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ABSTRACT

Three separate studies investigated oxygen uptake
kinetics for measurement reliability, monitoring of training
adaptation in endurance athletes, and potential perfor-
mance enhancing effects of Salbutamol.

The reliability study produced a reliability estimate of
0.9 for the time constant measures via a submaa.mal cy-
cling protocol. This demonstrated an adequate level of reli-
ability and provided the basis for the next two studies. The
second study took 16 competitive cyclists through a care-
fully controlled eight week endurance cycling program.
VO,max, transient oxygen uptake kinetics, and 40k time
trial tests occurred five times (3 times pre-training, once at
the midpoint, and once post-training). The transient proto-
col consisted of three equal ascending submaximal transi-
tions with blood samples drawu at each stage for analysis of
lactate concentration. The general trend, as the trained
state of the cyclists rose, was for faster oxygen uptake time
constants, lower blood lacate concentrations, higher
VO;max scorcs, and faster 40k time trial results. Ovwerall,
these results are supported by the literature and suggest
that a combination of central and peripheral comporznts
are responsible for the time course of oxygen uptake. It was
concluded that VO, Kkinetics are relatively sensitive to en-
durance training adaptation, aithough, further investiga-
tion is required to clearly describe the underlying mecha-
nism(s).

The third investigation used a submaximal oxygen
uptake kinetics task, VO,max cycling, pulmonary function
tasks, a 60 second supramaximal sprint test, and a simu-
lated 20k time trial to examine the possible ergogenic effect
of Salbutamol on a group of cyclists. Fifteen trained
nonasthmatic male cyclists were recuited into a double-
blind, randomized cross-over design using a dosage of



Salbutamol! twice the normal therapeutic level (400ug).
Subjects performed four tests, separaied by 48 hours, in
each condition (placebo or Salbutamol). No significant dif-
ferences were observed in any of the dependznt variables,
leading to the conclusion that Salbutamol has no perfor-
mance enhancing properties as determined by the protocols
adopted in this study.

In summary, this dissertation concludes that oxygen
uptake kinetics (gas exchange dynamics) may have the po-
tential to serve as a sensitive overall indicator of cardiores-
piratory and muscular adaptation.
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CHAPTER ONE

GENERAL INTRODUCTION
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General Introduction

Overview of the problem.

The establishment of valid and reliable non-invasive
and, or, minimally intrusive physiological testing proce-
dures has obvious benefits for athletic populations. The
growth of exercise physiology as a distinct scientific disci-
pline has led to the development of a myriad of general and
sport specific testing protocols. Previous research (Hickson,
Bomze, & Holloszy, 1978; Cerretelli, Pendergast, Paganelli,
& Rennie, 1979; Cerretelli, Rennie, & Pendergast, 1980;
Powers, Dodd, & Beadle, 1985; Burke, Thayer, Belcamino,
Crocker, & Porter, 1990; Babcock, Paterson, &
Cunningham, 1994) has identified that gas exchange ki-
netics may have a role to play in the description and quan-
tification of adaptation to certain training stimuli. The moni-
toring of gas exchange kinetics in high performance athletes
may be undertaken more frequently and closer to competi-
tion periods than with invasive and strenuous testing
methods, since they may be described non-invasively and
at submaximal work levels. Oxygen uptake kinetics may also
provide a different perspective to training adaptation due to
the acute rate component of the kinetic measure. That is,
whereas VO, and VO,max reflect the amount of oxygen that
can be taken up, the transient oxygen uptake response
reflects how quickly that level of VO, can be attained.
Therefore, it was the premise for this dissertation that
additional accurate and relevant information may be
elicited from physiological assessment of oxygen uptake
kinetics.
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Introduction and review of related literature.

Maximal aerobic power (VO,max) has for some time
been considered to be the definitive measure of cardiorespi-
ratory efficiency and endurance (Hill & Lupton, 1923,
Saitin & Astrand, 1967; Sutton, 1992), with a number of
criteria being cited as having use in the determination of
VO,max (Astrand & Rodahl, 1977; Thomas, Cunningham,
Plyley, Boughner, & Cook, 1981; Sutton, 1992). VO.max is
often used as a simplified quantitative term to describe the
two aspects of oxygen transport (central component) and
oxygen utilization (peripheral component) as a single entity.
However, these two elements should not be dismissed since
they are of extreme importance.

Central and peripheral adaptations to endurance
training, generally signified by the increased ability to take
up oxygen, have long been recognized. Central adaptations
include increased heart efficiency, stroke volume (SV), and
blood pressure (BP). Thus, increases in maximum cardiac

output (Q = HR x SV), SV, and blood volume, and decreases
in resting and submaximal exercise HRs are usually seen
after endurance training. Peripheral adaptations, in
contrast, occur within the trained muscle and are usually
described by the traditional expression of oxygen
extraction, the arterio-venous oxygen difference. Holloszy
(1967) has been credited with the discovery of increased
activity of oxidative enzymes in trained muscle, together
with increased mitochondrial number and density, and
increased skeletal muscle myoglobin content. According to
Kiessling, Piehl, and Lundquist (1971), there are at least
two advantages of an increased mitochondrial activity level.
Initially, the increase in capacity to form adenosine
triphosphate (ATP) is the most important. Secondly, the
balance between mitochordrial function and lactate level
has importance since metabolic changes (brought about due
to endurance training) cculd negate rises in lactate level,
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duce the rate of oxygen-independent glycolysis and,
us, the formation of pyruvate and extramitochondrial
duced nicotinamide adenine dinucleotide (NADH),
sulting in reduced lactate levels and the ability to sustain
bmaximal work at a higher relative level. Essentially, the
'y element is to realize that although endurance-trained
hletes may exhibit common 'central' adaptations, their
spective 'peripheral' adaptations will reflect the specific
iture of their sports involvement.

These two broad aspects of VO,max, have fostered the
:velopment of two basic and separate schools of thought,
ased towards either central or peripheral limitations
wutton, 1992). These distinct views have led to much de-
ite between researchers with substantial information ex-
ting to support both sides (e.g., Andersen & Saltin, 1985;
'agner, 1988; Connett & Honig, 1989; Stainsby, Brechue,
'‘Drobinak, & Barclay, 1989; Sutton, 1992). In terms of
laptation to endurance training, the model proposed by
erretelli and Di Prampero (1987) has received much at-
ntion and has led to a development by Wagner (1988 &
)91) that reduces the number of overall assumptions and
lows for a role by hemoglobin in the peripheral diffusion
'ocess. The integrative approach by Wagner (1991) dis-
nces itself from the traditional format of single limiting
ctors to VO,max, and emphasizes that for endurance
aining, as compared to acute exercise, peripheral changes
‘e major contributors to the increase in VO,max, with
creased capillarization possibly being the fundamental
ymponent. However, the measure of VO,max does not
ways demonstrate that training adaptation has actually
ken place. It has been shown that VO,max may reach a
:iling level after only a few months of systematic




endurance training and yet sport performance can
continue to improve (Ekblom, 1969; Saltin, 1969;
Bouchard, Boulay, Simoneau, Lortie, & Pérusse, 1988). In
fact, although VO,max has been identified as an excellent
predictor of endurance performance in athletes of differing
maximal aerobic power (Costill, 1967; Foster, Daniels, &
Yarborough, 1977), it is a relatively poor predictor in
groups of athletes with similar VO,max values (Conley &
Krahenbuhl, 1980). Therefore, it appears that factors
other than VO;max are of importance for successful
endurance performance.

The anaerobic threshold (AT), determined invasively
via blood lactate measurment or non-invasively via gas
exchange analysis, refers to 'the level of work or O, cor-
sumption just below that at which metabolic acidosis and
the associated changes in gas exchange occur' (Wasserman
& Mcllroy, 1973). It is often described as either an
equivalent power output or a percentage of VO;max
(%VO,max), and is widely used by sport scientists as an
evaluative tool, since athletes have been found to have ATs
occurring at a higher %VO,max than non-athletes
(Wasserman & Mcllroy, 1973; MacDougall, 1977; Tanaka &
Matsuura, 1984; Londeree, 1986; Wasserman, 1987). The
concept has obvious important implications for sport per-
formance and researchers have been quick to adopt this
parameter to establish particular training intensities, moni-
tor training adaptation, and predict endurance perfor-
mance (Whipp & Ward, 1980; Ready & Quinney, 1982;
Rieder, Kuller, & Kindermann, 1987; Maffulli, Capasso, &
Lancia, 1991). However, the AT continues to be a highly
controversial topic with extensive investigations of the
postulated underlying mechanisms, accurate detection and
interpretation, terminology, and actual existence of this
concept (Kindermann, Simon, & Keul, 1979; Skinner &
McLellan, 1980; Yeh, Gardner, Adams, Yanowitz, & Crapo,
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1983; Grzen, Hughson, Orr, & Ranney, 1983; Brooks,
1985; Davis, 1985; Hughson, Weisiger, & Swanson, 1987).

It is well established that oxygen consumption in-
creases rapidly and then plateaus towards a steady-state,
or maximal value, with the onset of exercise (Henry, 1951;
Di Prampero, Davies, Cerretelli, & Magaria, 1970; Whipp &
Wasserman, 1972; Whipp & Casaburi, 1982). Cerretelli,
Rennie, & Pendergast (1980) have defined this oxygen up-
take response at the onset of exercise (VOz0n) as being an
indicator of 'a recovery process' aimed at re-establishing a
steady state condition as determined by the stimulus. That
is, the rate of incre ;e in VO,, as a response to the imposed
physical work level, may be an indication of the circulatory
capacity to deliver oxygen and for this oxygen to be utilized
by the appropriate tssues (de Vries, Wiswell, Romero,
Moritani, & Bulbulian, 1982). In keeping with the general
concept of AT, Weltman, Katch, Sandy, and Freedson (1978)
found that individuals witlh high ATs (expressed as a
%VO,max) attained steady state VO, levels significantly
faster than those 'ndividuals with low ATs. This hints
strongly at a tangible link between AT and the oxygen
uptake response.

Various models have been put forward to characterize
the kinetics of oxygen uptake responses (Swanson &
Hughson, 1988; Di Prampero, Mahler, Giezendanner, &
Cerretelli, 1989; Barstow, Lamarra, & Whipp, 1990; Whipp
& Ward, 1990; Lamarra, 1990), with more complex equa-
tions being reported as the understanding of the underly-
ing mechanisms has improved. These include the recogni-
tion that the kinetics of oxygen uptake at the onset of a
constant work rate exercise follows a three-phase pattern,
comprising of an immediate ‘'cardiodynamic' phase, a
continued fast rise, and finally a slower increase as the
asymptotic value is approached (Linnarsson, 1974; Whipp,
Ward, Lamarra, Davis, & Wasserman, 1982; Barstow &
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Molé, 1987; Inman, Hughson, Weisiger, & Swanson. 1987;
Sietserua, Daly, & Wasserman, 1989). The ¢ crent
consensus suggests that a mono-exponential process
utilizing a time delay parameter quantifies the VOon
response overall for workloads below the lactate threshold,
with oxygen uptake kinetics becoming somewhat more
complex at exercise in.cnsities beyond the lactate threshold
(Roston, Whipp, Davis, Cunningham, Effros, & Wasserman,
1987). Thus, the VO;on response may be evaluated using

the time constant T from a single exponential process given
as:

AVO3(t) = AVOsss - (1 —e~(t=TD)/1)

where A reflects the increment above the previous (rest or
exercise) steady state level, and ss represents the steady
state or asymptotic value. TD represents the time delay pa-
rameter and allows a best fit line (via non-linear least
squares) to be calculated such that the time constant (T) of
the response can be established without artificially con-
straining the regression to pass through the origin. The
overall rate of change of the response is then obtained from
the sum of T and TD (known as the Mean Response Time;
MRT). The half-time of the VO,on response, t1/2VO,on, is
simply put as the time, in seconds, required to bring about a
50% change in VO, froin pre-exercise to steady state ex-
ercise levels. More recently the literature has abandoned
the use of half-times in favour of direct reporting of the
time constant, T, (Whipp & Ward, 1990).

In cross-sectional studies, the VO,max of individuals
has been shown to significantly affect the t1/2 VO,on in
adults. Faster half-times have been seen in subjects with
high VO,max values as compared to individuals with low
VO,max scores, for example, Powers, Dodd, and Beadle
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(1985) found a correlation of r = -.80 (p<0.05) between
VO,max and t1/2VO,on for highly trained endurance
athletes, and Norris (1987) showed an r value of -.89
(p<0.05) for a similar study. Cooper, Berry, Lamarra, and
Wasserman (1985) reported that the time constant for VO,
'correlates well' with VO,max in untrained children.
However, Lake, Nute, Kerwin, and Williams (1986) did not
find any such relationship between VO,max and t1/2VO;0n
in their study of runners, reporting an r value of .186.

Cerretelli, Pendergast, Paganelli, and Rennie (1979)
and Hickson, Bomze, and Hoiloszy (1978) have shown
t1/2VO,0n response times to quicken with physical training,
and Burke, Thayer, Belcamino, Crocker, and Porter (1990)
reported 'strong training effects of O, kinetics at the onset
of exercise' following interval training. This faster response
to the energy demand of increased muscular activity is
associated with improvements in the kinetic responses of
minute ventilation (Vg) and heart rate in trained
individuals. In addition, Grucza, Nakazono, and Miyamoto
(1989) found the 'acceleration' at the onset of exercise for
both Vg and cardiac output (Q) to be positively 'connected'
with VO,max. Further, Grucza et al., (1989) commented
that variations in subject physical fitness, as well as genetic
characteristics, may explain differences in research findings
between various studies in the past. More recently,
Babcock, Paterson, and Cunningham (1994) and Babcock,
Paterson, Cunningham and Dickinson(1994) have even
shown improvements in the oxygen uptake kinetics of
elderly men (mean age 72.0, SD+4.4) after 24 weeks of cycle
training, as well as an age-related/long-term inactivity de-
cline in oxygen kinetics when compared with younger age
groups.

Despite some conflicting information, the level of
intensity of exercise is also a factor in the kinetics of oxygen
uptake (Di Prampero et al.,, 1970; Cerretelli et al., 1980).
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Indeed, several investigators have commented that if the
attainment of steady state is delayed beyond three minutes,
then the subject is deemed to be working beyond ‘'anaerobic
threshold' (Whipp & Wasserman, 1972; Wasserman,
1987). From a different viewpoint, Haverty, Kenney, and
Hodgson (1988) state that the highest workload at which
steady state is not delayed may be equated with the last
point at which the subject is in lactate balance and that this
work intensity correlated highly -vith 5k running
performance (r = .87; p<0.05) as shown by their population
sample.

Walsh (1992) explained the training-induced faster
VO, response by stating that endurance training increases
the mitochondrial power within the muscle.  Since the
glycolytic power 1is largely unchanged, the enhanced
mitochondrial power allows for 'respiration to compete with
glycolysis more successfully for substrate’. This translates
into a faster oxygen uptake response at the onset of exercise
and, therefore, a discernible reduction in the size of the
oxygen deficit. In support of this view, Di Prampero, Mabhler,
Giezendammer, and Cerretelli (1989) found faster oxygen
uptake kinetics in subjects with McArdle's syndrome, and
also children, with lower glycolytic power than adults, have
exhibited similarly faster responses (Armon, Cooper, Flores,
Zanconato, & Barstow, 1991).

However, although hypotheses of peripheral regula-
tion of oxygen kinetics would seem to have credence,
Hughson (1990) and Walsh (1992) present compelling in-
formation to support the implication of an oxygen transport
limitation for oxygen uptake kinetics. Several studies have
demonstrated that cardiac output and heart rate have
faster kinetic responses than oxygen uptake when starting
exercise (Davies, Di Prampero, & Cerretelli, 1972;
Linnarsson, 1974; Grucza, Miyanioto, & Nakazono, 1990).
Perhaps the strongest case for the central limitation of oxy-
gen uptake kinetics has been established by experiments in
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which the oxygen delivery system has been altered with
the effect that the kinetic response has been modulated in
some way. For example, Petersen and co-workers (1983),
as well as Hughson (1984), have shown that beta-adren-
ergic blockade significantly slows the oxygen uptake re-
sponse, and Linnarsson (1974) demonstrated that oxygen
uptake kinetics are also slowed when a reduced inspired
oxygen fraction is imposed.

Overall, Walsh (1992) concludes that 'oxygen delivery
sets the initial parameters and peripheral mechanisms then
regulate oxygen utilization within the bounds initially
established by delivery mechanisms'. Also, Gruzca et al.,
(1989) suggest that the mechanism of faster adjustments of
the cardiorespiratory system to exercise in naturally ‘fitter'
individuals may be comparable to that developed through
endurance trai. ‘ng. It may be summarized that there
appears to be substantial theoretical and allied support for
the use of oxygen uptake kinetics, since this parameter may
provide information regarding description of a higher
trained state.



1
Rationale for investigative path.

In order to attain a level of expertise in the measure-
ment and evaluation of oxygen uptake responses, it has first
been necessary to develop a standard set of investigative
protocols and establish an acceptable level of experimental
reliability. After initial pilot work, a specifically designed re-
liability study (Chapter Two) was undertaken to establish
the reliability of measurement of this parameter. The in-
formation and experience gained from this first study was
then incorporated into two further investigations, one ex-
aruining the responses to specific training (Chapter Three)
and one describing the responses to an acute administration
of an external agent (Chapter Four).

The reason for undertaking the training study was
twofold. First of all, the author wished to pursue the notion
that oxygen uptake kinetics could be routinely examined in
a lorge athletic group without undue interference with
training and competition schedules. Second, to test the hy-
pothesis that this gas exchange parameter was sensitive to
endurance training adaptation, as compared to VO,max.
The longitudinal design involved a period of systematic aer-
obic endurance training coupled with a pre, mid, and post-
training format of physiological testing which involved the
assessxnent of oxyen uptake kinetics and parallel measures
of standard exercise physiology parameters (e.g., VO,max,
ventilatory threshold, and blood lactate accumulation).

The third study examined the effect of an acute dosage
of Salbutamol, a Pz-selective adrenoceptor agonist used le-
gitimately in the day-to-day treatment of asthma, upon
oxygen uptake responses and other physiological measures.
The rationale for this investigation was primarily driven by
the ongoing conjecture, and theoretical support, that this
pharmaceutical agent has performance enhancing proper-
ties for non-asthmatic athletes and that an indication of this
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might be revealed by the examination of oxygen uptake
responses.

This investigative route was, therefore, designed to
address three fundarnental questions:

1) Could oxygen uptake kinetics be measured in a
carefully controlled manner, and with an acceptable level of
reliability;

2). Does the oxygen uptake response parameier have
a role to play in the routine monitoring of individuals
undertaking aerobic endurance training; and

3). Does Salbutamol have the potential to enhance
physical performance as demonstrated by faster oxygen
uptake kinetics?
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CHAPTER TWO

THE RELIABILITY STUDY:
RELIABILITY OF MEASUREMENT OF
OXYGEN UPTAKE KINETICS

DURING CYCLE ERGOMETRY

A version of this chapter was presented at the Canadian
Association of Sports Sciences conference in Saskatoon,
Saskatchewan, in October 1992.
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Recently, there has been a growing interest in the the-
oretical concepts underlying the changes in oxygen uptake
(VO,;) following a change, or changes, in forced power out-
put. The vast majority of the available literature to date has
focussed upon the kinetics of VO, after an increase in power
output (e.g., Hickson, Bomze, & Holloszy, 1978; Whipp &
Casaburi, 1982; Powers, Dodd, & Beadle, 1985; Sietsema,
Daly, & Wasserman, 1989; Di Prampero, Mahler,
Giezendanner, & Cerretelli, 1989), with an additional em-
phasis being placed by researchers on the establishment of
mathematical models used to describe such dynamic re-
sponses (e.g., Swanson & Hughson, 1988; Barstow,
Lamarra, & Whipp, 1990; Whipp & Ward, 1990; Lamarra,
1990).

The rapid increase in VO, following the onset of exer-
cise is well established, and has been shown to follow a first
order exponential function for step changes in power out-
put at moderate levels of intensity (Cerretelli, Rennie, &
Pendergast, 1980; Whipp & Casaburi, 1982; Barstow &
Molé, 1987; Whipp & Ward, 1992), with VO, kinetics be-
coming somewhat more complex at higher exercise intensi-
ties as metabolic acidosis is incurred (Roston, Whipp, Davis,
Cunningham, Effros, & Wasserman, 1987; Whipp & Ward,
1990; Walsh, 1992). Cerretelli et al., (1980) have defined
this VO, transient response as being an indicator of a re-
covery process aimed at re-establishing a steady state
condition as determined by the stimulus. That is, the rate of
increase 'n VO,, as a response to the imposed power output,
may be an indication of the circulatory capacity to deliver
oxygen and for this oxygen to be utilized by the appropriate
tissues (de Vries, Wiswell, Ronero, Moritani, & Bulbulian,
1982).



The development of self-contained, open circuit
spirometry systems using breath-by-breath sampling
methods has expanded the scope of many investigators to
include the examination of gas exchange dynamics in hu-
mans. Experimental repeatability or consistency is of con-
cern particularly when the dependent variable is associated
wich an inherent variability. That is, the interbreath vari-
ablity found when examining breath-by-breath responses,
together with the intersubject variability, may have an im-
pact upon the outcome of the observed parameters.
Therefore, the reliability of measurement needs to be ad-
dressed before embarking upon further investigation.

The purpose of this investigation was to examine the
reliability of measurement of oxygen uptake Kkinetics, using
a SensorMedics 2900z metabolic measurement system, and
the efficacy of a specific protocol during submaximal cycle
ergometry. Previous pilot work suggested that, as a group,
endurance trained individuals exhibit a similar and reduced
level of breath-to-breath variation. Therefore, the selec-
tion of such subjects became an integral part of this study.

Materials and Metheds

Eleven endurance athletes (triathletes and distance
runners; eight male and three female: Table 2.1) partici-
pated in this project. All interaction with the subjects fol-
lowed the guidelines for research with human subjects at
the University of Alberta, including appropriate ethics ap-
proval and written informed consent.

The subjects performed a series of submaximal cycling
tasks on a Monark 814E cycle ergometer equipped with a
drop basket resistance loading system. During the cycling
tasks, the subjects were connected to a previously cali-
brated SensorMedics 2900z metabolic measurement sys-
tem, via a Rudolph face mask assembly (series 7920), op-
erating in breath-by-breath mode. This system measured
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expired flow levels and gas concentrations for oxygen and

carbon dioxide as the basis for the required volume calcula-
tions (VO2STPD, VCO2STPD, and VEBTPS). All calculated val-
ues were dispiayed on a computer screen and printed in
hard copy in real time, as well as being saved to the com-
puter hard drive. Additionally, heart rate was monitored
via the R-R interval of the electrocardiogram (ECG) using a
Hewlett-Packard heart rate monitor (model 43200A).

The submaximal cycling tasks consisted of performing
three repeated transitions from unloaded to loaded cycling,
plus a rest phase, with each complete transition lasting nine
minnies. The loaded phase was set at approximately 88
watts (i.e., 1.5 kp at 60 rpm) for all subjects so as to be in
the domain of predominantly aerobic metabolism. Each
phase (unloaded, loaded, and rest) lasted three minutes.
TLis sequence was repeated by each subject on three sepa-
rate days with a minimum of 48 hours between each test
day. Care was taken to eliminate or reduce distracting ele-
ments from the testing environment, such as extraneous
noise and unnecessary lab personnel movements.

The data analysis involved time averaging the oxygen
uptake values over 10 second periods for each transition.
These values were then described via a first order (single
exponential) model as shown below:

AVO2(t) = AVOsss- (1 — e~(t=TD)/1)

Where A reflects the increment above the previous
steady state level (i.e., loaded from unloaded cycling), and ss
represents the steady state or asymptotic value. TD repre-
sents the time delay parameter and allows a 'best fit' line
(via nonlinear least squares) to be calculated such that the
time constant (T) of the response can be established with-
out artificially constraining the regression to pass through
the origin.
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A mean time constant was then produced from each of

the separate trial occasions. These values were then sub-
jected to a one-way ANOVA with repeated measures (o set
a priori at 0.05). This process established a quantified as-
sessment of reliability stated as an intraclass coefficient.

Results

The mean time constants for the three trials are shown
in Table 2.2. The statistical analysis for reliability, via the
ANOVA model stated earlier, yielded an intraclass coeffi-
cient (reliability estimate) of 0.9 for single treatments. Table
2.3 summarizes the statistical process.

Discussion

This study demonstrated a level of consistency of 0.9
(o = 0.05) for the time constant measures and, therefore, it
may be stated that an adequate level of reliability in the
assessment of transient oxygen uptake responses was
achieved using this particular protocol. In this investiga-
tion, both means and variances were of importance and the
focus of interest lies with the treatments factor. Thus, the
ANOVA model was run as suggested by Winer (1962) and
Maguire & Hazlett (1962) since 'the fundamental concept of
reliability regardless of the discipline in which it is used is
consistency not correlation' (Maguire & Hazlett, 1962). It
would seem, then, that oxygen uptake kinetics may be ex-
amined through such methodology. However, there are a
number of issues that deserve attention, particularly since
they may have varying degrees of impact upon the mea-
surement of gas exchange kinetics, and the quality of the
resulting measures.

The recognition that there are differences, both be-
tween and within subjects, as regards breath-by-breath
measures has been acknowledged for some time now. Priban
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(1963) observed that breath-by-breath fluctuations dur-

ing steady state conditions followed an opposing format
That is, low tidal volumes (VT) were linked with a high
breathing frequency (f), and a high V1 with low f levels.
The following expression illustrates clearly that an individ-
ual's breathing pattern is determined overall by the total
minute ventilation (Vg), which is itself influenced by VT and
f:

Ve(l-min~')= V1) x f(min')

Additionally, the time components to each breath
(time for inspiration, Ti; and time for expiration, Tg) impact
upon this expression, such that the statement may be ex-
panded to include a breath duration element (Ttov);

VE=Vrxf=V1x60/ T (s)

Hence, it can be seen that VT and f will exhibit a
greater degree of variability than Vg, which, together with
alterations in flow patterns within the pulmonary vessels
and the end expiratory volume, will result in variations in
the level of gas exchange occurring. The possible
permutations of the components that constitute a given VE
or breath are, therefore, emormous. This author, although
at this stage without controlled experimental evidence to
support this statement, has found that certain individuals
display relatively large variations in interbreath
characteristics and that, in general, well-trained and
previously-trained endurance athletes exhibit the most
regular interbreath responses at steady state levels. This
anecdotal observation was the basis for using the group of
subjects described earlier for this investigation.

These variations in breathing allow for obvious
breath-by-breath fluctuations in the actual gas exchange
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taking place in the lung. According to Lamarra et al,
(1987), the dynamic response to the onset of exercise may
be said to reflect two aspects, 'an underlying physiological
response, and noise, whose magnitude proves to be much
greater in some subjects than others' (see earlier anecdotal
point). Lamarra et al., (1987) have examined the influence
of breath-by-breath fluctuations 'on the characterization of
their underlying kinetic responses during exercise'. These
authors concluded that 'the breath-to-breath fluctuations
in Vg, VO2, and VCO, during exercise may be appropriately
characterized as uncorrelated Gaussian noise’, and that
subjects with low noise characteristics would require a
fewer number of exercise transitions than would those with
high noise levels to achieve a given level of accuracy.

The actual attainment of steady state, both for the ini-
tial condition and the subsequent level, should also be de-
termined through the examination of several ph:siological
variables, such as heart rate, VO,, Vg, and VCO,, depending
upon the outcome measure being evaluated (see Tables 2.4
and 2.5, and Appendix A). This is an important aspect for
the effective examination of transient responses derived
through step loading protocols, since these steady state
levels provide the basis for subsequent evaluation of the
response data.

Indirectly associated with the steady state levels and
directly with the step loading protocol format, is the ability
to impose the required forced power output as instanta-
neously as possible at the start of the transition phase. In
an ideal situation this would be accomplished by using a
computer controlled electrically braked ergometer (e.g.,
Siemans or Mijnhardt cycle ergometers.). Electrically
braked cycle ergometers, controlled by computers, are able
to impose predetermined power outputs as and when re-
quired and, therefore, step loading protocols may be imple-
mented with a high degree of accuracy. The standard
Monark mechanically braked cycle ergometer, using a
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spring loaded tension applied via a screw mechanism, 1s in-

adequate for step loading protocols due to the uncertainty
regarding the time element of load application. Where there
is an unavailability of electrically braked systems, a com-
promise may be reached by adopting a drop basket resis-
tance loading mechanism on a mechanically braked cycle
ergometer (e.g., Monark 814E). Unlike the highly controlled
computerized electrical version, this latter system is some-
what crude, in terms of both accuracy of load timing and
step size. However, this mechanism was used in this inves-
tigation without any perceived detriment and it is sug-
gested that the use of an electrically braked system would
only have enhanced the resulting reliability estimate.

The prevailing test environment is one key area where
the researcher does have a high degree of control and when
investigating gas exchange dynamics this must be exercised.
Obviously, the test conditions must be held constant for all
subjects over all test sessions, and should be such that little
or no extraneous factors can impinge upon the subject. For
example, the number of test personnel present and degree
of familiarity with the subject in question should be held
constant. That is, a minimum number of test personnel
should be involved, and the subject should feel comfortable
with these individuals being present during the test phase.
Noise disturbances, particularly in the immediate vicinity
and, where possible, in the general location of thc test site,
should be eliminated or minimized, (e.g., incoming telephone
calls, opening and closing of doors, and even excessive talk-
ing). The concern over noise interference is emphasized
when trying to establish steady state criteria. This author
has observed that subjects exhibit a noticeable degree of
learning with regard to the format of the protocols adopted
for transient parameter evaluation and the general
expectations of them by the investigative team. Therefore,
it is recommended that sufficient time be allowed for subject
familiarity with the test conditions before systematic exper-
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imentation commences. In summary, the investigation of
gas exchange dynamics in applied situations requires care-
ful planning and controlled execution, however, this author

believes that with appropriate care such variables may be
examined routinely.



Table 2.1. Physical characteristics of the subjects.

Subject Age Height Weight Sex
yr cm kg M/F
1 35 157 55.1 F
2 24 169 76.7 M
3 28 160 51.3 F
4 31 163 63.1 F
5 27 172 80.6 M
6 33 183 75.0 M
7 34 167 72.5 M
8 32 172 68.5 M
9 26 175 75.7 M
10 24 171 76.4 M
11 31 170 75.0 M
MEAN 30 169 70.0
+SD 4 7 9.5




Table 2.2. Mean (+SD) individual and group time constants

for each day and complete test sequence, plus model
statistics.

Subject Day 1 Day 2 Day 3 MEAN +SD

S S S S S

1 37.2 36.5 37.5 37.1 0.4
2 30.1 30.1 29.2 29.8 0.4
3 30.8 30.8 314 31.0 0.3
4 36.1 36.7 36.7 36.5 0.3
5 29.2 29.0 30.6 29.6 0.7
6 34.2 34.5 35.0 34.6 0.3
7 315 30.3 31.7 31.2 0.6
3 35.3 34.1 33.9 34.4 0.6
9 35.6 32.0 33.2 33.6 1.5
10 33.7 35.0 32.8 33.8 0.9
11 32.5 32.7 32.3 32.5 2

MEAN 33.3 329 33.1 33.1 0.2

+SD 2.7 2.7 2.5 2.5

RSS 0.170 0.159 0.157

+SD Res 0.097 0.093 0.093

NB: RSS =residual sum of squares
SD Res = standard deviation of residuals
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Table 2.3. One factor ANOVA-repeated measures for reli-
ability of mean time constants.

Source: df: SS: MS: F-test P value:
Between 10 190.976 19.098 28.155 .0001
subjects

Within 22 14.633 679

subjects

Treatments 2 928 464 663 5265
Residual 20 14.005 7

Total 32 205.91

Single Treatment Reliability Estimate: 0.9



Table 2.4. Transient oxygen uptake protocol: Mean (+SD)
oxygen uptake steady state information (n=11).

Subject Unloaded #SD Loaded +SD AVO>  1SD

VOz SS VOz SS
ml-min-! ml-min-! ml-min-!
1 808 50 1775 34 967 31
2 991 85 2021 58 1031 53
3 706 94 1649 48 943 42
4 879 26 1917 36 1038 21
5 829 70 1743 74 914 164
6 903 55 1913 49 1010 62
7 965 26 1962 28 997 63
8 961 48 1872 75 910 50
9 1013 33 2017 64 1003 56
10 953 62 1878 29 925 41
11 888 92 1854 26 966 21
MEAN 900 58 1873 47 973 55
+SD 91 25 115 18 46 39

NB: No significant differences found for 'within subjects' data (p>0.05)
SS = steady state
A (delta) = change in O2 consumption from unloaded to loaded cycling
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Table 2.5. Transient oxygen uptake protocol; Mean (+SD)
heart rate steady state information (n=11).

Subject Unloaded +SD Loaded +SD AHR +SD

HR SS HR SS

b-min-! b-min-! b-min-!
1 92 1 134 1 43 2
2 90 6 115 2 25 4
3 87 8 133 1 46 7
4 83 7 130 2 47 9
5 80 7 113 1 33 7
6 74 6 110 2 36 3
7 84 3 111 1 27 3
8 91 2 114 1 23 4
9 80 2 105 0 25 2
10 102 6 129 6 27 2
11 79 1 104 3 25 3
MEAN 86 4 118 2 32 4
+SD 8 3 11 1 9 2

NB: SS = steady state
A (delta) = change in HR from unloaded to loaded cycling
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CHAPTER THREE

THE TRAINING STUDY:
ANALYSIS OF TRANSIENT OXYGEN
UPTAKE RESPONSES FOLLOWING

AEROBIC TRAINING

An early communication of this chapter appeared as a
poster presentation at the American Physiological Society's
"Integrative Biology of Exercise" meeting in Colorado

Springs, Colorado, in September 1992.

A full version of this chapter was presented at the Canadian
Society of Exercise Physiology conference in London,
Ontario, in October 1993.
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Introduction

It is well established that oxygen consumption in-
creases rapidly and then plateaus towards a steady state, or
maximal value, with the onset of a square wave work func-
tion (Henry, 1951; Di Prampero, Davies, Cerretelli, &
Margaria, 1970; Whipp & Wasserman, 1972; Whipp &
Casaburi, 1982). Cerretelli, Rennie, and Pendergast (1980)
have defined this 'VO,on' transient as being an indicator of
a recovery process aimed at re-establishing a steady state
condition as determined by the stimulus. That is, the rate of
increase in VO, as a response to the imposed physical work
level, may be an indication of the circulatory capacity to de-
liver oxygen and for this oxygen to be utilized by the ap-
propriate tissues (de Vries, Wiswell, Romero, Moritani, &
Bulbulian, 1982).

Several studies have identified that the time constants
for such dynamic responses can be improved with aerobic
endurance training (Hickson, Bomze, & Holloszy, 1978,
Cerretelli, Pendergast, Paganelli, & Rennie, 1979; Burke,
Thayer, Belcamino, Crocker, & Porter, 1990; Babcock,
Paterson, & Cunningham, 1994). A strong negative
correlation (r=-.80, p<0.05) has also been reported for the
'half-time' (t1/2VO,0n) of the oxygen uptake response and
VO max in trained iadividuals(Powers, Dodd, & Beadle,
1985; Norris, 1987), although this level of relationship has
been refuted by Lake, Nute, Korwin, and Williams (1986).
Grucza, Nakazano, and Miyamoto {1989), in their study of
untrained men, reported that 'cardiorespiratory Kkinetics in
response to relative intensity of exercise incrcased with
aerobic capacity', which suggests a similar mechanism being
responsible for both inherent cardiorespiratory kinetics
and those developed by endurance training. It should be
noted that these authors (Grucza et al.,, 198" refer to
‘aerobic capacity', although they actually m*;-ured and
evaluated aerobic power. Other investigators have



commented that if the attainment of steady state 1is delaye45
beyond three minutes, then the subject is deemed to be
working beyond anaerobic threshold (Whipp & Wasserman,
1972), although Haverty, Kenney, and Hodgson (1988)
take a different viewpoint and state that the highest
workload at which steady state is not delayed may be
equated with the last point at which the subject is in 'lactate
balance' and that this point correlated highly with 5k
running performance (r=0.87, p<0.05) as shown by their
population sample. More recently, Yoshida & Udo (1991),
reported a significant relationship between oxygen uptake
time constant and lactate threshold during training of
endurance athletes (r=-0.76).

The use of gas exchange dynamics may offer new in-
formation to those monitoring the physiological responses of
athletes. Therefore, the purpose of this study was measure
and evaluate the changes in oxygen uptake kinetics, in com-
parison with more traditional physiological parameters, in a
select group of cyclists before, during, and after eight weeks
of endurance training.

Materials and Methods

Sixteen competitive endurance cyclists (fourteen male
and two female; Table 3.1) participated in this project. All
interaction with the subjects followed the guidelines for re-
search with human subjects at the University of Alberta,
including appropriate ethics approval and written informed
consent. The investigation followed a quasi-experimental
time-series design (single group) as suggested by Campbell
and Stanley (1966), and was made up of three consecutive
phases:

1) Pre-training test period to establish reliability of
baseline information: this involved an approximate four
week time span of three repetitions of the main tests at
suitable intervals by each subject;



2) Training period: lasting nine weeks, with four weelié
of training, one week of 'midpoint’ testing, and another four
weeks of training; and,

3) Post-training test period: upon completion of the
training phase, all the tests were repeated.

The subjects performed a sequence of tasks on five
occasions during the course of this investigation (three pre-
training, one after four weeks of training, and one post-
training), including of a VT/VO,max test, a transient oxygen
uptake protocol, and a 40k time trial (Figure 3.1). The
VT/VO,max test was performed on a cycle ergometer
(Monark 818E) using a protocol of 40 watt (W; 0.5kp at
80rpm) power output increments every two minutes until
ventilatory threshold (VT) was surpassed, after which time
a one¢ minute loading schedule was adopted until VO;max
was attained. Ventilatory threshold (VT) was determined
by visual inspection of the data after each VT/VO,max test
using the 'Mechanism JI' method of Wasserman, Beaver,
and Whipp (1990). This method requires a group of
responses to occur simultaneously for VT estimation to be
made. That is, a systematic increase in the ventilatory
equivalent for O (as compared to previously falling or
constant values) at a time when the ventilatory equivalent
for CO32 is not rising. A previously calibrated SensorMedics
2900z metabolic measurement system, operating in mixing
chamber mode (20 second time averages) and connected to
each subject by a Rudolph mouthpiece assembly (Series
2700), was used to collect gas exchange information. This
system measured expired flow levels and gas
concentrations for oxygen and carbon dioxide as the basis
for the required volume calculations (VO,STPD, VCO2STPD,
and VEBTPS). Heart rate was monitored via the R-R interval

of the electrocardiogram using a Hewlett-Packard heart rate
monitor (model 43200A).
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The transient oxygen uptake protocol consisted of

three equal ascending transitions in power output from
unloaded cycling to approximately 78W, 157W, and 235W
for the males (Figure 3.2). The two female subjects
ascended to S55W, 110W, and 165W in a similar fashion.
Henceforth, these three work loads will be referred to as
WLI1, WL2, and WL3 respectively. The initial transition from
unloaded cycling to WL1 was repeated three times. Each
transition to WL1 was comprised of three minutes of steady
state data unloaded, three minutes of transition time, and
three minutes of static rest. At the end of the third WLI
transition a further two minutes (five minutes total) was
added and the protocol continued on without further rest to
the next two work stages (WL2 and WL3), each lasting five
minutes. Gas exchange data was collected using the
SensorMedics 2900z system operating in breath-by-breath
mode, together with a Rudolph face mask (Series 7920) and
a Perma-Pure® small diameter collection tube. Steady state
information for the transient oxygen uptake protocol is
presented in Appendix B.

As illustrated by Figure 3.2, the final sequence of
ascending work rates was extended to allow for appropriate
blood collection from each subject at each work level. A
teflon catheter, with a heparin lock mechanism, placed in a
forearm vein was used to collect the blood samples from
each subject for later analysis of blood lactate concentration
levels. Immediately after the blood was drawn, 0.5ml of
whole blood was transfered to a test tube containing 2ml of
cold, 4% perchloric acid. This was then vortexed and allowed
to sit for at least five minutes in an ice bath. After this
period, the tubes were centrifuged at 2500 rpm for
approximately 10 minutes until a clear filtrate was
obtained. This filtrate was then transfered to a new plastic
test tube and frozen for storage. After being allowed to
thaw, 0.05ml of the protein free filtrate was added to 0.7ml
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of a reagent mixture containing B-NAD+, glycine-hydrazine
buffer, lactate dehydrogenase suspension, and water. This
process was repeated in triplicate. Quantitative analysis of
the resulting reaction was then obtained by measurement
of tiic NADH formation via absorption spectrophotometry
(Pye Unicam PU8800 UV/VIS spectrophntometer). Finally,
these results were compared to standard curve data using a
computer-run least sav' . regression program.

The 40k time - . were performed on a purpose-built
computerized cycle .._.ler system that allowed the subjects
to use their own racing bicycle. A front fork stand was used
to optimize stability. The subjects raced the 40k fromi a sta-
tionary start and were given both visual and auditory
feedback on distance covered, but were not provided with
split or cumulative performance time until completion of
the study.

The subjects undertook a progressively overloaded
training program requiring supervised training sessions
five days per week, for an initial duration of 40 minutes per
session.  This duration was subsequently raised by five
minutes at the end of each two week phase of training, so
that at the end of the study the subjects were exercising for
55 minutes per session. The format of training required
continuous cycling at an exercise heart rate approximately
equivalent to that observed for VT during their VT/ VOmax
test. In reality, a five beat heart rate range (heart rate at
VT, plus or minus two beats) was implemented. This
intensity was performed during four of the five sessions per
week, with the fifth session maintained at a lower intensity
of effort (i.e., approximately 15 beats per minute lower than
for the more demanding sessions). A typical training week
would be as follows;

Monday: 40 minutes, HR at= VT
Tuesday: 40 minutes, HR at= VT
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Wednesday: Rest day

Thursday: 40 minutes, HR at= VT
Friday: 40 minutes, HR = 15 below VT
Saturday: 40 minutes, HR at= VT
Sunday: Rest day

The subjects used their own bicycles and training
devices (rollers or wind trainers) and HRs were monitored
using Polar Pacer heart rate monitors. In all, the subjects
completed eight full weeks of training.

The analysis of the transient oxygen uptake data in-
volved time averaging the oxygen consumption values over
10 second periods for each transition. These values were
then described via a first order (single exponential) model
as shown below:

AV02 (t) = AVO2SS . (1 _ e—(t—TD)/T)

Where A reflects the increment above the previous
steady state level (i.e., loaded from unloaded cycling), and ss
represents the steady state or asymptotic value. TD repre-
sents the time delay parameter and allows a 'best fit' line
(via nonlinear least squares) to be calculated such that the
time constant (T) of the response can be established with-
out artificially constraining the regression to pass through
the origin.

The three initial values (pre-training) for each vari-
able were examined for consistency, with no significant dif-
ferences being identified (p>0.05), and then averaged to
provide a single and stable pre-training figure (see
Appendix B). All dependent variables were then subjected
to a one-way ANOVA with repeated measures for the pre,
mid, and post-training conditions (a set a priori at 0.05). A
post hoc multiple comparison test, the Scheffé procedure,
was utilized when appropriate. In addition, Pearson Product
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Moment correlational analysis was also performed on
certain parameters to examine for possible association.

Results

The overview of the results fo. all the dependent vari-
ables clearly illustrates the effect of endurance training on
this group of subjects (see Tables 3.1 to 3.4). All the
dependent variables, with the exception 0. maximal heart
rate, were significantly differcnt when comparing the pre to
post-traini:.g values (p<0.05). That 1is, the time constants
for oxygen uptake transitions at all three work levels (WLI,
WL2, and WL3) were faster, the lactate concentrations were
reduced, VOmax increased, VT increased, and 40k time
trial performance improved. When comparing the pre to
mid-training values, an identical significant response in the
dependent variables (excluding maximal heart rate) was
also observed (p<0.05).

However, with regard to the comparison between the
mid and post-training values, the WL1 oxygen Kkinetics
transition decrease, reduction in lactate concentration at
WL2 and WL3, and VT improvement were the only ob-
servable changes from a statistically significant standpoint
(p<0.05). In general, however, all dependent variables, with
the exception of maximal heart rate and VO,max, demon-
strated a trend associated with improvzd performance over
the entire course of training.

The steady state heart rate responses at the end of the
unloaded cycling phase and each submaximal work load are
presented in Table 3.5. Analysis of variance clearly
revealed significant differences between the pre and mid-
training, and pre and post-training values for all four work
conditions (p<0.05). In a similar fashion, oxygen uptake
steady state values for the four work loads are shown in
Table 3.6, with ANOVA revealing significant differences for
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the pre vs mid ani nre vs post-training WL2, and the pre
vs post WL3 condition.

Discussion

The results of this study are in general agreement with
the wealth of information regarding the effects of en-
durance training on humans. That is, an increase in
VO,max and VT, a reduction in heart rate and blood lactate
accumulation at given submaximal work loads, and an
improvement in sports performance (as determined by the
40k time trial) were seen to occur over the course of the
training period (p<0.05).

A significant improvement in VOmax took place
during the first four weeks of training, after which time
aerobic power effectively remained constant, whereas the
measure of VT (established during the VO,max cycle tests)
improved significantly after both training periods.
Expressed in terms of power output (watts; W), the mean
VTs for the pre, mid, and post-training observations were
188W (SD%40), 219W (SDz41), and 239W (SD%41) respec-
tively. Although the VT is highly controversial in terms of
existence, cause, and measurement, it is often used by re-
searchers as a reflection of the ‘'lactate threshold' (or
'lactate turnpoint’; Noakes, 1991) and, therefore, as a pos-
sible indicator of endurance performance (Beaver,
Wasserman, & Whipp, 1986; Powers & Howley, 1994).
These values illustrate that the highest workload (WL3) was
quite rigorous for these subjects and this indicates why the
blood lactate values were noticeably elevated throughout
the course of the study for WL3.

The blood samples collected during the transient oxy-
gen uptake protocol reveal a trend of reduced lactate for the
study as a whole. Blood lactate accumulation level during
unloaded cycling was not significantly altered, possibly due
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to a lack of sensitivity at such a low work load to determine

if any change had actually taken place. This explanation
may also apply to the lactate values for WL1 that did show a
significant reduction for the pre vs mid and pre vs post
periods, but not for the mid vs post conditicn. The blood
lactate concentrations for the two higher work loads (WL2
and WL3) were significantly reduced after both training
periods, theieby reflecting the changes in VT and further
suggesting some link between the two systems. Overall,
these observations support previous investigations
reporting increases in anaerobic thresh«'d (lactate and, or,
ventilatory) without parallel changes i, VO,max (Denis et
al, 1982; Henritz et al, 1985; Korht et al, 1989), as well as
the documented reduction in blood lactate at the same
absolute and relative submaximal work rates after aerobic
training (Winder, Hickson, Hagberg, Ehsani, & McLane,
1979; Hagberg, Hickson, Ehsani, & Holloszy. 1980).

The slight differences in steady state VO, shown ir
Table 3.6 (also Appendix B), although of statisticat
significance in three cases, are not of particular concern to
the author. This is because such small changes (3-4%) may
easily be attributed to changes in the subjects' efficiency
over the course of the training period, rather than due to
some other systematic manifestation.

The oxygen uptake kinetics demonstrated a clear trend
of reduction in the respective time constants for each work
transitior cross all conditions (pre vs mid vs post).
However. «nly the WL1 transition exhibited statistically
significant <.fferences between the pre, mid, and post-
training periods. This occurence may be due to the large
degree of subject variance for the higher two work loads,
which serves to mask any conclusive findings for these
transiticns. The WLI1 transition results for the mid vs post-
training condition, together with the trend of faster time
constants for the higher work loads, suggest an
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improvement in oxygen uptake kinetics despite a plateauing
of VO;max. These oxygen uptake kinetics results may well
be viewed as an indication of continued adaptation to the
endurance training being undertaken in the mid to post-
training period. The question that must »e addressed
concerns the aspect of how and why the .me constants
continue to decline despiie constant aerobic power vaiues
There are a number of plausible explanatic:is for this
occurrence.

First of all, it should be realized that the training
program itself may not have been of sufficient intensity,
particularly during the second half of the training block, to
bring about continued and optimal improvement in
VO,max. That is, the post-training VO,max cannot be
viewed as a true genetic 'ceiling' value and, therefore, the
plateau seen in VO, betwesn mid and post-training is
artificial in the sense of potential physiological adaptation.
Second, a number of factors concerned with the
cardiovascular and respiratory systems may enhance
oxygen transport without impacting upon VO;max
necessarily, and these include increases in plasma volume
and total hemoglobin (Kanstrup & Ekblom, 1984), and a
more effective blood flow distribution to active muscle and
an enhanced arteriovenous oxygen difference (Blomgqvist,
1983). It is also clearly realized that endurance training
brings about marked changes in autonomic fuction such
that sinus bradycardia is evident at rest, coupled with
reduced heart rate at any absolute level of submaximal
exercise (Grucza et al., 1989). This bradycardia is probably
due to an increased parasympathetic activity which still
exerts a considerable influence during low work levels. At
the onset of exercise this parasympathetic activity may
then experience rapid inhibition and increasing J-
adrenergic stimulation resulting in faster heart rate Kkinetics
and a profound effect upon the acceleration in cardiac
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output. Grucza et al.,, (1989) reported significantly faster
kinetics of minute ventilation and cardiac output in subjects
with higher VO,max scores, although at the preser time
the mechanism of this response remains unclear. The
declining submaximal heart rate responses in this
investigation (see Table 3.5 and Appendix B) lend support to
this view of central adaptation contributing to enhanced
cardiorespiratory kinetics, inclusive of the oxygen uptake
responses.

A number of studies have shown that myoglobin, a
protein in muscle that significantly aids the diffusion of
oxygen from the capillary to the mitochondria, is increased
substantially by endurance training (Hickson, 1981). This
aspect, coupled with an accelerated minute ventilation and
cardiac output, could certainly facilitate faster oxygen
uptake kinetics within the time frame of this study.

Holloszy (1967) initially demonstrated the now well-
documentcd finding that endurance training brirgs about
an increase in muscle oxidative enzyme activity, and that
this increase would also lead to lower concentrations of
metabolic regulators (i.e., adenosine diphosphate, ADP, and
inorganic phosphate, Pi) at given submaximal work loads
(Holloszy, 1967; Gollnick & Saltin, 1982). Essentially, after
endurance training, a smaller change in substrate concen-
tration (ADP) is required to maintain an established flux
through the aerobic pathways (Gollnick & Saltin, 1982;
Holloszy & Coyle, 1984).

However, although cnhanced oxidative enzyme activ-
ity may aid the rate of oxygen utilization, Walsh (1992)
suggests that it 'may be more appropriate to view faster
oxygen kinetics after training as a reduction in diffusion
distance' between the blood, the mitochondria, and the
myofibrils. The model of Wagner (1991; after Cerretelli and
Di Prampero, 1987) regarding VO, would support this no-
tion. Additonally, the well-established concept of increased
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capillary density in trained muscle (Hermansen &
Wachtlova, 1971; Andersen, 1975) facilitates the oxidative
processes by aiding oxygen delivery to the working site,
although the extended time course for such adaptation
precludes a significant contribution in this instance (Ingjer,
1979). As regards the kinetics of oxygen uptake at the
onset of work, the increased sensitivity to ADP
¢concentration results in an earlier activation of oxidative
phosphorylation at the expense of glycolysis. According to
Walsh (1992), this could mean a 'major reduction' in the
size of the oxygen deficit, and, therefore a smaller (faster)

VO, tau (T) as illustrated by the equation:
T=0, deficit/ AVO,(ss)

This concept results in a faster transition of oxygen uptake
from the initial level to the new steady state, as well as re-
duced lactate and hydrogen ion (H+) formation. Therefore,
this description is tentatively supported bty the findings of

this study, as evidenced by faster T values, reduced lactate

accumulation, and increased VT. In reality, however, since
this investigation did not involve itself with highly invasive
procedures, these theoretical concepts cannot be
substantiated at this point.

The correlation analyses performed upon completion of
trainin, are presented in Tables 3.7, 3.8 and 3.9. It can be
seen that VO-max, as an absolute measure (I-min-1),
correlated highly with both measures for VT (W and VO,),
is well as with the 40k time trial parameters (performance
time and average VO). In keeping with this trend, the
association between the measured VT and 40k markers was
also strong. As regards the oxygen uptake response, this
investigation did not find the marked negative correlation
between the transictat response and VOmax previously
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reported by Powers et al. (1985) and Norris (1987).
However, in this investigation a negative directional
assoc’ition overall for the VO,/oxygen uptake response
inter.. on was found.

In summary, the use of submaximal oxygen uptake ki-
netics, aralyzed using appropriate methodology, seems to
offer exercise physiologists an additional and relatively
sensitive parameter with which to monitor endurance
training adapt~*’~n, although it should be realized that the
time constant oxygen uptake is a 'whole body measure'
evalusred at . inouth. Therefore, in the absence of other
invasive procedures designed to examine processes
occurring within the exercising athlete, it is inappropriate to
assign a specific definition to the parameter at this time.
Walsh's (1992) comment concerning an integration
between central and peripheral components in the
resulting oxygen uptake kinetics encompasses the concept
as a whole. This notion allows for plasticity within the
system, both in terms of magnitude and time course of
adaptation, such that as one facet approaches a physiological
ceiling, another component continues the process to some
degree.

Finally, it may be stated that further investigation of
gas exchange dynamics and adaptation to endurance
training is required, pairticularly in terms of establishing
mechanistic links with in vivo processcs, before a definitive
statement can be made concerning a role for oxygen uptake
responses in the routine monitoring of athletes.



Table 3.1. Physical characteristics of the subjects.
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Subject Age Height Weight Sex
yr cm kg M/F
1 21 182.5 83.7 M
2 21 175.9 72.9 M
3 21 177.2 74.1 M
4 2i 190.3 87.1 M
5 25 177.6 64.8 M
6 18 168.7 58.2 M
7 23 154.9 56.2 F
8 23 177.5 64.3 M
9 28 188.5 84.1 M
10 28 176.7 68.9 M
11 24 174.5 71.6 M
12 29 177.1 69.9 M
13 21 165.1 57.4 F
14 18 187.9 75.6 M
15 19 180.1 77.6 M
16 22 179.5 64.1 M
MEAN 23 177.1 70.7
+SD 3 8.9 9.6
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TRAINING PERIOD

PRE MID POST
WEEK -4-3-2-1 12345 6789
VO,;max. . o o . .
Transient . e o . .
40k TT . o o . .

* = Test probe/data collection

Design Summary: 01 02 03 X 04 X 05

Figure 3.1. Schematic of testing sequence and design.
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Figure 3.2 . Schematic of transient oxygen uptake protocol
for the male subjects.
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Table 3.2. Mean (+ SD) values of basic descriptive results

(Pre/Mid/Post).

Mean Pre  SD4: Mid Post
VO.max (I'min-!) 4.0ab 0.2 4.2, 4.2
+SD 0.6 0.2 0.6 0.6
VO:max (ml-kg-!'min-!) 56.84b 2.3 59.9. 60.8x»
+SD 6.6 1.8 7.0 6.9
HRmax (b'min-!) 197 3 195 195
+SD 5 1 6 6
VT (w) 188ab 13 219, 239h
+SD 40 13 41 41
VT (imin-1) 2.6ab 0.1 3.0u 3.2n
+SD 0.5 0.1 0.5 0.5
40k TT (s) 4658.0ab 147.3 4336.2.  4268.0v
+SD 400.3 89.1 351.1 332.1

NB: Paired !ztters denote significant difference (p<0.05)
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Table 3.5. Mean (+SD) heart rates from transient protocol

(b-min-1).

Work Load

UNL WL 1 WL 2

Mean *SD Mean +SD Mean

WL 3

+SD  Mean *SD

Pre Mean 10lap 5 126ab 4 160ab

+SD 11 14 19

Mid Mean Ola 3 1152 4 147
+SD 9 11 16

Post Mean  95b 4 117v 4 147
+SD 9 12 18

185ab 4

11

174a
12

174b
14

NB: Paired letters denote significant difference (p<0.05).
Pre condition had three separate testing occasions.
See Appendix B for individual subject data.



Table 3.6. Mean (£SD) oxygen uptake

6l

from transient
protocol {ml-min-!).
Work Load
UNL WL 1 WL 2 WL 3
Mean SD Mean SD Mean +SD Mean *SD
Pre Mean 951 38 1747 54 2699 152  3563. 192
+SD §0 144 266 397
Mid Mean 952 49 1711 38 2617 3461
+SD 90 118 231 362
Post Mean 971 S0 1716 45 25820 34064
+SD 108 119 247 378

NB: Paired letters denote significant difference (p<0.05).
Pre condition had three separate testing occasions.
See Appendix B for individual subject data.
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CHAPTER FCUR

THE PHARMACEUTICAL INTERVENTION
STUDY:

THE EFFECT OF SALBUTAMOL
ON PERFORMANCE IN

ENDURANCE CYCLISTS

A version of this chapter was presented at the
Canadian Society of Exercise Physiology conference
in Hamilton, Ontario, in October 1994,



Introduction

The participation of asthmatic individuals in high per-
formance sport has been growing steadily in recent years,
and it has been estimated that about 10% of the athletic
population are afflicted by exercise-induced asthma (EIA)
or exercise-induced bronchospasm (EIB) (Voy, 1984).
Additionally, regular evercise is now an accepted part of the
management of asthma (Morton & Fitch, 1992). However.
because of possible performance enhancing effects, many
anti-asthmatic medications are not permitted by the gov-
erning bodies of many sport disciplines, in particular the
International Olympic Committee (IOC). One of the cur-
rently acceptable anti-asthmatic drugs is Salbutamol
(Albuterol) which some investigators have reported as
having performance enhancing properties (Bedi, Gong, &
Horvath, 1988; Signorile, Kaplan, Applegate, & Perry,
1991), while others have refuted this possibility
(Meeuwisse, Hopkins, & McKenzie, 1991; Morton, Papalia, &
Fitch, 1991; Meeuwisse, McKenzie, Hopkins, & Road, 1992;
Morton, Papalia, & Fitch, 1993). This potential to aid per-
formance, plus the known improvements for asthmatic
athletes, has led to concern that some non-asthmatic ath-
letes are utilizing Salbutamol prior to competition.

Salbutamol is a P7-selective adrenoceptor agonist with
relatively 'long-acting' cnaracteristics, mintmal fj-receptor
effects, and little stimulation of a-adrenoceptors (Price &
Clisscld, 1989), resulting in bronchodilatory, cardiovascu-
lar, uterine, and metabolic effects in humans (Lalos &
Joelsson, 1981; Wager, Fredholm, Lunell, & Persson, 1982;
Fowler, Timmis, Crick, Vincent, & Chamberlain, 1982;
Corea, Bentivoglio, Verdecchia, Motolese, & Sorbini, 1934,
Rolf Smithi & Kendall, 1984; Mettauer, Rouleau, & Burgess,
1985). However, beyond the pulmonary level, usual ther-
apeutic doses (=200pg) do not normally produce significant
responses in healthy subjects, although dose-related re-
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sponscs are widely reported particularly when the agent is
administered by nebulised spray. orally. or parenterally
(Lalos & Joelsson, 1981:; Corea et al., 1984; Rolf Smith &
Kendall, 1984; Rolf Smith, Ryder, Kendall, & Hodall, 1984.
Huupponen & Pihlajamiiki, 1986; Price & Clissold, 1989).

In addition, Martin, Soubrie, and Simon (1986) ob-
served a noticeable antidepressant effect, possibly mediated
through a serotonergic link, after Salbutamol adminisira-
tion. Variations in brain serotonin concentrations are
thought to be linked to behaviour with euphoria, inhibition
of the transmission of pain, and circadian rhythm regula-
tion all having been reported (Ganong, 1991).

Theoretically, Salbutamol appears to have a number of
possible avenues through which to positively affect human
performance. This alone warrants the continued interest in
this particular medication. To date, most studies examining
ergogenic effects of Salbutamol in humans have focused on
normal therapeutic dose levels -~ 7 <omewhat gross mea-
sures of performance (e.5., maxime  iJc. . Wer).

The investigation of oxygen uptiwke kinetics may, how-
ever, provide an important additional dimension in the ex-
amination of the effects of Salbutamol. Such measures re-
veal the vate of response, as well as the magnitude, to a
given stimuli. The use of a laboratory-based cycle time trial,
with previously established reliability (reliability estimate =
0.83), contributes the dimension of examining sport specific
performance to the study. Therefore, the purpose of this
investigation was to examine the eifect of a higher than
normal dosage of Salbutamol upon :ctected physiological
tests of aerohic endurance performance and sport specific
performance, with special emphasis on submaximal oxygen
uptake kinetics, in a group of non-asthmatic endurance
trained cyclists.
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Materials and Methods

Subjects and research design.

Fifteen previously trained male cyclists (Tabie 4.1;
were selectively recruited for this investigation. The 1nitial
screening procedure for this project included a medical ex-
amination carried out by a qualified physician and a 'non-
asthmatic' diagnosis. All interaction with the subjects fol-
lowed the guidelines for research with human subjects at
the University of Alberta, including appropriate ethics ap-
proval and writien informed consent. A double-blind, ran-
domized cross-over design was used with Salbutamol (S) or
a placebo (P) being administered as required by a prede-
termined code sequence unknown to the subjects and pri-
mary researchers involved.

Habituation, screening, and test sequence.

The subjects were habituated to all the experimental
protocols in the week prior to starting the actual investiga-
tion. This habituation period included an initial VT/VO;max
cycle ergometer test, a submaximal transient oxygen up-
take protocol, pulmonary function testing, a 20 kilometre
cycle time trial, and a 60 second power test. The initial
dosage of Salbutamol was administered under the supervi-
sion of a physician and the subjects became familiar with
using a Vent-a-haler® spacer device. This device reduces
the normal learning effect associaied with inhaler use and
brings about optimal delivery of the pha..naceutical com-
pound. During the habituation period, the subjects also un-
derwent a medical examination, and performed a
Methacholine bronchial provocation test to determine the
degree of airway responsiveness and, hence, the absence of
asthma (see Appendix B). The results of the bronchial
provocation test classified aii 15 subjects as having a normal
level of airway sensitivity. This was determined by the fact
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that FEV1 values did not fall by 20% (or more) even at the
highest methacholine conceutration of 16mg-m!-1,

Upon satisfactory completion of the habituation tasks,
subjects then performed the four basic tests under each
condition (P or S) over a two week period. That 1s, one test
per day, with at least 24 hours between tests, until all eight
test sessions were complete. The tests followed the same se-
quence as in the habituation period, with the experimental
condition being randomized for each test. The dosing
schedule for each testing session consisted of four puffs (one
puff = 100ug) from a previously coded metered-dose in-
haler containing either P or S. [Initially. two puffs were ad-
ministered, followed by two more after a five minute la-
tency period. Twenty minutes after the first inhalation the
particular test in quec:ion was undertaken.  This dosing
schednle aliowed - '*.o:ent time for the pharmacsutical
agent to take effect.

Experimental protocols.

The VT/VO,max test was performed on a cycle er-
gometer (Monark 818E) using two minute lo:ding stages
with power output increments of 40 watts, unul ventilatory
threshold (VT) was surpassed, after which one minute
stages were applied until VO;max was attained. Ventilatory
threshold (VT) was determined by visuel inspection of the
data after each VT/VO;max test using the 'Mechanism II'
method of Wasserman, Beaver, and Whipp (1990). This
method requires a group of responses to occur simultane-
ously for VT estimation to be made. That is, a systematic
increase in the ventilatory equivalent for Oy (as compared
to previously falling or constant values) at a time when the
ventilatory equivalent for CO2 is not rising. A previousiy
calibrated SensorMedics 2900z metabolic measurement
system, operating in mixing chamber mode (20 second time
averages) and connected to each subject by a Rudolph
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mouthpiece assembly (“eries 2700), was used to collect gas
exchange information. This system measured expired flow
levels and gas concentrations for oxygen and carbon dioxide
as the basis for the required volume calcuiations ( VO2STPD,
VCO,sTPD, and VERTPS). All calculated values were dis-
played on a computer screen and printed in hard copy in
real time, as well as being saved to the computer hard drive.
Additionally, heart rate was monitored via the R-R interval
of the electrocardiogram (ECG) using a Hewlett-Packard
heart rate monito- (model 43200A).

At key times during each VO,max testing session, a
SensorMedics 2450 pulmonary function laboratory was
used to measure the forced vital capacity (FVC) and forced
expiratcry volume in one second (FEVi). The highest vol-
ume was recorded from three trials in the seated position.
An initial baseline test was performed as soon as each sub-
ject arrived in the laboratory, followed by the inhalation (as
previously described) of P or S. and a second test some
twenty minutes later, just prior to the VO,max exercise.
These pulmonary function tests were then repeated twice
more, one five minutes after the completion of the VO,max
task, and a final one fifteen minutes later, in a similar man-
ner to Meeuwisse et al., {1990).

The transient oxygen uptake protocol consisted of
three equal ascending transitions in power output from
unloaded cycling to a workload approximately equivalent to
90% of the subject's ventilatory threshold (VT), based upon
the subject's initial vT/VO,max test. Each phase (initial
steady state, transition, and 1ecovery) lasted for three
minutes and was bascJ upon previous experimental experi-
ence in this laboratory of the expected time constants for
this ievel of work load. These transitions were performed on
a Monark 814E cycle ergometer equipped with a drop bas-
ket resistance loading system. Gas exchange data was col-
lected using the SensorMedics 2900z system operating in
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breath-by-breath mode and, again. heart rates were moni-
tored using the Hewlett-Packard 43200A.

The 20k time trials were performed on a purpose-built
computerized cycle roller system that allowed the subjects
to use their own racing bicycle. A front fork stand was used
to optimize stability. The subjects 'raced’ the 20k from a
stationary start and were given both visual and auditory
feedback concerning distance covered, but were not pro-
vided with precise split or cumulative performance time
until completion of the study.

The 60 second supramaximal cycling sprint test was
basically an extended Wingate test with the work load set to
the subject's body mass multipiied by a constant of 0.075.
This test was performed on a highly modified Monark cycle
ergometer cquipped with a computerized data colleciion
system that calculated absolute and relative values of work
done (Joules) and power (Watts) generated through each
five second phase.

The analysis of the transient oxygen uptake data in-
volved time averaging the oxygen consumption values over
10 second periods for each transition. These valaes were
then described via a first order (single exponential) model
as shown below:

AVOZ(I) = AVOsz . (i — e"(l"'TD)/T )

Where A reflects the increment above the previous
steady state level (i.e., unloaded to loaded cycling), and ss
represents the steady state or asymptotic value. TD repre-
scnts the time delay parameter and allows a 'best fit' line
(via nonlinear least squares) to be calculated such that the
time constant (T) of the response can be established with-
out artificially constraining the regression to pass through
the origin. A mean T was then produced from each of the
separate trial occasions.



78

All dependent variables were subjected to a one-way

ANOVA with repeated measures, or two-way factorial

ANOVA for the experimental conditions, (o set a priori at

0.05), dependent upon the requirements of the analysis. A

post hoc multiple comparison test, the Scheffé procedure,
was utilized when appropriate.

Results

Tables 4.2 and 4.3 summarize the overall results of
the performance me:sures (physiological and, or, sport
specific) evaluated in his study. No significant differences
were observed betweeu the two experimental conditions (P
or S) for these measurec; (p>0.05). Figure 4.1 illustrates the
grouped average submaximal oxygen uptake kinetics for the
P versus S conditions (mean and standard deviation for
each data point). Figure 4.2 shows a scatterplot of the 20k
time trial results comparing the two experimental condi-
tions.

The pulmonary function data measured during the
VO,max tests is shown in Table 4.4. This information re-
veals that the change in FEV] pre- apd post-medica-
tion/pre-VO,max was significantly lower for the S condition
(p<0.05), but not for P. The baseline FEV} ior S was signifi-
cantly lower from the two post-exercise values, and the
post-medication/pre-VO,max figure was also significantly
lower than the five minute post-exercise FEV1 (p<0.05). As
regards the FVC under the S condition, only the baseline
value (5.97+0.85) and the 20 minute post-exercise value
(6.13+0.82) diffcred significantly (p<0.C5). There were no
observable significant differences in either FVC or FEV) for
the P condition, and overall, there was no difference
between the P and S procedures (p>0.05).
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Discussion

The results of this investigation clearly demonst te
that the acute dosage of Salbutamol administered had no
influence on the selected performance variables. In
essence, the dependent variables measured (VO ax, sub-
maximal oxygen uptake kinetics, 20k time trial, and power
output during a 60 second supramaximal sprint test) re-
sulted in P versus S values remarkable by their consistency
rather than by any prior hypothesized differences. The
unique analysis of oxygen uptake kinetics in this investiga-
tion further strengthens the argument that Salbutamol
does not exhibit any performance enhancing effects at low
acute dosages (<400pg). This stance can be taken, not only
because the oxygen uptake time constant 1s another pa-
rameter through which to examine possible performance
effects, but because it views the problem from another di-
mension than purely one of VO,. That is, the time constant
provides information regarding the rate of change of the
organism in response to the given stimulus, and that this
response time is due to the coordinated action of both cen-
tral and peripheral oxygen-focused mechansims. The fact
that, in this investigation, no differences were observed
between the P and S conditions suggests that these oxygen-
focused mechanisms were not altered to any significant de-
gree. '

The changes in FEV) after Salbutamol inhalation are of
similar proportion to those reported in earlier studies (Bedi
et al., 1988; Mecuwisse et al., 1991; Morton =t al., 1991,
Meeuwisse et al., 1992: Morton et al., 1993), and, although
of statistical sigunificance, are not in themselves of ‘clinical
signficance' (Meeuwisse et al.,, 1992). Frevious work has
established the variability of FEV] measures as ranging
from 3-5%, and that a change of 10-15% is required to es-
tablish that random test wvariability is not responsible
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(Cochrane, Prieto, & Clarke, 1977; Meeuwisse et al., 1992).

Therefore, this study is in agreement with the general
findings of Meeuwisse et al., (1991), Morton et al., (1991),
Meeuwisse et al., (1992;), and Morton et al., (1993).

Although it would be tempting to speculate that the
scatterplot of the 20k time trial results (Figure 4.2) suggests
a trend towards performance improvement Wwith
Salbutamol, the reality is that no significant differences
were observed between the performances (p>0.05).
However, the theoretical avenues through which
Salbutamol has the potential for enhanced athletic perfor-
mance are not limited to purely respiratory mechanisms,
and it should not be forgotten that pharmacological studies
clear.y illustrate dose related responses (Price & Clissold,
1989). Therefore, despite the support for a nonergogenic
argument for Salbutamol, based upon respiratory mea-
sures and performance results after relatively low acute
dosages, this author cautions against the dismissal of a posi-
tive performance effect until further research has conclu-
sively examined the nonrespiratory factors and at suitable
levels of administration (i.e., higher dosages and over longer
time periods).
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Subject Age  Height  Weight VO;max VO-max
L yr cm kg I-min-! ml-kg-l-min-!
J 25 165 58.5 4.5 76 1
2 20 183 76.0 5.3 69.4
3 26 178 64.7 4.1 63.0
4 20 189 72.2 5.1 70.7
5 24 192 72.6 4.1 56.9
6 24 182 64.3 39 61.4
7 25 165 68.7 4.3 62.7
8 23 175 72.5 53 73.1
9 22 176 65.8 4.1 62.5
10 32 187 77.3 4.6 60.1
11 24 172 89.3 4.9 54.5
12 19 169 70.5 4.8 68.4
13 25 175 723 4.2 58.2
14 36 166 755 4.2 55.1
15 25 176 73.9 4.3 58.7
MEAN 25 177 71.6 4.5 63.4
+SD 4 9 7.1 0.5 6.7
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Table 4.2. Mean (xSD) performance data for placebo and
Salbutamol conditions in endurance cyclists (n=15).

Condition
Variable Placebo Salbutamol
Mean +SD Mean +=SD
VOomax:
]-min-1 4.5 04 4.5 04
mi-kg-1-min-1 63.6 6.7 63.1 6.2
60s Power Test:
Peak power (W) 798 79 803 70
Mean power (W) 534 41 529 40
Lowest power (W) 379 55 369 49
% Decline 52 9 54 9
20k TT:
Time (min) 35.02 3.11 34.82 2.%6

NB: No significant differances found beiween P and S (p>0.05)
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Table 4.3. Mean (£SD) submaximal oxygen uptake protocol
results; time constants, time delays, and goodness of fit in-

formation (n=195).

Variable Placebo Salbutamol
Mean +SD Mean 13D
O2 kinetics:
Time constant (s) 28.8 1.6 29.0 1.3
Time delay (s) 9.8 0.9 10.6 0.8
F value 57174 8256
RSS 0.0649 0.0459
VO, (I'min-1y:
SS work 2.869 0.425 2942 0.369
SS unloaded 1.192 0..12 1.308 0.158
AVO- 1.677 0.395 1.634 0.347

NB: No significant differences found between P and S (p>0.05)

RSS =residual sum ¢~
SS = steady stat:
A (delta) = ¢t

ap:on from unloaded to loaded cycling



84

3.5
3.
c
o~
2 2
§_ .22.5
S 5,
S &
=
6 —
1.5 O Placcebho
) ® Salbutamol
1-

0 20 40 60 80 100 120 140 160 180 200
Time (s)

Figure 4.1. Mean (£SD) submaximal oxygen uptake kinetics

for placebo and Salbutamol conditions in endurance cyclists
(n=15).
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Table 4.4. Mean (xSD) pulmonary function data for placebo
and Saibutamol conditions before and aiter VO.max tests
for endurance cyclists (n=15).

Condition
Variable Placebo Salbutamol
Mean +SD Mean +SD
FEV (litres)
Pre-test/pre-med 5.08 0.65 5.06abc 0.73
Pre-test/post-med 5.10 0.67 5.73ad 0.69
5 min post test 5.19 0.69 5.38hd 0.73
20 min post test 5.24 0.73 5.36¢ 0.72
FVC (litres)
Pre-test/pre-med 5.98 0.79 5.97a 0.85
Pre-test/post-med 5.99 0.79 6.00 0.81
5 min puost test 6.04 0.81 6.04 0.80
20 min post test 6.02 0.79 6.13a 0.82

NB: Small letters denote paired significant difference (p<0.05)
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Generzl Discussion

Introduction.

The fundamental impetus of this investigative route
has been the belief that gas exchange kinetics may have a
possible role to play in the applied scenario of elite human
performance and adaptation to specific training influences.
Incentive has been provided by the constantly growing
research literature examining the underlying theories
concerning gas exchange kinetics. This expanding scientific
knowledge has provided a great deal to the framework of
this thesis, from core concepts to tentative links with other
allied mechanisms, and from methodological suggestions
through to future research topics. However, the prime mo-
tive for pursuing the use of oxygen uptake kinetics has been
the thought that this parameter seemingly had the poten-
tial to be a sensitive indicator of aerobic endurance training.
The underlying reasoning behind this personal hypothesis
centres around the fact that the oxygen uptake response
has both a quantitative and qualitative aspect. That is, al-
though a specific oxygen uptake response is linked to an in-
crease (or decrease) in oxygen consumption (i.e., a quanti-
tative component), it actually measures in time the effi-
ciency of the system to respond to a given stimulus (i.e., a
qualitative component). However, to temper this
enthusiasm, it should be realized that investigation of gas
exchange Kkinetics requires expensive, laboratory based
equipment, as well as specifically designed protocols centred
around standard (and, therfore, limited) ergometers.

These studies have demonstrated three fundamental
aspects.  First, the oxygen uptake response to a step in-
crease in work load (VO,on) may be evaluated reliably us-
ing the methodologies adopted. Second, the VO,0on response
improves (quickens) with aerobic enduiance training,
probably due to a combination uof central and peripheral
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adaptation.  Third, the administration of Salbutamol at the
dosage given in the final study does not result in faster
VO,on responses or significant improvements in VO.max,
20k time trial performance, and anaerobic power.

Methodclogy and reliability.

The initial study concerned the ability to measure
oxygen uptake kinetics reliably using the adopted protecols
and equipment available. The planning, execution, and re-
view of the reliability study emphasized tl: need for a
sound methodological approach when attemypting to mea-
sure submaximal gas exchange kinetics. Since there is an
inherent variability in human breath-by-breath re-
sponses, the number of exercise transitions required to
result in reliable data should not be overlooked (Lamarra,
Whipp, Ward, & Wasserman, 1987). In the studies pre-
sented here, the core exercise transition was always per-
formed three times in succession, with a reasonable level of
success (see aforementioned reliablity estimate). However,
it is the view of this author that three transitions is the
minimum number of repeats required to obtain meaningful
data and, where possible, the addition of further transients
would only enhance the resulting data.  The test en-
vironment is one key area where the researcher is able to
exert a high level of control and steps should be taken to re-
duce all forms of distraction for the subject since any dis-
turbance has the potential to influence the outcome of a
particular submaximal transient cxercise. As well, sufficient
time needs to be aliowed for subject habituation to the spe-
cific tasks required.

The reliability study (Chapter Two) yielded an intra-
class coefficient (reliability estimate) of 0.9 (o = 0.05) for
the time constant values collated during this preiiminary
investigation. This demonstrated an adequate level of reli-
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ability and provided confidence for the continued investi-
gation of oxygen uptake kinetics.

The investigative design for the training study
(Chapter Three) was shaped to a large degree by certain
technological limitations of the SensorMedics /©¢00z
metabolic measurement system and the small diarcster
Perma-Pure® tubing used in the breath-by-bresth anal-
ysis. Previous experience and pilot work had identiii-o vaat

the window of usable *~°  with the Perma-Pure® cabing
was limited and that ’ :d approximately 35 minutes of
~ntinua! use the data . .cted could be suspect. Therefore,

the design of the transient protocol for the training study
called for three repeat transitions to the first step load (the
core transient; WL1), which only left time for one transition
cach to the second and third work levels (WL2 and WL3),
plus blood collection, before the usefulness of the tubing was
exhausted. The rationale at the time for adopting this
protocol was twofold. First, it was thought that the
transitions at this level of intensity would result in breath-
by-breath responses driven to a large degree by the
underlying physiological mechanisms with a reduced
contribution from the noise component. Second, the author
had expected a greater degree of adaptation to the higher
two work intensities. In hindsight, this was a rather niive
rationale since the noise component essentially remained
constant with the underlying signal, probably due to 'the
level of work intersity demanded at the higher two loads, in
particular WL3.

The use of absolute loading levels in the training study
was an attempt to provide a level of sport performance re-
alism, however, this meant that the subjects expericnced
different relative work intensities. At the pre-tiaining
stage, the two higher exercise intensities were beyond the
submaximal, sub-anaerobic threshold capabilities of the
group as a whole, although some individuals were able to
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cope adequately. This situation improved with training,
however, even at the completion of the study the group
was unable to cope with WL3 level effectively. Tables 3.3
and 3.4 provide the time constant and goodness of fit data,
and blood lactate accumulation values respectively for the
training study. This information illustrates that the group
was working at an intensity beyond the region initially
intended by the author for examination.

This occurence led the author to consider more exten-
sively the impact of absolute vs relative loading protocols in
the area of gas exchange kinetics. The loading protocol tor
the third study (the Salbutamol investigation), a work load
approximately equivalent to 90% of VT, was deliberately
designed to achieve three criteria. First, it was set at a rela-
tive intensity. Second, the intensity was submaximal and
sub-anaerobic threshold, and third, it allowed for the near
maximization of the change in VO, (AVO,;) from an unloaded
cycling to sub-anaerobic threshold level. This third aspect
1s more important than it might at first appear, since, by
ensuring as large an increase in work intensity as possible,
it allows the greatest potential for detecting any differences
in kinetic behaviour. An aspect of note is that the author
found only one reference concerning the investigation of
gas exchange kinetics with regard to absolute vs relative
work loads during the literature search stage of this disser-
tation (Grucza et al., 1989). This would appear to be an
oversight by researchers in the area, and the
recommendation has to be made that this aspect should be
examined more extensively in the near future.

Adaptation to training.

The second question examined the suggestion that
VO,on responses have a role to play in the routine
monitoring of high performance endurance trained
athletes.  The results ftom the training study (Chapter
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Three) would suggest that VO,on data may provide
information regarding continued adaptation to training. In
addition, this information was gathered submaximaliy and
in a non-invasive, minimally intrusive manner which has
obvious attractions for elite athletes in training and, or,

near competition. However, this investigation has not
clarified any further the definition of the oxygen uptake
transient response from a mechanistic standpoint. It is

likely that this whole body measure is underscored by the
interaction of a myriad of competing and cooperating
subsystems, and that the intervention of endurance
training over an extended period of time may cause subtle
changes in the intercourse of these components.  This
underlying mesh of complex mechanisms may be an
explanation for the differences in correlational analysis
between VO,on time constants and VO,max, particularly
when different subject groups have been involved (Powers
et al., 1985; Lake et al. 1986; Norris, 1987).

The training study found significant improvements
(i.e., changes that would enhance endurance performance)
over the first four weeks of training for VO,max, VT, blood
lactate concentration, 40k time trial, and, of course, the
various VO,on time constants (p<0.05). These changes may
all be explained by previously documented work examining
physiological adaptation to aerobic endurance training. For
example, longitudinal studies reveal the same or slightly
decreased heart rates (Ekblom, 1969), as well as increased
stroke volumes and a-vVO, difference (Saltin, 1969). In
addition, both total hemoglobin and plasma volume increase
with endurance training which further facilitate the oxygen
delivery system (Wilkerson, Gutin, & Horvath, 1977). The
increase in a-VO, difference is thought to be mainly due to
increased capillary density in the trained muscles
(Hermansen & Wachtlova, 1971; Andersen, 1975). This
reduces the diffusion distance between the capillarie:, mito-
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chondria, and myofibrils, thereby aiding the 'diffusive con-
ductance' ability of Wagner's (1991) model of oxygen
transport efficiency.

At the subcellular level, the trained muscle exhibits a
marked increase in capacity to form ATP aerobically via
oxidative phosphorylation, accompanied by increases In
mitochondrial size and number, and oxidative enzyme
activity (Holloszy, 1967; Kiessling, Piehl, Lundquist, 1971).
The overall improvement in mitochondrial aerobic power
results in a more efficient work transition with less reliance
upon anaerobic glycolysis and a reduction in the size of the
oxygen deficit (Walsh, 1992). Therefore, a faster oxygen
uptake transition is seen, coupled with a reduced lactate
accumulation and, from an applied point of view, a l .sened
metabolic cost to the athlete. As a summary comment,
Walsh (1992) concludes that, with respect to the oxygen
uptake response to a square wave woik task, oxygen
delivery probably sets the overall parameters and
subsequently peripheral mechanisms regulate oxygen
utilization within the established guidelines.

Obviously, since it was beyond the scope of this inves-
tigation to actually record cellular and subcellular adapta-
tion directly, comments regarding adaptation can only be
made from the standpoint of conjecture supported by the
current literature base. To date, time courses of aspects
such as increased capillarization and mitochondrial changes
have not been examined in conjunction with VO, kinetics
during training. Also, research has been primarily occupied
with trzining adaptation and VO, responses with little
attentioi. having been paid to the effect of detraining or to
the kinetics of VCO,. Indeed, Wasserman (1994) remarks
that the simultaneous measurement of dynamic changes in
VO, and VCO, could provide information regarding the
relative contributions of aerobic and anaerobic metabolism
to the bioenergetics of specific exercise tasks. Therefore,
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these can be seen to be important areas for future research
concerning gas exchange dynamics.

During the second four week period of training, where
VO,max was seen to remain constant, the VO.on responses
continued to become faster. Admittedly, only the WLI
transition showed significant improvement from the
midpoint to the conclusion of training (p<0.05), however,
comment can be made to the effect that not only was the
single exponential model fit good for this level of intensity,
but also that the variance in the measure between the
subjects was smaller than for the higher two work levels.
The subject variance for the time constants of the
transitions to WL2 and WL3, together with a lesser degree
of model fit (particularly in the case of the WL3 transition),
conspired to mask the meaningfulness of the data.
However, a trend of faster oxygen uptake kinetics after
training was evident, with support for this tendency being
provided by the significant reduction in blood lactate
accumulation for the WL2 and WL3 intensities and an
improvement in VT (p<0.05).

The 40k time trial results, although faster for the mid-
point as compared to the pre-training level (p<0.05), were
not significantly improved over the last four weeks of
training (p>0.05). However, a general reduction in time
taken for the event was seen with a mean improvement of
approximately 68 seconds after the midpoint in training.

The acute study.

This investigation was designed to build upon the
strengths and reduce the weaknesses of previous studies
examining Salbutamol and performance enhancement (Bedi
et al.,, 1988; Signorile et al.,, 1991; Meeuwisse et al., 1991;
Morton et al., 1991; Meeuwisse et al., 1992; Morton et al,
1993). The measurement of VO, kinetics at the onset of ex-
ercise took the earlier research into a new area of investi-
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gation. That is, since the oxygen uptake response had been
identified as a relatively sensitive indicator of transient
adaptation to a given work task, this parameter had the
potential to provide another dimension than purely
examining VT/VOrmax. Furthermore. the use of a sport
specific endurance performance test (the 20k time trial),
with established reliability, added a valid element which the
earlier investigations had failed to acheive.

Salbutamol is reported as having influences on several
phvsiological levels (e.g., pulmonary, cardiovascular, and
muscularly) (Price and Clissold, 1989).  Although recog-
nized from the outset that the oxygen uptake response
would not be able to differentiate between physiological
levels, it was thought that if an acute response 10
Salbutamol was manifest it would be reflected in the VO
time constant. However, the effect of an acute dosage of
Salbutamol upon sub:.aximal oxygen uptake kinetics, or the
other physiological and performance markers (see Chapter
Four), was not revealed to any significant degree between
the placebo or Salbutamol conditions (p>0.05). Therefore,
the thi-d question posed may be answered by stating that
since faster oxygen uptake kinetics were not demonstrated
to occur after Salbutamol inhalation in this study, this
pharmaceutical agent does not have the potential to en-
hance physical performance with this level of dosage.
Despite these findings, the author would still not dismiss the
possibility of positive performance enhancing attributes for
Salbutamol until further investigations have examined the
nonrespiratory factors suggested in the literature and the
use of high ingestion levels over extended periods ot time.

Future research directions.

The current level of knowledge concerning both the
pure and applied aspects of gas exchange dynamics, includ-
ing the observations described in this dissertation, identifies
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the need for further investigative work.  The author,
therefore, recommends that future investigations in this
area should pursue the following:

1) more frequent testing of the gas exchange response
times during controlled training periods, in order to allow
closer examination of the time course of training adaptation;

2) examination of the interplay between absolute and
relative loading protocols (i.e., absolute work loads versus
%V0,max and, or, %VT), and their effect upon gas exchange
kinetics pre and post-training;

3) simultaneous investigation of the VO, and VCO:;
responses to specific exercise work tasks in order to examine
the ability of these measures t0 assess bioenergetic contri-
bution;

4) comparison of training adaptation in gas exchange
kinetics with those occuring at the muscular level (i.e., in-
volving invasive collaboration of the whole body measures);
and,

5) the examination of gas exchange dynamics in those
athletes engaged in specific intermittent sports where they
are required to continually move between sub- anaerobic
threshold and supra-anaerobic threshold conditions.  This
final suggestion is made because i) the vast majority of dy-
namic gas exchange research has concentrated on aerobic
endurance athletes and ii) it would seem appropriate to hy-
pothesize that efficient gas exchange transients would be
advantageous for these athletes.

Summary.

This dissertation has demonstrated that oxygen uptake
kinetics may be examined routinely in groups of athletes
during periods of training. These responses can be moni-
tored noninvasively and at submaximal, sub-anaerobic
threshold work intensities if controlled testing procedures
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are followed. In addition, gas exchange dynamics may have
the potential to serve as a sensitive overall indicator of
cardiorespiratory and muscular adaptation in high
performance endurance athletes, although this will require
further extensive investigation before such analyses
become commonplace.
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APPENDIX C

Salbutamol; brief review of relevant literature

The participation of asthmatic individuals in high per-
formance sport has been growing steadily in recent years,
and estimates of the size of the athletic population who are
afflicted by exercise-induced asthma (EIA) or exercise-in-
duced bronchospasm (EIB) fall in the area of 10% (Voy.
1984). Additionally, 'regular exercise is now an accepted
part of the management of asthma' (Morton & Fitch, 1992).
However, because of possible ergogenic effects, many anti-
asthmatic medications are not permitted by the governing
bodies of many sport disciplines, in particular the
International Olympic Committee (IOC). Of the current ac-
ceptable anti-asthmatic drugs, Salbutamol has fallen under
the suspicion of having performance enhancing effects
(Bedi, Gong, & Horvath, 1988; Signorile, Kaplan, Applegate,
& Perry, 1991), although this has been refuted by some
researchers (Meeuwisse, Hopkins, McKenzie, 1991; Morton,
Papalia, & Fitch, 1992; Meeuwisse, McKenzie, Hopkins, &
Road, 1992; Morton, Papalia, & Fitch, 1993). This possible
ability to aid performance, plus the known improvements
for asthmatic athletes, has led to concern that some non
asthmatic athletes are utilizing Salbutamol prior to compe-
tition.

Salbutamol (Albuterol) is a PB2-selective adrenoceptor
agonist with relatively 'long-acting' characteristics, minimal
B1-receptor effects, and little stimulation of a-adrenocep-
tors (Price & Clissold, 1989). Salbutamol, a saligenin
derivative, mimics the basic catechol structure of nore-
pinephrine and epinephrine, and these characteristics ac-
count for its bronchodilatory, cardiovascular, uterine, and
metabolic effects in humans. In general, the bronchial ef-
fects in healthy individuals are a pronounced dilation of the
large airways via a reduction in bronchomotor tone, as
demonstrated by standard pulmonary function testing
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(forced expired volume in one second; FEV1), and im-
provements in small airway efficiency (forced expiratory
flow between 25% and 75% of vital capacity; FEF25-
759 )(Riedel & Van der Hardt, 1986). At the cardiovascular
level, usual inhaled therapeutic doses (=200 mg) do not
normally produce significant responses in healthy subjects,
however, larger doses, particularly if administered by
nebulised spray, orally, or parenterally, do lead to increases
in heart rate (positively chronotropic) and systolic blood
pressure.  Additionally, the velocity of circumferential fibre
shortening increases (positively inotropic), although stroke
index and ejection fraction improvements are usually small
(Corea, Bentivoglio, Verdecchia, Motolese & Sorbini, 1984).
Obviously, more significant responses have been demon-
strated in unhealthy subjects (i.e., Reversible Obstructive
Airways Disease and Cardiovascular Disease)(Mettauer,
Rouleau, & Burgess, 1985; Fowler, Timmi,, Crick, Vincent, &
Chamberlain, 1982). Salbutamol is also routinely given for
pain relief from premature labour. This relief is derived
from an associated reduction in uterine tonicity
(intravenous 10mg-min-1)(Lalos & Joelsson, 1981), and, to
date, no studies have reported any effect of such action
upon the resulting child.

Salbutamol also has some marked metabolic effects,
and, as with the previously mentioned responses, these
seem to be dose-related. Plasma potassium (K+) is reduced
in both healthy and unhealthy individuals, and this has led
to the suggestion that Salbutamol be used in treating hy-
perkalemia in renal failure (Rolf Smith, Ryder, Kendall, &
Holder, 1984). The stimulation of B-adrenoceptors directly
associated with the membrane-bound enzyme Na*/K+-
ATPase on skeletal muscle is thought to be the¢ mechanistic
route for this action, rather than via the P2-adrenoceptor-
induced insulin release (Rolf Smith & Kendall, 1984). Since
the P-receptors are involved in insulin release and
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glycogenolysis, it is not surprising that there is evidence
that Salbutamol ingestion leads to increases in plasma in-
sulin and glucose levels in all individuals (Rolf Smith &
Kendall, 1984). A significant lipolytic activity induced by
Salbutamol has also been shown by marked increases in
blood levels of non-esterified fatty acid (NEFA) and high
density lipoproteir-cholesterol (HDL-cholesterol)(Wager.
Fredholm, Lunell, & Persson, 1982).

An interesting response that has been observed 1in
humans is the noticeable antidepressant effect mediated
through a possible serotonergic link and increase in activity
(Martin, Soubrie, & Simon, 1986). The serotonin-contain-
ing neurons may be found throughout the brain and, in
particular, around the midline raphe nuclei of the brain
stem,the hypothalamus, the limbic system, the neocortex,
and the spinal cord (Peroutka, 1988). Variations in brain
serotonin concentrations are thought *o be linked to be-
haviour with euphoria, inhibition of the transmission of
pain, and circadian rhythm regulation all having been re-
ported.

The mechanism of action for Salbutamol involves it re-
versibly binding with the B-adrenoceptor, causing a stimu-
latory G-protein :0 activate the enzyme adenylate cyclase.
When there is a simultaneous binding of adenosine triphos-
phate (ATP) with adenylate cyclase, ATP is converted to
3',5'-cyclic adenosine monophosphate (cAMP). Thus, cAMP
acts as the mediator ("second messenger") through which
increased P-adrenoceptor activity results in the ‘triggering’
of a sequence of intracellular events ending in some physio-
logical response (Price & Clissold, 1989). It should be noted
that the nucleotide regulatory proteins (the G-proteins) are
critical components in the overall process, since these con-
structs link the receptor phase to the cyclase loop.

In terms of the pharmacokinetics of Salbutamol and its
metabolites, information has been somewhat limited due to
the unavailability of valid and reliable measuring methods.
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However, the recent development of high performance lig-
uid chromatography (HPLC) assays and the chiral HPLC sep-
aration method for optical isomers of Salbutamol have led to
more accurate information (Price and Clissold, 1989). In
healthy individuals, peak plasma levels are reached one to
four hours after oral ingestion, indicating that Salbutamol is
readily absorbed. There is, however, extensive presystemic
metabolism in the intestinal wall resulting in approximately
only 50% 'systemic bioavailability' (Morgan, Paul, &
Richmond, 1986). Of note is the finding that for inhaled
doses, the majority is swallowed and treated orally, result-
ing in plasma concentrations being somewhat smaller than
oral doses. The reduced amount handled by the lungs
(=10%) appears quickly as the free unmetabolised drug in
the circulation, and, in general, at low concentrations (50-
200mg-L-1) only 7-8% is bound to plasma proteins,
whereas at concentrations of 2mg-L-1 approximately 64% is
in the bound form. The drug follows a rapid clearance pat-
tern with only small residues left in the liver and kidneys
24 hours post-oral administration, in fact, 70% of normal
oral therapeutic doses is excreted in the urine in 24 hours,
with 80-100% being excreted after 72 hours. The main
metabolite for Salbutamol is a sulphur conjugate, 4'-0
-sulphate ester, which is formed in the intestinal wall and
liver. The elimination half-life for a single oral dose of 4mg
is in the range of 2.7-5.5 hours for a healthy individual.

Unfortunately, adverse side effects are seen, particu-
larly when Salbutamol is administered orally or intra-
venously and at high dosage levels. The principle effects
are tachycardia, palpitation, tremor, peripheral vasodila-
tion, hypokalemia, and a worsening of the asthma conditinn
(in asthmatics) due to increased tolerance (tachyphylaxis).

From a theoretical standpoint Salbutamol appears to
have a number of possible cvenues through which to posi-
tively affect human performance. This alone warrants the
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continued interest in this particular medication. To date,
most studies examining 'the ergogenic effects' of Salbutamol
in humans have focused on somewhat gross measures
(e.g.,VO,max) and therapeutic dose levels despite the evi-
dence suggesting enhancement may not be reflected in in-
creased VO,max and that larger doses are required to elicit
these effects.
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APPENDIX D

Methacholine Bronchial Provocation Test

This particular test is one of several stimuli that may
be used to 'challenge' the bronchial system and provoke
some degree of airway change. Essentially, there are four
reasons for performing such a test, and these are as follows;

1). in the diagnosis of asthma

2). to confirm the diagnosis of asthma

3). to document the severity of airway hyperresponsive-
ness, and

4). to follow any changes in such hyperresponsiveness.

Overall, the results of tests using methacholine have
been shown to have a high degree of reproducibility. and it
is 'c¢u.  able differentiate between asthmatics and normal
sut  t« and does not have the level of adverse side effects
that are associated with other agents used in such chal-
lenges (e.g., histamine).

The methacholine test requires the subject to undergo
a procedure whereby an increasing concentration of the
challenge agent is systematically administered via a nebu-
lised spray. The agent is allowed to take effect and then the
subject repeats the pulmonary function tests after each
dosage. Since the subjects used in this investigation had re-
ported no previous history of asthma, and had undergone a
routine medical examination, they started the provocation
test at a higher concentration of methacholine (2mg-ml-1)
than would have been the norm. The test was continued
until either the highest concentration was inhaled, or the
FEV| had fallen by 20%. A 20% fall in FEV1 is taken as being
meaningful and, where appropriate, a linear interpolation of
the results can yield the dose that brought about this re-
sponse. For purposes of diagnosis, this concentration value
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may then be used to describe the degree of airway sensi-
tivity that a patient may have, i.e.,

PCy9FEV1* (mg-ml-1) Severity
0.03-0.124 Severe
0.125-1.99 Moderate

2.00-7.99 Mild
Above 8.00 Normal

*Provocation concentration for 20% decline in FEV

Information abridged from;

Wanger, J. 1992,

Pulmonary function testing: a practical approach.
Williams & Wilkins, Baltimore, Maryland.
ISBN 0-683-08607-3



