. These findings have been 

reported elsewhere (31). 

The reproducibility of each subject's oxygen uptake values for each 

minute between the two IWL tests was very high for both groups (see Table 2). 

However, the mean oxygen uptake in four subjects were all significantly lower 

for test 2. This observation is difficult to explain on the grounds of some type of 

learning or familiarization that would affect running efficiency. When the test

retest reliability of \02 is compared by group, significant differences were 

evident. In both groups the mean \02 was consistently lower for IWL test 2. 

The magnitude of these differences for the averages of each minute was 

relatively small, i.e. 2.5% and 1.2% for Group I and II respectively. On anyone 

testing day both first and second IWL tests were being administered to different 

subjects, thus the development of a consistent measurement error appears to be 

an unlikely explanation. In any event, the physiological significance of these 

findings would appear to be negligible. 

Although the measurement of AerTl has often been reported since 

Wasserman and Mcilroy's original work (45), the subjectivity involved in these 

determinations has for the most part been overlooked. When one reviews more 

closely the representative plots that have been used for these determinations in 

lIn earlier studies as well as some recent work, the term AT is used to 
define what is presently considered to be AerT. Thus for the remainder of this 
discussion, the term AerT will be used even though the original authors may have 
incorporated the AT terminology. 
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previous work (5,7,49) this factor becomes apparent. Much of this work has· 

involved breath by breath measurements, which have been suggested to allow for 

finer resolution of the thresholds (5). Although this approach follows the premise 

that more closely spaced measurements would add to the resolution of these 

determinations, it is often not feasible and still involves considerable subjective 

judgment. In addition, pilot work carried out in this laboratory using the 15 

second respiratory gas exchange measures did not support the superiority of 

more frequent measurements. Therefore, it was decided to use the one ml.nute 

measurements for this study. Moreover, the issue of subjectivity in threshold 

determination needs to be addressed more closely. 

In a paper evaluati.ng the validity and reliability of 'AerT determination 

by gas exchange measures, Davis et ale (7) point out some of the limitations of 

subjective determination even when 15 second gas exchange values are 

employed. For example, observers routinely differed in their evaluations, 

multiple candidates for the breakpoint were found, and a second test was often 

needed to improve the accuracy~ When three unbiased observers evaluated the 

individual plots for both IWL tests in the present study, intra-observer variation 

was quite obvious. Although it has been suggested that a criterion gas exchange 

measure, specifically '£/\£]2 (5), is a more sensitive index of AerT, the ease of 

breakpoint determination is obviously not different than other respiratory gas 

exchange measures (see Table 3). It is also interesting to note that the observers 

as a group experienced similar difficulties in choosing the criterion lactate 

breakpoints. This observation has not been reported before and may possibly be 

more unique to the mode of exercise employed as well as the magnitude of the 

work increments. 
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Test-retest reliability correlations for individual threshold predictor 

variables have not been reported. Davis et al. (7) reported a correlation of .74 

using several gas exchange variables together, while in a later study (5) using 

\E/VuZ as the gas measure of choice reported a correlation of r = .94. A review 

of Table 4 examines the evaluation of individual predictor variables by several 

observers. Not only did these correlations vary considerably among the predictor 

variables and groups, but also across observers. Moreover, several mean 

differences were statistically significant which would further question the 

validity of these measures. In general, the relatively large S.E.E. measures are 

also in concert with the high amount of subjectivity involved. 

After examining the subjective limitations of the AerT and AT deter

mination procedure for the average unbiased observer, an attempt was made to 

evaluate the accuracy of these indirect indices compared to the actual lactate 

breakpoints. Recognizing the limitations of the threshold determinations as 

indicated by the low reliabilities, a more knowledgeable observer who was 

familiar with the study first evaluated both IWL test criterion variables together 

but independently of other predictors. Again, this type of analysis has not been 

reported in the literature so comparison is difficult. The correlations in Table 5 

in general were of moderate significance. These observations were confounded 

by the fact that in one-half of the cases a significant difference was found 

between the two criterion means. It appears that \,£/VuZ was the most valid 

predictor of AerT in Group II while both \,£/VuZ and FEOZ best predicted AerT 

in Group I. Ventilation on the other hand, may be the best predictor of AT for 

both groups. It is interesting to note the difference in predictability between 

Vc:/VuZ and FEOZ, and between \£./v::,0Z and FECOZ. These are considered to 
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be analagous pairs of measures. However, the results from this study are not 

consistent with these conceptual gas exchange considerations in most cases. 

In an effort to effectively replicate a more realistic break point evalu

ation atmosphere, the more experienced observer then dependently pooled (7) all 

nine of the respiratory gas exchange criterion variable plots in order to make a 

best indirect estimate of AerT and AT. Considering the significant differences 

found in the t-test analysis, a review of Figures 7 and 8 indicates that this 

methodology did not enhance the accuracy of the indirect prediction, i.e. using 

respiratory measures, of either threshold in Group I or II. This finding is 

surprising, but may reflect the subjective bias of less reliable predictors on those 

best predictors. 

These results conflict with the findings of other research which has 

shown better. validity coefficients. Reinhard et al. (36) has evaluated the 

validity of two thresholds analagous to AerT and AT correlating Vc./\nZ with 

lactate and Vc./\t::,0Z with pH, respectively. These researchers reported 

correlation coefficients of .94 for AerT and .85 for AT. Yoshida and co

researchers (54), while testing the validity of the indirect AerT assessment 

using the Douglas bag collection method, found a correlation of .86. Davis et al. 

(7) also evaluated the validity of AerT determination and have reported a high 

correlation (r = .95) using %\nZ max interpolated values. Their analysis included 

a non-significant t-test between the respiratory exchange values and the 

criterion lactate measures. The contradictory findings between these studies 

and the present study may be explained in part by noting that prev ious work has 

always used cycle ergometrY,and not running. 

Further review of Figures 7 and 8 reveals an interesting trend. In 

practically every case, the indirect respiratory measures underpredicted the 
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threshold. This observation would agree with the findings of Simon et al. (40) 

who proposed a feed forward mechanism to stimulate ventilation out of 

proportion to \02 prior to a marked increase in plasma lactate. It is of 

interest to note that the dissociation between the onset of metabolic plasma 

acidosis and increased ventilatory response has been previously shown under 

various conditions. However these responses were found only after sufficient 

experimental perturbation such as glycogen depletion (44), prior exercise 

(6,20,53), or variations in the pedalling rate (44). Therefore, certain factors in 

running such as changes in stride length and frequency may provide a unique 

stimulus to alter the typical ventilatory responses to incremental work found 

during cycling. 

Kinderman et al. (25) have suggested that the AerT and AT may be 

accurately characterized by work intensities that elicit steady state plasma 

lactate responses of approximately 2.0 and 4.0 mmol/l, respectively. Other 

researchers (28) have also incorporated similar arbitrary lactate levels in their 

evaluations of physical conditiol1ing. When these thresholds were compared to 

both indirect and direct threshold determinations in the present study, the 

arbitrarily defined thresholds, i.e. 2.0 and 4.0 mmol/L lactate levels, were 

consistently higher as seen in Table 6, although the differences were not always 

statistically significant. This finding is difficult to interpret. It is well 

established that there is a high degree of inter-individual physiological variation 

in humans. Obviously, it is then precarious to expect each subject to respond in 

an identical manner at a certain plasma lactate level. This, however, does not 

explain the consistency of the finding. One might suggest that there was 

constant measurement error in one direction. However, this does not seem 

plausible after examining the resting plasma lactate levels (see appendix C). 
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These values appear to be within the normal range, i.e. approximately 1 mmol/L. 

If anything, they may be slightly higher which would further negate the reasoning 

behind an experimental error. No further explanation may be forwarded at this 

time. 

Marked differences in threshold determination. may again be seen 

between the groups after a review of Table 7. These values are expressed as the 

relative % in regard to \02 max. Several previous studies have incorporated this 

type of comparison. Wasserman's group (47) has stated that AerT will occur at 

around 50-60% of \02 max during cycle ergometry. Kinderman and coworkers 

(25) report a range of 84% to 89% of \02 max at the AT for various endurance 

athletes using the 4 mmol/L criteria. They suggest this value is markedly lower 

than 80% \02 max for non-athletes. Their evaluation of AerT in a smaller group 

of cross country skiers was estimated at approximately 72% \02 max using the 2 

mmol/L criteria. The mean values reported in Table 7 for AerT and AT for both 

groups using the lactate breakpoint criteria are certainly within these ranges. 

However the arbitrary lactate level criterion, i.e. 2 and 4 mmol/L were generally 

higher, while the ventilatory exchange-determined values fell below the 

criterion lactate breakpoint thresholds. 

From an applied point of view, it is important to evaluate the lactate 

responses during steady state exercise over an extended period of time. This 

evaluation was accomplished during the CWL testing. Figure 10 represents the 

typical response for most subjects (see Appendix C). For example, at the lowest 

running pace, the early lactate response increased little if any throughout the 

test. The second and in some cases the third CWL tests were characterized by 

lactates which achieved steady state values between 2 to 4 mmol/L. In some 

cases, during the third CWL test, the lactate levels were greater than 4 mmol/L 
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and increased with time. This observation would add support to the concept that 

lactate levels above 4 mmol/L are usually not in steady state but rather 

increasing significantly. The fourth or highest intensity run always was 

associated with rapidly increasing plasma lactate levels and fatigue. The 

association between high lactate levels and fatigue is obvious, however, no 

implications regarding the causality between these two measures may be made 

from the present data. 

An attempt was made to determine analogous AerT and AT thresholds 

using the CWL tests. The results expressed in Table 8 allow for comparisons 

with the previously determined thresholds (see Table 7). In general, these CWL 

test thresholds were closer to those of the arbitrary lactate level criteria and 

those determined from lactate plot breakpoints. These associations were not 

consistent. Therefore, it appears that accurate estimates of CWL lactate 

responses from IWL test criteria are difficult to determine. 

Finally, the contrast between these two groups of subjects is especially 

evident from the 'responses to the IWL test comparison throughout these 

analyses. This observation may best be illustrated in Figure 9 where the mean 

lactate responses for both groups are plotted. The lack of any baseline data for 

Group I is apparent and it is again important emphasize that it greatly 

complicates the determination of the breakpoints. This was generally not a 

problem in Group II subjects. Although the mechanisms have not been fully 

elucidated, this study further supports the association of plasma lactate response 

with levels of fitness and running performance. 

In summary, a dual lactate threshold model (41) was tested as to its 

practical application to running. A horizontal treadmill protocol was employed 

which elicited linear increases in \oZ. Both highly experienced and recreational 
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runners were evaluated. It was found that there is a high degree of subjectivity 

involved with threshold determination using both indirect and direct measures. 

The finding that the test-retest correlations were in question places the validity 

of the entire procedure in doubt. The model was further tested assuming an 

acceptable reliability factor, and indirect threshold determination was found to 

consistently underestimate the lactate response. Both ventilatory and lactate 

threshold prediction were underestimated for arbitrarily determined threshold 

criterion, i.e. 2 and 4 mmol/L lactate concentrations. In general, the lactate 

responses to the IWL testing were markedly different between groups. There

fore, this mode of AerT and AT determination may not be appropriate in lower 

fit recreational joggers. From an applied aspect a more representative estimate 

of these thresholds by their definition (25) was established using thirty minute 

constant workloads. Moreover, the concept of two distinct plasma lactate 

thresholds could not be reliably confirmed during incremental treadmill work. 



CHAPTER 6 

SUMMARY 

An attempt was made to evaluate the applicability of a theorized model 

concerning plasma lactic acid kinetics to running performance assessment. This 

model incorporated two distinct lactate thresholds identified as the aerobic 

threshold (AerT) and the anaerobic threshold (AT). Two groups of males with 

different levels of fitness were tested. Group 1 (n=5) consisted of recreational 

athletes (X \02 max = 49.3 ml/kg'min-1) who ran less than 20 miles per week, 

while Group 2 (n=6) were highly trained runners (X \02 max = 65.5 ml/kg'min-1) 

who all ran at least 40 miles per week. All subjects participated in two 

incremental work load OWL) and four constant work load (CWL) tests that 

consisted of horizontal treadmill running at different speeds. The IWL tests 

elicited linear increases in \02 and were highly correlated for both Group 1 (r = 

.986) and Group 2(r = .999). However, three unbiased observers found the 

identification of both AerT and AT, using independent lactate and respiratory 

gas exchange "breakpoints," very subjective in nature. The test-retest reliability 

was generally poor and varied considerably among both the observers and the 

individual predictor variables. The validity of. the respiratory gas exchange 

predictors was then evaluated against the criterion lactate thresholds using the 

estimates of a fourth, more experienced observer. The resultant correlation 

coefficients were generally not high, while t-test evaluation demonstrated 

significant (p < .05) differences in fifty percent of the cases. This same observer 

then pooled all of the ventilatory predictors in an effort to better estimate both 
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AerT and AT indirectly. These indirect ventilatory estimates consistently 

underpredicted the criterion lactate thresholds. This finding suggests that 

increases in running speeds may confound the normal associate between plasma 

lactate and ventilation at increasing work levels. Arbitrary lactate concentra

tions of Z mmol/L and 4 mmol/L were further evaluated as threshold predictors. 

This methodology consistently overpredicted the criterion lactate thresholds in 

terms of \oZ. When any of these AerT and AT threshold estimates were 

compared to the lactate responses during the appropriate CWL test, no meaning

ful relationships were found. These observations question the physiological 

significance of both AerT and AT evaluation during treadmill running, as well as 

pointing out the difficulty in reliably detecting both plasma lactate thresholds 

regardless of the methodology. 
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APPENDIX A 

SCHEMA TIC REPRESENT A TION OF THEORIZED CHANGES 
IN VARIOUS PHYSIOLOGICAL PARAMETER.S DURING 

PROGRESSIVE EXERCISE FROM REST TO VOZ MAX. 
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APPENDIX B 

HUMAN SUBJECTS CONSENT FORM 

I understand I am being asked to participate in a study entitled "An 
Evaluation of Lactate and Respiratory Responses to both Incremental and Constant 
Load Work Bouts." I understand that my participation in this study is totally 
voluntary and that I will be asked to participate in the following tests and 
procedures: 

1. will be asked to fast for 3 hours prior to any participation in the 
testing. 

2. I will have my maximum oxygen consumption determined from a test 
which involves running on a motor-driven treadmill at a progressively 
increasing workload. This test will require me to run until I can no 
further continue which will be determined by my own volition. This 
test will be repeated on another 4 occasions to insure its reliability 
(repeatability). Test length approximately 10 minutes. 

3. I will also be asked to run on the treadmill at some 3-6 sub-maximal 
workloads, i.e. moderate running speeds, for a period of 30 minutes or 
until volitional, i.e. when I determine, fatigue sets in. In other words, 
I may stop running whenever I want to if I do not feel that I can finish 
the 30 minutes. . 

4. I also realize that during both the maximal treadmill runs and the 30 
minute sub-maximal treadmill runs serial blood samples will be drawn 
from an indwelling catheter. Or in other words, multiple quantities 
of blood that are small in volume, i.e. 2-3 teaspoons, will be taken 
out of my body, via a sterile system, about 10-20 times during each 
treadmill run. The total volume of blood taken during each test will 
be about 2 ounces. 

5. Essentially what is required of me is to run on the treadmill for 
certain paeriods of time while I am breathing into a mouthpiece and 
blood is being withdrawn at certain intervals and in an amount that is 
relatively small. I can stop the test whenever I want to. However, I 
will be encouraged to complete each test. 

I also understand that I may feel fatigued (tired) after some or all of 
the treadmill runs. Also there may be some discomfort in the immediate 
area where the blood was withdrawn which will not persist. Moreover, all 
blood samples will be acquired in a medically acceptable manner. 

Furthermore, I will complete a medical questionnaire to the best of 
my knowledge, and if my age is 30 years old or above, I will submit to a 
medical examination by a physician. 
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I understand that the'information obtained will remain confidential and 
will not be released to anyone outside the study group without my express 
written consent. However, the information may be used for publication with my 
right of privacy retained. I understand that my involvement in this study will not 
cost me any money; nor will I receive any monetary compensation for my 
participation. I understand that I will benefit from this study and my 
participation in it by obtaining physiological information about myself. I also 
relaize that the results of my participation in this research will benefit the study 
of exercise science as well as other scientific interests. 

I have read the above subject's consent form. The nature, demands, 
benefits and risks of the study have been explained to me. I understand that I 
may feel free to withdraw from the study at any time without incurring ill will 
or without affecting my University standing. I understand that in the event of 
physical injury resulting from the study procedures, I will receive no 
compensation for wages, time lost, medical expenses, or hospitalization. I 
understand also that this consent form will be filed in an area designated by the 
Human Subjects Committee with access restricted to the investigators or 
authorized representatives of the particular department. A copy of this consent 
form will be made available to me upon request. If at any time I have any 
questions related to this study, I am free to contact Steve Constable at 626-
2785. 

Subject's Signature Date 

Witness' Signature Date 



APPENDIX C 

SUBJECT'S INDIVIDUAL LACTATE RESPONSE 
TO EACH OF THE IWL AND CWL BOUTS OF EXERCISE 
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