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ABSTRACT 

This study was undertaken to investigate two possible limiting 

factors in human exercise performance. Six subjects rode a bicycle 

ergometer on three different occasions breathing either a 17%, 21%, or 

60% oxygen mixture, In addition to rest and recovery periods, each sub-

ject worked for 10 minutes at 55% of maximal oxygen uptake and then to 

values measuredexhaustion at about 91% of maximal oxygen uptake. The 

included performance time, inspired and expired gas fractions, minute 

ventilation, heart rate, and "arterialized" venous PO2. PCOg. and pH. 

Oxygen uptake, carbon dioxide output, respiratory exchange ratio, [H'*’] 

and, [HCO3"] were calculated. 
inThe results indicated that performance times were longer 

hyperoxia than in normoxia or hypoxia. However, contrary to other published 

in normoxia asliterature, oxygen uptake was not different at exhaustion 

compared to hypoxia (p>.l) or hyperoxia (p = .09). Also, during exercise 

associated withthe higher inspired oxygen fractions were generally 

However, atdecreased HLa and increased [H^], PCO2. and [HCO3"]. 
exhaustion [H^] was not different under any inspired oxygen fraction 

(p = .8). 

These results support the contention that oxygen is not a limiting 

factor for exercise of the intensity and duration used in this study. The 

results also suggest that [H^] is limiting for such exercise and that the 

effect of oxygen on performance is related to control of [H^]. 
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DEFINITION 

PARAMETER—an arbitrary constant each of whose values characterizes a 

member of a system (as a family of curves); a characteristic 

element; used here to refer to the various quantities measured 

which are affected by variable oxygen levels. The word is not 

defined here in the statistical sense. 



CHAPTER I 

INTRODUCTION 

There have been many studies over the years which have attempted 

to designate a factor or factors limiting physical performance. For 

exhausting exercise of moderate duration the factors generally resolve 

into two possibilities. One school of thought—perhaps the largest and 

surely the more popular—believes that oxygen availability at the muscle 

is limiting, in other words, that the body is just not capable of deliver 

ing enough oxygen to the tissue (Ekblom et al 1975; Hill et al 1924;• 9 • > 

• 9Horstman et al ♦ 1976; Krebs, 1971; Margaria et al • 1972). The other 

viewpoint holds, however, that the muscle is presented with all the oxygen 

it can use and that the limiting factors must lie elsewhere, for example, 

in the ability of that muscle to utilize the oxygen. In this view, some 

factor other than oxygen is limiting (Cronin et al 1962; Doll et al.,• 9 

• 91968; Jobsis & Stainsby, 1968; Kaijser, 1970; Pirnay et al 1972; Sahlin, 

1978; Stainsby, 1973), 

Many studies have been conducted to show that oxygen limits physical 

performance. One of the most frequently used techniques has been the simple, 

direct approach which concludes that if increasing the amount of oxygen 

available to the system yields better performance, then the oxygen supply 

must previously have been inadequate. The large majority of performance 

studies on human subjects, whether or not they find that Og availability 
is the limiting factor, show increased performance with increased 

1 
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•presentation of oxygen to the subject (Asmussen et al 9 1948; Ekblom 

•et al., 1975; Hughes et al > 1968; Linnarsson et al • 9 1974; Wilson & 

• 9Welch, 1975; Wyndham et al 1970). The only exception I have found among 

studies using human subjects is that of Kaijser (1970). Kaijser's study, 

however, used hyperbaric conditions to achieve elevated oxygen pressures. 

On the other hand, investigations using in situ dog muscle preparations 

do not show changes in performance with hyperoxygenation (Welch et al,, 

1974; Wilson & Stainsby, 1978). 

The evidence on human exercise in hyperoxia, although supportive 

howof the contention that O2 availability limits performance, does not, 

ever, require the interpretation that oxygen is in short supply under 

normal circumstances. The administration of increased oxygen, one may 

argue, may be causing some other factor to change and this factor itself 

or other factors in a chain of events may be limiting performance. Since 

most investigators realize this possibility, performance studies usually 

also measure the oxygen uptake (VO2) and carbon dioxide output (VCO2) in 
order to show more exactly what is happening within the body. The reason 

for taking these measurements is that If the body can be shown to take up 

more oxygen when more is presented, then the conclusion can be drawn that 

oxygen is normally limiting. According to this argument, if the body can 

take up more oxygen when more is available, then it would have taken up 

more under normoxic conditions if it had been available. 

one seesWhen looking at human maximal 0)vgen uptake (VO2 max), 
few exceptions (Fagraeus et al., 1974) to the finding that VO2 max increases 

decreasesor decreases as the inspired oxygen fraction (FIO2) ■'•^creases or 
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• 9respectively (Asmussen et al., 1948; Banister et al., 1970; Ekblom et al 

Wilson et al • 91975; Margaria et al., 1972, Welch et al., 1974, 1977; 

1975; Wyndham et al., 1970). These studies are somewhat inconsistent, 

however, in that they have found very large variations in the degree of 

inspired oxygenchange of '5'02 with different oxygen levels. That is, 

fractions under .5 (Hill et al., 1924; Nielsen & Hansen, 1937) have 

have reported 30%yielded up to 40% increases in VO2; Welch et al. (1974) 
(Margaria al • 9increases in VO2 with an FIO2 of .6; while an FIO2 of 1.0 et 

have been1961) has given 10% increases. Equally improbable results 

obtained by using other gas fractions. 

The reason for these variations lies with the difficulty in measur 

et al., 1924). Techniquesing VO2 under conditions of increased FIO2 (Hill 
for overcoming the errors inherent in the open-circuit method of measuring 

years. With theseVO2 have, however, become increasingly better in recent 

the values for VO2 under hyperoxic conditionsimprovements in technique, 
have been decreasing, that is, approaching those found with normoxia. 

seems consistThe elevated VO2 under hyperoxic conditions, nevertheless, 
factor.ent with the concept that O2 availability is a limiting 

If oxygen use is increased, then carbon dioxide production must 

But if there has beenalso be increased. That is, VCO2 must reflect VO2. 

one consistent and practically unanimous finding, it that VCO2 atis 

exhaustion does not increase with hyperoxia. It has either been the same 

or lower when compared with normoxic controls (e.g., Welch et al., 1977). 

That is, most studies reveal that 'y'02 increases while VCO2 does not. 

Carbon dioxide storage has been shown to be an inadequate explanation for 
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• f 1967; Wilson et al • »the difference between VOg and '5'C02 (Clode et al 
1975). So far only one other plausible alternative has been presented 

the possi-to deal with the difference in the trends of VO2 and '5'C02: 
in thebility of a substrate shift to fatty acids from carbohydrate 

presence of high oxygen levels (Wilson et al 9 1975; Wilson & Stainsby,• 

1978). Such a shift would produce less CO2 for a given VO2. This remains 

a possibility. 

ofFor the studies using in situ preparations, the preponderance 

with hyperoxia.evidence demonstrates that neither 'JC02 nor ^02 increases 
Apparently there is only one study which shows increased VO2 during maxi 

mal stimulation of the muscle in oxygen, and this study poses at least 

from a questionabletwo inherent problems: not only was i5'02 calculated 
but the authors alsoderivation of arterial oxygen concentration (CaC02) 

it (Horstman et al • Igave no measurements of VCO2 with which to compare 
no increase1976). These problems do not exist in the studies showing 

• 9 1974; Wilson & Stainsby, 1978).in VO2 (Welch et al 
Since carbon dioxide output does not increase with hyperoxia, and 

since Despite thisVO2 should reflect '^C02, VO2 should not increase. 
fact, and perhaps due to the technical difficulties, pulmonary VO2 measure 

from studiesments do increase with oxygen. However, evidence obtained 

not increase withon blood flow (Q) reveal that working tissue VO2 does 
a given areaincreased FIO2. These studies have shown that flow through 

hypoxia increasingis dependent on the arterial PO2 of the blood, with 

and hyperoxia decreasing flow (Cronin et al 1962; Dempsey et al., 1975;• 9 

Haddy & Scott, 1968; Hughes et al • > 1968; Kenmure et al., 1972; Reich 
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et al., 1970; Ross et al., 1962; Stainsby, 1973; Welch et al., 1974; 

Wilson & Stainsby, 1978). 

Bird & Telfer (1966), in a study on resting forearm blood flow, 

of 10.1% withindicated that an increase in the blood Og concentration 
of 11.2%. Welch etincreased FIO2 was offset by a blood flow decrease 

al. (1977) have recently shown in exercising human subjects that the 

hyperoxia is almostincrease in Ca02 in the leg during bicycle work in 
exactly matched by decreased Q to the same area so that there is no 

significant difference in oxygen delivery to the working muscle (O2 

delivery = Ca02 x Q). The same study demonstrates that VO2 and VCO2 
values in the limb with hyperoxia were not significantly different from 

those in the normoxic condition. 

increase inThese studies imply that if the pulmonary VO2 does 

the working tissue sincehyperoxia, it is not due to an increased VO2 at 

increasing the availability of oxygen at the pulmonary level does not 

increase its availability at the tissues. Such a conclusion lends support 

to the in situ dog studies which also show no increase in VO2 (Welch et 
al., 1974; Wilson & Stainsby, 1978). In addition, it is consistent with 

the concept that oxygen delivery is not limiting, most studies having 

even without a con-shown that performance increases with increased FIO2 

comitant increase in working tissue VO2. 
be clearIn reviewing the presentation to this point, it should 

that there are objections to the theory that the availability of oxygen 
s 

limits performance. Although studies on performance and VO2 using in situ 
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preparations do not support the conclusion that oxygen delivery limits 

performance, studies using human subjects employed for the same purpose 

studies, however,do support such a conclusion. The human pulmonary VO2 
become less significant when one considers the implications of the VCO2 

data. Furthermore, the blood flow experiments of Bird & Telfer (1966) 

and Welch et al., (1977) bring into question the idea that it is oxygen 

itself which is enhancing performance since oxygen delivery does not 

increase with hyperoxia. 

The investigation of oxygen as a limiting factor in human perform 

ance is the first of the two lines of research that I am trying to tie 

together; the other is the study of the acid-base status of the body 

during exercise. Many investigators have looked at factors involved in 

the acid-base balance, factors such as hydrogen ion concentration ([H^]), 

every one oflactic acid (HLa), PCO2 and bicarbonate {HCO2"). Nearly 
these variables has at one time or another been claimed to be a major 

factor in the limitation of human performance. The most critical of 

these, however, seems to be the [H^], with any limitations by the other 

factors deriving from their interaction with it (Nahas, 1971). 

Jones and co-workers, in a series of experiments inducing alkalosis 

or acidosis, showed that performance on a cycle ergometer could be enhanced 

(Jones et al • 9or depressed by ingestion of NaHC02 or NH^Cl respectively 
1975, 1976, 1977). That is, induced alkalosis increased performance while 

acidosis reduced it. While the idea had been suggested earlier (Asmussen 

• 9et al t 1948; Dennig et al » 1931; Klausen & Knuttgen, 1971; Margaria et 

•al •» 1971; Poulus et al * 1974), these were the first studies designed 

specifically to demonstrate the changes. 
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From these two lines of research, the studies of oxygen and acid-

base status, several facts emerge which, when tied together, form the 

basis for the present study. First, even though variations in human per 

formance correspond to changes in the inspired oxygen fraction, in light 

not be due to anof the VCO2 and blood-flow data, these variations may 

increased use of oxygen in the tissue. And second, performance also 

varies inversely with [H^]. The central purpose of this study, then, is 

to begin with these two facts and demonstrate that the relationship 

between inspired oxygen and performance may be due to the action of oxygen 

leading to changes in [H'*’]. 

One major finding of the present study is that at exhaustion 

not significantlypulmonary \?02 in hyperoxic or hypoxic conditions is 
different from the normoxic control. The literature, concluding that 

with this finding.VO2 increases with FIO2, almost unanimously disagrees 

The present study shows a non-significant 4.8% increase with 60% O2 and 
These are mucha 3.7% decrease with 17% O2 as compared with 21% O2. 

a 

smaller changes than have previously been reported. VCO2 also shows no 
related tosignificant change but displays a tendency to be inversely 

analysis by twoFIO2. In light of the great care taken, including gas 
believe that theseseparate methods for determination of VO2 values, I 

results are accurate. They also fit more closely with what would be 

elsewhere. There isexpected from VCO2 and blood-flow results obtained 
have not beenevidence that previous results showing increased 'i'02 

accurate because of technical difficulties. 
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Although the control of ventilation (V) was not designed as a 

part of this study, several conclusions about such control may be drawn 

from the results. First, during exercise V' varies inversely with FI02* 
Further, with any change in work rate, in hypoxia always reacts fastest. 

Second, due theIt seems obvious then that PO2 has some effect on V. to 

speed of the ventilatory reaction to changes in work output, the control 

ling mechanism must react quickly, perhaps via neural inputs from the 

muscles. Third, it would seem very likely that there is an interaction 

That is, there wouldbetween PO2 chemoreceptors and "work receptors, 

seem to be a progressive resetting of one receptor as input to the 

other is varied. 

The second major product of this study is the support for the 

hypothesis that [H^] is a limiting factor to performance. Since I have 

for work of thedemonstrated that oxygen is most likely not limiting 

intensity and duration used in this study, and since arterial [H^] at 

exhaustion is the same under all conditions, I have developed the 

possibility that variations in performance with variations in FIO2 are 
the result not of changes in oo'gen use but of changes in [H^]. In 

order to understand the mechanisms for control of [H^], however, it is 

have no effect onnecessary to first look at HLa. Here, PO2 seems to 

the fairly constant rate of release of HLa. Since the peak values are 

widely different from each other, however, there is obviously an effect 

on the total amount produced. And since lactate is produced only during 

the first few minutes of exercise, the suggestion is that the rate of 

release of HLa is rather low relative to the amount produced. That is, 

there is a limit to the rate at which HLa can be released. 
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Despite the fact that the rate of release is the same, there are 

differences in the total HLa produced. Although changes in HLa with 

hyperoxia are most likely due neither to relief of anaerobiosis nor to 

changes in [H^], they may be related to the ADP+Pi/ATP ratio. At the 

onset of work glycolysis may compete with oxidative phosphorylation for 

available ADP and Pi, and thus inhibit respiration. Lactate would be 

produced until oxidative phosphorylation obtains the necessary ADP and 

begins to compete effectively with glycolysis. Since varying FIO2 does 
production mostnot alter Og delivery, then the effect of FIO2 on HLa 

here is that inlikely occurs by means of PO2. The hypothesis proposed 
ADP available tohyperoxia increased PO2 may somehow more quickly make 

oxidative phosphorylation, thereby depressing glycolysis, an action which 

will in turn reduce HLa, with a consequent lowering of [H'*’]. 

The [H^] in arterial blood reflects a balance among several factors. 

These factors are primarily two—the formation of H^ by dissociation of 

I haveHLa and the removal of H^ via HCO2' and PCO2 with ventilation. 
argued that in hypoxia there is a larger formation of HLa during increases 

however, thein work levels. Under all conditions of FIO2 used here, 

release rate of HLa is the same, and due to this limited rate of release, 

the larger amount of HLa produced in hypoxia stays in the muscle longer. 

Most of this HLa dissociates to H^ and lactate and thereby increases the 

muscle acidity. As the muscle acidity increases, the rate of diffusion 

of H^ into the blood increases and at some point surpasses the ventilatory 

capability to counter it. At this point the rate of change in blood 
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levels increases to such an extent that it surpasses those rates in the 

trend for a lowernormoxic and hyperoxic conditions. Thus the initial 

[H^] in hypoxia is the result of a more severe hyperventilation, while 

the later increases are caused by the greater release of H'*’ from the 

larger muscle store of HLa. 

In this and other studies, the [H^] in the blood at exhaustion is 

the same under all imposed conditions. That is most likely not a coinci 

dence. The [H^] in the muscle is of course always much higher than in 

blood, but blood levels at exhaustion may correlate well with muscle 

levels. That is, [H'*’] may be the same under all conditions in the muscle 

as well as in the blood. If so, then muscle [H"^] would be a strong 

candidate for one factor limiting human performance during exercise of 

the intensity and duration used in this study. 

There are, then,two major points which arise from this study. 

not vary with changesThe first is the finding that VOg at exhaustion does 
not a limitingin FIO2. This result strongly implies that oxygen is 

used here. The secondfactor in performance of the intensity and duration 

point is the proposal of an hypothesis whereby [H^] is a limiting factor 

to performance. According to this hypothesis, variations in performance 

in oxygen use butwith variations in FIO2 are the result not of changes 

of changes in [H^], the [H^] being in turn a reflection of the effect of 

PO2 on lactate and ventilation. 



CHAPTER II 

REVIEW OF THE LITERATURE 

The purpose of this chapter is not only to review the results of 

other studies in this field but also to build a foundation on which to 

base much of the discussion to be given later. There are several methods 

of presenting a review of the literature. Due to the large number of 

studies considered, the need to deal with information on several vari 

ables, and the confusion that exists concerning the trends in those vari 

ables, this review is presented primarily in tabular form. 

The effects of oxygen and acid-base variations as variables on 

each of nine parameters are shown here with 75-100 studies having been 

considered. Whenever possible the predominant effects of the variables 

on each parameter will be identified and some conclusion drawn. Often, 

however, a determination is not possible: as when the literature is 

evenly balanced on opposing views or when there are insufficient data 

available. Further, because of some aspect of the methods used, the re 

sults of several investigations included here should be accepted only 

with careful consideration. In those cases warning will usually be given. 

One example in which acceptance of results should be carefully 

weighed is the use of hyperbaric methods of increasing PO2. There are two 

basic ways of presenting extra oxygen to a subject. First, the fraction 

of oxygen in inspired air at normal atmospheric pressure can be increased 

This is known as hyperoxygeniiiion. Second, by increas-(increased FIO2). 
ing the ambient pressure (increased ATA—atmospheres absolute. 

11 
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1 ATA = 760nim Hg) with either normal or elevated gas the PO2fractions, 

of the inspired gas {PIO2) will be increased. This may be called hyper 

baric oxygenation. Although each of these methods is standard, several 

investigations have shown that the studies using hyperbarism should be 

viewed in a manner different from those using normal pressures. The rea 

son is that hyperbarism produces not only increased PO2 but also increased 

gas densities and hypercapnia (Cook, 1970; Fagraeus et al > 1973, 1974),• 

As a result, while the present investigation considers the hyperbaric 

studies and frequently cites them, it gives primary consideration to 

investigations using only normal pressures. 

A word of explanation concerning the tabular review is in order at 

this point. Most of each table is self-explanatory. The results column, 

however, is confusing at first glance. The results are presented as a 

series of arrows. A single arrow indicates that the method used yielded 

an increase or decrease—according to the direction of the arrow—in the 

parameter measured. Three arrows indicate the relationship between vari 

able and parameter. For example, when considering the effects of oxygen 

variation on [H^], f-».+signifies that an increase (+) in O2 yields (->) a 
decrease (+) in [H^]. An "NC" indicates no change in the parameter. 

I. ARTERIAL HYDROGEN ION CONCENTRATION ([H"^]) 

Effects of Acid-Base Variation (Table 2.1) 

that with theThe purpose of this comparison is merely to show 

infusion of substances or the inducement of acid-base changes by other 

as should bemethods such as CO2 breathing, the effects are exactly 
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produce increasedexpected. That is, acidic infusions and CO2 breathing 

arterial [H'*'], while basic infusions or ingestions decrease the concentra 

tion. 

What is not reviewed in Table 2.1 is the effect of those changes 

in the muscle. Adler et al. (1965) felt that induced changes in extra 

cellular pH do not reflect changes in intracellular pH which they concluded 

to be a complex function of the [HCO3"] and PCO2 with PCO2 being the more 

important. They showed further (1) that it is necessary to make rather 

large acidic shifts in extracellular pH in order to affect the muscle cell 

but (2) that small alkaline shifts are quickly observed inside the cell. 

and HClWaddell & Bates (1969) agreed that infusions of NaHCO^ 
affect extracellular pH as would be predicted but that intracellular pH 

is much less affected. They concluded, however, that CO2 has a more pro 

found effect within the cell. Mithoeffer & Karetzky (1968) also noted 

that there is a large difference in the effects of infused organic and 

mineral acids due to their differing abilities to diffuse into the total 

body water. 

Effects of Oxygen Variation (Table 2,2) 

Although the discrepancies can in many cases be explained, the 

results of studies on the effects of oxygen on [H^] are somewhat inconsist 

ent (Table 2.2). In rest, for example, only Banister et al. (1970) pre 

sent data contrary to the prevailing trend. Their study used hyperbaric 

their results.conditions, a fact which may have adversely affected 

Taunton et al. (1970), on the other hand, using the same general procedures 
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found the expected trend; that is, during rest, [H^] varies directly 

with FIO2. 

In Table 2.2 are the results of 7 studies showing almost all 

possible effects of O2 on [H^] during submaximal exercise. Only those 

employing hyperbaric conditions, however, claim an inverse relationship 

and can therefore probably be set aside. The remaining differences in the 

results cannot be easily explained. It should be noted, however, that 

those studies showing no change in [H^] with O2 changes use very low work 

rates while those showing a direct relationship between [H'*'] and O2 are 
at slightly higher work rates. The few studies available basically agree 

that at exhaustion [H^] is the same regardless of FIO2. Hughes et al, 

(1968) are the only group showing a difference in [H^] at exhaustion 

and this only with hyperoxia. 

II. OXYGEN UPTAKE (VO2) 

Effects of Acid-Base Variation (Table 2,3) 

Among those studies which demonstrate that acid-base variations 

the [H'*’] which controlsdo produce changes in 'fl'02, most agree that it is 
the process. This conclusion was reached, for example, by Huckabee (1958) 

and Karetzky & Cain (1970), each of whom held [H"^] constant while varying 

Despite the seeming consistency in theFICO2 found no change in VO2. 
results of the studies listed in Table 2.3, problems do exist, however, 

especially when studies employing humans are compared with those using 

dogs. 
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With few exceptions, all in situ and in vitro studies show increas 

noted that aed VOg with decreased [H^] and vice versa. Harken (1976) 
change of .1 pH unit yields a 10% 'i'Og change and that variations in PCOg 
are not necessary to produce the change. Cain (1970) demonstrated this 

relationship in anesthetized dogs and observed that the sensitivity to 

change is much greater with alkalosis than with acidosis, Patterson & 

Sullivan (1978) obtained similar results by the infusion of NaHC02 and 

noted that only when PCOg is normal or below normal does VO2 increase as 
[H^] decreases. In fact, they found that increased PCO2 negates the 

effect of decreased [H^] on VO2. Theye et al. (1977), however, questioned 

[H'*’] decreases. Theythe theory that in dog studies limb VO2 increases as 
twitches and fascicula-concluded that the VO2 increase may be due to muscle 

tions that result from decreased levels of ionized blood calcium produced 

by certain perfusates commonly used in these studies. 

Although the findings in Table 2.3 are consistent when dogs are 

the experimental animals, it is possible that the results are affected by 

the anesthesia, the controlled ventilation, or fasciculations so that a 

conclusion based solely on those dog studies is not warranted. Unfortu 

nately, there are few studies on humans at rest and those that have been 

done do not agree with those using animals. There is only one study dur 

ing rest which does not hold [H^] constant, and since its results are 

available only in the English abstract of a Japanese article, the details 

of its methods cannot here be evaluated (Takeshita, 1962). In addition, 

and while thethat study used COg to produce the acid-base variations, 

fact is not apparent in the dog studies, it may be possible that acidosis 
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produced by this method has an effect different from that produced by 

infusion of acidic substances (Waddell & Bates, 1969). Such a possi 

bility may also exist for the conclusions of Luft et al. (1971), Using 

COg during submaximal work, they also obtained results which disagree 

with the predominant trend. With these exceptions noted, acid-base vari 

and maximal exerations do not produce changes in VO2 during submaximal 
cise. 

Effects of Oxygen Variation (Table 2.4) 

to 10-12%The trend at rest is consistent. Decreases in FIO2 
change. The onlycause decreased VO2 while increased FIO2 causes no 

exception is in the results of Ekblom et al. (1975), who found no change 

with hypoxia. Their hypoxia was produced by CO poisoning (14% HbCO), 

with PO2 normal or even slightly elevated. 

For experiments conducted during submaximal exercise, while there 

may seem to be general disagreement in Table 2.4, there is a definite 

trend. During the lower submaximal tests the situation is the same as 

and there isin rest; that is, there is no change in VO2 with hyperoxia 
a depression with hypoxia. As the work rate increases, VO2 becomes directly 

to this trend. Therelated to FI02- There seem to be only two exceptions 

first is the study of Ekblom et al. (1975) at both 30 and 70% VO2 max. 

Although the problem with their hypoxic data (normal PO2) has been stated 
earlier, the problems with the hyperoxic data cannot be explained from 

their presentation. The other exception is the study of Byrd & Horvath 

(1970). Using 100% O2. they found an inverse relationship between 1^02 
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level of exerciseand FlOg. Theirs is the only study, however, at any 

using any method which finds that VO2 decreases as FIO2 increases. Al 
though one cannot be sure, since their methods section is very short on 

useful information, one problem may be that it is almost impossible to 

The reason foruse 100% O2 with what seems to be an open circuit method. 

this difficulty is that the equation for calculating VO2 from that method 
is zero.becomes indeterminate when the inspired N2 fraction 

There are three studies in this review which used electrical stimu 

lation of dog muscle in situ. Welch et al. (1974) and Wilson & Stainsby 

to air.(1978) each found no difference in VO2 with 100% O2 compared 

as pointed outHorstman et al. (1977) found VO2 to vary with O2 but, 
earlier, there are drawbacks to the techniques used in that study: (1) 

VO2 was calculated from a questionable method of deriving CaC02; (2) 
there was no description of the method of producing the high and low 

to substantiate theoxygen conditions; and (3) there were no VCO2 results 

direct method, theVO2 data. Until that study can be verified with a 
studies showing no change should be accepted for in situ preparations. 

pulmonary andThere is only one study which measures VO2 by both 
cardiovascular methods. Stanek et al. (1979) exercised ponies at a high 

level increasedsubmaximal work rate and showed that VO2 at the pulmonary 
did not.with hyperoxia while VO2 determined by cardiovascular methods 

While there is no exception to the finding that during exhausting 

results of Welch et al.work pulmonary 'i'02 varies directly with FlOg. the 
(1977), however, show that )?02 of the working limb does not change with 

hyperoxia. This last study, on humans, agrees with the in situ studies. 
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The trend in the results of experiments ranging from rest through 

exhausting work now become more obvious. The lower the work rate, the 

less effect O2 has on VO2, except in cases of very low FIO2 where there 

is a depressed VO2. At higher work rates pulmonary VO2 is definitely 
cases where theaffected by O2. The only real exceptions are in those 

VO2 is measured directly at the muscle (VO2 = Q x (Ca02 - CVO2)). 

III. CARBON DIOXIDE OUTPUT (VCO2) 

Effects of Acid-Base Variation (Table 2.5) 

Unfortunately, there are few data on this subject and the informa 

tion available is contradictory; even the studies on dogs do not agree. 

Since there is no obvious reason to doubt any of the results, the only 

justifiable conclusion that can be drawn at this time is that changes in 

work, There[H^] probably do not cause changes in VCO2 during submaximal 
may, however, be an inverse relation at exhaustion. 

Effects of Oxygen Variation (Table 2.6) 

articles reThere are no data available on VCO2 at rest in those 
viewed. The results show that during exercise there is either no change 

or only a slight inverse relationship between VCO2 and O2. The hyperbaric 

studies involving maximal exercise provide the only exceptions to this 

trend. Perhaps the most helpful study here is that of Welch et al. (1977) 

in which VCO2 was measured both at the pulmonary and muscle levels. They 

found no change in VCO2 at the leg but a decreased pulmonary VCO2 when 

the subject breathed 100% O2. 
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TABLE 2.5 

EFFECTS OF ACID-BASE VARIATION ON VCO2 

Results 

of [H+] 
Reference Method Commentson VCOg Species Work 

Mithoeffer & 1968 HLa, HCl Dog Rest Controlled V, 
Karetzky anesthetized 

Patterson & Dog Rest1978 NaHCOg Controlled V, 
Sullivan anesthetized 

Jones et al. 1977 NaHCO. NC Human Submax 33,66% VO2 max
NH^cr 

Poulus et al. 1974 NaHC03 NC Human Submax Progressive 
4^4 Human Maximal test 
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IV. RESPIRATORY EXCHANGE RATIO (R) 

Effects of Acid-Base Variation (Table 2.7) 

acid-baseBecause the data show basically no change in VO2 with 
changes, the table for R looks exactly like the table for VCO2 and there 
fore the same conclusions must be drawn. There is probably no change in 

R during submaximal work though there may be an inverse relation between 

acidity and R at exhaustion. 

Effects of Oxygen Variation (Table 2.8) 

The results of this tabulation reflect the changes in both VCO2 

and VO2. R decreases with hyperoxia both as a result of increases in VO2 

and decreases in VC02* 

V. MINUTE VENTILATION U) 

Effects of Acid-Base Variation (Table 2.9) 

Though several groups show no change in ventilation with acid-base 

changes under some conditions, the predominant trend is for acidemia to 

increase ventilation and alkalemia to decrease it. In their review, Mitchell 

et al. (1972) built the case for [H^] in brain and cerebro-spinal fluid 

(CSF) as being at least a partial contributor to ventilatory control. 

They noted that because of the different diffusion patterns into CSF, in 

creased PCO2 causes V increases larger than those resulting from equivalent 

amounts of infused mineral acids. Sylvester et al, (1973), for example, 

infused C02-laden blood into dogs and showed that a 1 mm Hg rise in PCO2 



30 

Reference 

Mithoeffer & 
Karetzky 

Patterson & 

Sullivan 

Jones etal. 

Poulusetal. 

TABLE 2.7 

EFFECTS OF ACID-BASE VARIATION ON R 

Results 

of [H+] 
Method on R Species Work 

1968 HCl, HLa Dog Rest 

Dog Rest1978 NaHC03 

1977 NaHC03 NC Human Submax 
NH.Cl

4 

1974 NaHC03 NC Human Submax 
Tluffian Maximal 

Comments 

Controlled V, 
anesthetized 

Controlled V, 
anesthetized 

33,66% max 

Progressive 
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increased V by .6 1/min. In Table 2.9 the differences cannot apparently 

and infusates. Evenbe explained on the basis of differences between CO2 
the difference between the findings of Poulus et al, (1974) and Jones 

explained since eachet al. (1977), each of whom used NaHCOg. cannot be 
group used approximately the same amounts of acid or base. The only 

apparent difference is that Jones et al. used capsule ingestion while 

Poulus et al. infused a solution. 

Effects of Oxygen Variation (Table 2.10) 

Here the trend in is fairly obvious for conditions of rest. Dis 

counting the hyperbaric study, hyperoxia produces increased V, Unfortu 

nately, other than with hypobaria, there seem to be only two studies using 

hypoxia at rest. One is on dogs and shows increased V (Huckabee, 1958), 

while the other produces hypoxia by the CO poisoning method, with PO2 the 
same as or higher than in the control (Ekblom et al., 1975). 

The tendency during work is also fairly obvious. With few excep-

tions, one already noted (Ekblom et al 1975), very light work shows no• $ 

from about 30-40%change in V due to O2; however, as work rate increases 

pronouncedVO2 max, an inverse relation appears and becomes more at 

exhaustion. There is no readily apparent explanation for the discrepancy 

presented by the data of Hughes et al. (1968) during maximal work. 

VI. LACTIC ACID (HLa) 

Effects of Acid-Base Variation (Table 2.11) 

At rest there is a tendency for increased [H^] to decrease HLa and 

for alkalosis to bring about an increase in HLa. However, there is only 
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one study which is not in vitro or on anesthetized animals. That one 

study is the previously mentioned investigation of Takeshita (1962;^ the 

details of which are unavailable. Nevertheless, since there is no evi 

dence to the contrary, these results can probably be accepted. 

What is less certain is what causes the HLa variations. Huckabee 

(1958) held [H^] constant and found HLa unchanged when his dogs breathed 

5% CO2; variations in HLa resulted only from [H^] changes. However, an 

other group found that CO2 does have an effect at constant [H"^] (Klassen 

& Zborowska-Sluis, 1971; Zborowska-Sluis & Klassen, 1972). These last 

were in vitro studies on canine red blood cells and may not reflect what 

happens in vivo. 

There is no agreement on the affects of acid-base changes on HLa 

during maximal exercise. Jones et al. (1977) found that with .3 g/kg, 

the inverse relationship shown during submaximal work was again apparent. 

Margaria et al. (1971), found the same relationship when 12 g NaHCO^ was 
administered within one hour. They also found, however, that a much 

smaller dose produced no change. The differences cannot be explained. 

Kindermann et al. (1977) found no change when using about 16g within 2 

hours and Asmussen et al. (1948) also found no change after administering 

15g NH^Cl the day before and 5g prior to the test. 

Effects of Oxygen .Variation (Table 2.12) 

With several exceptions, most of which can be explained, the trend 

here is for HLa to be depressed in hyperoxia and elevated in hypoxia. Of 

the 21 studies considered, 12 observed this trend at rest and at any work 
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load. Of the studies disagreeing, 4 are hyperbaric. Two others are the 

studies of Takeshita (1962) and Ekblom et al. (1975) previously mentioned. 

Of the three remaining, that of Hughes et al. 0968), at both submaximal 

and maximal work loads, may be explained by noting that it was one of 

the very few non-hyperbaric studies finding decreased [H*''] with hyperoxia. 

The two remaining cases, each finding no change with 100% O2, are unex 
plained (Asmussen et al., 1948; Margaria et al., 1971). 

VII. PCO2 

Effects of Acid-Base Variation (Table 2.13) 

Due to the contradictory nature of the results in this table, it 

is difficult to make a determination of the trends Cainduring rest. 

(1970) found that there was.no change in PCO2 due to HCl infusion; the 

passive hyperventilation no doubt offset any effect of the HCl. There 

does not seem to be any way to analyze the varying results of the other 

rest studies in Table 2.13. However, the data showing an inverse relation 

ship agree with the results obtained during exercise and may therefore be 

the more accurate. With exercise the inverse relationship between PCO2 
and acidosis is clear. The only exception is the study of Poulus et al. 

(1974); these data cannot be explained. 

Effects of Oxygen Variation (Table 2.14) 

The results are again somewhat confusing for conditions of rest. 

It can probably be concluded, however, that hypoxia produces a decreased 

PCO2 but that the effect of hyperoxia is not obvious. The same problems 
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exist for exercise conditions. One of these 4 studies is a hyperbaric 

study and another is the investigation of Ekblom et al, (1975), whose 

results are questionable. The other 2 studies indicate that PCO2 increases 
or decreases with FlOg changes in the same directions. This relationship 

is most likely due to ventilatory depression or elevation with hyperoxia 

and hypoxia respectively. 

VIII. BICARBONATE CONCENTRATION ([HCO3"]) 

Bicarbonate Concentration ([HCO3"]) (Tables 2.15, 2.16) 
Due to the paucity of data at hand, definite conclusions cannot 

be drawn concerning the effects of either oxygen or acid-base variations 

on [HCO3 ]. However, for acid-base variations (Table 2.15) there seems to 

be an inverse relationship at rest and a direct relationship with exercise. 

For changes in FIO2 (Table 2.16) there are no data during resting condi 

tions. For exercise conditions, the trend seems to be that hyperoxia pro 

duces elevated [HCO3"] levels. 

IX. HEART RATE (HR) 

Heart Rate (HR) (Tables 2,17, 2.18) 

Heart rate is not a critical variable in the present study. The 

measurements presented later were recorded merely to supply information 

normally provided in studies such as this and because of the simplicity 

of the measurement. For those reasons, the literature is analyzed only 

briefly. 

Acid-base changes (Table 2.17) seem to produce no corresponding 

changes in HR in either submaximal or maximal work. In the case of oxygen 
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variations (Table 2.18), once the hyperbaric studies and the others with 

obvious problems are discarded, it seems that oxygen has no effect on HR, 

either at rest or with maximal exercise. There does, however, seem to be 

a slight inverse relationship during submaximal loads. As Kaijser (1970) 

noted, the trend is for the differences in HR due to FIO2 to decrease 

with increasing work load. 

X. SUMMARY 

The variables reviewed in this chapter were selected as factors 

which might aid in explaining the relationship between inspired oxygen 

and exercise performance, a relationship based on grounds other than 

increased O2 use. Whenever there was adequate information available, 

the review has shown the predominant trends. The following chapters pre 

sent the methods and results of the measurement of those same variables 

in this study. 



CHAPTER III 

METHODS 

I, PROTOCOL 

Six males participated as subjects in this study (see Table 3.1 

for personal data). All were active and were conducting personal running 

programs. None was specifically trained as a cyclist. 

All subjects voluntarily gave written consent after having been in 

formed of their rights as subjects, most of them after having seen some 

one else perform the test. The subjects were asked to try to keep their 

activities as constant as possible and to come to the test in a post-

absorptive state. The tests were performed under fairly uniform environ 

relative humidity:mental conditions (T°C:21.5-26.0; P|^:736-745 Torr; 
48-63%). 

The subjects were first given a continuous maximal oxygen uptake 

test on a bicycle ergometer (Monark) with constant RPM(75-77) and progres 

sive increments of .5kg in resistance at 2-minute intervals until exhaus 

tion. At a later time, the subjects were given another maximal oxygen up 

to be followed intake (VOg max) test which was similar to the protocol 
the actual experiments. These tests consisted of riding for 10 minutes at 

a ride to exhaustionapproximately 55% of VO2 max followed immediately by 
» 

training rides toat 100% of VO2 max. The subjects then underwent several 

further familiarize themselves with the equipment. These rides were also 
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used to determine an appropriate workload which would lead to exhaustion 

in approximately 10 minutes following a previous 10-minute ride at 55% 

of VO2 max. This prediction was not always successful. 

After these preliminary rides, the subjects were tested 3 times, 

each subject waiting approximately one week between two successive tests. 

The tests were performed in an identical manner except that the inspired 

.2093, .6003 inoxygen fraction (FIO2) was changed each time (X = .1682, 

N2). The six possible orderings of the three tests were assigned in a 

random fashion (see Table 3.1 for orders) and the subjects were unaware 

of what gas they were breathing. They had been told previously only that 

fractions. In orderthey would be breathing gases at various inspired O2 

to give as few cues as possible, the bicycle ergometer was enclosed in 

curtains and all monitoring equipment and technicians, with the exception 

of the nurse drawing the blood samples, were placed out of view of the 

subject. Since the digital displays on the analyzers monitoring the gas 

fractions readily indicated to the technician which gas was being inspired, 

a double-blind study was not deemed feasible. 

The test protocol called for the subject to report to a quiet 

room approximately 30 minutes before coming into the testing room. While 

in the quiet room, he lay on a bed for several minutes and had his hand 

warmed with an electric heating pad. An infusion needle (Deseret Minicath-

PRN, 21 gauge, 3/4" with 3-inch extension length) was inserted into a 

superficial vein on the back of the hand and taped down to minimize move 

ment. During the periods when samples were not being drawn, the needle 
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was periodically flushed with saline containing about 50 units of heparin 

per ml. The hand was continuously warmed throughout the test to help en 

sure better "arterialization" of the blood. Electrodes for monitoring 

time.heart rate were also placed on the subject at this 

After a short rest, the subject was brought to the test room, where 

he sat on a bicycle ergometer, the hand grip of which had been modified 

to help keep the blood sampling area as stable and flat as possible. The 

subject then sat quietly, breathing room air for 10 minutes, following 

which he put on the mouthpiece and nosed ip and breathed that day's gas 

mixture for an additional 15 minutes. A blood sample was drawn at the 

end of each of these periods. Ventilatory data collection began at 

minute 12 of the prebreathing period and continued throughout the test. 

At the end of the prebreathing period, the subject began pedalling the 

ergometer at a rate which was approximately 55% of '^02 max (Table 3.1, 
were takenpage 53) and continued for 10 minutes. Blood samples at minutes 

5 and 9 of this period (hereafter referred to as the low-work period). 

The work rate was then increased to a higher level (X Table= 91% VO2 max. 
3.1, page 53) at which he rode until exhaustion (high-work period). Blood 

samples were taken every 4 minutes beginning at minute 3 of this period. 

A 2-speed electric fan was provided for the comfort of the subject and was 

controlled by the subject from the handlebars. 

The subjects had been told previously that they should make every 

effort to maintain pedal frequency as long as possible and that when they 

could no longer do so they should stop abruptly rather than slow down 

gradually. Subjects were given no outside encouragement to continue; 
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they were, however, kept informed if their pedal frequency varied. Upon 

exhaustion the subject continued to breathe the gas mixture while sitting 

at rest on the bicycle for an additional 20-minute recovery period. Blood 

samples were taken every 4 minutes beginning at minute 3 of this period. 

II. MEASUREMENTS AND RECORDINGS 

Pedal Frequency (fp). Inspiratory Minute Volume (VI), Heart Rate (HR) 

Pedal frequency was both recorded (physiograph Narco-Biosystems, 

Type PMP-4A) and monitored on a digital display via the signal from a 

microswitch attached to the bike frame and tripped by the crankshaft. 

Any variations of greater than +/-3 RPM were reported to the subject who 

was also listening to a metronome and watching a speedometer dial marked 

at the appropriate RPM. 

Inspired gas was provided from high pressure cylinders. It was 

bubbled through heated water in a 2-liter aspirator bottle to ensure 100% 

saturation and then passed into a 120-liter Tissot gasometer which acted 

as a reservoir. From there the gas passed through a Parkinson-Cowan CD4 

dry-test gas meter (with potentiometer coupled to the physiograph) and 

then directly to the mouthpiece. The mouthpiece was a Daniels valve 

with minimal deadspace and resistance. Heart rate was recorded from a 

3-lead connection via a biotachometer (Narco Biosystems, BT-1200) connected 

to the physiograph. 

Gas Fractions (FEOg, FECOg. FIO2. 
The expired gas passed through a 32 cm length of tubing into a 

5-liter mixing chamber and then into the room. The inspired and expired 
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connections were flexible plastic 34 iim ID tubing. Expired gas fractions 

were monitored continuously from an Applied Electrochemistry S-3A O2 

analyzer and a Beckman LB-2 COg analyzer and recorded by hand at 15-second 

intervals. These analyzers sampled from the mixing chamber by way of a 

1-foot length of 6 mm ID tubing. The analyzers were frequently calibrated 

against known gases during the test. 

At predesignated intervals (usually 4 minutes), 50cc samples were 

drawn from the mixing chamber into glass syringes and later analyzed by 

the Scholander method (Scholander, 1947). The expired gas fractions ob 

tained from the Scholander and from the electronic analyzers were used to 

calculate separate values for oxygen uptake and carbon dioxide output. 

The accuracy of the measurement was demonstrated when it was found that 

the values for 'y'02 and ^C02 calculated from the two sets of gas fractions 

were not significantly different (two-tailed Student's t-test for related 

measures: “ ’25, p(VC02) = .24). For both VO2 and the 
difference between the means was less than Iml/min. 

The Douglas bag method of gas collection and analysis was not used 

because of the inherent difficulty of obtaining a pure sample. Drawing 

directly from the mixing chamber prevented any problems of contamination 

from diffusion of gases in or out of Douglas bags as well as from inability 

to completely empty the bags prior to collection. 

Inspired gas fractions were checked by the same electronic analyzers 

before and after the test. On three occasions during each test samples 

were drawn from the outlet side of the CD4 for Scholander analysis. 
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Lactic Acid (HLa), pH, PCOg. POg 
All variables measured from "arterialized" venous blood samples 

with the exception of PO2 have previously been shown to accurately reflect 

arterial values (Forster et al 1972). Blood was therefore drawn from• » 

a superficial vein on the back of the hand and used to determine HLa, pH 

and PCO2 as well as PO2. The blood samples were drawn at designated inter 

vals throughout the test into 1ml matched tuberculin syringes whose dead 

space had been flushed with saline containing approximately 300 units of 

heparin per ml. This blood was used for determinations of HLa, pH, PCO2, 
and PO 

2-

Approximately .3cc of the sample was placed immediately into a 

spot-plate well which had previously been coated with .05 ml of a 4% NaF 

solution and then dried. The blood and NaF were mixed and two separate 

50yl samples were taken and each placed into 2ml of 7% HCIO^. These 
samples were shaken by hand and iced until the end of the test. Upon 

completion of the test the samples were centrifuged and the supernatant 

fluid frozen for subsequent lactate analysis. The analysis was performed 

according to a modification of the fluorometric enzymatic method of 

Gutmann & Wahlefeld (1974). 

From the remaining .7cc of the blood sample, two separate deter 

wereminations for pH, PCO2 and PO2 were made. The analyses made at 37°C 

using a BMS MK2 Blood Microsystem with PHM73 pH/Blood Gas Monitor (Radio 

meter, Copenhagen) calibrated frequently with gases analyzed by the 

Scholander method and with Radiometer buffers. The analyses were performed 
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within 10 minutes of sampling to overcome any problems with deterioration 

of the sample (Fletcher, 1966). 

In order to gauge the reproducibility of the measurement, one blood 

sample on each test was taken before the subject inspired the given gas. 

These samples, therefore, gave three comparable resting values while he 

was breathing room air. A comparison of these samples yielded p values 

from .1 to .75([HC03‘]: .75, .57, PO2: .53, PCOg: .24, HLa: .1). 

The low probability for lactate was due to a slightly higher average value 

for that parameter while the subjects were breathing room air prior to 

the hypoxic tests. The average value prior to the hypoxic tests was 

1.4mM/l as opposed to .9mM/l prior to the normoxic and hyperoxic tests. 

At present this difference is not explainable. 

lower thanDuring the analysis of the data some PCOg values were 

expected. Subsequent checks of the PCOg electrode using equilibrated 

liquids (Tonometer 237, Instrumentation Laboratory) showed that the higher 

PCO2 readings were indeed below the actual values. Unfortunately, the 

slope of the graph of the actual value vs Radiometer readings was not con 

stant from day to day so no correction could be applied. However, there 

is not a great discrepancy in the values—especially below 35mm Hg—and 

those values from 50mm Hg are at the most 10mm Hg low. As a result, the 

PCO2 and bicarbonate values presented should be viewed with this fact in 

mind—the higher values may be a little low. 
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III. CALCULATIONS 

Oxygen Uptake (VOg), Carbon Dioxide Output (VCOg), Respiratory Exchange 

Ratio (R) 

and transVO2 and VCO2 calculated using the Haldane equation 

formation for VI (Otis, 1964; Wilmore & Costell, 1973). 

V'02 = VI X FIO2 " ^ ^^^2 
FEN2 

A1 so. 

VCO2 = 'Jl X FECO2 ^ •'^^2 ■ ^^^^2 

R was taken as the ratio of 'i'C02/V02. 

Hydrogen Ion Concentration ([H'*’]) 

[H'*'] was calculated from the measured pH by the conversion: [H"^] = 

antilog(-pH). [H"*"] is used throughout this paper as being much more de 

scriptive than pH (Stewart, 1978). 

Bicarbonate Concentration ([HCO^"]) 
to the[HCOj"] was calculated from PCO2 and [H'*’] data according 

equation: [HC03‘] = Ka PC02/[H'^] 
where 

K = (antilog((-pK) = 6.1)) = 794 x 10"^ 

and. 

a = .0301. 

Therefore, [HC03‘] = (24 x 10'^) x (PC02/[H'*‘]) (Davenport, 1974). 
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As explained above there may be a systematic error in the PCO2 

which causes the given data to be low at the higher values. Any such 

error would of course be carried directly into the bicarbonate calcula 

tions and cause them also to yield low values. Nevertheless, trends and 

changes relative to FIO2 still valid. 

IV. STATISTICS 

Repeated Measures Designs were used for the primary statistical 

analysis since each subject performed under all conditions. In some 

called for; ininstances, Treatments (O2 level) x Subjects (TxS) was 
x Subjects (TxTxS)other cases Treatments (O2 level) x Treatments(time) 

was the better method (Bruning & Kintz, 1968). The Tukey a (HSD) test 

was used for a posteriori analysis when overall significant differences 

were indicated between treatments. When interaction significance was of 

importance the data were retabled and repeated measures analyses were 

performed on two levels at a time (Lindquist, 1953). 

There were six subjects. This number is not unusual for such a 

complex study. However, it is often difficult to set an exact signifi 

cance level for an n this small. Therefore, in order to let each reader 

interpret the results where the significance might be questionable, actual 

probabilities are reported whenever possible. Tukey a analysis was per 

formed only at .1, .05, and .01 levels. In the results an arbitrary 

decision was made to call any p<.05 significant, and to leave p>.05 

open to interpretation, noting .l>p>.05 as "marginally significant" or 

"approaching significance." 



CHAPTER IV 

RESULTS 

The results presented in this chapter will be shown in two ways. 

First, the trends through the entire test for each parameter will be pre 

sented. This presentation is based on the statistics given later in the 

chapter but should provide a somewhat clearer picture of what is actually 

happening to each measure as the test progresses. Approximate values 

for each parameter are shown on the graphs presented. Second, the differ 

ences revealed in the statistical analyses will be given. In order to 

supply them, the experiment is divided into its various sections (Rest, 

Low Work, High Work, Exhaustion, Recovery) and each parameter is presented 

within that section. Tables of probability values are provided covering 

most statistics performed. 

I. PARAMETER TRENDS 

Mean performance times to exhaustion are shown in Figure 4.1. 

Hyperoxia improves performance and hypoxia reduces it. The other graphs 

presented here require a brief explanation. Each figure is divided into 

six periods (See Figure 4.2). Period I represents 10 minutes during 

which the subject sits at rest breathing from the room. Period II is a 

further 15 minute rest period with the subject breathing one of the three 

gas mixtures which he will continue to breathe for the remainder of the 

test. With period III exercise begins. The subject works for 10 minutes 
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63 HIGH WORK 

LOW WORK 

15.8 min 

12.5 min ±1.1 

9.7 min ±1.7 

±1.4 

HYPOXIA NORMOXIA ■ HYPEROXIA 

21%Figure 4.1. Performance times to exhaustion under 17%, 
and 60% inspired oxygen. (+/- S.E.M.) 
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at approximately 55% VOg max during this time, Period IV represents the 

first nine minutes of the exercise to exhaustion at 91% VO2 max and period 
V shows the last seven minutes of the same exercise, The division between 

periods IV and V was necessary because these are performance studies and 

unfortunately not all people become exhausted after the same amount of 

time. Therefore period IV was necessary to show trends relative to the 

onset of work and period V to show the trends relative to the cessation 

of work. If each subject on each test had performed exactly the same 

amount of time this division would not have been necessary. Because it 

is necessary there is some overlap between these two periods. For example, 

in normoxia the average time to exhaustion is 12.5 minutes (Figure 4.1, 

page 63). Of this time, the first seven minutes are shown in period IV 

and the last eight in period V. Therefore the middle 2.5 minutes are 

shown in each period. For hypoxia, the middle 4.5 minutes appear in each 

period while for hyperoxia there is no overlap. Exhaustion is represented 

by the line of division between periods V and VI with period VI display 

ing the data during recovery. 

The graphs do present the data accurately, and in most cases one 

can see an approximate picture of the trend for each gas for the entire 

test by mentally moving the appropriate right half curve across to the 

left until its starting point hits the left hand curve. In doing so, one 

sees that a high-work period curve of approximately the correct mean time 

for that gas will be generated. It must be emphasized that the first 

point on the right hand curve does not correspond to the last point on 

the left hand curve except rather generally in the case of hyperoxia. 
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There are two blood samples in period IV; the second point in 

hypoxia only is based on n=4. All other points for both ventilatory and 

acid-base data are based on n=6. 

POg (Figure 4.2, page 64) 
and not ofSince the trends in POg in this study were so obvious 

great interest except to reflect the "arterialization" of the blood, most 

statistical analyses were not performed. POg was highest in hyperoxia 

and lowest in hypoxia throughout. 

Hydrogen Ion Concentration ([H^]) (Figure 4.3) 
There was no difference between rest values before and after putting 

in the mouthpiece (Rest 1 & 2) for any gas, nor was there any effect due 

In low work the levels of wereto FlOg on the second resting sample, 

lower in hypoxia than in either normoxia or hyperoxia—which were not 

different from each other. The samples at minutes 5 and 9 of this work 

load (low 1 & 2) revealed no significant difference (NSD also non signifi 

cantly different) NSD from each other. In high work, this trend continued; 

that is, hypoxic values were lower than hyperoxic while normoxic values 

were not different from those at either extreme. During this period the 

lower hypoxic values were increasing faster than with the other gases. As 

a result, at exhaustion [H"^] revealed NSD at any level. By the first recovery 

sample 3 minutes later, the hypoxic value was significantly higher than for 

the hyperoxic while the normoxic value was intermediate and showed NSD from 

either of the others. Hypoxic values remained highest during recovery, 

with the initial high recovery value falling fastest toward normal. Overall, 

from minute 3-15 of recovery, FIO2 did not bring about significant 

differences. 
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Oxygen Uptake (VOg) (Figure 4.4) 

During rest, 'JOg decreased with hypoxia but showed no difference 

in the hyperoxic-normoxic comparison. During low work the three values 

revealed NSD. In minutes 3-6 of high work, the hypoxic values were 

lower than the hyperoxic, but the normoxic value showed NSD from either 

of those. At exhaustion, although normoxia was still not different from 

the extremes, the normoxic-hyperoxic difference was approaching signifi 

cance. Immediately after work, the higher hyperoxic values dropped fastest 

and no pairs revealed significant differences for the remainder of recovery. 

Carbon Dioxide Output (VCO2) 4-5) 

VCO2 '"sst yielded NSD between any two level of inspired O2. In 

low work the increased VCO2 was higher during hypoxia than during each of 

the other oxygen levels. At the high work load, only the hypoxia-hyperoxia 

comparison showed a significant difference, with hypoxic VCO2 being greater. 

At exhaustion no FIO2 comparisons showed a significant difference. This 

remained the case through recovery. 

Respiratory Exchange Ratio (R) (Figure 4.6) 

During rest and low work, R values did not vary significantly as 

a result of variations in FIO2. During high work and at exhaustion the 

R was greater under hypoxic than under hyperoxic conditions, In each of 

these last two cases the normoxic R remained intermediate and in high work 

was significantly different only under hyperoxic conditions and at 

exhaustion only under hypoxic conditions, During recovery the differences 

again showed NSD for any level of FI02-
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Inspiratory Minute Volume (VI) (Figure 4.7) 

At rest, while normoxic h did not differ from either extreme, the 

hyperoxic-hypoxic comparison did yield a significant difference. Thus, 

at rest, there was a tendency for VI to increase with increased FIO2 

decrease with decreased FIO2. At the onset of work, however, hypoxic VI 

increased faster and surpassed hyperoxic ventilation. During low work. 

the VI under hypoxic conditions was significantly different from the 

other values; hyperoxia, while being NSD from normoxia, produced the 

lowest values. During the jump to high work, the hypoxic VI again increased 

faster than the hyperoxic, the normoxic rate remaining intermediate, Dur-

ing minutes 3-6 of high work and at exhaustion the trend remained the same. 

with hypoxic '^I greater than normoxic, which was in turn greater than 

hyperoxic VI. Upon completion of the work, the highest values (hypoxia) 

decreased fastest so that analysis of values for minutes 3-15 of recovery 

showed NSD for any FIO2 comparisons, although hypoxic values continued to 

decrease fastest. 

Lactic Acid (HLa) (Figure 4.8) 

There was no effect on HLa due to putting in the mouthpiece and 

breathing any gas. There was also no effect of FIO2 on the value obtained 
at Rest 2. During low work, hypoxia produced significantly higher values 

than during normoxia. Hyperoxia was intermediate but yielded NSD from 

the other two conditions, HLa did not increase significantly during this 

period (low 1 to low 2). 

Over the first two samples at high work, the separation in HLa 

values due to FIO2 continued, with hypoxic now also higher than hyperoxic 
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values but with normoxia and hyperoxia still revealing NSD. The level 

of HLa did increase between the first two samples at high work (from High 

to High 2), but there was NSD in the rate of increase due to FIO2. At 
exhaustion, the picture for HLa was exactly the same as during early high 

work. This state continued into recovery, although the high HLa value in 

hypoxia decreased fastest toward normal so that the only significant 

difference was that HLa in hypoxia was higher than in hyperoxia. 

PCO2 (Figure 4.9) 

In all cases PCO2 decreased to some degree as a result of breathing 

in NSD for thethrough the mouthpiece, but variations in FIO2 resulted 
values at Rest 2. During low work there was still no difference in PCO2, 
although the hypoxic value dropped rapidly between Low 1 and 2 while at 

the other inspired fractions it stayed relatively constant. In high work, 

the PCO2 values were highest in hyperoxia, and with each paired compari 

son there was a significant difference. The trend at all inspired frac 

tions was for PCO2 to decrease. At exhaustion, this trend continued except 

that the hypoxic-normoxic comparison now showed NSD. In recovery, the 

values began a return upward, with the rate unaffected by FIO2. Through 
while normoxicout recovery, hypoxic PCOg values were lower than hyperoxic, 

values provided NSD when compared with either extreme. Even after 20 

levels.minutes of recovery, PCO2 had not returned to baseline 

Bicarbonate Concentration ([HC03"]) (Figure 4,10) 
decreasedWhen the subjects breathed with the mouthpiece, [HC03“] 

somewhat for all gases except hyperoxia. FIO2 P'^o^i^ced no effect, how 

ever, on the Rest 2 sample. This similarity in values continued through 
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low work although the rate of change signaled variations to come, with 

hypoxia decreasing slightly, normoxia constant, and hyperoxia essentially 

constant but showing a slight increase. At high work (High 1 & 2), hypoxic 

values were significantly lower than hyperoxic, but normoxia still yielded 

NSD when compared with values at each of the other levels, The differences 

at exhaustion were the same as during high work. During recovery the 

respective levels were also the same; that is, hypoxic values were lowest, 

but the trend was an increase toward normal at rates that were not signifi 

cantly affected by FIO2. 

Heart Rate (HR) (Figure 4.10) 

Variations in FIO2 produce any significant differences in 

resting HR, but at low work hypoxia showed higher values than hyperoxia, 

with normoxia intermediate and revealing NSD. Overall during this low 

work period, both hypoxic and hyperoxic values increased faster than 

normoxic values; however, during minutes 3-6 of high work, there nowere 

significant differences a fact that continued to be true at exhausti on 

and through recovery. 

II. RESULTS OF STATISTICAL ANALYSES BY TEST SECTION 

In this statistical presentation, the experiment is divided into 

its various periods (Rest through Recovery) and each parameter is presented 

within each period. In order to simplify the text, most probability 

values are provided in tables. For any probability (p value) less than 

.05 the differences are considered significant. Probabilities less than 
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.1 and greater than .05 are considered marginally significant. Exact 

probabilities are given for all repeated measures analyses above .001 

and where these are significant the probability range derived from the 

Tukey HSD test is given for each paired comparison. 

Rest 

Table 4,1 shows probabilities for blood data at rest. Here the 

values obtained prior to inserting the mouthpiece and inspiring the given 

gas are compared with these obtained after inspiring the gas for 14 

minutes. and biIn the shift from room air to hypoxia, the PO2, PCO2, 
carbonate all decreased. Probabilities for HLa and [H'*’] show NSD (no 

significant difference--also non-significantly different). For the 

was decreased andchange from room air to the normoxic mixture, [HCO^"] 

TABLE 4.1 

p VALUES FOR COMPARISON OF REST DATA PRIOR TO BREATHING THE GAS 
MIXTURE AND AFTER BREATHING THE GAS MIXTURE FOR 14 MINUTES. 

(T X S) 

Variable Hypoxia Normoxia Hyperoxia 

PO2 .04 .43 .10 

PCO2 .002 .08 .16 

[HC03"] .02 .03 .19 

[H""] .16 .67 .59 

HLa .32 .36 .68 
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PCO2 marginally so. Probabilities for HLa, and POg revealed NSD. 
Switching from room air to hyperoxia produced a slightly increased PO2 
while other values were NSD. 

A comparison of the effect of the three inspired gases on the 

second rest sample (14 minutes after beginning to inspire the given gas) 

showed NSD for any parameter other than P02(p(HLa)=,14, p([H'^]) = .22, 

p(PC02)=.76. p([HC03‘])=,95). That is, at rest inspired O2 has no signifi-
cant effect on any of these measured blood variables. 

Table 4.2 shows the probabilities for ventilatory and heart rate 

data at rest. Comparison was made of the average rest values for the 3 

minutes prior to exercise while breathing the given gas mixture. The 

comparison between the three O2 levels for VO2 and VI by Tukey HSD analysis 

showed for VO2 (1) that hypoxia produced only marginally lower val ues 

than normoxia or hyperoxia; and (2) that for normoxia vs hyperoxia there 

was NSD. For VI, the comparison of hypoxia and hyperoxia was significant 

while the normoxic comparison with each of these was not. These results 

indicate a slight tendency for VI to vary directly with FIO2 during rest. 

Low Work (55% VO2 max) 
Table 4.3 shows the probabilities for the blood data during low 

work. Samples were taken at minutes 5 and 9 of this period. Analysis 

for the effects of FIO2 showed no difference for [HC03"]. The PCO2 was 
marginally significant overall but with no definite trend, Tukey analysis 

showing NSD for any pair compared. HLa means were different by Tukey 

analysis only with the hypoxia-normoxia comparison, with HLa slightly 

https://p(PC02)=.76
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TABLE 4.2 

COMPARISON OF REST VALUES UNDER THREE LEVELS OF FIOo
(LOW=HYPOXIA, AIR=NORMOXIA, HI=HYPEROXIA). ^ 

(T X T X S) 

Effects Tukey HSD 
Variable of O2 Tow "vs air low vs hi air vs hi 

.05«02 .l>p>,05 .1> p>.05 p>.l 

VI .06 P>.1 .05>p>.01 p>.l 
HR .14 

VCO2 .26 

R .20 

TABLE 4.3 

COMPARISON OF LOW WORK BLOOD VALUES UNDER THREE LEVELS OF FIOo-
(T X T X S) 2 

Effects Tukey HSD 
Variable of O2 low vs air Tow vs hi air vs hi 

PCO2 .07 p>.l p>.l p>.l 

HLa .03 .l>p>.05 p>.l p>.l 
[H*] .001 .01>p .01>p P>.1 

[HC03“] .89 
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higher in hypoxia. For [H'*'], hypoxia yielded a significant lowering from 

normoxia and hyperoxia but showed NSD between normoxic and hyperoxic 

values. 

Analysis for differences between samples at minutes 5 and 9 showed 

all probabilities greater than .14 except for PO2. Since such a finding 

indicates no significant increase or decrease during this period, one can 

reasonably assume that the body was in a "steady state." 

Throughout these analyses a significant interaction is interpreted 

as a significant difference in the rate of change of a variable due to 

the effect of FIO2. Of the significant interactions at this stage only 

PCO2 (p=.008) and [HCO^ ] (p=.02) are of interest. Hyperoxic PCO2 and 

normoxic PCO2 are relatively level through this period while the hypoxic 

PCO2 falls rapidly. For [HCO^ ], hypoxia shows a decrease, normoxia 
shows no change, and hyperoxic values, while essentially level, show a 

slight increase. 

Table 4.4 shows ventilatory and HR probabilities during low work. 

Since the blood data for this period indicate a steady state, the values 

for the ventilatory data from minute 3-10 were averaged to obtain one 

steady state value. The effects of oxygen on VOg and R were NSD. Tukey 

normoxicanalysis of VCO2 showed hypoxic values to be higher than either 

or hyperoxic values while normoxic VCO2 results revealed NSD from hyperoxic 

values. For VI, only the normoxia-hyperoxia pair were NSD, each of the 

other comparisons giving an increase in VI with decreased FIO2. Analysis 

of the VI data from the last rest value through the second work value 
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TABLE 4.4 

COMPARISON OF VENTILATORY AND HR LOW WORK VALUES (MIN 3-10) 
UNDER THREE LEVELS OF FIO, .

(T X S) ^ 

Effects Tukey HSD 
Variable low vs air Vow vs hi air vs hiof O2 

.01 .05>p>.01 .05>p>,01 p>.l 
n «.001 .01 >p .01>p .01>p 

^^2 .38 

R .26 

(p=.02 for interaction) showed that with the onset of work ventilation 

increases faster during hypoxia than during hyperoxia(p=.003) with 

normoxic VI increasing at an intermediate rate but NSD from either extreme 

FI02(p=.19 & ,47). 
Steady state HR values showed (min 4-10) overall p=.02 (TxTxS) for 

the effect of O2; however, Tukey analysis produced no comparison with p<.l. 

Steady state HR interaction (p<.001) analysis showed significant inter 

action for each of the three rates though the trends were not in the 

same direction. andThe analysis showed that HR in both hypoxia(p=.005) 

hyperoxia(p=.015) increased at a faster rate than in normoxia and that 

hyperoxic HR increased faster than hypoxic (p=.011). 

High Work (91% VOg max) 
A comparison was made of the first and second blood samples (minutes 

3 and 7 of this period) on those subjects who performed at least 7 minutes 

https://FI02(p=.19
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at this work load (n=4). For the effects due to O2 (Table 4.5), [H"^] and 

TABLE 4.5 

COMPARISON OF HIGH WORK BLOOD VALUES UNDER 
THREE LEVELS OF FIO,. 
(T X T X S) Cn=4) 

Effects Tukey HSD 
Variable of O2 TbV vs air low vs hi air vs hi 

[H*] .06 p>.l .05>p>.01 p>.l 

[HC03-] .06 P>.1 .!> p>.05 p>.l 
HLa 

.02 .05>p>.Ql .01>p p>.l 

PCO2 .001 .05>p>.01 .01>p .05>p>.01 

[HCO3"] each revealed hypoxic values lower than hyperoxic. Lactate levels 

were higher in hypoxia than in normoxia or hyperoxia, but normoxia was 

each of the threeNSD from hyperoxia. PCO2 showed a difference between 
pairs, with hyperoxic levels higher than normoxic, which were in turn 

higher than hypoxic. 

With only 4 subjects included in the analysis, the comparison for 

time showed that [h'*’] did not change significantly from minute 3 to 7 of 

this period, (p=,13) while lactate increased (p=.03) and PCO2 (p=.008) 
noand [HCO3"] (p=.01) decreased. Despite the fact that [H"*"] showed 

significant change between samples at minutes 3 and 7 (perhaps due to the 
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small n=4), there was a significant interaction (p=.02) due primarily to 

the lower initial concentration in hypoxia increasing faster than under 

either of the other conditions. 

An analysis of the rate of change in VI at the onset of high work 

(interaction p«.001) indicated that hypoxic VI increased faster than 

normoxic (p=.007) or hyperoxic VI (p«.001). Normoxic VI, while increas-

ing at an intermediate rate, was NSD from hyperoxic VI {p=.16). 

The values for VI, V02» VCO2, were averaged for minutes 
3-6 of this period. These values reflect averages for the period after 

the initial large increase due to the jump in work load, Repeated measures 

analysis showed all but HR to be affected by O2 level (Table 4.6). Tukey 

HSD analysis indicated that for 'i'l all pairs were different, with hypoxia 

TABLE 4.6 

COMPARISON OF VENTILATORY AND HR DATA AT HIGH WORK 
UNDER THREE LEVELS OF FIO,.

(T X S) 2 

Effects Tukey HSD 
Variable low vs air Tow vs hi air vs hiof O2 

«,001 .01>p .01>p .01>p 
R <.001 p>.l .01>p .01>p 

VO2 .03 p>.l .01>p p>.l 

VCO2 .03 p>.l .01>p p>.l 

HR .72 
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values highest. VOg was different only between hypoxia (lower) and 

hyperoxia. VCO2, with the same significance level, had hypoxic values 

greater than hyperoxic and again neither of the other differences were 

significant. R data analysis revealed that during hyperoxia R was lower 

than either normoxia or hypoxia but that normoxic and hypoxic.values were 

NSD. 

Exhaustion 

Values for PCOg. [HCO^ ], HLa, and [H^] at exhaustion were calcu 

lated where necessary from the equation of the straight line connecting 

the last value obtained during exercise and the first value during recovery 

(minute 3 of recovery). Probabilities for the effects on blood data due 

to Og are indicated in Table 4.7. [H‘*‘] was NSD (p=.8). HLa analysis 

TABLE 4.7 

COMPARISON OF BLOOD VALUES AT EXHAUSTION 
UNDER THREE LEVELS OF FI0«. 

(TxS) 2 

Effects Tukey HSD 
Variable low vs air low vs hi air vs h1of Og 

.80 

HLa .005 .05>p>.01 .01>p p>.l 

PCO2 .007 p>.l .01>p .l>p>.05 

[HC03"] .01 p>.l .05>p>.01 p>.l 
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showed that hypoxic values were higher than normoxic and hyperoxic values 

but that hyperoxic and normoxic values revealed NSD. PCOg data analysis 

indicated that hyperoxic PCOg was greater than hypoxic but only slightly 

larger than normoxic while normoxic and hypoxic values were NSD. [HC03“] 
showed a somewhat similar pattern, with hypoxia producing lower results 

than hyperoxia but the intermediate normoxic value NSD from either extreme. 

For HR and ventilatory data (Table 4.8), the values for the last 

3 minutes prior to exhaustion were averaged for Treatments x Subjects 

analysis. All except HR revealed some significance although VCOg was 

marginal. For VI, all pairs were different, with hypoxic ventilation 

highest and a progressive decrease with increased FlOg. VO2 analysis 
showed that while the value for hypoxia was lower than that for hyperoxia, 

normoxic and hypoxic values were NSD and normoxic and hyperoxic values 

only marginally different. Analysis of R data indicated hypoxic values 

TABLE 4.8 

COMPARISON OF VENTILATORY AND HR DATA AT EXHAUSTION 

UNDER THREE LEVELS OF FIO2. 
(T X S) 

Effects Tukey HSD 
Variable low vs air low vs hi air vs hiof O2 

^I «.001 .01>p .01>p .01>p 

VO2 .009 p>.l ,01>p .!> p>.05 
R .004 .05>p>.‘01 .01>p p>.l 

)?C02 .09 

HR .52 
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greater than for either normoxic or hyperoxic levels of FIO2. while these 

levels did not produce differences from each other. 

Performance time (Figure 4.1, page 63) was taken as the length 

of time from beginning of low work until voluntary cessation of high work. 

The repeated measures probability was .003. Tukey analysis revealed that 

60% O2 yielded better performances than 17% 02(p<.01) or 21% 02(p<.05) 

while 17% and 21% O2 performances were NSD (.15>p>.l). 

Recovery 

Blood samples were taken at minutes 3,7,11, and 15 of recovery. 

TxTxS analysis indicated significances below the .05 level for all blood 

parameters due to the effect of O2 (Table 4.9). However, [H^] analysis 

by Tukey HSD revealed no differences between pairs of O2 levels. PCO2 
in the hypoxic-and [HCO^"] showed differences below the .1 level only 

hyperoxic comparison, with the lower FIO2 P'^o^i^cing the lower PCO2 and 

higher than[HCO3"] values. Lactate analysis revealed hypoxic values 
hyperoxic but only marginally higher than normoxic values, while values 

at these last two levels yielded NSD. 

TABLE 4.9 

COMPARISON OF BLOOD VALUES DURING RECOVERY 
UNDER THREE LEVELS OF FIOo. 

(T X T X S) 

Effects Tukey HSD 
Variable low vs air "low vs hi air vs hiof O2 

[H^] .03 p>.l p>.l p>.l 

<.001 p>.l .06>p>.01 p>.lPCO2 
<.001 p>. 1 ,01 >P p>.l[HCO3-] 

HLa «.001 .1>P> .05 .05>P >-01 p>. 1 

https://02(p<.05
https://02(p<.01
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Analysis for the time factor indicated that PCO2 (p=.09) and 

[HCO3"] (p«.001) were now increasing, with HLa (p«.001) and [H"^] (p<.01) 
decreasing toward normal values. The rate of change of PCO2 and [HCO^"] 
during recovery was not affected by O2 level (p=.61 & ,35). However, for 

values were obtained[H ] and HLa, the hypoxic FI02--for which the highest 
at minute 3 of recovery—yielded the most rapid decreases (interaction 

p([H‘^]) = .03, p(HLa)=.07). 

Analysis of data for the first 2 minutes of recovery shows that the 

ventilarate of change in VI is affected by FIO2, with hypoxic 

tion—which was the highest at exhaustion—dropping faster than normoxic 

or hyperoxic ventilation (p=.02,.02). The normoxic rate was intermediate 

and revealed NSD from hyperoxia(p=.15). The trend was also for the higher 

\^02 values produced during hyperoxia to drop faster (p=.08). 

Three 4-minute averages were taken for the HR and ventilatory 

variables during the period from minutes 3-15 of recovery, and these 

averages were analyzed (TxTxS). The effect of FIO2 on the values during 

this period (Table 4.10) showed NSD for VO2, R, or HR. VI and changes, 

while showing some overall significance as a result of O2 variation, pro 
duced no differences greater than .1 when submitted to Tukey HSD analysis. 

The effect of O2 on the rate of change provided NSD (all p>.3) for any 

variable except l5'I(p=.005), where the previously higher values in hypoxia 

were still decreasing fastest toward normal. 

https://hyperoxia(p=.15
https://p=.02,.02
https://p(HLa)=.07
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TABLE 4.10 

COMPARISON OF VENTILATORY AND HR VALUES DURING RECOVERY 
UNDER THREE LEVELS OF FIO^;

(T X T X S) ^ 

Effects Tukey HSD 
Variable low vs air low vs hi air vs hiof O2 

VI .02 p>.l p>.l p>.l 

^C02 .08 p>.l p>.l p>.l 

VO2 .36 

R .28 

HR .39 



CHAPTER V 

DISCUSSION 

With only one major and several minor exceptions, the results ob 

tained in this study agree with the prevalent trends exhibited in the 

literature covering hypo- and hyperoxygenation. The one major disagree-

That differment lies in the comparison of pulmonary VOg at exhaustion, 
ence will be thoroughly discussed here. Other differences are minor, 

and in all cases the trends found in this study correspond to those found 

in the literature. 
onOften, however, the literature is evenly divided 

opposing views or simply lacking in data. In those cases the results of 

this study were used to exhibit the trends. 

I. GENERAL EFFECTS OF OXYGENATION 

There were several reasons for choosing the gas fractions used i n 

this study. The 60% O2 level was chosen as being high enough to provide 

a large elevation in POg without being so high as to make accurate measure 

ments of VOg difficult. The 17% O2 level was chosen as being low enough 

to provide a definite depression in arterial PO2 (Pa02) without being be 

low the "critical level. that is, without causing a true tissue hypoxia 

(e.g. Stainsby, 1973). 

In looking at the graphs of Chapter IV collectively it is fairly 

obvious that for most parameters hypoxia has the greater effect. This is 

92 
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true despite the large increase in POg with hyperoxia compared to the 

small decrease with hypoxia. In most cases the hyperoxic and normoxic 

parameters are closely grouped, while the hypoxic data is consistently 

different from the other two. What this trend indicates is that small 

decreases in PO2 are related to relatively large changes in the parameters 

while larger increases in PO2 cause only slight changes in the opposite 

direction. These results hold true not only for all the acid-base data 

but also to some extent for the ventilatory data. These results may in 

on ventilation. Thefact be fundamentally related to the effect of PO2 
one important exception to this, however, is the performance trend. 

Performance in hypoxia is shown to not be significantly different from 

normoxic performance while hyperoxia yields significantly better perform 

ances. 

The reason for this difference in the degree of change shown with 

large increases as opposed to small decreases in PO2 is not readily apparent. 

There may indeed be several reasons. One factor which must be considered 

but which does not answer the question is the relationship of PO2 to the 
20% from .21 to .17oxy-hemoglobin dissociation curve. Decreasing FIO2 

lowers the quantity of O2 (Ca02) in blood about 2 vol%, while increasing 

about the sameFlOg 285% from .21 to .6 increases the Ca02 at most only 

amount. Another possible reason for the difference in the degree of 

change may lie in the observations of Adler et al. (1965) and Cain (1970). 

Each of these investigators observed that while a large acidosis was 

required to achieve physiological variations due to the buffering ability 

of the body, a much smaller alkalosis produced effects. Adler pointed 
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out that since most stresses normally placed on the body are of an acid 

nature the body has developed the ability to deal with them while alkalosis 

is a rather uncommon phenomenon. Another possibility along the same lines 

is that historically hypoxia is a condition which the body has experienced 

(altitude) and to which it has learned to adapt, Hyperoxia on the other 

hand is a condition not naturally encountered and therefore a condition 

which the body does not deal with well. At present, however, these specu 

lations cannot be verified. 

II. OXYGEN UPTAKE AND CARBON DIOXIDE OUTPUT 

A major finding of the present study is that at exhaustion pulmonary 

VO2 in hyperoxic or hypoxic conditions is not significantly different 

from the normoxic control. As discussed in detail earlier, the literature 

almost unanimously agrees that VO2 increases with increased FIO2. In 

this study there is a non-significant 4.8% increase with 60% O2 and a 
These are much smaller3.7% decrease with 17% O2 as compared with 21% O2. 

changes than have previously been reported. VCO2 also shows no signifi 

cant change but displays a tendency to be inversely related Into FIO2. 
light of the great care taken, including gas analysis by two separate 

that these results aremethods for determination of VO2 values, I believe 

accurate. They also fit more closely with what would be expected from 

VCO2 and blood-flow results obtained elsewhere. 

both at theIn the study of Welch et al. (1977) VCO2 was measured 
working limb and at the pulmonary level. Since they used 100% O2 and the 

open circuit method, they could not measure VO2 at the pulmonary level. 
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from normoxic toThey found that in the active limb VCO2 did not change 
hyperoxic conditions, although there was a slight decrease at the lung. 

The VO2 at the muscle also did not change. Stanek et al. (1979), using 

the cardiovascularponies as the experimental animal, measured VO2 by 
Pick method and also at the lung, They found that while there was an 

increase in pulmonary VO2 with 60% O2, the direct Pick VO2 did not change. 

Those findings combined with the present study provide grounds for con 

caused by technicalcluding that reports of increased VO2 with PIO2 were 
difficulties. 

VO2 and '5'C02 measurements made at the muscle are direct applications 

of the Pick principle and when performed in a competent manner are not 

subject to large systematic errors (VO2 = Q x CCa02-CvQ2)). Pulmonary 

are another matter.measurements of VO2 and VCO2 from gas exchange data 
Recalling the necessary equations: 

VO2 = VI X (PIO2 - (PEO2 X PIN2/PEN2)) 

and 

(?C02 = n X (CPECO2 X PIN2/PEN2) - FICO2)), 

we see that there are three critical quantities in each: ventilation, 

the expired O2 or CO2 fraction, and the ratio of inspired to expired 

nitrogen. These are critical factors because any change or error in them 

affects the end result in a multiplicative manner. 

Measurement of VCO2 is a relatively simple matter since during the 

hyperoxic or hypoxic conditions considered here the pulmonary CO2 values 
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do not change to any great extent among the different conditions. Any 

errors in those values, then, would be of the same magnitude at any FIO2. 
critical factors forTherefore the FECO2 can be removed from the list of 

that equation. That is not true for VOo.
2 Variations in FIO2 change FEO2 

proportionally and as the difference in FIO2 normoxic and experi-

mental conditions increases, the likelihood of error increases It is 

the accurate measurement of the gas fractions which is most critical and 

which most often fails, Those errors in measurement of gas fraction should 

be the same at rest and low work as at exhaustion. However, a look at the 

review table for the effects of O2 on VO2 (Table 2.4, page 21) shows that 

at rest and at very light work there is no change in VO2 with FIO2 
that as work increases so do the differences. These results also hold true 

for VCO2 except that a higher work rate is required, that is, the differ 

ences begin to appear only at very high and maximal work. 

It should in fact be the case that errors in measurement of the gas 

fractions are the same at all levels of work rate. The reason that 

significant differences in VO2 and, to some degree, VCO2 occur at higher 
work rates lies with the other critical factors in the equations for 

those values. Basically, there are in the equations two error multiplier 

In each case one of the factors isfactors for VCO2 and three for VO2. 
« 

V. As V increases, errors are compounded. As work increases so does V 

and therefore so do the magnifications of any errors in gas fractions. 

Although at low work the errors do not produce significant changes, at 

high work these same errors are compounded. By inference, the reason 

previous studies have reported increased VO2 max with increased FIO2 is 
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that the high maximal ventilations obtained in exercise compounded the 

errors made in the collection and analysis of expired gas. The present 

study was able to minimize those errors and did not find an increased 

VO2 at exhaustion. 

III. OXYGEN AND HYDROGEN ION: A COMPARISON OF EFFECTS IN THE BLOOD 

During exercise the blood becomes acidic. While in all cases the 

blood is acidic relative to the resting condition, increased levels of 

inspired oxygen bring about a slight relative acidemia, and hypoxic condi 

tions show a relative alkalemia as compared to normoxic conditions. This 

being the case, it is possible to make a comparison of the effects of 

hypoxia with induced alkalosis and of hyperoxia with induced acidosis. 

By combining the information from the literature review with the results 

of this study, I was able in Figure 5.1 to make such a comparison. 

Figure 5.1 is rather complicated and requires some explanation. 

In the figure, a comparison is made of the effects of variations in FIO2 
with the effects of induced variations in arterial [H^]. This comparison 

is made for each of three work conditions: rest, submaximal work, and 

maximal work, Variations in FI02(02) are hypoxic(hypo) to 
hyperoxic(hyper). Variations in [H'*’] are from a relatively basic state 

(base) to a relatively acidic state (acid). The arrows point in the 

direction of an increase or decrease of a parameter under mentioned con 

ditions while "NC indicates no change in the parameter, In the compari-

son of the effects of O2 and h'*’, an "0 indicates agreement, an "X" 

shows disagreement, and a "?" means that while trends may be indicated 

there is very little data available. 
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Figure 5.1. Comparison of the effects of oxygen and hydrogen ion 
on selected variables during rest, submaximal and maximal work rates. 

Arrows point in the direction of increase or decrease of a vari 

able under mentioned conditions. NC=no change. 0=agreement, X=d1sagree-
ment between the effects due to oxygen and to hydrogen ion. ?=data 

incomplete for the effects of O2 or [H"*"] as indicated. 
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For example, in Figure 5.1, under resting conditions, HLa increases 

with hypoxia and decreases with hyperoxia. It also increases under basic 

conditions and decreases under acidic conditions. Agreement is indicated 

between the effects of increased (decreased) FIO2 and increased (decreased) 

[H*]. 

As can be seen from Figure 5.1, while in rest there is a general 

lack of data, there are no discrepancies; hypoxia produces results similar 

to induced alkalosis and hyperoxia to induced acidosis, In maximal 

exercise there are three major differences, two of which appear at sub-

maximal work rates while the third is only partially apparent there. 

The first difference is that acid-base changes produce no changes 

in VO2 while most reports of changes from normoxia to hyperoxia show 

increases in VO2. As discussed in the previous section, the explanation 

for this may be that hyperoxia does not produce significantly increased 

Again, if the oxygen studies do fall in line with the acid-baseVO2. 

data, the results of most in situ preparation studies, of the blood-flow 

studies, and of all VCO2 data then become clear. 

During maximal work, the other two discrepancies, areV and PCO2, 
related and are, in this case, due to the differences Ventilationin PO2. 
has been known for many years to be affected by chemoreceptors sensitive 

ato PO2. In the present study, during exercise, increased PO2 yields 

decreased V relative to normoxia. As a result of the decreased V in 

result the bloodhyperoxia, PCO2 is relatively elevated and as a further 
becomes more acidic than in normoxia. This would tend to increase V. 
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However, any attempt by the relative acidosis resulting from hyperoxia 

to increase ventilation is overcome by the effect of the increased PO2 
on the chemoreceptors and V is depressed. On the other hand, in the 

infusion studies when there are only changes in acid-base status to be 

dealt with, acidosis does produce a relative Increase in V and consequently 

the acidic im-a relative depression of PCOg in an attempt to correct 
balance, Thus in the control of ventilation, the effects of oxygen changes 

and induced acid-base changes do not parallel each other. 

IV. VENTILATION (V) 

While the design of this investigation did not specifically include 

the study of the control of ventilation, the role of V in the acid-base 

balance of the body requires that we look closely at its reaction to 

changes in FIO2. During rest, hyperoxia and hypoxia stimulate and depress 

V respectively—relative to each other. The reasons are not clear. Such 

results are probably not related to arterial acid-base changes produced 

metabolically. In the present study, the arterial acid-base changes dur 

ing rest are not significant. 

On the other hand, what does change is the PO20 The high PO2 in 

hyperoxia most likely interferes with the CO2 transport from the tissue, 

thereby causing a slight acidosis which leads to the elevated V. It may 

on chemoalso be that during rest PO2 has a completely different effect 

receptors than that found with exercise. These questions also remain un 

answered. 
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Once exercise starts, the relationship is reversed; hypoxia pro 

duces the highest ventilations. Furthermore, with any change in work rate 

such as onset of low or high work or cessation of work, ventilation in 

hypoxic conditions always reacts fastest, Its rate of increase or de-

crease is more rapid than in the normoxic condition, and hyperoxic 

changes most slowly. It seems obvious, therefore, that PO2 has some effect. 
As can be seen from Figure 4.7 (page 73) the changes with onset 

of exercise and, especially, with recovery are almost instantaneous. Due 

to the speed of the ventilatory reaction to changes in work output, the 

controlling mechanism cannot require a chain of events such as production 

• 9of H'*’ (Kozlowski et al 1971). It must be a mechanism which reacts quickly: 

perhaps work rate or stretch "receptors" giving neural inputs from the 

working muscle. 

Most likely PO2 and some mechanism similar to a "work receptor" do, 

therefore, help in the control of V. Asmussen & Nielsen (1958) concluded 

that there was no reason for assuming an interaction between PO2 and work 
rate. The present study, however, agrees with the work of Kozlowski et al. 

(1971), who proposed that such a connection should exist. Even Asmussen 

& Nielsen showed that the hyperventilation of heavy work could be abolished 

by increasing PO2 but drew their conclusion because the same thing did 

not occur during light work rates. As the present study shows, however, 

there is an effect at low rates even though it is smaller. It would 

seem very likely then that an interaction between chemoreceptors sensitive 

would toto PO2 and "work receptors" may occur. That is, there seem be 
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a progressive resetting of one receptor as input to the other is varied. 

As work rate increases, for example, a given change in PO2 has a greater 
effect on V. 

As mentioned in the previous section, in addition to the direct 

effects of P02» there is another aspect to the question of ventilatory 

As shown in the literature re-control during exercise at varied FIO2. 
view, both oxygen and acid-base variations affect V. With exercise, V 

is affected by increased acidity. With the inclusion of FIO2 variations, 

V is not only affected by PO2 changes at the chemoreceptors but, as will 

be developed later, by the effects of varied oxygen levels on the acidity 

of the blood and tissues. There are two ways then that V is controlled 

with varied FIO2. direct effect of PO2; the other is the 

indirect effect of acidic changes produced by changes in FIO2. 

V. LACTIC ACID 

In order to understand the mechanisms for control of [H"^] it is 

necessary to first look at HLa. The left side of the graph of HLa (Figure 

4.8, page 74) reveals the similarity in the curves for different O2 
fractions. This similarity is even more striking when the curve for 

hypoxia is "normalized" to adjust for the unexplained high pre-test value. 

no effect on theThis similarity in the curves indicates that PO2 has 
fairly constant rate of release of HLa. Since the peak values are widely 

different, however, there is obviously an effect on the total amount pro 

duced. Although Hirche et al. (1975) and others have noted that muscle 

produces lactate only during about the first 2-4 minutes of exercise. 
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blood levels in the present study continue to rise at a steady rate 

throughout exercise. Tests of longer duration, however, have found 

that after initial rises blood levels decrease during exercise, This 

decrease indicates that after the initial production of HLa there is very 

little more, if any, made (Stainsby & Welch, 1966; Hirche et al., 1971). 

The suggestion that can be drawn from this observation is that the rate 

of release is rather low relative to the amount produced, That is, there 

is a limit to the rate at which HLa can be released. result,As a a long 

time is required for the complete equilibration. Once the muscle levels 

have decreased below the point where the rate of release is no longer 

limiting, then blood levels also decrease. 

We have seen that the total amount of HLa produced varies inversely 

with the FIO2 (Figure 4.8, page 74). For example, less lactate is produced 

in hyperoxia. Two factors which might produce these HLa changes in 

hyperoxia can be eliminated. First, the blood flow studies show that 

there is no more oxygen delivery to the tissue with hyperoxia than during 

normoxia and presumably, though it is unproven, no less with the degree 

of hypoxia used in this study. If the O2 delivery does not vary, then 

during hyperoxia the slowing of glycolysis to produce less lactate cannot 

be the result of an alleviation of anaerobic conditions, Second, as dis-

cussed in Chapter II, increased acidity depresses HLa. It will later be 

argued that muscle tissue is certainly no more acidic under hyperoxic 

conditions than during normoxia. It cannot therefore be said that the 

decreased HLa in hyperoxia is caused by changes in [H'*']. Changes in HLa 
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with hyperoxia are due then neither to relief of anaerobiosis nor to 

changes in [H ]. As several authors have noted, however, there is an 

effect of the ADP+Pi/ATP ratio on glycolysis (Gevers & Dowdle, 1963; 

Ui, 1966; Lehninger, 1975). In addition, this ratio has an effect on 

oxidative phosphorylation. 

For example, at rest oxidative phosphorylation is limited by the 

availability of ADP (Chance, 1959). This is because during rest there is 

not a great demand for energy and ATP levels are high. At the onset of 

work, glycolysis may compete with oxidative phosphorylation for available 

ADP and Pi. 
i-e-This inhibition of respiration by glycolysis due to the 

moval of ADP is known as the Crabtree effect CKrebs, 1971). Even under 

aerobic conditions glycolysis, since it occurs in the cytoplasm, should 

initially have an advantage over oxidative phosphorylation which is one 

membrane further removed within the mitochondria. Therefore, lactate 

would be produced until the electron transport chain obtains ADP and 

begins to compete effectively with glycolysis (Pasteur effect). 

As shown in this study, less HLa appears in the blood during 

hyperoxia. In order for glycolysis to produce less HLa during hyperoxia, 

oxidative phosphorylation must be given a competitive edge. That is. 

some mechanism must exist whereby oxidative phosphorl^lation is provided 

with more ADP when FIO2 is increased. Since increasing FIO2 does not 
anincrease O2 delivery, the effect is most likely mediated through 

increased PO2. Such a mechanism would also cause a decreased PO2 to 
enhance the Crabtree effect with consequent increases in HLa. If PO2 has 
the indicated effects, then oxidative phosphorylation would reach the 
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required level of ATP production more quickly during hyperoxia. At the 

same time at the onset of work the glycolytic system would produce less 

lactic acid in hyperoxia and more in hypoxia. These effects of PO2 on 
glycolysis and oxidative phosphorylation would explain the difference in 

total amount of HLa produced under the different conditions of FIO2. 

Under the hypothesis presented here, whatever the mechanism, it 

would have to act within a minute or so in order to have an effect before 

normal amounts of lactate are produced, It would also have to act either 

to impede glycolysis, thus providing more ADP to oxidative phosphorylation, 

or to decrease ADP transit time from the site of ATP usage to within the 

mitochondria. 

This theory would at first glance seem to disagree with that of 

Hirche et al. (1975). However, those authors induced acid-base changes 

by infusion in order to change HLa. They argued that with the onset of 

work the same amount of HLa was produced under all conditions and that 

the blood levels were due to differing dispersion rates from muscle. The 

changes in HLa in the present study were produced by varying FIO2. ^ 
argue that with the onset of work, different amounts of HLa are produced 

under the different conditions and that the blood levels are due to 

reasonably constant dispersion rates from muscle. The argument proposed 

here that different amounts of HLa are produced in the muscle is predicated 

PO2 and would, therefore,on effects due to PO2. Hirche et al. did not vary 
not have obtained different amounts of HLa. It may also be that different 

dispersion rates are obtained with the degree of change in [h'*’] that they 

used. The acid-base changes in that study, while within physiological 

ranges, were quite outside those obtained here. 
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VI. BLOOD AND MUSCLE [H"^] 

The second major result of this study concerns the trends in 

arterial Since I have demonstrated that oxygen is very likely not 

limiting for work of the intensity and duration used in this study, the 

finding that [H'*'] at exhaustion is the same under all conditions is 

especially noteworthy. For these reasons, I have turned to as a 

possible limiting factor. 

My results can be interpreted to support the theory that [H'*’] 

limits performance. If [H^] does limit performance, and since [H'*’] 

increases with exercise, the cessation of work would then be the result 

of an increased concentration of H'*’, that is, acidosis, On the other 

hand, the results of the comparison made in section 5.4, showing a strong 

similarity in the effects of hyperoxia and acidosis, seem to contradict 

this fact. In that comparison, hyperoxia is seen to affect almost all 

parameters in a manner identical to induced acidosis. Nevertheless, 

hyperoxia yields the longest performance times among the various FIO2 
levels while acidosis is associated with shortened performance times. 

The inconsistency here of course is that these are blood conditions and 

nothing has yet been said about the degree of acidosis in the muscle. 

That is, while hyperoxia and induced acidosis have similar effects in 

arterial blood, they may differ with respect to effects on intracellular 

conditions. Despite some conclusions to the contrary (Patterson & 

Sullivan, 1978), there is evidence that it may be the muscle or intra 

cellular conditions which are important (Sahlin, 1978; Kaijser, 1970). 
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The differences between hyperoxia and induced acidosis with respect 

to intracellular effects may depend upon the fact that there is a great deal 

of difference between generating from external sources and from within 

the muscle. Inducing acidosis or alkalosis by infusion or ingestion does 

not always affect intracellular variables in ways that might be expected 

(Adler et al., 1965; Mithoeffer & Karetzky, 1968; Waddell & Bates, 1969). 

The use of hyperoxia, on the other hand, may not induce changes in acid-

base parameters in the same way that infusion or ingestion do. It rather 

should have an effect upon some facet of the internal production or 

distribution of those variables. If [H^] is limiting some aspect of 
muscle performance, there are two ways oxygen could have an effect on it 

to vary that limitation: it could cause either a decreased produc 

tion in or an increased H'*’ removal from the muscle. 

Figure 5.2 is a diagram of the pathways whereby changes in FIO2 
might affect performance. The symbols in parenthesis (+ or-) indicate 

the relationship between the quantities above and below. A "+" indicates 

that an increase (decrease) in the quantity below brings about an increase 

(decrease) in the quantity above. A indicates that an increase 

(decrease) in the quantity below brings about a decrease (increase) in 

the quantity above. Quantities enclosed in heavy boxes were measured 

in this study, others were not. Dotted arrows indicate unknown mechanisms. 

Solid arrows indicate well known effects and the dashed arrow indicates a 

pathway of lesser importance than the solid arrow in the opposite direc 

tion. 
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As seen in this study, arterial [H'*’] at rest is not different under 

are not differentvaried Og levels. During work, %2 VCOg increase but 
under the various conditions indicating metabolic rate to be about the 

same. However, arterial [H'*'] is lower in hypoxia. As seen from PCO2 and 

HCOg" levels (Figures 4.9 and 4.10, pages 76 and 77) there is a great varia 

tion in the buffering that occurs at the different O2 levels. The increased 
values while theV of hypoxia has lowered PCO2 significantly from control 

decrease in hyperoxic V has caused a relative increase in PCO2. Due to 

the hyperventilation of hypoxia there is a consequent lowering of [H'*']. 

The arterial levels during low work are an inverse reflection of the 

ventilation. 

Arterial [H^] is not, however, completely a reflection of ventila 

tion. I have argued that in hypoxia there is a larger formation of HLa. 

Under all conditions of FIO2 release rate of HLa is the 

same. Due to the limited rate of release, the larger amount of HLa pro 

duced in hypoxia stays in the muscle longer. Most of this HLa dissociates 

to H"^ and lactate and thereby increases the muscle acidity. As the 

muscle acidity increases, the rate of diffusion of h"^ into blood increases 

and at some point surpasses the ventilatory capability to counter it. 

At this point the rate of change in blood levels increases to such an 

extent that it surpasses those rates in the normoxic and hyperoxic condi 

tions, Thus the initial trend for lower [H'*’] in hypoxia is the result of 

a more severe hyperventilation while the later increases are caused b)' 

the greater release of H^ from the larger muscle store of HLa. 
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The fact that blood [H^] at exhaustion in this study was the same 

under all conditions may simply be a coincidence. It may be that the 

oxygen fractions utilized affected the formation of HLa and, therefore, 

[H'*’] to just the extent necessary for work of this duration. On the 

other hand, under this hypothesis, the trends will always be in the direc 

tion indicated. Hyperoxia would produce a faster increase in [H^] at 

first due to a relative hypoventilation, thus allowing less respiratory 

compensation. The hyperoxic [H'*’] would then approach a maximum slowly 

because of a smaller [h'*'] gradient from muscle. Hypoxic [H'*’] would have 

a slow initial build-up due to a relative hyperventilation, and, as a re 

sult, subsequent faster release from the muscle due to a higher gradient. 

It may, therefore, also not be a coincidence that the levels are the 

same at exhaustion. 

Muscle [H^] is of course always much higher than that in blood 

(e.g. Sahlin, 1978), but blood levels at exhaustion may correlate well 

with muscle levels. That is, [H^] may be the same under the three condi 

tions in muscle as well as in the blood. If so, then muscle [H"^] would 

be a strong candidate for one factor limiting human performance during 

exercise of the intensity and duration used in this study. 

VII, MECHANISMS FOR [H"^] LIMITATION OF PERFORMANCE 

There are several mechanisms which provide possible avenues where 

by elevated [H^] might limit performance. The chemiosmotic-coupl ing theory 

of oxidative phosphorylation has as one tenet the necessity for a [H^] 

gradient across the mitochondrial membrane (Lehninger, 1975). It may be 
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that once a critical level of H'*' is reached, external to the mitochondria, 

the impermeability of the membrane to H"*" under normal conditions breaks 

down. Should this condition occur, the internal alkalotic "sink" would 

be destroyed, thereby stopping or altering the process of ATP generation. 

Progressive development of fatigue might occur either as more and more 

mitochondria are inactivated or as the alkalotic "sinks" are gradually 

destroyed. 

Fuchs (1970) has shown that if [H^] is increased, the troponin-C 

binding site in the muscle is less able to bind calcium. Without calcium, 

actin and myosin cannot interact and the muscle does not contract. This 

decreasing ability to bind calcium could also proceed in a graded manner. 

That is, as [H'*'] increases, more and more fibers will be affected until 

performance is terminated. 

Another similar possibility is that increased levels of H"*" cause 

the amount of calcium released from the sarcoplasmic reticulum to be 

depressed. Such a depression prevents the inhibition of troponin-C and 

a consequent loss of contractile process (Nakamaru & Schwartz, 1970). 

VIII. SUMMARY 

I have in this discussion attempted to point out several facts and 

open several possibilities in the control of mechanisms limiting human 

performance. I have argued that O2 does not limit performance since, 

as shown in this study, VO2 at exhaustion in hyperoxia does not increase, 

and I have at length discussed the reasons why other reports show 
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increased V02» Finally, I have advanced a theory for performance limita 

tions based on [H"^] as it is controlled by the action of PO2 on lactate 

production and ventilation add have suggested several possible mechanisms 

by which [H^] could affect performance. 
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