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ABSTRACT 

The purpose of this study was to determine whether maximally accumulated 

oxygen deficit (OD) was a valid index of anaerobic capacity by distinguishing among 

groups of aerobically and anaerobically trained athletes. In addition, OD was correlated 

with commonly used anaerobic capacity/power measures. Subjects were four distance 

and five middle distance runners, three sprinters, and four controls. Subjects performed 

one 2-3 minute supra-maximal treadmill run in which blood lactates were recorded, a 

Wingate Bicycle Ergometer Test, and runs of 300, 400, and 600 meters. Data were 

analyzed by ANOVA and a Duncan's Multiple Range test. Significant differences in 

OD were found between: sprinters and middle distance runners vs. distance runners and 

controls suggesting a greater anaerobic capacity in the former two groups. Significant 

correlations also were found between OD and the other anaerobic tests. This study 

demonstrates that OD can distinguish among groups of track athletes whose events 

require varying levels of anaerobic metabolism. Correlations between OD and selected 

field tests suggest that the latter are measuring some common aspects of anaerobic 

ability. 
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CHAPTER 1 

INTRODUCTION 

Human metabolism consists of three major types of energy supplying pathways. 

These include an immediate contribution from the breakdown of creatine phosphate 

(CP) and ATP stores, a short-term source from the anaerobic breakdown of glycogen 

and glucose, and a long lasting supply from aerobic mechanisms. Through the use of 

oxygen consumption measurements, aerobic metabolic energy contributions can be 

directly determined. The anaerobic energy contribution is comprised of CP and ATP 

stores and the processes of the Embden-Meyerhof pathway. During intense anaerobic 

activity, when an exercising steady state cannot be attained or when exercise is 

performed above maximal oxygen uptake, it is not possible to directly quantify anaerobic 

energy contributions. The maximal supply of energy which can be derived from these 

anaerobic stores and processes is termed the anaerobic capacity. Recently, Medbo et al 

(1988) have produced a protocol which offers a reliable determination of the maximally 

accumulated oxygen deficit. It has been speculated by these investigators and others 

(Saltin, 1986; Hermanson and Medbo, 1984) that this measurement may be useful in the 

determination of anaerobic capacity. 

Many problems arise when attempting to estimate anaerobic capacity. These 

include the absence of standardization procedures, the lack of an exercising steady state 

(making measurements difficult during all out activity), motivational factors and the 

various classifications of anaerobic performance (e.g.,jumping, an anaerobic power task 

versus a 400 meter sprint, an anaerobic capacity task) (Skinner and Morgan, 1974). 



Glycolysis supplies energy to the working muscle through the rapid breakdown of 

glucose for the continuous formation of ATP, resulting in the formation of lactic acid. 

The splitting of CP and the immediate availability of stored ATP also contribute to the 

energy supplying process. Both cellular events are anaerobic in nature, occurring at 

different rates and supplying energy within certain chemical and physiological limitations. 

A muscle biopsy must be performed for the assay of CP and glycogen stores so that the 

roles each play in contributing to anaerobic energy expenditure can be determined. The 

determination of anaerobic substrate utilization is a difficult and invasive way to collect 

data concerning anaerobic energy expenditure. 

The collection of blood lactate represents another useful though controversial 

procedure for anaerobic energy determination. It is true that lactate represents the end 

product of glycolytic breakdown, yet several difficulties arise when trying to establish a 

cause and effect relationship. Because lactate has a high turnover rate (with 

mechanisms of removal currently under debate), it is impossible at this time to obtain 

precise information about anaerobic energy yield. Further problems arise when dilution 

space within the bodies' extracellular fluid and differences in concentrations of lactate 

between muscle and blood exist (Saltin, 1986; Vandewalle et al, 1987). It is clear at this 

time, that the presence of lactate is only an indication that glycolysis has taken place. 

"Oxygen debt" is a term first described by A. V. Hill and associates more than 

sixty years ago (Hill, 1913). Their classical theoiy states that the elevated post-exercise 

oxygen consumption levels can be interpreted as a representation of anaerobic energy 

yield. It was hypothesized that the recovery oxygen utilization could be represented by 

a two-part exponential curve that was thought to be related to the amount of oxygen 

needed to restore CP levels and lactate levels back to the resting state. This theory 



however, has undergone much scrutiny (Gaesser and Brooks, 1984) and has lost much 

support, though research is continuing in this area (Sejersted and Vaage, 1988). 

Many work-related tests have been used in an attempt to quantify anaerobic 

capacity though problems exist because the aerobic system contributes to overall energy 

output and mechanical efficiency is difficult to estimate during exhaustive tests 

(Vandewalle et al, 1987). Medbo and others are currently studying the measurement of 

the oxygen deficit as an indicator of anaerobic capacity (Medbo et al, 1988; Saltin, 

1986). Their methodology employs the use of an ergometer during an all out exercise 

test to obtain a maximal oxygen deficit value (a test requiring approx. 2 min.). During 

exercise of supra-maximal intensity, CP and glycolytic systems are used maximally and 

exhaustion is the result. At this time, anaerobic capacity can only be validated through 

the use of a maximal anaerobic activity or exercise which attempts to use and exhaust 

the anaerobic energy system. 

The measurement of the anaerobic capacity can be useful in many respects. 

First, it would provide an indication of the anaerobic energy contribution to exercise 

especially during activities that are intensive or oxygen restrictive in nature. It may also 

prove valid in differentiating ability among athletes and finally, as a quantitative indicator 

of anaerobic energy, it may determine if any training effect has taken place within this 

system. 

This research will measure the oxygen deficit in athletes who should, 

theoretically, possess varying levels of anaerobic capacity. In addition, the use of certain 

anaerobic performance tests, which contain a high anaerobic component, also may help 

to validate the use of the maximally accumulated oxygen deficit as an indicator of 

anaerobic capacity. Those tests which are proposed to be more anaerobic in nature 
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(greater use and exhaustion of the anaerobic energy stores) should correlate better with 

the maximally accumulated oxygen deficit. For example, the shorter duration higher 

intensity Wingate Cycle ergometer test and 300 m and 400 m runs should reveal good 

correlation with the maximally accumulated oxygen deGcit, while the 600 m run, with its 

greater aerobic component should not. Blood lactate lewis may also correlate well with 

the maximally accumulated oxygen deficit. 
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Statement of Purpose 

The purpose of this study was to determine if maximally accumulated oxygen 

deficit (OD) is a valid indicator of anaerobic capacity. 

The major aspects of validity were: 1) OD as an anaerobic capacity measure 

should distinguish among three groups of anaerobically and aerobically trained athletes 

along with a group of control subjects, 2) Correlation should be found with OD and 

other commonly used anaerobic capacity/power measures, 3) Differences in anaerobic 

and aerobic energy expenditure during the OD treadmill test among the four groups of 

subjects. 



Hypotheses 
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1. It was hypothesized that the maximally accumulated oxygen deficit would be 

significantly different among track and field athletes whose events are primarily 

anaerobic versus those whose events are primarily aerobic in nature. 

2. It was hypothesized that the maximally accumulated oxygen deficit would 

correlate well with other selected laboratory and field tests of anaerobic capacity. 

3. It was hypothesized that the shorter duration, higher intensity work tests (ie. 

Wingate test and 300m and 400m runs) would reveal stronger correlation with 

the maximally accumulated oxygen deficit. 

4. It was hypothesized that the more aerobically trained athletes (distance runners) 

would have greater aerobic energy contributions and the anaerobically trained 

athletes (sprinters) would have a greater anaerobic energy contribution during 

the supramaximal treadmill test. 
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Definitions 

Anaerobic Capacity - The total amount of ATP formed from anaerobic energy 

sources. This score is represented by a maximally accumulated oxygen deficit 

measurement in milliliters of oxygen per kg of body weight (oxygen equivalents) 

or by the amount of work (Joules) accomplished within a given time period. 

Anaerobic Power - The rate at which energy from anaerobic sources is utilized. 

This is usually measured by the amount of work accomplished in relation to time 

(Watt or Joules/s). 

Distance Runners - Athletes whose primary events are 3000 meters or more. 

Maximally Accumulated Oxygen Deficit - The differences between actual oxygen 

consumption values and the required amount of oxygen needed during maximal 

and/or supramaximal energy expenditure. This difference exists because oxygen 

uptake kinetics are not instantaneous with exercise onset and are instead gradual 

and sloping. The maximally accumulated oxygen deficit is derived when time to 

fatigue is two minutes or more. 

Maximal Exercise - An exercise test, performed in this study on a treadmill, which is 

continuous and increasing in intensity until oxygen consumption no longer 

increases with an increasing workload. This is referred to as the maximal oxygen 

consumption (V02 max). 

Middle Distance Runners - Athletes whose primary events are comprised of 800 meters 

and/or 1500 meters runs. 

Oxygen Deficit - The difference between the amount of oxygen actually consumed and 

that which should have been consumed had a steady state been reached 

instantaneously. 

Sprinters - Athletes whose primary events are comprised of running 100, 200, and/or 400 

meters. 

Supramaximal Exercise - An exercise test, performed in this study on a treadmill, 

conducted at an intensity above maximal oxygen consumption levels (130-140% 

of V02 max). 
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Significance of the Study 

At this time, a valid and reliable method of measuring anaerobic energy 

expenditure does not exist. However, the measurement of maximally accumulated 

oxygen deficit has been proven reliable (Medbo et al, 1988) and has been proposed as a 

valid measure for determination of the anaerobic capacity (Hermansen and Medbo, 

1984; Saltin, 1986). This research proposes to determine whether the maximally 

accumulated oxygen deficit is a valid indicator of anaerobic capacity, thus quantifying 

energy expenditure by anaerobic means. 

As a noninvasive measurement, anaerobic capacity may prove useful for athletic 

events which primarily depend on anaerobic metabolism. Once assessment has taken 

place it may serve as a baseline, with further measurements determining if adaptations 

have occurred. It may also prove useful in predicting success within anaerobic activities 

and it may also serve as a criterion of overtraining. 

Currently there is great debate over the consequences of lactic acid, a metabolite 

associated with the processes of anaerobic metabolism. Further understanding in this 

area may be achieved with an oxygen deficit measure indicating the amount of lactate 

produced from anaerobic, glycolytic mechanisms. Further, this project could lay the 

groundwork for the determination of anaerobic energy contributions and overall energy 

expenditure from aerobic and anaerobic sources during physical work under normal and 

hypoxic conditions. A measurement of energy expenditure from anaerobic sources 

would reveal the contributions and limitations of this energy system. 



CHAPTER 2 

METHODOLOGY 

Subjects 

Twelve members of the University of Arizona Men's track team, along with four 

university students served as subjects for this study (see Table 1 and Appendix). Each 

signed consent forms approved by the University of Arizona Human Subjects Committee 

(see Appendix). The athletes were comprised of three distinct groups of runners: 1) 

three sprinters (200-400 meters), 2) five middle distance runners (800-1500 meters), 3) 

and four distance runners (3000-10,000 meters). The four control subjects were healthy 

college aged males with no active participation in track and field athletics. 

Table 1: Subject Characteristics 

GROUP EVENT N AGE HT(cm) WT(kg) 

Distance 3000m+ 4 21.0+2.1 181.4±4.7 66.5±4.2 

Middle Distance 800-1500m 5 21.5±1.5 182. ±26.6 69.5±3.1 

Sprinters 200-400m 3 19.0±0 180.3±7.2 74.0±8.9 

Controls ........ 4 24.3 ±2.8 182.2±8.5 82.6±8.2 

Energy Expenditure Determinations 

Each subject underwent a minimum of five treadmill runs with concomitant 

oxygen consumption determinations. Maximal oxygen consumption was determined once 

for each subject using a protocol in which speed was held constant and grade was 

elevated 3% every two minutes until voluntary exhaustion was reached. This protocol 



exhausted the subjects within 9-14 min. Three 10-min, submaximal tests were performed 

on separate days at a grade of 10.5% and at speeds which elicited an oxygen 

consumption between 85 - 100% of V02 max- Mean oxygen consumption during the 

last 3 minutes of each submaximal workload represented energy expenditure at that 

workload. A minimum of one supra-maximai treadmill test also was performed at a 

grade of 10.5% and a speed eliciting exhaustion within 2-3 min. The intensity of the 

supra-maximal test was within 120 - 140% of V02 max. All treadmill tests were 

performed with a separation of at least 48 hours. Athletes were encouraged not to 

participate in exercise the day of testing. When this was not a possibility, testing was 

administered the morning after or the evening following a light workout. Oxygen 

consumption was obtained from an on-line, computerized metabolic system that 

incorporated Ametek gas analyzers, a Parkson-Cowan C-D4 gas meter, and a Hans-

Rudolph high velocity respiratory valve (#2700). From the three submaximal treadmill 

runs and a constant Y-intercept of 5.0 ml/kg/min (representing standing metabolic energy 

expenditure), a regression line was drawn representing the oxygen consumption -

workload relationship for workloads at and above maximal oxygen consumption (see 

Appendix). At the supra-maximal workload, a corresponding oxygen consumption was 

derived from the previously determined regression line. The difference between the 

required oxygen consumption from the supra-maximal test and the oxygen consumption 

that was actually measured represented the maximally accumulated oxygen deficit (see 

Appendix). Blood lactate samples were collected in a 50 microliter capillary tube from a 

freely flowing finger tip and measured with a Yellow Springs Lactate Analyzer. 

Following the supra-max test, blood samples were taken immediately post-exercise and 5-

min post-exercise. 
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Anaerobic Power and Capacity Work Tests 

Wingate tests were performed on a modified Monarch cycle ergometer. Four 

magnets were placed at 1/4 revolution intervals on the pedal crank and revolutions 

counted with a transducer positioned within 2mm of the rotating magnets. An Apple II-

E computer received the signal picked up from the transducer and total work was 

computed for each five seconds of the thirty second Wingate test. Each subject 

performed two Wingate tests and the better score was recorded. Subjects started 

pedaling at maximal velocity upon a verbal command and within 1-2 sec of pedaling a 

load was instantaneously applied to the rotating flywheel which corresponded to .09 kg 

per kg of body weight. The subjects were given continuous verbal encouragement 

during the test period. Anaerobic power was determined as the highest power attained 

during any 5 sec interval (usually between 1 and 5, or 2 and 6 sec) and recorded as 

watts and watts/kg of body weight. Anaerobic capacity was measured as the total work 

during the thirty sec time period and recorded in kJoules. Treadmill work was recorded 

during the supramaximal treadmill run and recorded in kg.m (work = bodyweight (kg) x 

speed (m/min) x % grade). 

Field Tests 

All athletes were given field test runs of 300m, 400m, and 600m. These runs 

were performed over a two week period of "time-trials." The athletes performed one 

trial at each distance in a true competitive fashion. The start of each event commenced 

with the Firing of a starters pistol and times were collected with a hand-held stopwatch. 

Statistical comparisons were computed using analysis of variance and Duncan's 

multiple range procedures to determine significance among groups. Pearson product-
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moment correlations were used to determine the degree of association among the 

maximally accumulated oxygen deficit and the other anaerobic performance tests 

(Wingate cycle ergometer, treadmill work, blood lactate measurements and field test run 

scores). 
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CHAPTER 3 

LITERATURE REVIEW 

The ATP that is broken down during exercise is continuously resynthesized by 

aerobic and anaerobic processes. Anaerobic ATP formation results from the breakdown 

of creatine phosphate (CP) and glycogen, the latter increasing muscle and blood lactate 

concentrations. Anaerobic capacity may be defined as the maximal amount of ATP that 

can be formed by these anaerobic processes. 

Unfortunately direct quantification of anaerobic capacity cannot be determined at 

this time. In view of this, several field tests and laboratory procedures have been 

developed based on theoretical contributions of anaerobic metabolism. One such test 

has been the measurement of the maximally accumulated oxygen deficit. A reliable 

procedure for this measure has recently been developed (Medbo et al, 1988). Central 

to the theme of anaerobic capacity and its indirect measurement by the oxygen deficit, is 

the extent and limitations to which the anaerobic system can contribute to overall energy 

expenditure and the relationship this measure has with existing tests. This literature 

review will focus on these areas. 

I. Contributions of Anaerobic Energy Expenditure. 

The anaerobic system contains several potential means for the continued 

synthesis of ATP for energy production. These include stored ATP, creatine phosphate, 

the combining of two ADP molecules, glycolysis, and the energy coming from oxygen 

stores located within myoglobin and hemoglobin. Although the latter cannot be 



classified as truly anaerobic, the contribution of stored oxygen cannot be distinguished 

from oxygen deficit and oxygen consumption measurements and consequently some 

allowance must be made for their presence. 

Muscular contraction requires the degradation of ATP to ADP by myosin 

ATPase. During intense activity, the first contribution of energy to this process is 

provided by the intramuscular stores of ATP (Cain and Davies, 1962). The rate of 

dephosphorylation of ATP to ADP differs among muscle fiber types according to their 

myosin ATPase activity. In this regard fast twitch muscle fibers (identified by staining 

procedures for ATPase) contain higher degrees of ATPase activity (Barany, 1967). 

Within seconds, as the stored ATP concentration falls, replenishment occurs in the 

transfer of another high energy phosphate bond to ADP, creatine phosphate (CP). 

With the action of the enzyme creatine phosphokinase (CPK), the 

dephosphorylation of CP and rephosphorylation of ADP to ATP occurs at a very rapid 

pace. Another potential ATP replenishment source is mediated by myokinase (MK) in 

the combining of two ADP molecules to form ATP and AMP. The levels of CP, CPK, 

and MK, like those of ATPase, may differ among fiber types. It has been shown that 

CP (Edstrom, 1982; Tesch et al, 1989) and CPK (Sherwin, 1969; Rennie and Edwards, 

1981) are higher in fast twitch skeletal muscle. Green (1986) has reviewed the 

biochemical properties of fast and slow twitch fibers and found more substantial 

differences in smaller mammals such as the rat then in man. Be that as it may, peak 

power output in fast twitch human skeletal fibers is as much as fourfold greater then in 

slow twitch muscle (Faulkner et al, 1986). With this in mind it would seem 

advantageous to possess higher percentages of fast twitch muscle fiber for burst or sprint 

type activity. This has indeed been shown (Costill et al, 1976; Gollnick et al, 1972). 



Phosphapen Contributions to Energy Expenditure 

The potential for use of the ATP-CP energy system is greatly dependent on the 

task involved. The concentrations of ATP and CP in human skeletal muscle averages 

around 5 and 20 mmol/kg wet weight respectively (Saltin and Gollnick, 1983). Several 

studies have found linear relationships between work intensity and phosphagen depletion 

(Hultman, 1967; Karlsson, 1971; Karlsson et al, 1971) and it is generally agreed that 

even if the relationship is not linear, CP is more greatly depleted at higher workloads. 

Gollnick and Hermanson (1973) report that maximal ATP depletion in skeletal muscle 

following exercise is about 40% of resting values. Hirvonen et al (1987) investigated the 

breakdown of high energy bonds during supra-maximal exercise in sprinters and found 

ATP to never fall below 60% of resting values. CP on the other hand was 88% 

depleted after 5.5 sec while the fastest sprinters in the group were able to use almost 

100% of post-warmup CP stores during the same time period. McCartney et al (1986) 

also studied phosphate depletion during maximal intermittent isokinetic cycle ergometry 

and found ATP levels reduced to 40% and CP stores to 95% of resting values after 

four successive 30 second isokinetic cycle bouts. Cheetham et al (1986) found a 37% 

fall in ATP and a 64% drop in CP during 30 second maximal sprinting. Interestingly, 

Jacobs et al (1983) exercised women to fatigue using a 30 second Wingate cycle 

ergometer test and found ATP depletion to be consistent with other findings yet CP 

decreased to only 40% of resting concentrations. They concluded that 30 sec is not 

enough time to exhaust this anaerobic energy store. Hirvonen et al (1987) have 

speculated that their may be a difference between theoretical CP depletion rates of 5-7 

sec (see Table 2) and actual values of 20 seconds or more. These differences may be 

due to experimental methodology employing less than maximal exercise. Differences 
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may also be caused by muscle biopsy techniques and the sampling site. It may be 

possible that the sampling site may not be representative of the actual motor unit 

recruitment pattern. 

Effects of Training on Phosphagen System 

There have been other investigations into the possible increases of the 

phosphagen anaerobic energy stores with training. Rehunen et al (1982) studied the 

phosphate compounds in slow and fast twitch muscle of sprinters and distance runners, 

and found a greater quantity of CP in the slow twitch fibers of both athletic groups 

though this was significant only for the distance runners. Creatine phosphate levels fell 

significantly in both fiber types for both groups during exhaustive exercise however, the 

sprinters were able to use more of the CP stores in their slow twitch fibers than the 

endurance athletes. 



Table 2: Theoretical Anaerobic Energy Contribution 

PC ATP Glycolytic Discussion Reference 

75 second 
(ATP & PC) 

5-7 second 

5-7 second 

6-8 second 
(ATP & PC) 

10.5 second 
(ATP & PC) 

1 second 

3 second 

1 second 

44 second 

rate is constant for 11 second 
measuring time 

40 second 

90 second (Lactate + ATP & PC) 

5 second 

time of exploitation at maximal 
power 

represents predominate 
metabolic path and not specific 
contribution time 

time to reach maximal power 

Prampero, 1981 

Hirvonen et al, 1987 

Kinderman & Keul, 1977 

Margaria et al, 1966, 
Newsholme, 1980 

McArdle, Katch and Katch, 
1986 

Margaria et al, 1964 

Sahlin, 1986 

'Table 2 represents several authors viewpoints on the extent to which the phosphagen system (ATP and PC) and glycolysis contributes to anaerobic energy expenditure. 



Table 2 (confd): Percent Contributions 

Activity time Anaerobic Aerobic Reference 

10 second 83% 17% GoIInick & Hermansen, 1973 
1 minute 60% 40% 
2 minute 40% 60% 

30 second 32% PC ? Cheetham et al, 1986 
5% ATP 

63% glycolysis 

30 second 70% 30% Medbo & Tabata, 1987 
70 second 50% 50% 
2 minute 33% 66% 

30 second 75% 25% Saltin, 1988 
1 minute 64% 36% 
2 minute 48% 52% 

30 second 9-18.5% (depending on 
on mechanical efficiency) 

Kavaaagh & Jacobs, 1988 
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Houston and Thompson (1977) anaerobically trained five endurance runners and found 

no increase in CP levels though the ATP concentration rose by 14.8%. ATP-CP stores 

have been known to increase with heavy resistance training (McDougall et al, 1977; 

McArdle, Katch and Katch, 1986). It seems logical to assume that an increase in size of 

the fast twitch fibers with this form of training would cause a concomitant increase in 

the enzyme and energy stores of this fiber type. However, all forms of sprint training 

may not involve heavy resistance work and therefore may not result in increased muscle 

size. Differences between sprint and weight training programs may be best described by 

Edgerton (1978) who states that sprinting employs a maximal neurological effort in 

which resistance to effort is minimal while weight training consists of high resistance -

low repetitive efforts. Sprint training has been associated with increased activity of CPK 

and MK enzymes (Thorstensson, 1975) but strength training has not (Tesch et al, 1987). 

Changes in motor neuron recruitmen patterns is another area open for investigation. 

Sprint and/or strength type training may optimize fast twitch fiber recruitment. The 

glycolytic enzymes and muscle buffering systems may also be involved with sprint and 

middle distance training. 

Glycolytic Contributions to Energy Expenditure 

Fast twitch fibers have a greater glycolytic ability then slow twitch fibers (Green, 

1986). It was once assumed that the glycolytic contribution to energy production could 

only occur after the high energy phosphate stores were depleted (Margaria et al, 1969). 

It is now known that this is not the case. Margaria based this early concept on 

observations in which lactate formation occurred only in strenuous exercise lasting longer 

than 10 seconds. Unfortunately his finding was concluded on blood lactate 



measurements and not on muscle lactate values. Data by Hultman and Sjoholm (1983) 

have found lactate formation within seconds of electrical stimulation of human skeletal 

muscle. Karlsson (1971) did not notice any lactate increase in exercising muscle until 

workloads exceeded 50-60% of maximal oxygen consumption because energy production 

at these lower intensities is derived chiefly form aerobic sources. It has generally been 

concluded that the rate of glycogen breakdown and subsequent lactate formation is 

related to the intensity of the exercise being performed (Saltin and Karlsson, 1971). 

Anaerobic energy contributions through glycogen breakdown are difficult to quantify for 

two reasons. First, glycogen can proceed through several metabolic pathways and not 

just result in lactate formation. One of these paths involves aerobic metabolism and 

aerobic energy contributions from glycogen sources are rarely measured during anaerobic 

testing. Secondly, lactic acid does not represent the end product of glycolytic 

metabolism, it too being able to enter aerobic pathways. 

Energy production from the ATP-CP and glycolytic systems may be better 

described not by a series of on and off switches, but by a gradual blending of the two 

sources with the ATP-CP system providing greater initial contribution to energy 

expenditure. Hirvonen et al (1987) have studied the changes in phosphate stores and 

lactate accumulation during supramaximal exercise and found running speed to decrease 

when the phosphate stores become depleted and glycolysis then contributes more to 

total energy expenditure. This is in agreement with the logarithmic plot of average 

speed vs time by McGilvery (1975) suggesting the presence of the 3 major energy 

systems; the ATP-CP, glycolytic and aerobic systems (see Figure 1). 



Figure 1: Logarithmic Plot of Running Speed vs time 
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Arithmic plot of average speed versus time for mens running events reveals three eeparate 
regression lines. This may be an indication of the three different metabolic pathways from which 
energy is derived; ATP-PC, glycolysis and aerobic sources (Adapted from: McGilvery, R. W.. 
Biochemical Concepts. Philadelphia: W. B. Saunders Co., 1975). 

Effects of training on Glycolytic System 

In addition to changes in ATP-CP systems with strength training, sprint or speed 

type training may also increase some of the enzymes associated with glycolysis. When 

rats were run at high intensity-short duration and low intensity-long duration exercise for 

12 weeks, selective changes were noticed in glycolytic and oxidative enzymes respectively 

(Gillespie, 1982). Gollnick and Hermanson (1973) have published an extensive review 

of training programs and anaerobic enzyme adaptations. They reported that most 

studies were performed with rats and provided questionable exercising stimuli which 

resulted in no significant increases in these enzymes. In human skeletal muscle, 



anaerobic type training has elicited increases in key glycolytic enzymes (Gollnick, 1972; 

Costill, 1979; Fournier et al, 1982). However conflicting evidence still exists in that 

Tesch et al (1987) have found no increase in glycolytic enzymes with six months of 

anaerobic strength type training. Gollnick and Bayly (1986) propose that even in 

sedentary individuals glycolytic enzyme concentration is greater than lactate production 

capabilities indicating that changes in the enzymes within the glycolytic system are not 

warranted. Changes in the glycolytic enzyme system are still unsettled. 

While greater quantities of anaerobic energy stores and enzyme abilities would 

be ideal for the high intensity athlete, a delay in fatigue time would also be of benefit. 

Sahlin and Henriksson (1984) found the buffering capacity of skeletal muscle to be 

increased with anaerobic training. An improved buffering capacity is important because 

it enables glycolysis to continue, creating a greater buildup of lactate without the 

concomitant rise in H+ concentrations. Parkhouse (1983) has shown that differences in 

buffering ability exist between sprinters and endurance trained athletes with sprinters 

having the greater buffering capacity. Parkhouse indicates that the increased buffering 

might have been the result of elevated carnosine levels. Whether the increased 

buffering is due to this, greater CP levels, or some combination of these and other 

factors remains to be determined. While a high fast twitch fiber percentage would be 

advantageous for sprint type activity, it may not always predict success for all anaerobic 

type athletes. McKenzie et al (1985) found no differences between fiber types among 

six elite 800 meter runners and six untrained controls. They suggest other indices such 

as an increased buffering capacity among athletes as a better indicator of performance. 
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Fatigue: Limitations of Anaerobic Energy Expenditure 

During supra-maximal exercise, fatigue occurs well before glycogen stores are 

depleted thus eliminating glycogen depletion as causal to the fatigue process. A 

reduction in glycogen stores below normal levels will, however, reduce maximum lactate 

and power output by the working skeletal muscle even during short supramaximal 

activity (Jacobs, 1987). Medbo et al (1988) examined oxygen deficit values in eleven 

healthy subjects and found those with the largest values were able to accumulate this 

deficit faster then subjects with smaller oxygen deficit values. Although no anaerobic 

power measurements were taken, this may be suggestive of the importance of a "fully 

loaded" anaerobic energy system. The breakdown of muscle glycogen involves the 

enzymes phosphofructokinase (PFK) and phosphorylase which are rate limiting to this 

anaerobic process. In skeletal muscle, glycogen is broken down with the active form of 

phosphorylase. Phosphorylase is activated after several intracellular events have 

occurred with one of the most important involving the presence of phosphate (Chasiotis, 

1988). This indicates that in exercise of extreme intensity the role of high energy 

phosphates (ie.,CP) is critical in the continuation of glycogenosis and that depletion of 

phosphate may play a role in the fatigue process. Once glycolysis has started, its rate 

limiting enzyme, PFK, may also play a role in the fatigue process. Over 99% of all 

lactic acid formed disassociates a hydrogen ion at physiological pH (Sahlin and 

Henriksson, 1984). Even more important is the production of hydrogen ions from the 

rapid hydrolysis of ATP (Hochachka and Mommsen, 1983). When intensive exercise 

continues, these ions accumulate, lowering pH. Sahlin (1978) has shown that PFK is 

almost completely inhibited at a pH of 6.4 in vitro and he cites further evidence that 

myosin ATPase is also inhibited at this pH. Phosphorylase may also be limited by high 



levels of H+ (Spriet et al, 1989). While the causes of fatigue are complex and not the 

basis for this research, it has become evident that the production of energy by anaerobic 

means is limited by the fatigue process. During intense, exhaustive exercise, CP stores 

are depleted and glycogenosis and glycolysis become inhibited. 

Further Contributions to Anaerobic Energy Expenditure 

The discussion on sources of anaerobic energy contributions cannot be complete 

without mention of how energy may be supplemented by oxidative phosphorylation from 

stored oxygen in hemoglobin and myoglobin. It has been estimated that a 70 kg man 

can store about 335 ml of oxygen in skeletal muscle myoglobin which represents about 

10% of total body oxygen stores (Milne, 1988). Three hundred and thirty-five ml of 

oxygen may supply five seconds of vigorous activity. Medbo et al (1988) and Saltin 

(1986) have indicated that about 10% of the energy supplied during the oxygen deficit 

comes from stored oxygen. Though rats can increase myoglobin concentrations 

drastically with training (Pattengale and Holloszy, 1967; Harms and Hickson, 1983), this 

has yet to be shown in humans (Jansson et al, 1982; Jacobs et al, 1987). 

II. Use of Anaerobic Tests to Predict Anaerobic Capacity 

Because the stores of ATP, CP and the extent to which lactic acid can 

accumulate are apparently limited, it has been hypothesized that the anaerobic capacity 

is a well defined individual entity (Medbo et al, 1988). Before proceeding however, a 

clear distinction must be made between concepts of anaerobic power and anaerobic 

capacity. This difference has been best described by Goslin and Graham (1985). They 



state that the capacity measurement represents a total quantity of work which should be 

measured in joules. Anaerobic power is the rate at which this work is done and is 

measured in watts. This distinction is important and is not usually clarified in studies of 

anaerobic indices. Medbo et al (1988) defines anaerobic capacity as the maximal 

amount of ATP formed by the anaerobic processes. Tests of anaerobic power, such as 

the vertical jump and Margaria stair climb, are completed in less then one second. 

These short term measurements are quite different from a test of anaerobic capacity 

which must indicate the maximum amount of energy contributed by the anaerobic energy 

system. Measurement of the anaerobic capacity should therefore be of significant 

duration and of sufficient intensity to attempt to utilize and exhaust the anaerobic 

energy stores. Interestingly, power measurements have shown good correlation with 

capacity measurements (Inbar, Ayalon and Bar-or, 1974) and it has been speculated that 

those with greater anaerobic power may have a greater capacity (Vandewalle, Peres and 

Monod, 1987).- These-predictions cannot hold true, however, until an accurate 

measurement of the anaerobic system is produced. 

Anaerobic Capacity Validation with Substrate Utilization 

Validity for tests of anaerobic capacity can only be established with knowledge of 

ATP-CP stores and glycolytic capacity in the exercising muscle, an invasive and 

expensive procedure which has yet to accurately represent anaerobic metabolism. The 

anaerobic energy system is difficult to quantify for several reasons. First, blood lactate 

levels are only an indication that glycolysis has taken place. This is because differences 

exist in the extracellular storage space for lactate, the production of lactate, its removal 

rates, and cellular and blood diffusion capabilities. Thus, direct quantification of 



anaerobic energy release through the glycolytic pathway with the use of blood lactate is 

ill advised. Secondly, both glycogen and lactic acid can proceed through aerobic (and 

other) pathways and measurement of aerobic contribution during anaerobic testing is 

rarely performed. Thirdly, studies involving measurement of the ATP-CP stores show 

differences when different activities are involved. The intensity of the activity must also 

be taken into account. Muscle fiber types, recruitment patterns, the muscle mass 

involved and their respective concentrations of high energy phosphates with the ensuing 

development of fatigue, may also affect the actual anaerobic capacity measurement. 

Even with these shortcomings, many estimations of anaerobic energy release have 

surfaced in the literature (see Table 2). 

Anaerobic Capacity Validation with Muscle Fiber Type 

Knowledge of percent fast twitch fiber composition and energy substrate 

utilization represents a tentative validation procedure for existing anaerobic capacity 

tests. Studies of muscle biopsy in sprinters have shown these athletes to possess a 

higher percentage of fast twitch fibers (Costill, 1976; Fink et al, 1977). With a greater 

percentage of this type of skeletal muscle and some of the possible substrate and 

enzymatic increases occurring with training, it may be hypothesized that sprinters possess 

a greater degree of anaerobic ability then endurance trained or sedentary controls. 

Komi et al (1977) described anaerobic capacity with field scores of vertical velocity, leg 

force and blood lactate among a wide group of athletes. All of these factors were 

found to be related to fast twitch fiber composition while running velocity, but not 

strength, was related to the activity of the lactate dehydrogenase and CPK enzymes. 

Taunton, Maron and Wilkinson (1981) examined anaerobic performance in a group of 



middle distance and distance runners with the Wingate and Margaria anaerobic tests. 

The relationships between fiber composition, enzyme activity and blood lactate were 

evaluated. The middle distance runners had higher fast twitch fiber composition and 

higher glycolytic enzyme activities while distance runners had a higher slow twitch fiber 

percentage. No correlation was seen between fast twitch fiber composition and any of 

the anaerobic tests. Also, there were no significant differences with the Margaria stair 

climb scores or the Wingate 30 second test between the two groups though significance 

was found for the Wingate 5 second score. Differing results between the Margaria stair 

climb and Wingate 5 second score are odd in that the two tests are supposed to 

represent the same thing, anaerobic power. Perhaps the differing methods of exercise, 

bicycle ergometer versus stair climb, produced these results. This finding may stress the 

importance of task specificity in the use of anaerobic performance tests. In both groups 

of subjects, blood lactate levels were lower after the Wingate 30 second test then after a 

maximal treadmill run. The authors concluded that the Wingate 30 second test is of 

insufficient duration to accurately portray glycolytic capacity. The Wingate test has been 

validated with percent fast twitch fiber area and composition by Kaczkowski et al (1982) 

using nine "active" subjects. Unlike the study of Taunton et al, Kaczkowski found a 

high correlation between fast twitch fibers and the Wingate 5 and 30 second test. 

Froese and Houston (1987) found similar results in men but not in women. 

McKenzie, Parkhouse and Hearst (1982) used a treadmill run to exhaustion to 

examine histochemical and biochemical variables among middle distance runners. The 

skeletal muscle fiber composition of 54% fast twitch and 46% slow twitch was reportedly 

not different from other athletes of this type. The test was justified by a blood lactate 

content of 22 mmol/1. It was reasoned that the observed 50% increase in buffering 



capacity above levels normally seen in distance runners allowed glycolysis to continue, 

postponing fatigue. Mackova et al (1985) looked at fiber types and enzyme contents of 

medical students involved in a 50-110 sec treadmill run to exhaustion. From their 

results they conclude that the relationship between metabolic parameters and functional 

tests is only evident in highly trained athletes. McKenzie et al (1985) examined the fast 

twitch fiber composition in six elite 800 meter runners and six sedentary controls. They 

found no difference in % fast twitch fiber composition yet found significant differences 

in the anaerobic speed test treadmill run to exhaustion. These investigators concluded 

that factors other then muscle type are responsible for the development of anaerobic 

capacity, di Prampero et al (1970) tested for aerobic and anaerobic power in 116 

athletes at the 19th Olympic games in Mexico. Though his methods were questionable 

(aerobic power determined through heart rate-oxygen requirement relationship and 

anaerobic power measured during Margaria stair-step test) he found pentathletes and 

sprinters to have greater anaerobic power. A study from Russia (Volkov, Shirkovets 

and Borilkevich, 1975) proposed a more comprehensive examination of physical working 

capacity by assessing different "dimensions" of power, capacity and efficiency. Anaerobic 

power was determined through measurement of carbon dioxide produced during a 

maximal oxygen consumption treadmill test. These authors recommend the use of 

oxygen debt as an indicator of anaerobic capacity while no mention was made of 

anaerobic efficiency. The oxygen debt has been used for some time as an indicator of 

the extent to which the anaerobic system has been used. However, a review by Gaesser 

and Brooks (1984) provides substantial evidence which indicate oxygen debt mechanisms 

involve much more then the replenishment of anaerobic energy stores. 
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Anaerobic Capacity Validation with Work Scores 

The above validation studies attest to the difficulty in assessing the anaerobic 

energy system and further indicates that the best anaerobic capacity test has not yet 

been devised. The optimal test would have to deplete CP stores and bring about 

maximal glycolysis while easily quantifying their collective contribution to total energy 

expenditure. Most anaerobic capacity tests validate themselves on the premise that if 

the subject exerts a maximal or supramaximal effort for a long enough duration then the 

limitations or the capacity of the system have been reached. Vandewalle et al (1987) 

refers to these test types as all-out anaerobic capacity tests. Three ways are available to 

collect these data, a supra-maximal cycle ergometer test (usually a Wingate test), a 

supra-maximal treadmill test (ie. anaerobic speed test) or a field test (ie. 400 meter run). 

The length of time for these tests can be derived from table 2. The test must be long 

enough to exhaust anaerobic energy stores yet not long enough to involve significant 

energy contributions from aerobic sources. Astrand and Saltin (1961) have shown that 

maximal oxygen consumption may be reached in as little as two min while Medbo and 

Tabata (1987) found significant contributions from aerobic energy sources during cycle 

ergometry of less than one min.. Kavanagh and Jacobs (1987) used breath-by-breath 

analysis during Wingate cycle ergometer testing and found a contribution from aerobic 

energy sources of 18.5% during the 30 sec. test (assuming a mechanical efficiency of 

25%). Thus, test length is of prime concern especially when no other measurements 

other than total work or time to fatigue are taken. 

Use of the cycle ergometer enables work to be quantified within the 30 sec. to 2 

min supra-maximal test period, the usual anaerobic testing range. Anaerobic tests with 

the cycle ergometer usually follow a format involving a predetermined exercise time with 



the amount of work during this time recorded. This work "score" is then used as an 

expression of anaerobic capacity. Validity is usually determined by maintaining a 

supramaximal intensity for this period of time. Katch and Weltman (1979) used a cycle 

ergometer with a frictional load of 34 kp/rev for two min.. Anaerobic capacity was 

calculated as the total amount of work performed during this time period. They found 

that body weight could account for a great deal of the variance in the work bout, 

suggesting that heavy, big legged individuals may have an advantage. Load setting for 

these tests is important and is usually expressed per kg of body weight. The majority of 

cycle ergometer tests now performed constitute the Wingate anaerobic tests. The load 

on the flywheel is based on body weight and is the subject of much investigation (Evans 

and Quinney, 1981; Patton, Murphy, Frederick, 1985; Vandewalle et al, 1987). Peak 

power for the test is usually seen within 5 sec. of the start of pedaling and is 

representative of anaerobic power. The total amount of work or mean power over the 

30 sec. period is expressed as the anaerobic capacity. Although, the Wingate test is 

widely used, concern has arisen over the 30 sec. exercise time which may not tax the 

maximum capacity of the anaerobic system (Jacobs et al, 1982; Taunton et al, 1981; 

Vandewalle et al, 1987). 

Cunningham and Faulkner (1969) used a treadmill test and measured time to 

exhaustion during a 7-8 mph, 20% grade run (the anaerobic speed test). The run lasted 

for an average of 52 seconds among subjects. Six weeks of interval training increased 

run time to exhaustion by 23%. Blood lactate levels, pre and post training, increased by 

17%. Most treadmill runs follow similar protocols. That is, the amount of work is held 

constant and the exercise time is recorded. Thomson and Garvie (1981) used a 5% 

grade and a speed eliciting exhaustion within 60-70 seconds on their treadmill test. 



They validated anaerobic capacity from measurements of peak lactate values for 

glycolytic contributions and Margarias' calculations to determine ATP-CP input. These 

values were collected during four increasing workouts of 15 seconds each and converted 

into a kcal measurement so that total energy expenditure could be accounted for by 

anaerobic and aerobic means for the exercise time. Subsequently, Thomson (1981) 

correlated this measure of anaerobic capacity with a field test. With the reasoning that 

the combination of work intensity and exercise duration are sufficient to exhaust the 

anaerobic system, he found that a sprint time from 0 to 256 meters and running speed 

between 256 through 329 meters provided the highest correlation with his previous test. 

The use of a field test is only as good as its validation procedure and, as discussed 

earlier, blood lactate gives only a rough estimation of glycolytic contribution. When 

using correlations between blood lactate and running time, Vandewalle et al (1987) 

found a distance of 400 meters to be optimal. This does not appear to be true, 

however, for swimmers (Okhuwa et al, 1984) which may attest to the nature of task 

specificity, seemingly inherent in anaerobic testing. Tharp et al (1985) compared 50 yd 

sprint and 600 yd run times with Wingate cycle ergometer scores and found moderate 

correlations when scores were adjusted for body weight. 

While many anaerobic tests exist and correlations between tests have generally 

been shown to be moderate to good, variability among the same tests could pose a 

problem. Coggan and Costill (1984) examined this in three different anaerobic cycle 

ergometer tests and found a coefficient of variation of only 5.4%. This is comparable to 

a variation of 5.6% among aerobic power tests (Katch, Sady and Freedson, 1982). 



HI. The Oxygen DeOcit 

In 1913, Krogh and Lindhard published a paper describing some of the 

physiological changes that take place in the transition from rest to work. Although one 

of their figures clearly shows the gradual uptake of oxygen to steady state levels during 

the beginning of exercise, it was not until a later paper (Krogh and Lindhard, 1919) that 

the phenomenon was described as the oxygen deficit. The oxygen deficit is best defined 

as the difference between the amount of oxygen actually consumed and that which 

should have been consumed had a steady state been reached immediately (see Figure 2). 

There are two proposed mechanisms as to why the oxygen deficit exists. Briefly, they 

involve a lag in circulatory response time and hence a lack of oxygen delivery or 

transport (Hughson and Morrissey, 1983) and/or a decreased oxygen utilization which 

may involve a rapid response to energy demands by the anaerobic system which supplies 

sufficient ATP at the start of exercise thus lowering the need for oxygen (Sahlin, Ren 

and Broberg, 1988). 

Energy contributions during the oxygen deficit period are derived from several 

sources. They are the ATP-CP stores, the joining of ADP molecules, glycolysis, 

oxidative phosphorylation from oxygen bound to hemoglobin and myoglobin 

concentrations. Saltin (1986) has indicated that 1/3 of the oxygen deficit exists as stored 

phosphogens and stored oxygen. The remaining portion comes from glycolytic functions, 

di Prampero, Boutellier and Pietsch (1983) decreased the oxygen stores in subjects by 

having them breath under hypoxic conditions for six min. prior to the start of 

submaximal exercise and found a corresponding decrease in the oxygen deficit. 
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Their are many advantages for using the oxygen deficit as an indicator of 

anaerobic capacity. Most suggestive is its clear separation from aerobic sources. Under 

hypoxic conditions (four min. prior to and during exercise) during maximal exercise 

Figure 2: Oxygen DeSdt 
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This modified figure of Krogh and Lindhards' represents the gradual uptake of oxygen 
during steady stale exercise requiring about 2000 c.c.'s (21) of oxygen per minute. The oxygen deficit is 
clearly shewn as the area between the dotted line and the curve of actual oxygen consumption (Krogh 
and Lindhard, 1919/20). 

in which aerobic capacity is greatly reduced, the oxygen deficit does not differ from 

oxygen deficits obtained under normoxic conditions (Medbo et al, 1988). This does not 

hold true for submaximal exercise (Linnarsson et al, 1974). The apparent discrepancy 

between the finding in which oxygen deficit is not changed with hypoxia, and the data of 

di Prampero et al, may be due to the length of time involved under hypoxic conditions 

prior to exercise. In this regard, six min. of hypoxia seems to lower myoglobin oxygen 



stores while four minutes may not. di Prampero also found faster oxygen uptake 

kinetics during hypoxia with submaximal exercise. 

Karlsson (1971) has found a linear relationship between phosphate depletion and 

the oxygen deficit; starting out linear and leveling off as phosphagen stores are depleted. 

A linear, positive relationship also exists between the oxygen deficit and muscle lactate 

concentration. The oxygen deficit continues to grow larger however, due to continued 

glycolysis. The oxygen deficit is also known to be proportional to exercise intensity 

(Astrand and Rodahl, 1986). Other indications of the validity of the oxygen deficit 

concern its leveling off as the anaerobic energy systems become depleted or inhibited 

and fatigue sets in. Medbo et al (1988) have shown this leveling off to occur after two 

min. of intense exercise. The oxygen deficit is unchanged even with supra-maximal, 

maximal or near-maximal exercise lasting up to 16 min. (Medbo et al, 1988; Saltin, 1986; 

Karlsson and Saltin, 1970). 

The main concern with the use of the oxygen deficit as an indicator of anaerobic 

capacity lies in its estimation of energy expenditure at exercise intensities above maximal 

oxygen consumption. At these supramaximal exercise levels, energy costs must be 

estimated which may reduce the validity of the oxygen deficit measurements. This 

problem is not seen at submaximal exercise intensities and, in fact, the extrapolation of 

the linear relationship between oxygen consumption and work at submaximal loads 

determines energy requirements at supramaximal levels. Medbo et al (1988) defend this 

reasoning with two arguments; first, they state that at supramaximal exercise intensities 

running economy probably does not improve. This would mean that the oxygen deficit 

would be overestimated especially for the higher intensity, shorter duration (2 min.) test. 

That a plateau in the oxygen deficit was found at this time and intensity which equals 



the deGcit found at even longer times and lower intensities (ie. 7-16 min.), supports the 

concept that the extrapolation of running economy at higher intensities is not far off 

actual values. Second, the oxygen deficit has been found to be the same under 

normoxic and hypoxic conditions. Yet under hypoxic conditions the maximal oxygen 

consumption and the exercise intensity leading to exhaustion is much less then in 

normoxia. However, the same workload -oxygen consumption relationship exists under 

hypoxic conditions and extrapolation to normoxic values (which are supramaximal under 

hypoxic conditions) produces the same linear response. Medbo et al (1988) has devised 

the methodology for the measurement of the oxygen deficit during supramaximal 

exercise which they term maximally accumulated oxygen deficit. Precision for this 

method was determined to be 4% which occurred when exercise intensity corresponded 

to an exhaustion time between two and three min.. Another potential problem with the 

use of oxygen deficit measurements as an indicator of energy expenditure was explained 

by Stainsby and Barclay (1970). They indicate that ATP utilization at the beginning of 

exercise may not rapidly equate with energy requirements at submaximal exercise levels 

because the rate of ATP utilization may differ with time due to ion and metabolite 

turnover and the Q10 effect. Pahud et al (1980) have used heat balance equations 

during oxygen deficit measurements and found lower energy expenditures during this 

time period. They speculate that more energy is required during aerobic energy 

production because of a continued resynthesis of ATP stores whereas CP regeneration 

occurs after exercise, during recovery. Even more confusing is the fact that more heat 

is generated during the oxygen deficit period then can be accounted for by ATP 

hydrolysis alone (Kushmerick, 1983). 



With all the apparent shortcomings of the oxygen deficit measurement, one may 

wonder about its apparent usefulness as an indicator of anaerobic capacity. Its strongest 

feature, as mentioned earlier, lies in its clear separation from aerobic measurements. In 

fact, very few anaerobic capacity tests concomitantly measure aerobic energy expenditure. 

The subsequent workload or time to exhaustion score which is taken as the anaerobic 

capacity measurement then includes both an anaerobic and aerobic component. 

Therefore it is quite possible to see increases in contemporary anaerobic capacity tests 

when physiological improvement has occurred predominantly in aerobic capacity. In 

support of this viewpoint, Cunningham and Faulkner (1969) have attributed gains in 

their anaerobic speed test to both increased aerobic and glycolytic mechanisms. 

Use of the Oxygen Deficit as an Indicator of Anaerobic Capacity 

Though the concept of the oxygen deficit has been around for some time its use 

in the literature as an indicator of anaerobic capacity is rare. Szogy and Cherebetiu 

(1974) have published data examining different athletes and their sporting events in 

comparison to their measured oxygen deficit. They found cyclists, weight lifters and 

downhill skiers to have the highest deficits. This was more thoroughly explained with 

the observation that the athletes involved in predominantly lower extremity events had 

the highest oxygen deficits while "upper body" athletes had lower deficits indicating 

larger muscle masses have larger anaerobic capacities. In addition, the amount of work 

accomplished during testing was also determined and a high correlation found. 

Combined arm and leg work produces higher oxygen deficits then arm or leg work alone 

(Saltin, 1986). 



Hermansen et al (1984) determined the oxygen deficit in nine subjects and found 

the highest measurement in a sprint trained athlete and the lowest oxygen deficit in an 

untrained subject. It may be speculated from these findings that the oxygen deficit, as 

an indicator of anaerobic capacity, may serve to distinguish between athletes 

predominately involved in anaerobic performance activities from those whose energy 

supply is derived chiefly from aerobic sources. It may be assumed that sprinters possess 

greater fast twitch fiber percentages and that training may serve to accentuate intensive 

activity capabilities by increasing anaerobic metabolic constituents and/or buffering 

ability. 

Summary 

It may generally be concluded that success in short duration, high intensity 

activity depends upon the percentage of fast twitch fibers the athlete possesses. Success 

may also include the ability to buffer H+ ions so that glycolysis can continue its 

contribution to anaerobic energy production. It is believed that the anaerobic energy 

system has a capacity; it is limited in its ability to produce energy. 

Most anaerobic capacity tests involve the measurement of work for the 

assessment of anaerobic ability because invasive metabolite collection procedures cannot 

easily or accurately determine this capacity. Unfortunately work tests involve energy 

contributions from anaerobic and aerobic sources which are not separated from the total 

work score. The maximally accumulated oxygen deficit has, within limitations, the ability 

to quantify anaerobic energy expenditure while separating contributions from the aerobic 

system. This research will examine the relationship between the maximally accumulated 

oxygen deficit and track athletes involved in sprint type and endurance activities. This 



measurement will also be compared to data obtained from other purported tests of 

anaerobic ability to determine agreement, if any, to these tests. Comparisons between 

groups may also indicate which of these tests discriminates among groups best. 
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CHAPTER 4 

RESULTS 

Group Differences: Aerobic and Anaerobic Capacity 

It was assumed that due to training or heredity the four groups of subjects would differ 

in the way that energy was supplied to the working muscles during supra-maximal 

exercise. In this regard, distance trained athletes would possess a greater aerobic 

capacity while sprint trained athletes would possess a greater anaerobic capacity. 

Differences among the four groups were evident among several variables (see means and 

standard deviations, table 3). Significant differences (p<.05) in aerobic capacity were 

observed between distance runners and control subjects, middle distance runners and 

control subjects and, between distance runners and sprinters. Although no significance 

was found among any of the other groups, mean maximal V02's were larger for distance 

runners, second highest for the middle distance group and third for sprinters while the 

control subjects had the lowest aerobic capacity scores. 

As a measurement of anaerobic capacity, the maximally accumulated oxygen 

deficit revealed significant differences (p<.05) among distance and middle distance 

runners; distance runners and sprinters; control subjects and middle distance runners 

and, control subjects and sprinters. The largest values were reported for sprinters and 

middle distance runners, respectively. Distance runners and control subjects had 

essentially identical mean oxygen deficit values. Among the tests of anaerobic ability, 

group differences were best seen among the 300m run scores (field tests were 

performed only by the athletic groups, no control subjects). 



Table 3: Means, Standard deviations for tests of Anaerobic and Aerobic Capacity 

Group 

Wingate Wingate Wingatc Treadmill Lactate Lactate 
0, max 0, deficit Peak Power Peak Power Capacity Work 1PE 5 min post 

(kg/ml/min) (ml/kg) (W/kg) (Watts) (KJoules) (kg-m) (mmol/L) (mmol/L) 

Distance 

Middle 
Distance 

Sprinteis 

Control 

70.9 ± 7.91* 56.9 ± 5.1 §1 13.2 ± .66 

66.5 ± 55 * 74.2 ± 7.21 ' 13.8 * JO 

59.7 ± 4.0 f 78.3 ± 3.5 t • 14.2 ± .83 

51.8 ± 7.71 § 56.1 ± 10.5 §1 13.3 ± 1.05 

860 + 51 1* 20.0 ± 0.9 

979 ± 58 23.1 ± 0.8 

1053 * 2221 23.9 * 45 

1092 ± 51 t 22.9 ± 1.8 

41210 ± 6517 12.8 ± 2.0 12.7 ± 2.2 

46943 ± 4677 16.1 ± 1.2 * 15.8 ± 2-5 

50316 ± 5900 15.0 ± 3.0 165 ± 2.0 

41183 ± 5409 113 ± 2.0 § 14.0 ± 3.7 

300m 300m 400m 400m 600m 600m 
Time Velocity Time Velocity Time Velocity 
(Sec) (m-Sec) (Sec) (m-Sec) (Sec) (m-Sec) 

Distance 38.7 ± 13 §1 7.73 * 20 §1 51.8 ± 13 7.72 ± .18 1 83.2 ± 1.6 7.22 t .11 

Middle 
Distance 36.7 ± .781? 8.12 ± .16 48.9 ± 2.7 8.20 ± .40 79.6 ± 3.1 734 t 27 

Sprinters 34.9 ± .701? 837 ± .14 47.9 * 1.1 8.35 ± .15 t 84.7 * 4.1 7.09 * 

* Significant from Control 
f Significant from Distance 
§ Significant from Middle Distance 
1 Significant from Sprinters 

Duncans multiple range test (P £ .05) 
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Group Differences: Enerpv Expenditure 

Group differences were also evident when percent energy contributions from the 

aerobic and anaerobic energy systems were recorded during the supra-maximal treadmill 

run (fatigue time 2-3 min.). Figures three through six reveal the energy contributions 

from these systems. As hypothesized, greater anaerobic contributions were seen in 

sprinters and greater aerobic contributions were seen with the distance runners during 

the supra-maximal treadmill test. 

FIGURE 3:% ANAEROBIC ENERGY CONTRIBUTION 

30 Seconds 

60 Seconds 

120 Seconds 

Sprinter Middle Di Distance Control 

' Significant from Control 
t Significant from Distance 
§ Significant from Middle Distance 
3 Significant from Sprinters 
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FIGURE 4: % AEROBIC ENERGY CONTRIBUTION 

9 40.0 

120 Seconds 

90 Seconds 

60 Seconds 

30 Seconds 

Sprinter Middle Di Distance Control 

° Significant from Control 
t Significant from Distance 
§ Significant from Middle Distance 
1 Significant from Sprinters 
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FIGURE 5: TOTAL ENERGY CONTRIBUTIONS 
(Supra-maximal exercise) 

40.0 
Aerobic 

Anaerobic 

Sprinter Middle Di Distance Control 

* Significant from Control 
*t Significant from Distance 
fi Significant from Middle Distance 
9 Significant from Sprinters 
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FIGURE 6: % TOTAL ENERGY CONTRIBUTIONS 
(Supra-maximal exercise) 

40.0 

Aerobic 

Anaerobic • 

Sprinter Middle Di Distance Control 

' Significant from Control 
? Significant from Distance 
} Significant from Middle Distance 
S Significant from Sprinters 
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Correlations Among Anaerobic Tests 

While existing anaerobic capacity tests are limited in their ability to indicate 

utilization of the anaerobic energy system, they do provide some evidence of the 

contributions to total energy expenditure by anaerobic sources. Correlations were 

performed to compare the maximally accumulated oxygen deficit with tests of anaerobic 

ability. Table 4 reveals the relationships between the maximally accumlated oxygen 

deficit and several selected anaerobic tests with all four groups of subjects; distance 

runners, middle distance runners, sprinters and controls. Significant correlations were 

found among the maximally accumlated oxygen deficit and both Wingate peak power 

score (W/kg)(.70,p<.01) and treadmill work (kg/m)(.66,p<.01). No correlations were 

found with any of the blood lactate measurements (immediate post-exercise and 5 min 

post-exercise). 

Table 4: Correlations for Total Sample (N=16) 

Wingate Wingate Treadmill Lactate 
02 deficit Peak Power Capacity Work 5 map 

Group (ml/kg) (W/kg) (KJoules) (kg-m) (mml/L) 

Wingate PP 
(W/kg) .70** 

Wingate Cap 
(KJoules) .42 .45 

Treadmill Wk 
(kg-m) .66** .53* .44 

Lactate 5 min p 
(mmol/L) .44 .22 .38 .15 

* p < .05 
** p < .01 

*** p < .001 
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Correlations were also completed using the three athletic groups only (no control 

subjects)(TabIe 5). The maximally accumlated oxygen deficit was then found to correlate 

with the Wingate peak power (W/kg)(.69,p<.05) and Wingate capacity (kJoules) 

(.64,p<.05) tests in addition to treadmill work (kg/m)(.62,p<.05) and both 300 m run 

time (sec)(-.76,p<.01) and 300 m velocity (m-sec)(.75,p<.01). Blood lactate 

measurements did not show significance with the maximally accumulated oxygen deficit 

though the 5 min post-exercise blood lactate did correlate with the 300m run time and 

both 400m run scores. No correlations were seen with the maximally accumulated oxygen 

deficit and the longer 400m and 600m run scores. 

Table 5: Correlations for Distance Runners, Middle Distance Runners and Sprinters (N=12) 

02 Wingate Wingate Treadmill Lactate 300m 300m 400m 400m 600m 600m 
Def PP Cap Wk Smmol Time Velocity Time Velocity Time Velocity 

02 deflcit 
(ml/kg) 

Wingate PP 
(W/kg) 

.69* 

Wingate Cap 
(kJoules) 

.64* .72" 

Treadmill Wk 
(kgm) 

.62* .42 .71" 

Lactate 5 min p 
(mmol/L) 

.58 .62* .47 .25 

300m Time 
(Sec) 

-.76" -.54 -.64* -.70* -.67' 

300m Velocity 
(msec) 

.75" JS .65* .68* .65 . 9 9 . . .  

400m Time 
(sec) 

-SI -.36 -.40 -.48 -.71* .86* " -.85"* 

400m Velocity 
(msec) 

S6 .36 .39 .46 .71* -.85*" -.84*" -.99*" 

600m Time 
(sec) 

-.00 35 .15 -.18 -.00 .07 -.05 .46 -.47 

600m Velocity 
(msec) 

.03 -.34 -.14 .19 .03 -.09 .07 -.48 .49 -99." 

" p < .05 
" p < .01 
•" p £ .001 



Energy expenditure with physical activity is derived from both aerobic and 

anaerobic sources. Because the demands required for activity differ in the rate at which 

energy must be supplied and because athletes differ in their morphological makeup, 

contributions to total energy expenditure by the two systems vary. For long-lasting 

activity the quantification of energy expenditure is a relatively simple task involving 

measurement of oxygen uptake. During intense activity no direct method exists for 

quantification of anaerobic energy contributions. 

Oxygen Deficit: Group Differences 

With the use of the maximally accumulated oxygen deficit and extrapolation of 

workload-oxygen consumption relationships above maximal V02 levels, it is possible to 

obtain (in measurements of oxygen equivalents - ml/kg) a measurement of energy 

expenditure separate from that produced aerobically. It has been hypothesized that the 

measurement of the oxygen deficit as an indicator of anaerobic capacity would be 

different in different groups of athletes requiring varying levels of energy metabolism. If 

this is the case, then certain anaerobic tests should be able to separate these groups of 

athletes by the amount of energy they expend through anaerobic means. The 

measurement of the maximally accumulated oxygen deficit was able to do this among the 

limited number of subjects involved in this study. As hypothesized, the maximally 

accumulated oxygen deficit was larger for sprinters and middle distance runners then it 

was for distance runners and controls. Significant differences were found in the 

maximally accumulated oxygen deficit among all athletes but middle distance runners and 

sprinters. The reasons for this may involve the incorrect separation of the athletes into 



differing groups (for example it may have been better to group the 400m and 800m 

runners into one group and the 1500m runners into another). Differences may also 

exist between middle distance runners and sprinters which were not statistically evident 

due to the small subject number or because the maximally accumulated oxygen deficit is 

not a sensitive enough measure of anaerobic capacity. The findings may also be correct 

in that anaerobic capacity is the same among middle distance runners and sprinters. 

Group distinction amongst the athletic groups was most evident with the 300 m 

run scores. Though 300 m run time and velocity give no quantitative indication of 

anaerobic energy contributions, they may serve as an assessment tool for coaches who 

need to evaluate or predict success within a group of subjects (this study's correlations 

would also support this). It is difficult with the limited data available to explain why the 

300 m scores are better at distinguishing among groups then the maximally accumulated 

oxygen deficit. 

With a further understanding of energy contributions to the middle distance 

events (800 - 1500 m), better training programs may be produced. At this time it is 

unclear whether the anaerobic or aerobic system is more important for this group of 

runners. 

Energy Expenditure: Group Differences 

A breakdown of percent energy contributions by the aerobic and anaerobic 

systems was provided for the two min of supramaximal treadmill running. Again, group 

differences were evident supporting the hypothesis of differing energy system 

contributions among the four groups of subjects. No differences among groups were 

found at 30 sec. One reason for this may be the method of expired air collection. 

Because response times differ among subjects, a breath by breath system would have 



provided better resolution of V02 kinetics as opposed to the mixing chamber system 

used in the current study. During supra-maximal exercise the V02 response is very 

quick (Astrand and Saltin, 1961) and is usually faster in the endurance trained subject 

(see di Prampero et al, 1989). Differences among groups, in energy expenditure were 

not apparent until one minute into the test. Even then, the only differences noted were 

between distance runners and sprinters. This is to be expected as these two groups of 

athletes should represent anaerobic and aerobic extremes. At two min. differences were 

apparent between both distance runners and sprinters and, distance runners and middle 

distance runners. Most subjects continued through the minimum of two min. required 

for the supra-maximal run producing the final differences seen among groups. 

These energy contributions (30 sec. through 2 min.) should be viewed with caution! 

Most authorities (see Table 2) claim differing percentages of anaerobic energy 

contributions during the same time periods used for this 2-3 min. supra-maximal test. 

The differences observed are because time to exhaustion was set at two min. for the 

present study whereas exhaustion was set at 30 sec. or one min. or longer for the other 

studies. In this sense, energy expenditure during the first three 30 sec. time periods of 

this study was "paced" at a level corresponding to exhaustion for the required two-min. 

time period. Hence, aerobic energy contributions would be expected to be larger in the 

present study. If exhaustion time were set at 30 sec. or 1-min., greater differences *~ 

would indeed exist between aerobic and anaerobic energy contributions. Only the 

anaerobic supra-maximal testing time should be used for interpretation (see figures 5 

and 6). Percent anaerobic and aerobic energy contributions for middle distance runners 

and sprinters during the 2-3 min. supramaximal run are in agreement with the data of 

Gollnick and Hermansen (1973). Differences may occur however, among different 
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subject types. As shown in this study, distance runners had greater aerobic contributions 

during this time period. 

Work tests and Blood Lactate: Group Differences 

No other differences among groups were found among the Wingate cycle 

ergometer scores, treadmill work or blood lactate measurements. Reasons for this are 

numerous. With the Wingate cycle ergometer scores it may be possible that the load on 

the flywheel was too low. This study used a weight of .09 kg per kg of body weight 

which was higher than the .075 kg found in other studies but less then that which has 

been suggested as optimal in others (Davy et al, 1989). The Wingate capacity test also 

has undergone scrutiny as an anaerobic capacity indicator because the 30 sec. length is 

too short to exhaust anaerobic energy stores (Jacobs et al, 1982; Taunton et al, 1981; 

Vandewalle et al, 1987). Also, because no actual metabolic measurements were taken, it 

is difficult to distinguish which part of work was generated by aerobic or anaerobic 

means. In tests of 30 sec. duration, a possible aerobic contribution of 9 to 30% exists 

(see table 2). 

Treadmill work did not reveal group differences though work was highest for the 

sprinters, second highest for middle distance runners and third for distance runners and 

controls. A greater subject number would probably be needed to show significance. 

The supra-maximal treadmill test, because of its 2 min. length, also has a considerable 

aerobic component which cannot be determined when only a work score is given. 

Optimal run time (when the aerobic component is not factored out), as indicated by the 

300m scores, is probably around 35-40 sec. As running distances increased to 400m and 



600m less distinction among groups was found. One favorable mention with the running 

tests is that they are task specific for the groups of athletes tested. 

Because the mechanisms of lactate formation and removal are not yet well 

known, blood lactate levels are presently only an indication that glycolysis has occurred. 

However, high lactate levels in short term intense activity may give a rough estimation 

of the extent to which glycolysis has occurred, with many authors validating anaerobic 

tests with levels of blood lactate (Thompson, 1981; Vandewalle, Peres and Monod, 

1987). Others have indicated blood lactate levels to be higher among sprinters than 

distance runners (Hermansen and Medbo, 1984; Ohkuwa et al, 1984). Though this 

finding was supported in this study, the differences were not significant. 

Anaerobic Test Correlations 

In addition to separating athletes by training event with varying levels of 

anaerobic metabolism, the oxygen deficit should also correlate well with existing 

anaerobic tests. Correlations differed slightly when all four groups of subjects were 

examined versus only the athletic groups. More correlations were found when the 

control subjects were eliminated from the data. This may be expected because of the 

greater variation in anaerobic and aerobic measures found among the athletic groups 

especially between the distance runners and sprinters. In addition, larger standard 

deviations were found for the control subjects with the maximally accumulated oxygen 

deficit, Wingate Peak Power (W/kg) and lactate 5 min. post-exercise measurements. For 

the oxygen deficit measurement this may have been caused by the methodology involved 

in finding the oxygen consumption-workload relationship. Because the control subjects 

may not have been as "comfortable" as the runners on the treadmill at the higher 



exercise intensities, running economy could have been exaggerated resulting in higher 

than normal maximally accumulated oxygen deficit measurements. Among the other 

tests, motivation and the ability to tolerate work at high exercise intensities also may 

have influenced the results, with the athletes pushing themselves to greater, more 

consistent levels. 

The 300m run scores among athletes showed good correlation with many of the 

other anaerobic ability tests. It would seem that as an indicator of anaerobic power or 

capacity, the 300m run time and velocity proves to be the best at determining anaerobic 

ability. Longer run times result in greater aerobic energy contributions and this would 

seem to be the case with the longer 400m, 600m and treadmill work scores. 

Discrepancies in Anaerobic Testing: A Possible Explanation 

If some common aspects of anaerobic ability exist among all the anaerobic tests 

selected, why aren't the correlations and differences stronger and more prevalent? 

Some of the major considerations involve methodology problems of task specificity 

among anaerobic tests, which would include specific exercise tasks (running vs. biking) 

and specific anaerobic tests (power vs. capacity). Motivation is another factor and so 

may be the fact that no gold standard of anaerobic energy expenditure exists to make 

comparisons. Total energy expenditure includes both an anaerobic and aerobic 

component (see figure 7). The anaerobic system is further divided up into two energy 

supplying contributors; ATP-CP stores and anaerobic glycolysis. Each energy system also 

may be thought to have both a power or rate of energy production component and a 

capacity component. With all three energy systems working simultaneously during supra

maximal "anaerobic" exercise tasks, exploiting both rates and capacities of the three 
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different energy components, correlations between different subjects would be at best 

mild to moderate. 

Figure 7: Energy Contribution Components 

Complete seperation of the anaerobic energy components is unrealistic and though the 

systems are probably related, they are also quite different in the rates and capacities at 

which energy can be supplied. 

Discrepancies among the "anaerobic" work score correlations in this study were 

less when the control subjects were factored out of the athletic group correlations. 

Anaerobic and aerobic energy extremes among the athletic groups produced a greater 

number of correlations among anaerobic work tests. When controls were included, 

differing energy contributions and test methodology inexperience produced greater 

standard deviations, among other factors, and may have decreased anaerobic test 

relationships. In a study of muscle fiber types and enzyme contents of medical students 

involved in a 50-110 sec. treadmill run to exhaustion, Mackova et al (1985) also 

concluded that the relationship between metabolic parameters and functional tests is 

only evident in highly trained athletes. The homogenous grouping of athletes into sprint 

and distance categories may in a sense, add a delimitation to the study design. 

ATP + PC + "" ' ' ' * 
Total 
Energy 
Expenditure 

Rate Capacity Rate Capacity Rate Capacity 
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CHAPTER 6 

SUMMARY 

The purpose of this study was to determine if maximally accumulated oxygen 

deficit was a valid indicator of anaerobic capacity. Though no direct measure of 

anaerobic capacity exists to make a comparison with the maximally accumulated oxygen 

deficit, it was hypothesized that the maximally accumulated oxygen deficit should be able 

to distinguish among groups of athletes with varying capacities for anaerobic metabolism. 

In addition it was hypothesized that correlations should be found among other purported 

tests of anaerobic ability and the maximally accumulated oxygen deficit. 

To test these hypotheses four groups of subjects, distance runners, middle 

distance runners, sprinters and a control group, had their maximally accumulated oxygen 

deficit measured. Other measures of anaerobic ability were also collected. Correlations 

were then performed with the maximally accumulated oxygen deficit and these other 

anaerobic ability tests which included a Wingate cycle ergometer test, treadmill work, 

blood lactates and 300, 400 and 600m runs (300, 400 and 600m runs were only 

performed by the athletes). 

Group differences were found with the maximally accumulated oxygen deficit 

measurement indicating differing anaerobic capacities existed among groups. Distance 

runners and controls had virtually identical mean maximally accumulated oxygen deficit 

values which were significantly lower than those values found for sprinters and middle 

distance runners indicating a greater anaerobic capacity for the latter two groups. In 

addition, during the two-three min. supra-maximal treadmill run, relative energy 

contributions from the aerobic and anaerobic systems differed among groups with 



sprinters and middle distance runners having the greater anaerobic contribution and 

distance runners the greatest aerobic contribution. The middle distance subjects had 

values similar to the sprinters but more information is needed to determine which 

energy supplying system is of more importance to this group. The control subjects had 

percent energy contributions from anaerobic and aerobic sources that fell between the 

distance runners and sprinters. 

Correlations among the four groups of subjects were found with the maximally 

accumulated oxygen deficit and the Wingate scores, treadmill work and the 300m run 

scores. Correlations were more evident when the control group was eliminated from the 

analysis. This may be an indication that neither the maximally accumulated oxygen 

deficit nor any of the other anaerobic tests are an exact measure of anaerobic capacity. 

It also may be an indicator of the difficulty involved with measuring an energy system 

containing more than one energy source (ATP-PC stores and glycolysis). The shorter 

run times, 300m and 400m, correlated better with the other anaerobic ability tests than 

the longer 600m run. In fact, of all the anaerobic ability tests measured in this study, 

the 300m run time and velocity proved to be the best at distinguishing among groups 

and, showed correlation with just about every other anaerobic test. 

The strongest feature of the maximally accumulated oxygen deficit is its ability to 

quantify anaerobic energy expenditure and to separate out the aerobic energy 

component of a supra-maximal work task (which the other anaerobic tests cannot do). 

The maximally accumulated oxygen deficit appears plausible as an anaerobic capacity 

measure though further testing is required before its acceptance as an absolute measure 

of anaerobic energy expenditure. 



APPENDIX A 

Calculation of the Maximally Accumulated Oxygen Deficit (procedure for the 

determination of the maximally accumulated oxygen deQcit were modified from 

procedure three of Medbo et al, (1988)). 

1. Maximal oxygen consumption (V02 max) was determined from a continuously 

graded maximal treadmill test. Runners chose the pace at which they felt most 

comfortable. Grade was increased 3% every two minutes until exhaustion (10 

minutes). 



Three 10-minute submaximal runs were performed at a grade of 10.5% and a 

speed chosen to coincide with 85-100% of V02 max. Scores collected from the 

last three minutes of each submaximal run were used to represent energy 

expenditure at each specific workload. 

Example: 
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Using a Y-intercept of 5.0 ml/kg/min (representing standing energy expenditure) 

a regression line is drawn with the submaximal run data so that energy 

expenditure above maximal oxygen consumption levels can be determined. 

Example: 
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4. At the same 10.5% grade, a running speed is chosen that will fatigue the subject 

within a 2-3 minute period. Fatigue time should be as close to 2 minutes as 

possible without going under. This is usually represented between 130-150% of 

V02 max. During the supra-maximal test oxygen consumption is recorded. 

Example: The subject could not continue running at a 9.0 mph pace at 2 

minutes 15 seconds into the test. 



Supra-maximal energy expenditure is determined at the 9.0 mph running pace. 

This is the estimated VOr 

Example: 
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The required oxygen consumption taken from the supra-maximal run (in this case 

30 second measurements) is subtracted from the estimated V02 and oxygen 

deficit determined. In this example the oxygen deficit equals 633 ml/kg. 

Example: 
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APPENDIX B 

SUBJECT CHARACTERISTICS 

Height Weight V02 max 02 Deficit 
Event Age (cm) (kg) (ml/kg/min) (ml/kg) 

Distance Runners 

P.C. 3000m 20 180.3 68.8 69.9 54.1 
C.M. 3000m 23 177.8 64.6 75.3 53.5 
A.R. 3000m 24 177.9 67.7 78.1 64.5 
J.S. 3000m 19 180.5 59.6 60.1 55.4 

Middle Distance Runners 

R.C. 800m 23 172.7 67.0 62.0 76.3 
G.C. 1500m 22 185.4 70.0 73.1 61.6 
D.H. 800m,400m 22 180.3 66.5 68.0 79.2 
M.H. 1500m 19 190.5 74.4 59.7 78.2 
B.S. 1500m 19 190.7 71.9 69.5 75.7 

Sprinters 

A.R. 400m,200m 19 190.5 86.5 63.4 79.6 
M.S. 400m,800m 19 175.3 66.8 55.4 74.3 
K.S. 400m 19 175.3 68.7 60.3 81.0 

Controls 

M.C. 21 185.4 96.2 43.4 50.0 
M.B. 22 167.6 75.0 61.0 68.2 
D.B. 27 188.0 77.3 48.0 61.1 
C.S. 27 187.9 81.9 54.6 45.0 



APPENDIX C 

ANAEROBIC PERFORMANCE CORRELATIONS: 
CAPACITY AND POWER COMPARISONS 

CAPACITY 
VS CAPACITY 

02 deficit vs Joules 
02 deficit vs lactate 5 
02 deficit vs lactate IPE 
02 deficit vs treadmill work* 
02 deficit vs 400m time 
02 deficit vs 400m velocity* 
02 deficit vs 600m time 
02 deficit vs 600m velocity 
lactate 5 vs 400m time* 
lactate 5 vs 400m velocity* 
lactate IPE vs 400m time 
lactate IPE vs 400m velocity 
lactate 5 vs 600m time 
lactate 5 vs 600m velocity 
lactate IPE vs 600m time 
lactate IPE vs 600m velocity* 
lactate 5 vs Joules 
lactate IPE vs Joules 
lactate 5 vs treadmill 
lactate IPE vs treadmill 
lactate 5 vs lactate IPE*** 
Joules vs 400m time 
Joules vs 400m velocity 
Joules vs 600m time 
Joules vs 600m velocity 
Joules vs treadmill 
treadmill vs 400m time 
treadmill vs 400m velocity 
treadmill vs 600m time 
treadmill vs 600m velocity 
400m time vs 600m time 
400m time vs 600m velocity 
400m velocity vs 600m time 
400m velocity vs 600m velocity 
400 m velocity vs 400m time*** 
600m velocity vs 600m time 

CAPACITY 
VS POWER 

02 deficit vs Watts/kg** 
02 deficit vs Watts 
02 deficit vs 300m time* 
02 deficit vs 300m velocity* 
treadmill vs Watts/kg* 
treadmill vs Watts 
treadmill vs 300m time* 
treadmill vs 300m velocity* 
lactate 5 vs Watts/kg 
lactate 5 vs Watts 
lactate 5 vs 300m time* 
lactate 5 vs 300m velocity* 
lactate IPE vs Watts/kg 
lactate IPE vs Watts 
lactate IPE vs 300m time 
lactate IPE vs 300m velocity 
Joules vs Watts/kg 
Joules vs Watts* ** 
Joules vs 300m time* 
Joules vs 300m velocity* 
400m time vs Watts/kg 
400m time vs Watts 
400m time vs 300m time** 
400m time vs 300m velocity* 
400m velocity vs Watts/kg 
400m velocity vs Watts 
400m velocity vs 300m time* 
400m velocity vs 300m velocity** 
600m time vs Watts/kg 
600m time vs Watts 
600m time vs 300m time 
600m time vs 300m velocity 
600m velocity vs Watts/kg 
600m velocity vs Watts 
600m velocity vs 300m time 
600m velocity vs 300m velocity 

POWER 
VS POWER 

Watts/kg vs Watts 
Watts/kg vs 300m time 
Watts/kg vs 300m velocity 
Watts vs 300m time* 
Watts vs 300m velocity* 
300m time vs 300m velocity** 

KEY: * p <. .05 
** p<..01 
**• p <. .001 
Joules - Wingate Cycle Ergometer 30 second work score (Anaerobic capacity) 
Watts - Wingate Cycle Ergometer 5 second work score (Anaerobic power) 
Watts/kg - Anaerobic power exposed per kilogram of body weight 
Lactate IPE - Blood lactate immediate post exercise (mmol/l) 
Lactate 5 - Blood lactate 5 minutes post exercise (mmol/l) 
02 Deficit - Maximally accumulated oxygen deficit (ml/kg) 
Treadmill - Supra-maximal treadmill test work score (kgm) 
300m Time - 300 meter run time (seconds) 
300m Velocity - 300 meter velocity (m/sec) 
400m Time - 400 meter run time (seconds) 
400m Velocity - 400 meter run time (m/sec) 
600m Time - 600 meter run time (seconds) 
600m Velocity - 600 meter run time (m/sec) 
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The  Un ivers i ty  o f  Ar i zona  

APPENDIX D 

21 November 1988 

Christopher Scott 
Exercise and Sport Sciences 
McKale Center 
Human Performance Research Lab 228 
University of Arizona 
MAIN CAMPUS 

RE: A88.176 MAXIMALLY ACCUMULATED OXYGEN DEFICIT AS A DETERMINANT OF ANAEROBIC 

Dear Mr. Scott: 

We have received the revised consent form for your above cited project. The pro
cedures to be followed in this study pose no more than minimal risk to partici
pating subjects. Regulations issued by the U.S. Department of Health and Kumar. 
Services [45 CFR Part 46.110(b)] authorize approval of this type project through 
the expedited review procedures, with the condition(s) that subjects' anonymity be 
maintained. Although full Committee review is not required, a brief summary of 
the project procedures is submitted to the Committee for their endorsement ar.d/or 
comment, if any, after administrative approval is granted. This project is approved 
effective 21 November 1988. 

The Human Subjects Committee (Institutional Review Board) of the University of 
Arizona has a current assurance of compliance, number M-1233, which is on file 
with the Department of Health and Human Services and covers this activity. 

Approval is granted with the understanding that no changes or additions will be 
made either to the procedures followed or to the consent form(s) used (copies of 
which we have on file) without the knowledge and approval of the Human Subjects 
Committee and your College or Departmental Review Committee. Any research related 
physical or psychological harm to any subject must also be reported to each 
committee. 

A university policy requires that all signed subject consent forms be kept in a 
permanent file in an area designated for that purpose by the Department Head or 
comparable authority. This will assure their accessibility in the event that 
university officials require the information and the principal investigator is 
unavailable for some reason. 

Sincerely yours, 

"tiU- uuv *•—- k. 

Milan Novak, M.D., Ph.D. 
Chairman 
Human Subjects Committee 

CAPACITY 

MN/'ms 

cc: Departmental/College Review Committee 
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