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ABSTRACT
Oxygen Uptake Kinetics in the Frequency Domain as a Test for Cardiorespiratory

Fitness
Margaret A Paggiosi (nee Cooke)

For the degree of Doctor of Philosophy at Sheffield Hallam University
Oxygen uptake kinetics describe the characteristics of the rate of change of V O2 in 
response to the onset of exercise or a change in work rate. There is a lack of knowledge 
concerning the use of V O2 kinetics in the frequency domain as a test for 
cardiorespiratory fitness. The PRBS exercise test has been developed to study the 
dynamic responses of the cardiorespiratory system to random changes in submaximal 
work rate. This exercise test technique provides a multi-frequent assessment of V O2  

kinetics that can be expressed in terms of amplitude (ml-min'^W'1) or phase shift 
(degrees) over a frequency range of 0.0022 to 0.0089 Hz.
The V O2 kinetics of young women were investigated using this submaximal test during 
which the work rate was alternated between two levels. The upper work rate level was 
chosen to be below the ventilatory threshold.
In the first experiment, the variability of replicate tests was investigated in a cohort of 
eight moderately active women (age = 22.6 ± 0.8 years). Although there were wide 
limits of agreement between the two tests there was no significant difference between 
test 1 and test 2.
In a second experiment to test the discriminant ability, oxygen uptake kinetics were 
compared to V 02peak in twenty-eight sedentary or moderately active young women (age 
= 22.9 ±3.1 years). The PRBS exercise test technique was able to discriminate between 
a group of subjects with lower V 02peak ( V02peak = 32.3 ± 3.3 ml-kg'^min'1) and a 
group of subjects with higher V 0 2peak ( VC>2Peak = 41.1 ± 3.2 ml-kg'^min*1).
Differences in V O2 kinetics occurred at frequencies of 0.0022 Hz for amplitude, and at 
frequencies of 0.0022 Hz to 0.0067 Hz for phase shift. Significant relationships were 
found to exist between V 02peak and V O2 kinetics at frequencies of 0.0022Hz, 0.0044 
Hz and 0.0067 Hz. The following model explained the highest proportion of the 
variation between V 02peak and VO2 kinetics (r = - 0.72, P0.001):

V (>2Peak (in ml-kg'^min'1) = 0.503(phase shift at 0.0067 Hz) (in degrees) + 72.24

In a third experiment to test the sensitivity to detect change, both V O2  kinetics and
V 02Peak were measured before, during and after an eight week endurance-type training 
programme completed by fifteen young women (age = 21.6 ± 1.9 years). Thirteen 
young women (age = 24.3 ±3.5 years) acted as a non-training control group. Faster
V O2 kinetics were measured at a frequency of 0.0044 Hz for amplitude and at 
frequencies of 0.0022Hz to 0.0067 Hz for phase shift following the training programme. 
Increases in V 02peak also occurred as a result of the exercise regimen. No changes in 
either V O2 kinetics or V 02peak were observed in the non-training group. This study 
showed that the PRBS exercise test technique was sensitive to short-term endurance- 
type training adaptations.
In conclusion, the parameters measured during the PRBS exercise test provide valuable 
information that can not be gained from a standard assessment of V O2 kinetics in the 
time domain. It is proposed that this exercise test technique has potential as a means of 
assessing cardiorespiratory fitness within the area of sports science and within the 
clinical environment.
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L IS T  O F  A B R E V IA TIO N S

ABBREVIATION TERM

X Time constant
APMHR Age predicted maximal heart rate
(a-v) 0 2  difference Arterio-venous oxygen difference
BTPS Body temperature and pressure, saturated with water 

vapour
dFN2 Change in fractional concentration of nitrogen
dF02 Change in fractional concentration of oxygen
dVL Change in lung volume
fb Breathing frequency
FN2 Fractional concentration of nitrogen
F 02 Fractional concentration of oxygen
FpN2 Fractional concentration of nitrogen in previous breath
Fp02 End tidal fractional concentration of oxygen in previous 

breath
FRC Functional residual capacity
METs Metabolic equivalents
LBNP Lower body negative pressure
LBPP Lower body positive pressure
NLV Nominal lung volume
OBLA Onset of blood lactate
PCr Phosphocreatine
PCr/Cr Phosphocreatine to creatine ratio
P 02 Partial pressure of oxygen
PRBS Pseudo random binary sequence
Q Cardiac output

Q max Maximal cardiac output
RER Respiratory exchange ratio
STPD Standard temperature and pressure, dry
t'A Half time
v e n 2 Volume of expired nitrogen
v e o 2 Volume of expired oxygen
V eT Ventilatory threshold
V I Inspiratory rate
VIN2 Volume of inspired nitrogen
V I02 Volume of inspired oxygen
v n 2 Volume of nitrogen
v c o 2 Rate of carbon dioxide output
V E Minute ventilation
V 0 2 Oxygen uptake

V  02max Maximal oxygen uptake

V  02peak Peak oxygen uptake



GLOSSARY OF TERMS

This glossary o f terms has been complied using Wasserman et al. (1994), Kerlin (1974), 
Beaver et al. (1986), EBfeld et al. (1987), Hughson (1990), Hughson et al. (1990a), 
Hughson et al. (1990b) and Hughson et al. (1993).

TERM DESCRIPTION

Aerobic:

Adherence:

Aerobic power:

Amplitude:

Anaerobic:

Analogue to digital (A/D) 
converter:

Arteriovenous oxygen 
content difference ((a- v ) O2 

difference):

Body temperature and 
pressure, saturated with water 
vapour (BTPS):

Having molecular oxygen present; describes any 
metabolic process utilising oxygen.

Used to describe a person’s continuation in an exercise 
programme.

The amount of oxygen extracted from the inspired gas 
in a given period of time, expressed in millilitres or 
litres per minute. For the purpose of this thesis aerobic 
power is used synonymously with maximal oxygen 
uptake and peak oxygen uptake (c.f. maximal oxygen 
uptake and peak oxygen uptake).

Amplitude, measured in ml-min'1-W'1, describes the 
magnitude o f the V O2 response in relation to the work 
rate applied.

Lacking or inadequate molecular oxygen; describes any 
metabolic process that does not use molecular oxygen.

A device for transforming continuously changing 
information into discrete units over some small time 
frame, within which the value is considered to be 
relatively constant. This transforms continuous signals 
to a form that can be analysed by a digital computer.

The difference in the oxygen content o f the arterial and 
venous blood, usually expressed in millilitres o f oxygen 
per decilitre or litre of blood.

Gas volume conditioned to body temperature and the 
ambient atmospheric pressure and fully saturated with 
water vapour at the subject’s body temperature. These 
conditions are 310 K, ambient pressure and saturated 
water vapour at a partial pressure 47 mmHg which is 
the vapour pressure of water at a body temperature of 
37 °C.

Breath-by-breath: Describes a method for the measurement of respiratory 
gas exchange in which respired gas volume and 
simultaneously measured expired gas concentration are 
integrated and reported.
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Carbon dioxide output 
(V C 0 2):

Cardiac output ( Q ):

Dynamic gain: 

Ergometer:

Exercise capacity:

Exponential:

Fourier analysis:

Half time (t/4): 

Intensity:

Mass spectrometer:

The amount of carbon dioxide exhaled from the body 
into the atmosphere per unit time, expressed in 
millilitres or litres per minute, (standard temperature 
and pressure).

The flow of blood from the heart in a particular period 
of time, usually expressed as litres per minute. It is the 
product of the average stroke volume per beat and the 
heart rate.

This represents the overall oxygen uptake response over 
the duration of the pseudo random binary sequence and 
is expressed in terms of ml-min'1.

A device that can measure work consistently and 
reliably. Examples include the cycle ergometer and the 
treadmill.

The potential to do work. In this thesis exercise 
capacity is used synonymously with maximal oxygen 
uptake and peak oxygen uptake (c.f. maximal oxygen 
uptake and peak oxygen uptake) in the field of cardiac 
rehabilitation.

A process in which the instantaneous rate of change of a 
variable is proportional to the ‘distance’ from steady 
state or required level. If the process is known to be, or 
may be exponential, the time to reach 63% of the final 
value, is termed the time constant (t) of the response 
(c.f. time constant). This time constant is related to the 
half time (c.f. half time) by the following equation:
XV2 = 0.693 x t

Fourier analysis may be used to convert functions of 
time into functions of frequency. The frequency 
response characterises the input-output relationship in 
the frequency domain, i.e. where the input is work rate 
and the output is oxygen uptake. Measures of oxygen 
uptake kinetics are produced.

The half time is a simple description of the time to 
reach half of the change to the final value, regardless of 
the function of the process. This is expressed in terms 
of seconds.

The rate of performing work. A function of energy 
output per unit time.

A device that separates and measures molecules of gas 
of a particular type, in a mixing stream, on the basis of 
their charge to mass ratio, 
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Maximal oxygen uptake 
( V 02max)*

Oxygen deficit:

Oxygen delivery:

Oxygen uptake ( V O2):

Oxygen uptake kinetics:

Peak oxygen uptake 
( V 02peak)’

Phase shift:

The highest oxygen uptake obtainable for a given form 
of ergometry despite further work rate increases and 
effort by the subject. This is characterised by a plateau 
of oxygen uptake despite further increases in work rate 
(c.f. aerobic power).

The oxygen equivalent of the total energy utilised to 
perform the work that did not derive from reactions 
utilising atmospheric oxygen taken into the body after 
the start of exercise. For moderate intensity exercise, 
this oxygen deficit represents the energy equivalent of 
the depletion of the high-energy phosphate stores and 
oxygen stored in the body at the start of exercise. For 
heavy exercise, the oxygen deficit includes the energy 
equivalent of the anaerobic processes.

The amount of oxygen delivered to a tissue per unit 
time. It is the product of the oxygen content of the 
arterial blood and the blood flow to that tissue.

The amount of oxygen extracted from the inspired gas 
in a given period of time, expressed in millilitres or 
litres per minute.

Oxygen uptake kinetics describe the characteristics of 
the rate of change of oxygen uptake in response to the 
onset of exercise or a change in work rate. In the time 
domain they can be described in terms of half time or 
time constant (c.f. half time and time constant). In the 
frequency domain they can be described in terms of 
amplitude and phase shift (c.f. amplitude and phase 
shift).

The highest oxygen uptake obtainable for a given form 
of ergometry despite further work rate increases and 
effort by the subject when a plateau in the relationship 
between oxygen uptake and work rate is not seen (c.f. 
aerobic power). For the purpose of this thesis, peak 
oxygen uptake has be characterised using the following 
criteria:
1) a respiratory exchange ratio (RER) of 1.15 or above 

was apparent, or;
2) observed heart rate was within 10 beats-min'1 of 

age-predicted maximal heart rate (APMHR), 
calculated as 220 minus age.

Phase shift, measured in degrees, represents the systems 
delay between the onset of exercise, or a change in 
work rate, and the increase in oxygen uptake.

Progressive exercise test: An exercise test during which gradually increasing
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Pseudorandom binary 
sequence (PRBS) exercise 
test:

Respiratory exchange ratio 
(RER):

Standard temperature and 
pressure, dry (STPD):

Steady state:

Submaximal:

Time constant (x):

Transducer:

V-slope method:

stresses are placed on the cardiorespiratory system of 
the subject. The work rate is increased over uniform 
periods of time (step) or continuously (ramp).

During this exercise test, the input work rate is switched 
between an upper and a lower work rate level over a 
pre-defined period of time according to the output of a 
computer algorithm known as a shift register. The 
length of each sequence is determined by the number of 
work rate switches used (N) and the way they are 
connected (2N-1). This results in a multi-frequent 
assessment of oxygen uptake kinetics. The pattern of 
response is such that, as the frequency of the input work 
rate forcing is increased, the oxygen uptake output 
response is characterised by slower oxygen uptake 
kinetics. Oxygen uptake kinetics are given in the 
frequency domain as amplitude and phase shift (c.f. 
amplitude and phase shift).

The ratio of the carbon dioxide output to the oxygen 
uptake per unit time. This reflects tissue metabolic 
exchange of gases and the influence of transient 
changes in gas storage of oxygen and carbon dioxide.

Gas volume at standard conditions of temperature and 
pressure, free of water vapour. The standard conditions 
are 0°C, 76 mmHg and dry gas.

This is a characteristic of a physiological system in 
which its functional demands are being met such that its 
output per unit time becomes constant.

Less than maximum. Submaximal exercise requires 
less than maximal oxygen uptake, heart rate or 
anaerobic power.

This is the time required to reach 63% of the increase in 
oxygen uptake from baseline, during either rest or 
unloaded cycling, to steady state. This is expressed in 
seconds.

A device that transforms energy from one form to 
another.

A technique that allows the detection of the onset of 
lactic acidosis (ventilatory threshold) during a 
progressive exercise test when an accelerated rate of 
carbon dioxide output is generated from bicarbonate 
buffering of lactic acid. When plotting V CO2 against 
V O2 , the point at which the line inflects upwards is said
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Ventilatory threshold (VeT):

Work rate:

to be the ventilatory threshold. This has shown to give 
similar results to the Ventilatory Equivalent method, 
which involves plotting the ratio of ventilation rate to 
the rate of oxygen uptake ( VE- V O2 ' 1) against work 
rate, the ventilatory threshold is located where the curve 
inflects upwards, having been flat or decreasing. An 
upwards inflection of the curve for the ratio of 
ventilation rate to the rate of carbon dioxide production 
( VE* VCO2’1) against work rate does not occur until 
higher work rates are reached and reflects the start of 
respiratory compensation for the metabolic acidosis (c.f. 
ventilatory threshold).

This is defined as the level of exercise oxygen uptake 
above which aerobic energy production is supplemented 
by anaerobic mechanisms and is reflected by an 
increase in lactate, and the lactate/pyruvate ratio in 
muscle or arterial blood. The V-slope method and the 
Ventilatory Equivalent method can be used to determine 
the ventilatory threshold (c.f. V-slope method).

This reflects the rate at which work is performed, i.e. 
work per unit time. Work rate is usually measured in 
watts (W) or kilogram metres per minute (kg-m-min"1), 
where 1 W = 6.1 kg-m-min'1.
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1.1) Introduction

Oxygen uptake kinetics describe the characteristics of the rate of change of oxygen 

uptake ( V O2) in response to the onset of exercise or a change in work rate. The 

measurement of V O2 kinetics during exercise is a technique that has been applied to the 

study of the physiological responses to submaximal exercise (Hagberg et al., 1980, 

Cochrane and Hughson, 1992, Yoshida and Whipp, 1994, and Chilibeck et al., 1997), to 

the physiological mechanisms that determine the time course of training adaptations 

(Yoshida et al., 1992 and Phillips et al., 1995), and clinically to the assessment of the 

severity of cardiac disease (Sietsema, et al., 1994, Koike et al., 1994, Shephard et al., 

1995 and Lok and Lau, 1997) and to determine the effects of drug therapy (Koike et al., 

1995).

One possible approach is to use the pseudo random binary sequence (PRBS) exercise 

test technique to determine V O2 kinetics. This technique has been shown to be 

submaximal (Hughson et al., 1990b, Hughson et al., 1990c, and Hoffmann et al., 1992), 

although few experiments have validated its use as a test of cardiorespiratory fitness. 

There is insufficient evidence, however, concerning

1) the variability of the respiratory responses to the PRBS exercise test,

2) the relationship between VO2 kinetics determined during the PRBS exercise test 

and measures of aerobic power,

3) the sensitivity of the PRBS exercise test to detect training adaptations.

These factors must be addressed before the technique can be applied further.
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As yet, V 0 2 kinetics, determined by the PRBS exercise test, have not been used to 

evaluate the effects of different training models, differentiate between groups of subjects 

with different athletic status, and evaluate the effects of cardiac rehabilitation exercise 

programmes.

The aim of this study therefore, is to evaluate the test using a population of healthy, 

female subjects. The findings from these investigations may eventually lead to the 

application of the PRBS exercise test as a means of evaluating cardiorespiratory fitness 

within the clinical environment and within the area of sports science.

1.2) Physiological basis for oxygen uptake kinetics

1.2.1) Cardiovascular and cardiorespiratory responses to the onset o f  exercise

Cardiovascular and cardiorespiratory responses to the onset of exercise fall under three 

broad headings: neural, mechanical and metabolic.

1.2.1.1) Neural response

Krogh and Lindhart (1913) described an initial neural mechanism, involving an 

irradiation of impulses from the motor cortex to the respiratory centres in the brain.

This mechanism affects the autonomic respiratory centre controlling respiratory 

movements. This response is initiated by activity in the motor cortex and sensory 

information from joint and muscle receptors (proprioceptors). As a consequence of the 

increased activity of these centres there is an increase in the rate of ventilation of the 

lungs ( VE). D’Angelo and Torelli (1971) investigated the origin of the initial rapid
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increase in VE in four young males performing treadmill walking. Ventilation rate and 

carbon dioxide output ( V CO2) were measured using a Tissot spirometer and an infrared 

carbon dioxide meter. Rapid changes in VE were seen to be independent of the partial 

pressure of carbon dioxide in the lungs and were thus attributed to a neural mechanism. 

Cerretelli et al. (1995) also demonstrated that this initial adaptation to the onset of 

exercise was of neural origin. Male subjects performed cycle ergometry exercise at 50, 

100 and 150 W in normocapnic and hypocapnic conditions. The study concluded that 

the concentration of carbon dioxide flowing to the lungs from the exercising muscles 

did not appear to affect this initial rapid rise in VE. Cerretelli et al. (1995) supported 

the hypothesis that the impulses arising from the mechanoreceptors in the exercising 

muscles and joints produced an ‘exercise reflex’.

The neural control of heart rate is also modified following the onset of exercise. After 

the initial adaptation of VE, the parasympathetic neural influence on the heart is 

reduced. A greater neural influence arises from the sympathetic nervous system, 

resulting in an increase in heart rate and force of contraction of the heart. Hughson 

(1990) described the control of heart rate in response to light exercise as being mainly 

based on parasympathetic withdrawal, with sympathetic activity being increased when 

heart rate approaches 100 beats.min"1.

Adaptations in blood flow also occur within the circulatory system with increased 

sympathetic stimulation to the vasculature resulting in venoconstriction and 

vasoconstriction. Krogh and Lindhart (1913) stated that increased blood flow was not 

primarily due to acceleration of the heart rate. An increase in venous return occurs due
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to a number of changes in blood flow. Firstly, peripheral vasoconstriction of the vessels 

occurs to reduce blood flow to non-essential organs. Sympathetic neural impulses 

initiate vasodilation of the central blood vessels providing an increased delivery of 

oxygen to the exercising muscles (D’Angelo and Torreli, 1971 and Wasserman, 1982). 

Then a decrease in the volume of blood held on the venous side of the circulatory 

system results from constriction of the veins.

1.2.1.2) Mechanical response

Venous return, and therefore stroke volume, is also increased by the action of the 

exercising muscle or the ‘muscle pump’. These circulatory adaptations result in a 

decrease in the pressure gradient in the veins draining the muscle bed which in turn 

leads to a greater pressure gradient across the muscle bed and thus increased blood flow 

to the exercising muscles.

1.2.1.3) Metabolic response

Changes in the concentrations of metabolites, for example increases in adenosine, 

potassium ions, hydrogen ions, osmolarity and decreases in partial pressure of oxygen 

(PO2), cause vasodilation in the arterioles of the active skeletal muscle. These changes 

however do not fully explain the hyperaemia which must also involve dilation of the 

feed arteries. Nitric oxide released by endothelial cells has been implicated as a 

mediator in this response.

The overall effect of these neural, mechanical and metabolic responses is an increased 

cardiac output (Q ) and a redistribution of blood into the active muscle bed.
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1.2.1.4) Oxygen utilisation by the muscle

Oxygen is utilised at the level of the mitochondria to produce ATP by aerobic 

metabolism. The amount of O2 utilised by the muscle increases following an increase in 

work rate. The rate of increase may be determined by either the rate of increase of O2  

delivery to the muscle or by the activity of the enzymes which control oxidative 

metabolism.

1.2.2) The oxygen uptake response at the onset o f exercise

At the onset of moderate exercise the oxidative processes that provide energy for the 

resynthesis of ATP cannot match the demand for ATP. Blood oxygen stores 

(oxyhaemoglobin in venous blood), physically dissolved oxygen and oxyhaemoglobin in 

the muscles contribute little to the overall energy demand, and therefore the energy 

difference must be supplied by other sources, for example the depletion of muscle 

creatine phosphate and also the oxygen spared by lactate accumulation in the body. The 

difference between the total oxygen that would have been consumed, to meet the energy 

demands of the contracting muscle, and the actual oxygen consumed at the lung is 

known as the oxygen deficit. It follows that the magnitude of the oxygen deficit is 

related to V O2 kinetics. The oxygen deficit will be large if V O2 kinetics for a given 

work rate are slow. Conversely those individuals with rapid V O2 kinetics will be less 

likely to deplete their high energy phosphates and are thus less likely to use anaerobiosis 

to supplement energy requirements (Whipp and Wasserman, 1986).

Explicit modelling procedures have revealed that the V O2 response at the onset of 

submaximal exercise comprises three distinct temporal stages, or phases. These phases



are illustrated in figure 1.1.

ONSET OF 
EXERCISE

Oxygen
uptake Amplitude

REST

Time (s) 120 180

PHASE III

Figure 1.1) The V O2 response at the onset of exercise, adapted from Barstow and

Mole (1991), and Hamar (1991).

1.2.2.11 Phase I

Krogh and Lindhart (1913) originally documented the rapid initial cardiorespiratory 

responses associated with the onset of muscular work. This phase I response, frequently 

described as the cardiodynamic phase (Whipp et al., 1982, Lamarra et al., 1989), is 

characterised by a rapid increase in V O2 and VE, and where venous blood from the 

active muscles has not yet reached the lungs. This immediate response to exercise has a 

duration of 15 to 20 s and is elicited by the irradiation of impulses from the motor cortex 

to the respiratory centres. Phase I represents increased pulmonary blood flow due to an 

increase in Q (Hamar, 1991, and Whipp et al., 1982) but with minimal extraction of O2 

(Cochrane et al., 1989). Extra non-saturated venous blood is returned to the lungs, from



the muscles. The increase in V O2 occurs within the first and second breath (Hamar, 

1991). The nature of this phase I response has been well documented by Whipp et al. 

(1982), Hughson and Swanson (1989) and Cochrane et al. (1989). Since the magnitude 

of phase I is dependent on the magnitude of the change in work rate, and the V O2  

response observed at the lungs during phase I does not reflect that at the muscles, most 

exercise test protocols are designed to eliminate phase I by employing work-to-work 

transitions rather than rest-to-work transitions.

1.2.2.2) Phase II

A slower, exponential increase in V O2 proceeds these rapid, initial adaptive responses. 

Hughson and Swanson (1989) suggested that this phase II (metabolic phase) response 

was due to a further increase in pulmonary blood flow, specifically that of the venous 

blood from the exercising muscles to the lungs. A concomitant increase in O2 extraction 

results in a widening of the difference between the arterial and venous oxygen content 

((a-v) O2 difference) as blood arrives at the lungs from the exercising muscles. This 

blood has a lower O2 content than the blood arriving at the lungs during phase I. The 

resulting increased V O2 reflects the increased muscle V O2 and continues to rise until a 

steady state is reached at moderate exercise intensities. A depletion in the O2  stores, 

within the venous blood, can be measured during this second phase in the V O2 response 

(Inman et al., 1987). Oxygen uptake at the lungs reflects that within the muscles and 

therefore muscle V O2  kinetics can be measured during phase II of the V O2 response to 

exercise (Hoffmann et al., 1994).
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1.2.2.3) Phase III

During moderate intensity exercise, phase III is referred to as the steady state phase, 

where V O2 is precisely coupled with the cellular metabolism within the exercising 

muscle (Wasserman, 1982), i.e. V O2 is equal to the O2 demands of the muscle.

Provided the work rate is below the ventilatory threshold (VeT), and little or no blood 

lactate is present (<2mM), this phase is reached after approximately 

3 min of exercise (Whipp and Wasserman, 1972, and Barstow and Mole, 1991).

During exercise above VeT, steady state is not attained, rather the V O2  continues to rise 

slightly. This is known as the slow component, where blood lactate will be >2mM. It is 

also known that V O2 kinetics measured during phase II are slowed by the accumulation 

of lactate (Paterson and Whipp, 1991). It is important therefore that an exercise test 

protocol, designed to elicit phase II responses has an upper work rate which is below the 

V eT.

1.3) Measurement of oxygen uptake kinetics

The rate of increase in V O2 is well characterised in the time domain and is a description 

of the time constant of the response (EBfeld et al., 1987, Connett and Honig, 1989). The 

time constant (t) is the time required to reach 63% of the increase in V O2 from 

baseline, during either rest or unloaded cycling, to steady state (Hughson et al., 1993). 

Whipp and Wasserman (1972) reported time constants of 25 to 39 s for the exponential 

phase II rise in V O2 , when performing exercise at constant work rates within a range of 

50 to 100 W.

Step work rate forcings have also been analysed using frequency domain analysis
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techniques. Rather than a time constant, this method describes V O2 kinetics in terms of 

amplitude and phase shift. In this case the pattern of response is such that as the 

frequency of the input work rate forcing is increased, the V O2 output response has a 

decreased amplitude and a larger phase shift (Hughson et al., 1990b). Amplitude, 

measured in ml-min^-W'1, describes the magnitude of the V O2 response in relation to 

the work rate applied (EBfeld et al., 1987). Phase shift, measured in degrees, represents 

the systems delay between the onset of exercise, or a change in work rate, and the 

increase in V O2 (EBfeld et al., 1987). Individuals with slower V O2  kinetics have larger 

phase shifts and attenuated amplitudes compared to individuals with faster V O2  

kinetics.

Breath-by-breath technology, in the form of fast response gas analysers, has provided a 

tool with which to assess V O2 kinetics, and the mechanisms which control the 

physiological adaptations to the onset of exercise (Hamar, 1991). Open circuit systems 

have been employed, but poor sensitivity during the detection of rapid physiological 

adaptations has previously limited research within this field (Hughson and Swanson,

1989).

Various methods have been advocated for the measurement of V O2 kinetics, the most 

common of which utilise square wave work rate forcings, sinusoidal work rate forcings 

and pseudo random work rate forcings. The abrupt work rate changes, which are 

required to measure V O2 kinetics, are normally introduced during cycle ergometry 

exercise.
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1.3.1) Square wave work rate forcings

Traditionally, square wave work rate forcings were the sole means by which V O2 

kinetics could be measured. These protocols consist of a short period of exercise at a 

lower work rate immediately followed by an abrupt step increase in work rate. Exercise 

at the upper work rate level is maintained for an equivalent time period before an abrupt 

decrease in work rate to the original level. When designing a square wave work rate 

forcing an upper work rate which results in steady state V O2 values below VeT should 

be chosen. By adopting this constraint, non-linearities in the relationship between V O2 

and work rate, due to the presence of lactate within the blood, can be minimised (Whipp 

et al., 1982), thus preventing the slowing of V O2 kinetics.

The effect of exercise intensity has been investigated by means of the square wave work 

rate forcing. The work of Whipp and Wasserman (1972) revealed that the time constant 

of the exponential rise in V O2 was dependent on the magnitude of the step change in 

work rate. Barstow et al. (1993) confirmed the findings of Whipp and Wasserman 

(1972) through the measurement of time constants ranging from 32.3 ± 10 s to 75.7 ± 

15.6 s for step changes in work rate ranging from 18.1 ± 4.4 W to 165.3 ± 47.1 W, 

respectively. A slowing of the kinetics of V O2 during large changes in work rate was 

demonstrated.

Yoshida et al. (1992) adopted square wave work rate forcings comprising 6 min exercise 

periods at an intensity equivalent to the lactate threshold and the onset of blood lactate 

accumulation (OBLA). The study was designed to assess the effect of strenuous 

endurance training on the day-to-day changes in V O2 kinetics at the onset of exercise. 

Following four weeks of stationary cycle ergometry performed for 30 min sessions on



six days each week, V O2 kinetics were found to be significantly faster (pre-training 

VO2 kinetics = 58.0 ± 10.9 s, and post-training VO2 kinetics = 36.1 ± 4.8 s, P<0.05) in 

this healthy male population.

Oxygen uptake kinetics at the onset and offset of exercise have been studied by Yoshida 

et al. (1993). Five healthy males performed rest-exercise-recovery work rate transitions 

with upper work rates of 50, 75 and 100 W during three square wave work rate forcings. 

Time constants for V O2 kinetics ranged from 19 to 43 s. The square wave work rate 

forcings adopted by Yoshida et al. (1993) are displayed in figure 1.2.

Square wave work rate forcings have also been applied to the elucidation of the V O2  

response at the onset of exercise, and more specifically to the modelling of alveolar 

V O2 kinetics. The work of Cochrane and Hughson (1992) revealed the complex nature 

of the mechanisms controlling V O2 kinetics and the difficulty in formulating a 

computer model on which this V O2 response could be based. Whipp and Ward (1993) 

adopted the square wave work rate forcing to characterise the time delay for blood flow 

between the exercising muscles and the lungs, following the onset of exercise. A 

number of essential components, including phosphocreatine (PCr) degradation to form 

high energy phosphate, blood gas stores, pulmonary blood flow, Q and VE, comprised
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Figure 1.2) Square wave work rate forcings, described by Yoshida et al. (1993) with 

work rate transitions between rest and (A) 100 W, (B) 75 W and (C) 50 W.
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this exponential model. Again, however, the complex nature of these mechanisms and 

their interaction has resulted in a speculative model for this V O2 response.

Numerous other investigators have adopted square wave work rate forcings to 

investigate V O2 kinetics at the onset and offset of exercise (Hagberg et al., 1980, Berry 

and Moritani, 1985, Hayashida et al., 1993, and Williamson et al., 1996).

Square wave work rate forcings have led to a greater understanding of the V O2 

response, and the physiological adaptations, at the onset of exercise. Such assessments, 

however, can only provide a measure of V O2 kinetics at a single frequency of work rate 

change. The relatively long duration of the step changes in work rate associated with 

the square wave work rate forcings, has resulted in the study of V O2 kinetics at low 

frequencies, i.e. during slow work rate changes.

Explicit mathematical modelling techniques must be applied to the V  O2 data to yield 

measures of V  O2 kinetics (EBfeld et al., 1987). Although modelling can be complex, 

the disadvantage of such an approach lies within the lack of consensus concerning the 

precise nature of the exponential model which should be applied to the V  O2 data. 

During heavy exercise, the presence of lactic acid in the blood is associated with a more 

complex interaction between cardiorespiratory and metabolic mechanisms. Barstow and 

Mole (1991) demonstrated a second, slower component in the V  O2 response, when 

performing square wave work rate forcings designed to elicit V O2 values above VeT 

(between 85% maximal oxygen uptake ( V 0 2 max) and 100% V C>2max). Recently, Ward 

et al. (1996) confirmed the bi-exponential nature of the V O2 response during high 

intensity exercise, but maintained that the physiological mechanisms which characterise
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this delay are yet unknown. EBfeld et al. (1987) implied that the nature of the 

exponential model, for the V O2 response, may in fact be altered by the subject 

population which is being assessed. Hayashida et al. (1993) and Riley et al. (1994) have 

recently observed increased time constants for the exponential rise in V O2 for patients 

with left ventricular dysfunction and chronic heart failure respectively.

An additional disadvantage associated with the square wave work rate forcing is 

concerned with the extraction of the V O2  response from the noise arising from 

equipment and inherent biological variability. Masking of the V O2 response may occur 

when performing a single step change in work rate. Data collected during a number of 

repeated square waves can be averaged to reduce noise and aid in the identification of 

the V O2 response (Ward et al., 1996). The performance of repeated step changes in 

work rate however, results in a time consuming approach to the measurement of V O2  

kinetics.

1.3.2) Sinusoidal work rate forcings

The application of sinusoidal work rate forcings to exercise testing has reduced the need 

for explicit mathematical modelling of the V O2 response (EBfeld et al., 1987). This 

approach has partially eliminated the need for a consensus concerning the exact nature 

of the V O2 response, at the onset of exercise, thus providing a more direct means of 

measuring V O2 kinetics.

Hamar (1991) described inherent biological variability, due to irregularities associated
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with measurements made at the mouth, within the breath-by-breath V O2 data collected 

during square wave work rate forcings. Previously, Beaver et al. (1973) implied that 

these irregularities were normally distributed and thus mathematical modelling methods 

could be applied to reduce this breath-by-breath noise. A sinusoidal wave has the 

additional advantage of comprising a continuously fluctuating response (Casaburi et al, 

1977). The components of such a work rate forcing can be separated and averaged to 

yield a definite physiological response (Hamar, 1991), so theoretically providing a more 

accurate and reliable measure of V O2 kinetics than can be obtained from a single square 

wave work rate forcing.

Sinusoidal work rate forcings have been designed to oscillate between an upper and a 

lower work rate. The sinusoidal wave can be characterised by its frequency, defining 

the rate at which the changes in work rate occur, and amplitude, describing the 

magnitude of the work rate change. Again, work rates which elicit V O2 values below 

VeT should be chosen to reduce non-linearities in the relationship between V O2 and 

work rate. Through the application of frequency analysis techniques, including Fourier 

analysis, the amplitude and the phase shift of sinusiodal V O2 responses can be 

quantified, thus producing measures of V O2 kinetics. The sinusoidal work rate forcing 

results in a V O2 response which is also sinusoidal in nature, but the amplitude and the 

phase shift of the output response will be dependent on the initial work rate input.

Casaburi et al. (1977) adopted five different exercise test protocols whilst investigating 

the ventilatory and gas exchange dynamics in response to sinusoidal work rate forcings. 

Each exercise test was initiated by a 4 min rest period where the subject remained seated

16



on the cycle ergometer, this was followed by the sinusoidal work rate forcing and 

terminated in a square wave work rate change to a level equivalent to the mean work 

rate of the sinusoid, giving a test duration of 30 min. The breath-by-breath responses to 

the sinusoidal work rate forcings with periods of 10, 4, 2,1 and 0.7 min were studied. 

An example of one of the sinusoidal work rate forcings adopted by Casaburi et al. 

(1977) is shown in figure 1.3.

105
Mean 

sinusoidal 
work rate

Work rate

20155 10

Time (min)

Figure 1.3) A sinusoidal work rate forcing described by Casaburi et al. (1977).

The V O2 responses which resulted from the sinusoidal work rate forcings were said to 

be well described by first-order linear dynamics with a time constant of 0.8 min. Phase 

lag times ranged from 18 to 34 degrees and from 51 to 90 degrees during sinusoids with 

a period of 10 min and 0.7 min respectively. Amplitudes ranged from 170 to 470 

ml-min'1 and from 23 to 101 ml-min'1 during sinusoids with a period of 10 min and 0.7 

min respectively. The time consuming nature of this approach therefore is the major 

disadvantage associated with the use of sinusoidal work rate forcings.
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The work of Casaburi et al. (1977) concerning ventilatory and gas exchange kinetics, 

has led to a greater understanding of the interaction between respiratory variables during 

exercise. Significantly slower kinetics were observed for VE and V CO2 when 

compared to those for V O2 and heart rate. On closer analysis, the kinetics of VE and 

V CO2 were closely matched (correlation coefficient, r = 0.97). Thus it was concluded 

that the hyperpnoea observed at the onset of exercise was associated with V CO2 .

Hauozi et al. (1993) investigated V O2 kinetics below and above VeT by means of sub

threshold and supra-threshold sinusoidal work rate forcings. The sinusoidal work rate 

forcings adopted during this study had the same frequency of work rate changes. 

Significantly slower V O2 kinetics, signified by reduced amplitudes (sub-threshold 

amplitude = 7.6 ±1.9 ml-min'1 -W'1, and supra-threshold amplitude = 5.4 ±1.9 

ml-min'1-W'1, PO.Ol) and increased phase shifts (sub-threshold phase shift = -52 ±10 

degrees, supra-threshold phase shift = -62 ±11 degrees, P<0.05), were observed during 

the supra-threshold protocol. These results compared favourably with the findings of 

Whipp and Wasserman (1972) and Barstow et al. (1993) for square wave work rate 

forcings. The reduced amplitudes and increased phase shifts can be partially explained 

by the presence of non-linearities in the relationship between V O2 and work rate, due to 

the presence of lactate within the blood (Whipp et al., 1982). A number of rate-limiting 

mechanisms have been proposed which could account for the introduction of this slow 

component into the V O2 response to supra-threshold exercise. These mechanisms will 

be discussed in Chapter 1, Section 1.4. The use of sinusoidal work rate forcings of the 

same frequency limits the knowledge which can be gained from this investigation. By 

adopting a number of sinusoidal work rate forcings with different frequencies of work
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rate changes, a more in-depth, multi-frequent assessment of V O2 kinetics could have 

been attained.

Cunningham et al. (1993) conducted a multi-frequent assessment of V O2 kinetics using 

six sinusoidal work rate forcings of different frequencies. Nineteen young ( V Cbmax = 

36.9 ± 4.7 ml-kg^-min'1) and elderly female subjects ( V02max = 23.7 ± 5.4 

ml-kg'1-min'1) performed each of the sinusoidal work rate forcings. Gas analysis was 

performed using a respiratory mass spectrometer to collect breath-by-breath data for 

CO2 , O2 and N2 . Lower amplitudes and larger phase lags (phase shifts) were seen for 

the elderly subject population (c.f. table 1.1).

Table 1.1) Amplitude (ml-min'1) and phase shift (degrees) at different frequencies of 

work rate change in young and elderly women taken from Cunningham et al. (1993).

Period of 

sinusoid 

00

Young subjects Elderly subjects

Amplitude

(ml-min1)

Phase lag 

(degrees)

Amplitude

(mhmin'1)

Phase lag 

(degrees)

45 19 ± 13 -154 ±95 27 ±14 -95 ± 57

60 56 ±28* -117 ±47 26 ±22 -152 ±45

90 77 ±35* -115 ± 31 41 ± 31 -117 ± 36

180 159 ±44* -70 ±27 54 ±30 -76 ± 33

360 192 ±71* -40 ± 8* 86 ±25 -64 ±16

600 187 ±57* -23 ±8 90 ±31 -31 ±12

*= significant difference (P<0.05) between V O2 kinetics for young and elderly subject 

populations.
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Cunningham et al. (1993) concluded that there was a strong link between the slowing of 

the components of the gas transport system and increasing age, and suggested that one 

single factor may be reflected in the slowing of all components in elderly subjects.

Although the repetitive nature of this type of work rate forcing has led to the reduction 

of equipment noise and inherent biological variability, a single sinusoidal wave can only 

provide a mono-frequent assessment of V O2 kinetics. A number of sinusoidally 

fluctuating work rate forcings, of different frequencies, must be performed to obtain 

measures of V O2 kinetics for both rapid and slow changes in work rate. Again, this 

leads to a time consuming assessment of the V O2 response to work rate changes.

1.3.3) Pseudo random work rate forcings

More recently, there has been a trend towards the use of pseudo random work rate 

forcings for the measurement of V O2 kinetics. The PRBS exercise technique, based on 

pseudo random work rate forcings, was originally designed to determine exercise 

capacity and the effects of weightlessness on physiological mechanisms, during space 

travel (EBfeld et al., 1987). This exercise testing technique provides an assessment of 

V O2 kinetics which reflects V Ĉ max values, within a relatively short time period. To 

evaluate the reduction in V C>2max associated with the removal of gravitational effects, 

the PRBS work rate forcing was designed to incorporate submaximal work rates which 

would not provide a significant training effect (Stegemann, 1991).

This type of work rate forcing comprises a number of pseudo random changes in work 

rate between upper and lower levels, selected to elicit V O2 values below VeT. The
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number of work rate changes and the time interval, during which these changes occur, is 

controlled by a computerised random number generator (Hampton, 1965). Each pseudo 

random binary sequence is designed to incorporate a number of different frequencies, 

comprising harmonics of the slowest frequency of work rate change, thus including slow 

and rapid changes in work rate. This approach therefore eliminates the need for 

performing repeated exercise tests, as associated with square wave and sinusoidal work 

rate forcings, so providing a multi-frequent assessment of V O2  kinetics from a single 

exercise test (EBfeld et al., 1987, Stegemann, 1991).

Typically, a single PRBS exercise test would involve the performance of a number of 

identical pseudo random binary sequences of work rate changes. Again, the components 

of such a work rate forcing can be separated and analysed using well established 

mathematical techniques, including ensemble averaging and Fourier analysis. The V O2  

response to these pseudo random changes in work rate can be characterised in terms of 

amplitude and phase shift, as described in Chapter 1, Section 1.2.3.

Commonly described examples of such work rate forcings include pseudo random 

binary sequences consisting of:

• fifteen work rate changes (units), between 20 and 80 W, occurring at time intervals of 

30 s, with a total sequence duration of 450 s or 7.5 min (EBfeld et al., 1987 and 

Hoffmann et al., 1994). The total test comprised three pseudo random binary 

sequences, giving a total test duration of 1350 s or 22.5 min. This example is shown 

in figure 1.4.
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WORK
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WORK
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Figure 1.4) A single sequence from a PRBS work rate forcing described by EBfeld et al.

(1987).

• sixty-three work rate changes (units), between 25 and 105 W, occurring at time 

intervals of 5 s, with a total sequence time of 300 s or 5 min (Hughson et al., 1990a). 

The total test comprised six pseudo random binary sequences, giving a total test 

duration of 1800 s or 30 min. This example is shown in figure 1.5.

105

W ork rate

540 21 3

Time (min)

Figure 1.5) A single sequence from a PRBS work rate forcing described by Hughson et

al. (1990a).
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Greco et al. (1986) studied transient ventilatory and heart rate responses to moderate 

nonabrupt pseudo random exercise in a population of young males. Each subject 

performed non-abrupt dynamic variations in exercise intensity in the form of a low-pass 

filtered pseudo random binary sequence. The exercise intensity of the test was selected 

to produce a mean V O2 response of less than 50% V Ĉ max, determined during a prior 

maximal exercise test. A constant lower work level of 25 W was used, with upper work 

rates ranging from 115 to 165 W. Mean exercise intensities ranged from 70 to 95 W. A 

rapid phase I response followed by a slower phase II response were identified when a 

third order, two-compartment model was fitted to the V O2 response. This study 

showed that the faster components in the ventilatory response to the onset of exercise 

can be stimulated when performing a pseudo random work rate forcing.

The PRBS exercise test technique has also been used to study the effects of posture on 

the physiological mechanism which may limit V O2 kinetics (Hughson et al., 1990a). 

Young male subjects performed a sixty-three unit PRBS exercise test with 5 s work rate 

changes between 25 and 105 W, and a square wave work rate forcing with work rate 

transitions between 25 and 105 W in the supine and upright position. Significantly 

slower V O2 kinetics (P<0.05) were observed in the supine position (time constant for 

supine exercise = 40.1 ± 2.7 s) than when performing upright exercise (time constant for 

upright exercise = 32.0 ±1.2 s). Hughson et al. (1990a) found that V O2 kinetics 

determined by means of the PRBS exercise test technique were comparable to those 

measured during the square wave work rate forcing (r = 0.99).

Hoffmann et al. (1994) reported similar findings to those of Hughson et al. (1990a)
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when male and female subjects performed 1) square wave work rate forcings with work 

rate transitions between 20 and, 40, 80, 120 or 160 W, and 2) a sixty-three unit PRBS 

exercise test with 5 s work rate changes between 20 and 80 W. The study revealed that 

there was a tendency for slower V O2 kinetics in the supine position during both square 

wave and pseudo random work rate forcings, but no significant postural effect on 

cardiorespiratory changes could be found. Hughson et al. (1990b) also investigated the 

effect of different PRBS exercise test protocols on V O2 kinetics in a population of 

young, healthy male subjects. Each subject performed 1) a fifteen unit PRBS exercise 

test with 30 s work rate changes between 25 and 105 W, and 2) a sixty-three unit PRBS 

exercise test with 5 s work rate changes between 25 and 105 W. In a comparison of the 

V O2 kinetics measured during the two protocols, amplitude and phase shift were found 

to be unchanged. The study revealed that the PRBS exercise test with 30 s work rate 

changes between 25 and 105 W was sensitive to the measurement of V O2 kinetics 

during the slower phase II component of the V O2 response to exercise. Conversely, the 

PRBS exercise test with 5 s work rate changes between 25 and 105 W was found to be 

sensitive to the measurement of the rapid physiological adaptations which characterise 

the phase I response of the exponential rise in V O2 at the onset of exercise.

Comparisons of the V O2 kinetics determined by the PRBS exercise technique and 

sinusoidal work rate forcings have been made (Hoffmann et al., 1992, and Hoffmann et 

al., 1994). Hoffmann et al. (1992) used 1) a sixty-three unit PRBS exercise test with 5 s 

work rate changes between 20 and 80 W, 2) a fifteen unit PRBS exercise test with 30 s 

work rate changes between 20 and 80 W, and 3) three sinusoidal work rate forcings 

oscillating at different frequencies between different work rates, to investigate the
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dynamic linearity of the relationship between V O2  and work rate during the 

measurement of V O2 kinetics. Oxygen uptake kinetics determined by the multi- 

frequent PRBS exercise test technique and the mono-frequent sinusoidal work rate 

forcings were not found to be significantly different. The agreement between the two 

types of test was poorer at higher frequencies of the work rate change but was not 

different. Hoffmann et al. (1992) stated that the relationship between V O2 and work 

rate was linear at work rate changes with periods of 100 s or above, i.e. harmonic 

numbers 1 to 4 of the fifteen unit PRBS exercise test and harmonic numbers 1 to 3 of 

the sixty-three unit PRBS exercise test.

The PRBS exercise test technique has particular advantages over square wave and 

sinusoidal work rate forcings for the determination of V O2 kinetics.

Firstly, this type of exercise test can provide a multi-frequent assessment of V O2  

kinetics. As high and low frequency work rate changes are included in the protocol, 

both slow and fast components of the V O2 response to exercise can be stimulated 

during a single test performance. In addition each test comprises a series of identical 

pseudo random binary sequences which can be concatenated to help discriminate 

between the actual V O2 response, and biological and instrumental noise. Multiple 

square wave work rate forcings would need to be performed to identify the actual V O2  

response. From these two factors it can be seen that the PRBS exercise test technique 

provides a less time consuming approach to the measurement of V O2 kinetics than 

square wave and sinusoidal work rate forcings.

Secondly, the PRBS exercise test is by definition submaximal in nature (Hughson et al.,
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1990b, Hughson et al., 1990c and Hoffmann et al., 1992). Hughson et al. (1990b) 

observed V O2  values of 1205 ± 11 ml-min’1 and 1190 ±11 ml-min’1 for fifteen unit 

PRBS exercise tests and sixty-three unit PRBS exercise tests with work rate changes 

between 25 and 105 W respectively when performed by male subjects. Hoffmann et al. 

(1992) reported VO 2 values of 936 ± 83 ml-min'1 for a fifteen unit PRBS exercise test 

with work rate changes between 20 and 80 W, when performed by a male and female 

study population. Inbar et al. (1994) observed V 02max of 2880 ± 570 ml-min'1 for 20 to 

30 year old male subjects, during progressive exercise to exhaustion. When comparing 

these normative values with the V O2 values observed during the pseudo random work 

rate forcings, the studies of Hughson et al. (1990b), Hughson et al. (1990c) and 

Hoffmann et al. (1992) resulted in exercise intensities equivalent to 41.8%, 41.3 % and 

32.5% V 02max- The submaximal nature of this exercise test technique means that the 

presence of blood lactate is reduced or eliminated, and consequently non-linearities, 

which cause errors in the assessment of V O2 kinetics, are minimised.

Finally, as with sinusoidal work rate forcings, the PRBS exercise test technique relies on 

well established mathematical techniques such as Fourier analysis, so eliminating the 

difficulties encountered when using explicit mathematical modelling.

The PRBS exercise test technique has led to a greater knowledge of the nature of V O2 

kinetics. It is anticipated that this type of exercise test will enable more in-depth 

research into the physiological response at the onset of exercise and the mechanisms 

influencing V O2  kinetics.
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1.4) The influence of rate limiting factors on Phase II oxygen uptake kinetics

Phase II of the V O2 response is described by first order exponential modelling 

suggesting that there is one rate limiting step for V O2 kinetics. There are two theories 

concerning where this rate limiting step lies:

• in the O2 delivery to the working muscle (central)

• in the ability of the muscle to utilise O2 (peripheral).

As far as V 0 2 kinetics are concerned, central factors are those which relate to the 

delivery of O2 to the mitochondria, and peripheral factors relate to the other factors 

which control mitochondrial respiration (Walsh, 1992).

Two approaches have been used to provide support for these theories. One is to alter 

one or more steps in the O2 delivery process, and the other is to identify the 

physiological parameter with the same response characteristics as the V 0 2 response.

1.4.1) Acute alterations o f  the oxygen delivery process

This approach involves changing the rate of O2 delivery to the working muscle through 

manipulations involving p-adrenergic receptor blockade, hypoxia and hyperoxia, 

circulatory occlusion, upright and supine exercise, and finally techniques which create 

negative and positive lower body pressures. If O2 transport is limiting then any change 

in O2 transport should be directly linked to changes in V 0 2 kinetics.

1.4.1.11 (3-adrenergic receptor blockade

Drugs which block p-adrenergic receptors inhibit the effects of sympathetic nervous 

stimulation. Cardio-selective drugs have their main effect on the pj-adrenergic
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receptors in the heart, whereas non-selective p-adrenergic receptor blocking drugs have 

a more general effect on p2-adrenergic receptors throughout the body (Yeo et al., 1991). 

The effects that non-selective P-adrenergic receptor blocking drugs have on the exercise 

response include a reduction in Q , decreased fat and carbohydrate mobilisation and an 

impairment in the normal redistribution of blood flow which occurs during exercise. It 

might be anticipated that V 0 2 kinetics should be slower due to the lower Q and poorer 

blood flow redistribution with p-adrenergic receptor blockade. This has been shown in 

various studies (Hughson and Smyth, 1983, Hughson, 1984, Kowalchuk and Hughson,

1990). It made no difference whether the drug administered was a cardio-selective or a 

non-selective p-adrenergic receptor blocking agent. Although this suggests a central 

limitation for V 0 2 kinetics, these studies have been criticised because the reduced 

exercise capacity of healthy people receiving p-adrenergic receptor blocking agents may 

have resulted in the subjects exercising at an upper work rate which was no longer truly 

aerobic (Hoffmann et al., 1994). This may explain the slower V 0 2 kinetics during p- 

adrenergic receptor blockade.

1.4.1.2) Hypoxia and hyperoxia

Hypoxia has been shown to cause a significant slowing in the V 0 2 response to ramp, 

step and pseudo random work rate forcings (Murphy et al., 1989, Hughson and 

Kowalchuk, 1995) when compared to normoxia, suggesting that 0 2 transport acts as a 

rate limiting step in oxidative metabolism. If 0 2 transport is limiting then hyperoxia 

should result in faster V 0 2 kinetics. Administering gas mixtures containing 70% 0 2 

did not affect V 0 2 kinetics (Hughson and Kowalchuk, 1995) suggesting that 0 2
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transport can act as a rate limiting step if inspired O2 is reduced, but under normal 

conditions of arterial O2 content, oxygen transport does not become limiting.

1.4.1.3) Circulatory occlusion

Circulatory occlusion of both legs, after elevation to improve venous drainage, increases 

central blood volume. This manoeuvre should temporarily increase Q , and since it also 

speeds up V O2 kinetics of the arms (Hughson and Inman, 1986), it can be suggested 

that arm blood flow may be a limiting factor in determining arm V O2 kinetics.

1.4.1.4) Supine and upright exercise

Variations in body position bring about circulatory changes which may have opposing 

effects on muscle perfusion. In the supine position, venous return, and therefore Q , 

increase due to the removal of the normal gravitational effects seen in upright exercise. 

Even though Q is increased during supine exercise (Hughson et al., 1991) it may not be 

reflected by an increased muscle perfusion for two reasons. Firstly, during supine 

exercise there may be a decrease in sympathetic tone to the splanchnic beds that would 

cause a reduction in the normal vasoconstriction seen during exercise. When compared 

to upright exercise, less blood would flow to the active skeletal muscle during supine 

exercise as more blood flows to the splanchnic area. Secondly, the decreased arterial 

pressure during supine exercise may decrease the perfusion pressure across the muscle 

capillary beds and consequently decrease muscle blood flow. This decrease in muscle 

perfusion may explain the slower V 0 2 kinetics, in response to a step change in work 

rate, observed during supine exercise when compared to upright exercise (Hughson et 

al., 1990a, and Convertino et al., 1984). Other studies, using the PRBS exercise test



technique, have failed to demonstrate a significant slowing of V 0 2 kinetics in the 

supine position (Hoffmann et al., 1991 and Hoffmann et al., 1994). Hughson et al. 

(1991) showed a trend towards slower V 0 2 kinetics in the supine position but 

significant differences were only found at a frequency of 0.0067 Hz.

In summary, supine and upright experiments have produced conflicting results which is 

not surprising considering the partially opposing circulatory effects brought about by 

changing body position. Measurement of muscle perfusion during upright and supine 

exercise may explain the role of 0 2 transport in determining V 0 2 kinetics during 

submaximal exercise.

1.4.1.5) Lower body negative and positive pressure

Application of lower body negative pressure (LBNP) has been used as a technique to 

increase leg muscle blood flow (Eiken, 1988, Hughson et al., 1993). Lower body 

negative pressure increases muscle blood flow by decreasing the pressure in the 

capacitance vessels, thereby increasing the arterio-venous 0 2 pressure gradient across 

the muscle bed. In supine exercise, the application of LBNP increased V 0 2 kinetics to 

values that were similar to those seen in upright exercise. This would suggest that the 

decrease in V 0 2 kinetics seen in supine exercise is due to a decrease in 0 2 delivery to 

the muscle, since it can be reversed by a technique which increases 0 2 delivery. 

Evidence from LBNP studies supports the central limitation theory for V 0 2 kinetics.

Conversely, lower body positive pressure (LBPP) decreases muscle blood flow 

(Sundberg and Kaisjer, 1992) and it would be expected that application of LBPP would
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decrease V 0 2 kinetics. The application of a LBPP of 45 torr, however, failed to alter 

V 0 2 kinetics (Williamson et al., 1996) casting doubt on the suggestion that V 0 2 

kinetics under normal conditions are limited by blood flow to the working muscle.

1.4.1.6) Summary

Although some manipulations, which decrease 0 2 delivery to the muscle, have been 

shown to decrease V 0 2 kinetics, the lack of a consistent effect on V 0 2 kinetics, of 

increasing 0 2 delivery, suggests that 0 2 delivery may not limit V 0 2 kinetics under 

normal conditions.

1.4.2) Identification o f the physiological factor with the same response characteristics

as the oxygen uptake response

1.4.2.1) Heart rate and cardiac output kinetics

If the rate of 0 2 delivery to the muscle is the limiting factor for V 0 2 kinetics then the 

rate of response of the 0 2 delivery system should be similar to the V 0 2 kinetics. The 

rate of increase in V 0 2 is often found to be slower than the rate of increase in either 

heart rate or Q at the onset of exercise (Cerretelli et al., 1966, Linnarsson, 1974, De 

Cort et al., 1991, Yoshida and Whipp, 1994). Although these studies might suggest that 

cardiac function does not limit V 0 2 kinetics, the effect of redistribution of blood flow 

within the muscle is not known and therefore these studies do not preclude the 

possibility of 0 2 delivery limiting V 0 2 kinetics.
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Hughson and Morrisey (1983) used the approach of comparing the change in heart rate 

kinetics with changes in V 0 2 kinetics, when work rate protocols were altered. The 

similar changes in both V 0 2 and heart rate kinetics were taken as evidence of a central 

limitation for V 0 2 kinetics.

1.4.2.2) Blood flow kinetics

Muscle blood flow increases very rapidly at the beginning of exercise (Walloe and 

Wesche, 1988, Eriksen et al., 1990, Grassi et al., 1996). In order to establish the role of 

muscle blood flow and, therefore 0 2 delivery as a limiting factor for V 0 2 kinetics, the

V 0 2 kinetics of the working muscle have been measured simultaneously with muscle 

blood flow (Hughson et al., 1996 and Grassi et al., 1996). Grassi et al. (1996) measured 

the V 0 2 kinetics of the leg and V 0 2 kinetics at the mouth during leg exercise (cycling 

at 50 W). As V 0 2 kinetics measured at the mouth and leg blood flow had the same 

time constants, it might be concluded that blood flow was limiting V 0 2 kinetics. As 

the time delay between an increase in muscle V 0 2 reflects an increase in pulmonary

V 0 2, it is important to compare V 0 2 at the muscle with leg blood flow. This 

comparison shows that leg muscle V 0 2 increased only modestly in the first 10 to 15 

seconds of exercise even though blood flow increased markedly. This suggests that 

early on in the exercise response, bulk delivery of 0 2 to the working muscle is not 

limiting V 0 2 kinetics of the leg but it is still not possible to discriminate between 

maldistribution of blood flow within muscle and more peripheral mechanisms.

There is some evidence that blood flow limits V 0 2 kinetics in the arms when blood 

flow is reduced by carrying out arm exercise above the level of the heart (Hughson et
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al., 1996) but similar studies using leg exercise have not been carried out. Until it is 

possible to measure the blood flow distribution to the active muscle fibres the role of 

blood flow limiting V O2 kinetics will remain controversial.

1.4.2.3) Phosphocreatine kinetics

Another technique, using the same approach, is to compare V 0 2 kinetics with the 

kinetics of PCr degradation. It has been proposed that V 0 2 kinetics of the muscle and 

therefore V 0 2 kinetics measured at the lung, reflect the metabolic processes that control 

mitochondrial respiration in the exercising muscle (Mahler, 1985, Meyer, 1988, Whipp 

and Ward, 1990). The rate of PCr degradation has been implicated as the rate limiting 

step in the control of mitochondrial respiration (Connett and Honig, 1989 ). Studies 

which have measured V 02 kinetics and PCr kinetics have therefore provided some 

insight into the role of more peripheral mechanisms in limiting V 0 2 kinetics.

31Phosphocreatine breakdown can be estimated by nuclear magnetic resonance (P NMR) 

and by muscle biopsy techniques, both in isolated muscle preparations and in situ  during 

voluntary muscle contractions in humans (Coggan et al., 1993). Barstow et al. (1994) 

measured time constants during two different exercise modes which provided indirect 

evidence of this link since the time constants for phase II V 0 2 kinetics were similar to 

those for PCr degradation. In a more recent study, McCreary et al. (1996) measured 

V 0 2 kinetics and PCr kinetics during plantar flexion and found time constants of 44.5 s 

for V 0 2 and 47 s for PCr. The similarity between these time constants supports the 

contention that V 0 2 kinetics are controlled by muscle oxidative function with PCr 

degradation controlling mitochondrial oxidative phosphorylation by the “creatine 

phosphate shuttle”.



The V 0 2 of the skeletal muscle during exercise is both preceded by, and controlled by, 

the energy transferring reactions of the intramuscular high energy pool. Although the 

particular details of the controlling mechanisms remain controversial, mitochondrial 

creatine kinase appears to play a pivotal role, since the proportional exponential increase 

in muscle V 0 2 parallels the decrease in the levels of PCr. The diagram presented by 

Mahler (1985) shows that V 0 2 is controlled by the availability of creatine, which in 

turn, is determined by how quickly PCr degradation occurs at the myofibril (c.f. figure 

1.6).

The activity of the mitochondrial creatine kinase enzyme is controlled by the 

phosphcreatine to creatine ratio (PCr/Cr). In this model, describing the control of 

mitochondrial respiration during moderate, submaximal exercise, 0 2 is not thought to be 

limiting until the partial pressure of oxygen within the mitochondria (mitochondrial 

P 02) falls below 1 mmHg. The 0 2 supply to the mitochondria may become limiting 

when the partial pressure of oxygen in the capillary (capillary P 0 2) falls below 15 to 20 

mmHg (Wittenberg and Wittenberg, 1989) because of the physical factors limiting 0 2 

diffusion. In moderate exercise the partial pressure of oxygen in the veins (venous P 02) 

remains above this level (Doll et al., 1968) suggesting that 0 2 supply to the 

mitochondria does not become critical unless, as previously discussed, there is some 

maldistribution of the blood flow within the capillary bed.
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Figure 1.6) A simplified schematic diagram of the reactions by which 0 2 consumption is 

coupled to extramitochondrial ATP hydrolysis in muscle. Dashed lines indicate 

diffusion. Taken from Mahler (1985).
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1.4.2.4) Summary

Of the physiological parameters studied, PCr kinetics are most closely aligned to V 0 2 

kinetics and this, taken together with the current theories on control of mitochondrial 

respiration (c.f. figure 1.6), provide some evidence for a peripheral site for the factor 

limiting V 0 2 kinetics.

1.4.3) Conclusion

Whether the limiting factor determining V 0 2 kinetics during submaximal exercise is 

due to central or peripheral factors remains controversial. Theoretically it could be 

argued that the control of V 0 2 kinetics is driven by ATP demand at the muscle (i.e. 

peripherally) rather than the supply of 0 2 to the muscle. Until it becomes technically 

possible to measure P 02 at the level of the muscle fibre it seems likely that this 

controversy will remain.

1.5) Application of PRBS exercise testing

The unique feature of the PRBS exercise technique, originally designed by Kerlin 

(Kerlin, 1974) for engineering purposes, is that the input pattern contains a number of 

frequencies of work rate changes and the output V 0 2 pattern can be mathematically 

processed to provide measures of V 0 2 kinetics in the frequency domain (Stegemann, 

1992). The potential application to space medicine has been instrumental in the 

development of the PRBS exercise test technique (Stegemann, 1991, and Stegemann, 

1992). Two main groups have applied the technique to the study of exercise control 

mechanisms. The Canadian group, led by R.L Hughson, has used this test to evaluate

36



the effects of various environmental, postural and pharmacological interventions on the 

physiological mechanisms which determine the kinetics of V O2 (Hughson et al., 1989, 

Hughson et al., 1990a, Hughson et al., 1990c, and Xing et al., 1991).

Similar investigations have been conducted by the German group (U Hoffman and D 

EBfeld) who have demonstrated that subjects with varying V C>2max values can be 

differentiated, on the basis of V O2 kinetics, by means of a PRBS exercise test. Twenty- 

nine male and nine female subjects performed an exercise protocol with the following 

three consecutive parts:

• three 5 min periods of 20W, 80W and 20W for the determination of steady state 

V O2 values during the last minute of each period,

• three identical fifteen unit pseudo random binary sequences with 30 s work rate 

changes between 20 and 80 W for the determination of V O2 kinetics,

• a progressive exercise test with ramp changes in work rate of 10 W every 30 s to 

exhaustion, for the determination of V 02max-

Breath-by-breath gas analysis was performed using a respiratory mass spectrometer.

Data collected during the pseudo random binary sequences were subjected to Fourier 

analysis in order to transform the data from the time to the frequency domain (c.f. 

Chapter 2, Section 2.4.2.1). Subjects attaining higher values of V Chmax, during the 

progressive exercise test to exhaustion, were found to achieve higher amplitude values 

at different frequencies of work rate changes. There was a wider variation in phase shift 

values, however, when comparing these values to the distribution of the amplitude 

values. The amplitude and phase shift values reported by EBfeld et al. (1987) are
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displayed in tables 1.2 and 1.3 respectively.

Table 1.2) Amplitude values (ml-min^-W'1) at harmonic numbers 1 to 4, determined by 

the PRBS exercise test technique, and categorised according to relative V 02max 

(ml-kg'^min'1) (mean ± SD). The results are adapted from the work of EBfeld et al.

(1987).

Relative V C > 2 m a x  

(ml-kg'^min'1)

Harmonic number

1 2 3 4

<50 9.55 ±1.15 7.76 ±1.15 6.17 ± 1.66 3.89 ±1.74

50 to 60 10.72 ±1.15 9.55 ±1.15 8.13 ± 1.23 5.25 ±1.20

60 to 70 9.33 ±1.17 9.77 ±0.32 8.71 ±1.26 6.31 ±1.20

>70 10.96 ±1.17 9.55 ±1.41 9.33 ±1.45 6.61 ±1.35

Table 1.3) Phase shift values (degrees) at harmonic numbers 1 to 4, determined by the 

PRBS exercise test technique, and categorised according to relative V 02max 

(ml-kg'^min'1) (mean ± SD). The results are adapted from the work of EBfeld et al.

(1987).

Relative V02max 

(ml'kg’̂ min"1)

Harmonic number

1 2 3 4

<50 -28 ± 8 -55 ± 12 -80 ± 15 -103 ±43

50 to 60 -27 ± 8 -48 ±13 -60 ±14 -88 ± 12

60 to 70 -34 ± 10 -52 ±10 -72 ± 12 -93 ±21

>70 -32 ± 9 -52 ± 14 -59 ±11 ' -89 ±28
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EBfeld et al. (1987) have shown that the PRBS exercise test technique provides a means 

of differentiating between subjects attaining different relative V 02max values on the 

basis of a submaximal assessment of relative V O2 kinetics.

It would appear that the PRBS exercise test technique.has not previously been used to 

differentiate between subjects attaining lower V 02max or to evaluate the V O2 kinetics 

of young, healthy females. Similarly no studies have investigated the effect of 

endurance-type training on V O2 kinetics measured in the frequency domain.

1.6) Aims and objectives

The overall aim of the study is to consider whether a test used to measure V O2 kinetics 

in the frequency domain, could theoretically be applied to the field of sports science, and 

primarily to the evaluate of the cardiorespiratory fitness of patients participating in 

cardiac rehabilitation exercise programmes.

In order to achieve this the following objectives have been specified:
1 '

• To assess the variability of V O2 kinetics, determined by the PRBS exercise test, in 

young, healthy women,

• To establish the relationship between V O2 kinetics and the aerobic power of young, 

healthy women with moderate to low habitual activity levels,

• To evaluate the effects of an eight week (twenty-four session) endurance-type 

training programme on the V O2 kinetics of young, healthy women.
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Chapter Two
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2.1) Introduction

The equipment and methods described in Section 2.2 are common to all the exercise 

testing procedures. The exercise test protocols described in Section 2.3 however, are 

specific to the different investigations and will therefore be linked to particular chapters. 

Data analysis techniques are explained within Section 2.4, and Section 2.5 covers the 

general recruitment and monitoring of subjects.

2.2) Equipment

2.2.1) Respiratory measurements

2.2.1.1) Equipment description

Oxygen uptake measurements were made on a breath-by-breath basis using the 

cardiorespiratory exercise testing system. This system used dedicated breath-by-breath 

software (First Breath software, First Breath Inc., St Agatha. Ontario, Canada) to 

integrate a digital volume transducer connected to a ventilation measurement module 

(VMM-2, Interface Associates, Laguna Niguel, CA, USA), a volume turbine (adult 

volume turbine, Interface Associates, Laguna Niguel, CA, USA), and a respiratory mass 

spectrometer (MGA-1100, Marquette Electronics Inc., Milwaukee, WI, USA), with a 

PC-compatible computer forming a rapid response gas analyser. Subjects breathed into 

a volume turbine surrounded by a precision digital volume transducer, using a 

mouthpiece with bite blocks (c.f. figure 2.1). Flow rate and flow direction signals were 

detected by means of the volume transducer and a light-weight impeller blade housed 

within the turbine.
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Finally, after the signals had been processed by the ventilation measurement module, 

flow rate and flow direction data were relayed to the computer via an interface and an 

analogue to digital (A/D) converter. As subjects breathed through the mouthpiece, 

expiratory gases were sampled via a sample line. The respiratory mass spectrometer 

analysed O2 , CO2 and N2 simultaneously. All the components of the sampled gas were 

separated on the basis of charge to mass ratio within an ion gun and then detected by an 

array of sensors. Expiratory gas concentration data were then relayed to the computer 

via the interface and A/D converter. The mouthpiece, flow cartridge, volume transducer 

and sample line were all housed within a saliva trap. A plastic vial was attached to the 

base of this trap and acted as a receptacle for saliva produced during the exercise tests. 

All the apparatus was supported on the head of the subject by means of an adjustable 

harness.

to respiratory mass to head digital volume
spectrometer harness transducer

volume
turbinesample

mouthpiece

'------- - 4
to ventilation 
measurement 

module

impeller
blade

saliva trap support
ring

plastic vial

Figure 2.1) A schematic representation of the mouthpiece, saliva trap, volume 

turbine and digital volume transducer.
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2.2.1.2) Calibration procedures

The volume turbine was calibrated prior to the study using a 3000 ml volume calibration 

syringe (Hans Rudolf Inc., Kansas City, Mo, USA). Flow rates approximating those 

which would occur during the exercise testing session were used to calibrate the turbine. 

Murphy et al. (1989) described flow rates of 1 to 2 1-s'1 and 6 to 8 1-s'1 for submaximal 

and maximal exercise respectively. A flow rate of 3 1-s'1 was considered suitable for the 

calibration of the turbine when testing female subjects performing a PRBS exercise test 

followed by a progressive exercise test to exhaustion. Daily calibration checks ensured 

that the turbine measured gas volumes within ± 30 ml (± 1%) of the mean value 

(Murphy et al., 1989).

High tolerance (within ± 0.03 volume %) calibration gases (12% O2 and 5% CO2 - tank 

1, and 21% O2 and 0% CO2 - tank 2) were used to calibrate the respiratory mass 

spectrometer on a daily basis.

Ambient temperature, humidity and barometric pressure were measured prior to each 

exercise test using a hygrometer (Griffin, England) and a barometer (Griffin and George 

Ltd., England) (c.f. appendix 2). In order to make comparisons between tests carried out 

under different atmospheric conditions a correction factor was applied to account for the 

effects of temperature, pressure and water vapour on the measured volumes. All volume 

measurements were corrected to Body Temperature and Pressure Saturated with water 

vapour (BTPS), that is a temperature of 310 K, ambient pressure and saturated water 

vapour at a partial pressure of 47 mmHg which is the vapour pressure of water at a body 

temperature of 37 °C (Fox et al., 1993). Standard Temperature and Pressure, Dry 

(STPD) was used for all metabolic calculations of V O2 and was calculated as a dry gas 

at a temperature of 273 K and a pressure of 760 mmHg.
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An analyser lag-time calibration was performed daily to ensure correct alignment 

between the ventilation signal and the measurement of fractional gas concentrations.

The ventilation measurement module produced a signal almost instantaneously. The 

signal from the respiratory mass spectrometer however was delayed by the time required 

to transport the gas to the analysers and the time response of the individual analysers. 

The time delay between the two signals is known as the lag-time. The lag-time 

measured during the lag-time calibration was used to align gas volume and 

concentration on a breath-by-breath basis.

2.2.1.3) Breath-by-breath calculation of oxygen uptake

The generation of breath-by-breath V O2 data is required to investigate the physiological 

responses to the rapid and slow work rate changes incorporated into the fifteen unit 

PRBS exercise test. The sensitivity of such a system to detect changes in V O2 is 

dependent on the response time of the gas analyser. As a result of its rapid sampling 

time (200 Hz), the respiratory mass spectrometer (MGA-1100, Marquette Electronics 

Inc., Milwaukee, WI, USA) is capable of generating V O2 data on a breath-by-breath 

basis and measuring the changes in V O2 which result from a pseudo random work rate 

forcing, thus providing an accurate assessment of V O2 kinetics.

Beaver et al. (1981) described a means of calculating true alveolar gas exchange which 

relies on the ability of a gas analysis system to measure both inspiratory (VI)  and 

expiratory ( V E) rates, and requires the use of a respiratory mass spectrometer. This 

method employs an estimate of the nominal lung volume (NLV) which represents the 

volume of the lung involved in gas exchange. Nominal lung volume however, does not 

represent any physical quantity, therefore functional residual capacity (FRC), which can
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be estimated from age, height, weight and sex, is used as an equivalent to NLV. The 

NLV does not significantly affect the measurement of mean V O2 , but does affect breath 

to breath fluctuations in V O2 , thus reducing physiological noise.

The calculation of breath-by-breath V O2 at the alveolar surface, described by Beaver et 

al. (1981) is as follows:

V 0 2 = [(VI02 - VE02) - (dVL x F 02) - (dF02 x NLV)] x fb...........................(1)

when

V 0 2 = rate of oxygen uptake

VI02 = volume of inspired oxygen

VE02 = volume of expired oxygen

dVL = change in lung volume

F 02 = fractional concentration of oxygen

dF02 = change in fractional concentration of oxygen

NLV = nominal lung volume

fb breathing frequency

and where

dVL = [(VN2 - NLV) x dFN2]/FN2........................................................................(2)

represents the change in lung volume on a breath-by breath basis,

when

dVL = change in lung volume

VN2 = volume of nitrogen

NLV = nominal lung volume

dFN2 = change in fractional concentration of nitrogen

FN2 = fractional concentration of nitrogen
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On a breath-by-breath basis V N2 will fluctuate about a mean of zero and is calculated 

as follows:

VN2 = VIN2 -VEN2................................................................................................(3)

when

VN2 = volume of nitrogen

VIN2 = volume of inspired nitrogen

VEN2 = volume of expired nitrogen

A positive VN2 value results when the VIN2 is greater than VEN2 and a negative VN2 

when VEN2 is greater than VIN2.

The changes in fractional gas concentrations, for example dFN2 and dF02 are estimated 

from changes in end tidal gas concentrations where:

dFN2 = FN2 -FpN2................................................................................................(4)

when

dFN2 = change in fractional concentration of nitrogen 

FN2 = fractional concentration of nitrogen

FpN2 = fractional concentration of nitrogen in previous breath

and where:

dF02 = F 02 - Fp02................................................................................................(5)

when

dF02 = change in fractional concentration of oxygen

F 02 = end tidal fractional concentration of oxygen

Fp02 = end tidal fractional concentration of oxygen in previous breath

This method of calculating alveolar estimates of V 0 2 appreciably reduces the breath-
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by-breath noise and enhances the underlying response characteristics of the signal 

(Barstow et al., 1996).

2.2.2) Heart rate measurements

2.2.2.1) Electrocardiography

A Ill-lead electrocardiogram (ECG) system (CASE 15 stress system, Marquette 

Electronics Inc., Milwaukee, WI, USA) and an acquisition module were used to collect 

heart rate data (in beats-min'1) at a digital sampling rate of 32,000 samples-min"1, over a 

measurement range of 30 to 300 beats-min"1. Left arm, left leg, right arm and right leg 

(earth) leads with grabber adapters were used to connect the subject to the acquisition 

module. Heart rate data was then relayed to the computer via the interface and the A/D 

converter. Before the attachment of the electrodes and leads to the chest, ethanol was 

used to clean any oil from the skin of the subject. An abrasive pad was then used to 

remove the epidermal skin layer at the electrode sites improving contact between the 

adhesive surface of the electrode and the skin. Four disposable, diaphoretic monitoring 

electrodes (Red Dot (Ag/ AgCl), 3M, London, Ontario, Canada) were positioned on the 

chest (c.f. figure 2.2).
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Electrode placed between 
5th and 6th rib (5th interc< 
space) on the right side of 
chest

Electrode placed just b< 
clavicle on the right sid 
chest

Electrode placed just below the 
clavicle on the left side of the

Electrode placed between the 5th 
and 6th rib (5th intercostal 
space) on the left side of the 
chest

Figure 2.2) Diagram of the sites used for lead attachment and placement of the four 

electrodes. (RA = right arm lead, LA = left arm lead, RL = right leg lead (earth) and LL

= left leg lead).

2.2.3) Ergometry

2.2.3.1) Equipment description

All exercise tests were performed in an upright position on an electrically-braked cycle 

ergometer, with a dynamic load range of 25 to 400 W, and at a cadence of 60 revm in'1 

(Erg 550, Bosch, Berlin, Gemany). The work rate was computer controlled by dedicated 

software (First Breath software, First Breath Inc., St Agatha, Ontario, Canada). The seat 

of the cycle ergometer was adjusted to a height equivalent to 96 to 100% trochanteric 

height in order to achieve optimal mechanical efficiency during cycling (Price et al., 

1996). This seat height was maintained during subsequent exercise testing sessions.

2.2.3.2) Calibration procedure

Prior to commencement of the studies, the cycle ergometer was calibrated by applying a
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voltage curve where one volt ( IV)  applied to the cycle ergometer was equal to 100 W 

on the work rate controller (First Breath software). Following this initial procedure, 

daily checks were performed whereby the cycle ergometer was pedalled at a fixed 

cadence and against a fixed work rate in order to ensure that the signal from the 

ergometer was reported accurately to the work rate controller.

2.2.4) Anthropometry

The height (in m to the nearest 0.01 m) and body mass (in kg to the nearest 0.1 kg) of 

each subject were measured using a stadiometer and a set of upright scales (Avery, 

Birmingham, England) respectively.

2.3) Exercise protocols

An initial familiarisation session was conducted to introduce the subjects to the 

equipment and procedures adopted during the investigations. During this session, 

subjects were advised to abstain from strenuous exercise and the consumption of food 

within the two hour period before exercise testing. Loose sports clothing and training 

shoes were worn during all exercise tests.

2.3.1) PRBS exercise test

During the subsequent investigations, the PRBS exercise test technique involving 30 s 

changes between an upper and lower work rate was used to determine V O2 kinetics. A 

submaximal, four sequence PRBS protocol was programmed into the PC-compatible
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computer by means of the work rate controller. This protocol consisted of a number of 

possible work rate changes between 25 and 75 W. The lower work rate level of 25 W 

was chosen to match the lower work rate limit of the cycle ergometer. An upper work 

rate of 75 W was chosen to elicit V O2  values below VeT (Hoffmann et al., 1994). 

Ventilatory threshold was measured using the V-slope method described by Beaver et al. 

(1986). Ventilatory threshold was located at the point where the curve of V CO2 against 

V O2 inflected upwards. This was equivalent to the point where VE-V 0 { x inflected 

upwards whereas the curve for VE-V CO2 ’ 1 remained constant or decreased, when 

using the Ventilatory Equivalent method. A four bit random number generator within 

the computer created a 30 s interval, pseudo random switching pattern between these 

pre-defined work rates. Each PRBS sequence consisted of fifteen possible work rate 

changes, or units, producing a sequence duration of 450 s (7.5 min), and thus a total test 

time of 1800 s (30 min). Due to the pseudo random nature of these protocols, subjects 

were unaware of the impending work rate changes. The work rate changes comprising 

this exercise test protocol are show in figure 2.3.
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Figure 2.3) The fifteen unit PRBS exercise test protocol with work rate changes between

25 and 75 W.
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One sequence of the PRBS exercise test protocol can be described in terms of the 

following seven stages:

• Stage 1 120 s (2 min) at a work rate of 25 W,

• Stage 2 120 s (2 min) at a work rate of 75 W,

• Stage 3 30 s (0.5 min) at a work rate of 25 W,

• Stage 4 30 s (0.5 min) at a work rate of 75 W,

• Stage 5 30 s (0.5 min) at a work rate of 25 W,

• Stage 6 60 s (1 min) at a work rate of 75 W,

• Stage 7 60 s (1 min) at a work rate of 25 W.

This exercise test protocol was used to investigate:

a) the variability of the PRBS exercise test (c.f. Chapter 3),

b) the relationship between aerobic power and V O2 kinetics (c.f. Chapter 4),

c) the effect of endurance-type training on the V O2 kinetics of young, healthy 

women (c.f. Chapter 5).

2.3.2) Progressive exercise test to exhaustion

A ramp progressive exercise test to exhaustion was used to determine aerobic power 

(Zeballos and Weisman, 1994). This protocol began with a 3 min warm-up at 40 W, 

followed by ramp increases in work rate of 20 W-min*1 until volitional fatigue had been 

attained. This test end-point was reached when the pedal cadence fell below 40 

rev-min'1 (Hughson et al., 1991). Strong verbal encouragement was given as the 

subjects approached exhaustion.
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The gradient of the ramp was designed to result in a test duration of 8 to 12 min, with 

the incremental part of the protocol being completed within 6 to 12 min (Wasserman et 

al., 1994). The protocol for the progressive exercise test to exhaustion is shown in 

figure 2.4.

Work
Rate
(W)

250  - r

200 -

150 -

100 -

50  -

10 11 124  5 6 8

Time (min)

Figure 2.4) The progressive cycle ergometer exercise test protocol involving ramp work

rate increase of 20 W-min'1 to exhaustion.

Finally, after performing the ramp progressive exercise test, all subjects completed a 

5 min cool down period on the electrically braked cycle ergometer.

52



2.4) Data analysis

2.4.1) Heart rate data

2.4.1.1) PRBS exercise test

Heart rate data were calculated on a beats-min"1 basis. The heart rate response for the 

PRBS exercise test was calculated as the mean response to the last three sequences of 

this submaximal test.

2.4.1.2) Progressive exercise test to exhaustion

Heart rate data were calculated on a beats-min"1 basis and then averaged on a 30 s time 

basis using a spreadsheet software package (Excel V5, Microsoft Corporation, 

Redmond, WA, USA).

2.4.2) Oxygen uptake data

Preliminary analysis consisted of the removal of non-physiological breaths (incomplete 

or abnormal breaths) from the breath-by-breath data. Non-physiological breaths were 

incomplete breaths caused by coughing or swallowing. This process was performed 

using specialised data analysis software (First Breath software, First Breath, St Agatha, 

Ontario, Canada). All data files were stored on the fixed disk of the PC-compatible 

computer prior to further analysis.
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2.4.2.1) Analysis of PRBS data

Software provided by the Department of Kinesiology at the University of Waterloo was 

used to analyse the data collected during the PRBS exercise tests (Hughson RL - 

personal communication).

The breath-by-breath data collected during each PRBS exercise test was linearly 

interpolated to produce data points at every 1 s interval within the time domain. The 

interpolated data were then split into the four pseudo random work rate sequences, 

which comprised each PRBS exercise test, and stored on the fixed disk of the PC- 

compatible computer as separate files containing 450 s of data.

In order to minimise the non-linearities previously associated with rest to work 

transitions in work rate (Hughson and Morrissey, 1983), the first sequence produced 

during the splitting procedure was used as a warm-up period and discarded from further 

data and statistical analyses.

Each of the remaining sequences were time-aligned prior to an ensemble averaging 

procedure. This mathematical process resulted in a single file consisting of 450 s of 

V O2 data. Ensemble averaging enhanced the signal to noise ratio, thus providing a 

more defined physiological response to the pseudo random work rate changes.

2.4.2.1.1) Fr eq u e n c y  do m a in  a n a l y sis

The 450 s of V O2 data were transformed from the time to the frequency domain using a 

standard Fourier analysis technique (EBfeld et al., 1987, and Hughson et al., 1989). 

Oxygen uptake kinetics, namely phase shift (in degrees) and amplitude 

(in ml-min'^W"1), were calculated for the relationship between the work rate input and
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the resultant V O2 response. Harmonic number 0 (dynamic gain) represented the overall 

V O2 response over the 450 s of the pseudo random binary sequence. Only the 

harmonics of the original work rate forcing with periods of approximately 100 s or 

greater, i.e. harmonic numbers 1 to 4, were subjected to statistical analyses. The 

characteristics of these harmonics can be described in terms of the frequency and period 

of the sinusoidal wave of which they comprise (c.f. table 2.1).

Table 2.1) The characteristics (frequency in Hz and period in s) of the first four 

harmonics.

Harmonic number Frequency of sinusoidal 

wave (Hz)

Period of sinusoidal 

wave (s)

1 0.0022 450

2 0.0044 225

3 0.0067 150

4 0.0089 112.5

By adopting this criterion, non-linearities in the relationship between V O2  and work 

rate, associated with higher frequencies of work rate changes (EBfeld et al., 1991, 

Hoffmann et al., 1992, and Hoffmann et al., 1994), were minimised.

2.4.2.2) Analysis of data from the progressive exercise test 

The breath-by-breath data were time-averaged on a 30 s basis using a spreadsheet 

software package (Excel V5, Microsoft Corporation, Redmond, WA, USA. Maximal 

oxygen uptake was said to have been achieved during the progressive exercise test to
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exhaustion when a plateau in the relationship between V O2  and work rate was apparent 

(Zeballos and Weisman, 1994).

Peak oxygen uptake was said to have been attained if there was no plateau in the 

relationship between V O2  and work rate, but:

• a respiratory exchange ratio (RER) of 1.15 or above was apparent, or

• observed heart rate was within 10 beats-min'1 of APMHR, calculated as 220 minus 

age (Zeballos and Weisman, 1994).

A plateau in the relationship between V O2  and work rate was identified using the 

method advocated by Rowland and Cunningham (1992). The mean of the increases in

V O2 values were calculated during the final minute and during the previous 4 to 5 min 

of submaximal exercise. A plateau was said to have been attained when the change in

V O2 during the final minute of exercise was less than 2 standard deviations (2 SD) 

below the mean of the increase in V O2 during the 4 to 5 min of submaximal exercise. 

Peak or maximal oxygen uptake was then defined as the highest 30 s time averaged

V O2 achieved by each individual (Zeballos and Weisman, 1994).

2.5) Recruitment and monitoring methods

2.5.1) Health and activity questionnaires

Health and activity questionnaires were used to screen subjects for cardiovascular, 

respiratory and musculoskeletal disorders prior to their inclusion within the study 

population. These health and activity questionnaires were also used to ascertain
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information concerning the amount and type of physical activity performed on a regular 

basis. The health and activity questionnaires used are shown in Appendix A.3.1 (the 

variability of the PRBS exercise test technique - c.f. Chapter 3) and A.3.3 (the effect of 

endurance-type training on the V O2 kinetics of healthy, young women - c.f. Chapter 5).

2.5.2) Consent forms

Prior to commencement of the studies, brief introductory sessions were conducted. 

During these sessions the study requirements were explained and written informed 

consent was obtained from each subject. The consent forms used are shown in 

Appendix A.3.2 (the variability of the PRBS exercise test technique - c.f. Chapter 3), 

A.3.4 and A.3.5 (the effect of endurance-type training on the V O2 kinetics of healthy, 

young women - c.f. Chapter 5).

2.5.3) Assessment o f  habitual activity levels

During the investigation into the effect of endurance-type training on the V O2  kinetics 

of healthy, young women (c.f. Chapter 5), the level of habitual activity performed by 

each subject was calculated from the health and activity questionnaire (c.f. appendix 

A.3.3). A variation of the guidelines and method advocated by the Allied Dunbar 

National Fitness Survey (1992), for the calculation of physical activity levels, was 

adopted to provide an indication of the activity levels of the total subject cohort.

Subjects provided an indication of the physical activities performed on a regular weekly 

basis. Each activity was then classified as being of a light (including walks consisting
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of two or more miles at an average or slow pace, and social dancing where the 

individual was not out of breath or sweaty), moderate (including walks consisting of two 

or more miles at an brisk or fast pace, and football, aerobics, swimming, tennis and 

cycling where the individual was not out of breath or sweaty) or vigorous intensity 

(including hill walking at a brisk pace, and squash, aerobics, cycling, running, football 

and tennis, where the individual was out of breath or sweaty). A variation of the six 

point activity level scale, devised during the Allied Dunbar National Fitness Survey 

(1992), was used to determine the number of occasions during which each subject 

regularly performed moderate or vigorous activities lasting 20 min or more. The 

variation of the six point activity scale adopted to determine habitual activity levels is 

shown in table 2.2.

Subjects allocated an activity score of 5 were deemed to have high habitual activity 

levels. Conversely, subjects allocated activity scores of 1 or 0, performed little or no 

physical exercise.

Table 2.2) The six point activity scale used to determine the habitual activity levels of 

each subject.

Activity level Activity of 20 min duration performed on a regular weekly basis

5 3 or more occasions of vigorous activity

4 3 or more occasions of a mix of moderate and vigorous activity

3 3 or more occasions of moderate activity

2 2 occasions of a mix of moderate and vigorous activity

1 1 occasion of moderate or vigorous activity

0 None
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2.5.4) Monitoring o f  activity levels during the eight week training study

During the investigation into the effect of endurance-type training on the V O2 kinetics 

of healthy, young women (c.f. Chapter 5), the level of activity performed by non

training subjects during the eight week study period, was calculated from the weekly 

activity logs. An example of a weekly activity log is shown in Appendix A.3.6. The 

guidelines and methods advocated by the Allied Dunbar National Fitness Survey (1992), 

for the calculation of physical activity levels, was adopted to provide an indication of 

the activity levels of the non-training sub-group.

Subjects provided an indication of the physical activities performed on a weekly basis 

(recorded from Sunday to Sunday of each week). Each activity was then classified as 

being of a light, moderate or vigorous intensity, as previously described in Chapter 2, 

Section 2.5.3. The six point activity level scale, devised during the Allied Dunbar 

National Fitness Survey (1992), was used to determine the number of occasions, within 

a four week period, during which each subject performed moderate or vigorous 

activities lasting 20 min or more. The eight week study period was divided into four 

week periods consisting of weeks 1 to 4 and weeks 5 to 8 in order to apply the Allied 

Dunbar six point activity scale (Allied Dunbar National Fitness Survey, 1992). This six 

point activity scale is shown in table 2.3.

Subjects allocated an activity score of 5 were deemed to have high activity levels. 

Conversely, the subjects allocated activity scores of 1 or 0 performed little or no 

physical activity during the eight week study period.
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Table 2.3) The six point activity scale used to determine the activity levels of each

subject in the non-training sub-group.

Activity level Activity of 20 min duration performed during a four week

period

5 12 or more occasions of vigorous activity

4 12 or more occasions of a mix of moderate and vigorous activity

3 12 or more occasions of moderate activity

2 5 to 11 occasions of a mix of moderate and vigorous activity

1 1 to 4 occasions of a mix of moderate and vigorous activity

0 None
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Chapter Three
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The Variability of the Respiratory Responses 

to the PRBS Exercise Test
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3.1) Introduction

The variability of VO2 measurements during exercise has been assessed using a variety 

of statistical methods (Froelicher et al., 1974, Nordrehaug et al., 1991, Shaw et al., 1994 

and Atkinson, 1995).

Traditionally coefficients of variation (%CV), accompanied by a Student’s t-test, have 

been used to show no significant test / re-test variability for replicate measures of 

aerobic fitness determined during maximal exercise tests. An extension of this approach 

is the application of the two-way analysis of variance with repeated measures technique, 

which provides a means of investigating any interaction between the test results and the 

number of tests performed (Altman, 1991).

Froelicher at al. (1974) studied the variability of relative VC>2max determined during two 

frequently adopted maximal exercise tests, the Bruce (Bruce et al., 1973) and the Balke 

(Balke and Ware, 1959) treadmill exercise tests. Healthy male volunteers performed 

each of the two exercise tests a total number of three times in an individually 

randomised order. Each subject completed one treadmill test per week on 

approximately the same day and at the same time. Gas volume measurements were 

made at intervals of 1 min using a Tissot spirometer, corrected for temperature and 

pressure. A Student’s paired t-test revealed no significant difference between replicate 

measurements of relative VĈ max determined during either the Bruce or the Balke 

treadmill exercise tests. Froelicher et al. (1974) reported therefore that the measures of 

relative V02max made during the two tests were reproducible. Low variability, in the 

form of small coefficients of variation, was apparent for both exercise tests (% CV for 

Bruce test = 4.4%, % CV for Balke test = 5.8%) although some degree of intra-subject



variability was observed (%CV range for Bruce test = 1.2 to 8.5%, %CV range for 

Balke test = 0.6 to 11.1%). The larger coefficient of variation and greater degree of 

intra-subject variability associated with the Balke treadmill exercise test could indicate 

that this test produced less reliable measures of relative VCbmax- 

Nordrehaug et al (1991) investigated the variability of absolute V02max determined 

during the Bruce treadmill exercise test (Bruce et al., 1973). Two maximal Bruce 

exercise tests were performed by healthy male subjects at least two weeks apart. 

Expiratory gas analysis was performed continuously using an ergospirometer to produce 

values for O2 , CO2  and respiratory volumes on a 30 s time basis. In agreement with the 

findings of Froelicher et al. (1974), the Bruce exercise test was found to be a 

reproducible method of determining absolute V02max (%CV = 5%). Again despite the 

small coefficient of variation associated with this method of measuring absolute 

VC>2max, there was some degree of intra-subject variability, with Nordrehaug et al.

(1991) reporting an intra-subject variability range of 1 to 13%.

Although coefficients of variation have been used previously to describe the variation in 

exercise test results, they are only valid if the measurement error is dependent upon the 

magnitude of the results (Bland, 1995). If that relationship is not found, other 

techniques should be used to assess variability.

Correlation coefficients (r) and intra-class correlations (R) have also been used to assess 

the variability of exercise tests by examining the relationship between replicate test 

results.

Nordrehaug et al. (1991) examined the intra-subject variability of absolute VCbmax 

values determined during replicate Bruce treadmill exercise tests. The Pearson Product
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Moment correlation coefficient, representing the association between replicate absolute 

V02max values, was given as r = 0.94 (P<0.05).

Cohen-Solal et al. (1991) investigated the variability of relative V02peak measured 

during 1) a symptom-limited progressive cycle ergometer exercise test involving step 

changes in work rate of 20 W every 3 min, and 2) a symptom-limited cycle ergometer 

exercise test involving ramp changes in work rate of 10 W-min'1. Patients with mild, 

stable chronic congestive heart failure and exercise limitation due to fatigue or dyspnoea 

performed the two cycle ergometer tests on two occasions during an eight day period. 

Respiratory gas analysis was performed using a variety of fast response gas analysers at 

a number of different research centres. Following the determination of relative VĈ peak, 

defined as the highest VO2 value reached at the end of exercise, the variability of the 

two exercise tests was examined. No significant differences were found to exist 

between replicate measures of relative V0 2 peak determined by either of the two cycle 

ergometer tests. A close association was found to exist between replicate measures of 

relative V02peak measured during the step exercise test (r = 0.93) and the ramp exercise 

test (r = 0.97). Cohen-Solal et al. (1991) concluded that highly reproducible relative 

VC>2Peak values resulted from both exercise tests when performed by patients with mild, 

stable chronic congestive heart failure.

The usefulness of the information gained by describing variability in terms of 

correlation coefficients or intra-class correlations is questionable. These methods 

provide a measure of the extent of a relationship between data sets but do not provide a 

good assessment of the agreement between the results produced during identical 

protocols (Bland and Altman, 1995). The inability of these approaches to provide 

reliable assessments of the agreement between test results arises from the fact that
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correlation coefficients and intraclass correlations can be influenced by the 

characteristics of a subject population.

Bland and Altman (1986) advocated the use of the 95% limits of agreement method to 

assess the repeatability of test results obtained during method comparison studies (Lee, 

1992, Shaw et al., 1994, and Liehr et al., 1995). Altman (1991) and Bland (1995) have 

also advocated this method as a means of assessing the extent of the agreement between 

the test and re-test results obtained during the performance of identical protocols.

The usefulness of the different statistical methods which have been applied to the 

assessment of the variability of replicate test results has been investigated by Atkinson 

(1995). Two repeated measurements of isometric leg strength were taken in two 

different study populations using a portable leg and back dynamometer. Population one 

was a homogenous cohort of young athletic subjects (age = 18 to 28), whereas 

population two was a heterogenous cohort of older subjects (age = 47 to 65 years). 

Coefficients of variation, intraclass correlations and 95% limits of agreement were 

calculated for the test / retest results. Greater variability in leg strength was found 

within the older subject population (%CV = 21.1%) when compared to the young 

athletic population (%CV = 18.6%). Contrasting findings were evident when 

considering Pearson Product Moment correlation coefficients and intraclass 

correlations. Greater variability in repeated leg strength measurements was found to 

occur in the homogenous young athletic population (r = 0.01, P = 0.78, and R = 0.26) 

when compared to the heterogenous older population (r = 0.69, P = 0.03, and R = 0.83). 

This finding emphasises the limitations of correlation coefficients and intraclass 

correlations to evaluate the variability of replicate leg strength measurements, and
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demonstrates the effect of population characteristics on these two statistical methods. 

When considering the 95% limits of agreement for the two subject populations, greater 

variability in replicate test results was observed in the older subject population. The 

95% limits of agreement were wider for the heterogenous older population (95% limits 

of agreement = -657 to +743 N) than for the homogenous young athletic population 

(95% limits of agreement = -610 to +613N). Atkinson (1995) concluded that as 

agreement limits were not affected by population heterogeneity, this statistical method 

could be adopted as a universal means of assessing the intra-subject variability of 

replicate test results.

There is limited knowledge however concerning the variability of replicate measures of 

VO2 kinetics determined by the PRBS exercise test technique. Berry and Moritani 

(1985) assessed the variability of VO2  kinetics measured during two identical square 

wave work rate forcings. Ten young male college students performed a single step 

change from rest to a work rate of 150 W at a pedal cadence of 50 rpm, to determine the 

time constant of VO2 . Replicate measures of VO2  kinetics were made using an 

identical protocol two weeks after performing the initial exercise test. A Pearson 

Product Moment correlation coefficient was calculated to examine the variability of the 

VO2 kinetics measured during the step change in work rate. The reproducibility of this 

exercise test was described as being satisfactory with a correlation coefficient of r = 0.87 

(PO.Ol) existing between replicate measures of VO2 kinetics.

The reproducibility of VO2 kinetics from ramp work rate tests was investigated by 

Hughson and Inman (1986) in five male subjects. Individual subjects showed 

approximately two-fold differences in estimates of VO2 kinetics (%CV from individuals
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repeating the test six times ranged from 18.5 to 29.3%). It was concluded that several 

repetitions should be pooled prior to estimation of kinetic parameters.

Claxton et al. (1996) (Appendix A. 1.4) examined the reliability of a sixty-three unit 

PRBS exercise test with 5 s work rate changes between 25 and 105 W to measure VO2  

kinetics. Twenty healthy male subjects performed two identical PRBS exercise tests on 

an electrically braked cycle ergometer. Respiratory gas exchange was measured on a 

breath-by-breath basis using a respiratory mass spectrometer. An assessment of intra

subject variability for amplitude and phase shift was made using the analysis of variance 

technique, and limits of agreement were calculated in order to assess how well the 

results agreed. Wide limits of agreement were observed at each harmonic number for 

both amplitude and phase shift, although there was no significant difference between the 

VO2 kinetics resulting from the two replicate tests.

In a review of the literature no evidence could be found of any study which described 

the intra-subject variability of the test / re-test results determined during a PRBS 

exercise test with 30 s work rate changes between 25 and 75 W.

The aim of this investigation was to:

• investigate the variability of replicate measures of VO2 kinetics made during a fifteen 

unit PRBS exercise test protocol with 30 s work rate changes between 25 and 75W.

3.2) Methodology

3.2.1) Subjects

Eight healthy, moderately active, female subjects (age = 22.6 ± 0.8 years, height = 1.65
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± 0.06 m and body mass = 65.5 ± 4.5 kg) were recruited from the student population at 

Sheffield Hallam University. Prior to inclusion into the study population, all subjects 

were screened for cardiovascular, respiratory and musculo-skeletal disorders by means 

of a health and activity questionnaire (c.f. appendix A.3.1). Written informed consent 

was obtained from each individual prior to commencement of the study (c.f. appendix 

A.3.2).

3.2.2) Exercise testing

An eight (subjects) by two (observations) study design was adopted in order to 

investigate the variability of the PRBS exercise test. All eight subjects completed two 

replicate PRBS exercise tests (c.f. Chapter 2, Section 2.3.1) to determine VO2 kinetics. 

The exercise tests were performed on the same day of the week and at the same time for 

each subject (Froelicher et al., 1974) in order to reduce diurnal variation. Each subject 

completed one PRBS exercise test per week and all tests were performed within a period 

of two weeks.

Oxygen uptake and heart rate were measured throughout this exercise testing procedure 

(c.f. Chapter 2, Section 2.2.1 and 2.2.2). Individual seat height was recorded during the 

initial PRBS exercise test and maintained for the subsequent assessment of VO2  

kinetics.

3.2.3) Data and statistical analysis

The breath-by-breath data collected during the PRBS exercise tests were subjected to
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Fourier analysis to produce VO2  kinetics at harmonic numbers 1 to 4 (c.f. Chapter 2, 

Section 2.4.2.1).

Descriptive statistics, i.e. the mean and standard deviation (mean ± SD), were calculated 

for VO2 kinetics determined during each PRBS exercise test. Histograms were plotted 

to ensure that the data points were normally distributed and occurred within ± 2 SD of 

the mean value.

An assessment of intra-subject variability of the PRBS exercise test was made by means 

of a repeated measures two-way analysis of variance with replication. The observed F 

statistics were calculated in each case and compared to tabulated values for the F 

distribution. Significant differences in the replicate measures of VO2 kinetics were said 

to exist if the observed F statistics were greater than the tabulated values (Fcrit). A 

significance level of a  <0.05 was selected.

An error of linearity test was performed where Pearson Product Moment correlation 

coefficients were used to assess the extent of the relationship between the measurement 

error and the measurement size. If a significant association was found, indicating that 

the error of the measurement was dependent on the size of the result, a coefficient of 

variation was calculated to quantify the variability of the test results.

Limits of agreement (95%) were calculated to provide an assessment of the repeatability 

of this PRBS exercise test (Bland and Altman, 1995, and Atkinson, 1995). The 95% 

limits of agreement method involved the calculation of the mean difference and the 

standard deviation of the differences (mean ± Sdifr) between the replicate measures of 

VO2 kinetics. This statistical process provided a range of values within which 95% of
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the differences between the two tests would occur.

3.3) Results

3.3.1) Overall results

A typical response to the PRBS exercise test is shown in figure 3.1.

Dynamic gains for VO2 of 1046 ± 60 ml-min'1 and 1024 ± 60 ml-min'1 resulted from 

test 1 and test 2 respectively. No significant difference was found between the dynamic 

gain for VO2 measured during test 1 and test 2. A mean overall heart rate response of 

115 ± 5 beats-min'1 and 115 ± 3 beats-min'1 resulted from test 1 and test 2 respectively. 

No significant difference was found between the mean heart rate response resulting from 

test 1 and test 2.
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Figure 3.1) The PRBS exercise test; (A) work rate sequences, (B) a typical heart rate 

response and (C) a typical VO2 response.
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3.3.2) Oxygen uptake kinetics

3.3.2.1) Descriptive statistics

The descriptive statistics for the VO2 kinetics determined during replicate PRBS 

exercise tests are displayed in table 3.1 and 3.2 and presented graphically in figures 3.2 

and 3.3.

Table 3.1) Descriptive statistics for amplitude (ml-min-1-W-1) determined during 

replicate PRBS exercise tests (mean ± SD) (n = 8).

Harmonic

number

Amplitude (ml'min-1*W-1) 

Test 1

Amplitude (ml*min-1'W -1) 

Test 2

1 9.498 ± 0.490 9.812 ±0.686

2 6.752 ± 0.434 6.550 ±0.326

3 7.958 ± 0.912 7.836 ±0.851

4 8.053 ± 0.491 8.105± 0.707
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Figure 3.2) Mean values (mean ± SD) for amplitude (ml.min-1.W-1) obtained during

replicate PRBS exercise tests.
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Table 3.2) Descriptive statistics for phase shift (degrees) determined during replicate 

PRBS exercise tests (mean ± SD) (n = 8).

Harmonic

number

Phase shift (degrees) 

Test 1

Phase shift (degrees) 

Test 2

1 -23.3 ±4.2 -22.5 ±4.5

2 -40.8 ±4.3 -40.8 ±4.9

3 -71.9 ±9.4 -67.3 ± 5.3

4 -76.0 ± 7.9 -76.9 ± 8.3
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Figure 3.3) Mean values (mean ± SD) for phase shift obtained during replicate PRBS

exercise tests.

3.3.2.2) Two-way analysis of variance

A repeated measures two-way analysis of variance with replication revealed no 

significant differences between test 1 and test 2 at harmonic numbers 1 to 4.
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3 3 2 3 ) Limits of agreement

An error of linearity test showed no significant relationship between the measurement 

error and the measurement size for either amplitude or phase shift. Therefore 

coefficients of variation were not calculated.

The 95% limits of agreement for amplitude are summarised in table 3.3.

Table 3.3) Mean difference (t2-tl) ± 2 S ^ a n d  95% limits of agreement for amplitude 

(ml-min1-W 1).

Harmonic

number

1 2 3 4

Amplitude: 0.314 -0.202 -0.122 0.052

mean difference ± ± + +

(m bm in'^W 1) 0.890 0.718 0.476 1.512

95% limits of -0.576 -0.920 -2.598 -1.459

agreement to to to to

(ml-min'^W'1) 1.204 +0.515 +2.354 +1.564

The difference between the upper and lower 95% limits of agreement ranged from 1.435 

ml-min'1-W'1 at harmonic number 2 to 4.952 ml-min'1-W'1 at harmonic number 3. The 

95% limits of agreement for amplitude are presented graphically (Bland, 1995) in 

figures 3.4 and 3.5.
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Figure 3.4) The difference between replicate measures of amplitude (t2-tl) (y-axis) and 

mean results of the two tests (x-axis) for each subject ♦  at harmonic numbers 1 and 2. 

95% limits of agreement for amplitude (ml-min'1-W’1) at harmonic numbers 1 and 2, 

where the upper and lower limits of agreement represent mean + 2Sdiff and mean -2Sdifr

respectively.
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The 95% limits of agreement for phase shift are summarised in table 3.4.

Table 3.4) Mean difference (t2-tl) ± 2 S ^ an d  95% limits of agreement for phase shift 

(degrees).

Harmonic

number

1 2 3 4

Phase shift: -1.1 0 -4.8 1

mean difference ± ± ± +

(degrees) 8.1 8.2 12.7 17.1

95% limits of -9.2 -8.2 -17.5 -16.1

agreement to to to to

(degrees) +7.0 +8.2 +7.9 +18.1

The difference between the upper and lower 95% limits of agreement ranged from 16.2 

degrees at harmonic number 1 to 34.2 degrees at harmonic number 4. The 95% limits of 

agreement for phase shift are presented graphically (Bland, 1995) in figures 3.6 and 3.7.

77



HARMONIC NUMBER 1

<K
43w
<l>mcd

43

20 
15
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3.4) Discussion

3.4.1) Overall response

All subjects completed two replicate PRBS exercise tests with 30 s work rate changes 

between 25 and 75 W. The dynamic gain for VO2 ranged from 889 to 1176 ml.min’1. 

This means that the overall exercise intensity was likely to be less than 50% VĈ max for 

this female population (Henritze et al., 1985, McCord and Paterson, 1989, and Astrand, 

1960). The heart rate responses were also submaximal being approximately 55% 

APMHR.

3.4.2) Oxygen uptake kinetics comparisons

Although there are no comparative VO2 kinetics data, determined during the PRBS 

exercise test, for female subjects, the results are in a similar broad range to the values 

reported from other studies (EBfeld et al., 1987, Cunningham et al., 1993 and Hughson -  

personal communication).

3.4.3) Variability

In assessing variability, the mean difference between measurements obtained in the two 

tests is important since it is an estimate of the average bias of the measurement. Large 

mean differences, which would indicate the existence of undesirable trends (Katch et al., 

1982), were not detected in this study. A previous study (unpublished data) investigated 

the reproducibility of the measurement of VO2 kinetics in four subjects who performed 

four replicate PRBS exercise tests. A repeated measures two-way analysis of variance
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with replication revealed no significant difference between any of the parameters 

measured during the four tests. Further examination of both individual and mean 

differences did not identify any particular upward or downward trends. It was assumed 

therefore that the variability of this study was not due to the nature of the testing 

procedure or to the influence of habituation.

Although no significant difference was found to exist between the replicate test results 

at any of the harmonic numbers, wide limits of agreement, indicating a large degree of 

variability between the test / re-test results, were evident. This would suggest that it is 

more appropriate to apply the PRBS exercise test to the study of groups of subjects than 

to draw conclusions from a single test in individual subjects.

A similar conclusion was drawn in a study by Claxton et al. (1996) (c.f. Appendix 

A. 1.4) for male subjects performing sixty-three unit PRBS exercise tests. Other studies 

have also shown substantial degrees of individual variation in both steady state VO2 and 

VO2 kinetics (Armstrong and Costill, 1985, Hughson and Inman, 1986, Nordrehaug et 

al., 1991, and Morgan et al., 1991).

One explanation for the wide intra-subject variability in replicate measures of VO2  

kinetics is bio variation (Katch et al., 1982) which can affect even highly regimented 

exercise testing procedures. Biovariation can comprise a number of factors which may 

dictate the contribution made by random error to the process of determining VO2  

kinetics. Psychological factors including anxiety prior to, and during the performance of 

unfamiliar procedures (British Association of Sports Science, 1988) may have altered 

the cardiovascular responses to the PRBS exercise test protocols. Theoretically, a 

lessening of the contribution made by these factors to the error inherent within the
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measurement procedure, should have occurred with the performance of subsequent tests. 

Greco et al. (1986) suggested that sudden alterations in exercise intensity, even when 

incorporated into a pseudo random work rate forcing, could act as a signal to the subject 

to voluntarily influence the resultant cardiorespiratory responses. This would ultimately 

contribute to the random variation within the VO2 response to replicate PRBS exercise 

test protocols.

Complex analysis procedures were adopted to produce VO2 kinetics from the VO2  

response to the pseudo random work rate forcings. Although the removal of the first 

PRBS sequence reduced the initial transients, characteristic of rest to work transitions 

(Krogh and Linhard, 1913), variability between repeated measures of VO2 kinetics may 

have been introduced through breath-by-breath noise (Lamarra et al., 1987).

In order to reduce breath-by-breath noise, non-physiological breaths were removed and 

three sequences were overlaid to produce an average response prior to Fourier analyses. 

Inspite of this, the interpolation of the VO2 data must be considered as a source of 

possible variation. The interpolation process resulted in the production of a data point at 

every 1 s interval. Each data point was calculated from the VO2 during the previous and 

following breath. Thus it can be seen that this stage of the analysis process was 

dependent on the breathing pattern of each individual. It is proposed that a greater 

degree of variability between replicate measures of VO2 kinetics may have existed for 

slower breathing individuals. When fewer breaths were taken, more data points were 

introduced by the process of interpolation. Variations within the breathing pattern will 

have occurred during the performance of each PRBS exercise test. Therefore when 

comparing the VO2 kinetics produced during two separate PRBS exercise tests, slightly 

different measures of amplitude and phase shift will have resulted.
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3.5) Conclusions

• The individual variability of the PRBS exercise test has been shown to be 

considerable for young, adult female subjects.

• The results from several repetitions of the PRBS exercise test should be pooled to 

give a more reliable estimate of VO2 kinetics for any individual subject.

• The test could be usefully applied to the assessment of group VO2  kinetics.
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Chapter Four
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The Relationship Between Oxygen Uptake 

Kinetics and Aerobic Power
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4.1) Introduction

It has been suggested for some time that subjects with greater aerobic power have faster 

rates of adaptation to step changes in work rate, i.e. faster V O2 kinetics (Whipp and 

Wasserman, 1972, Weltman and Katch, 1976, Hickson et al., 1978 and Hagberg et al., 

1978). Weltman and Katch (1976), for example, were able to demonstrate a difference 

in V O2 kinetics between two groups of subjects, where one group had attained a higher 

mean relative V 02max (60 ml-kg'^min'1) than the other group (50 ml-kg'^min'1). The 

subjects attaining lower aerobic power were found to have a mean half time for V O2  

(t/4) which was 6 s greater than that for the subjects attaining higher aerobic power.

At the time of these studies however, the concept of including a time delay in the 

analysis of V O2 kinetics was not well accepted. The half times for V O2 published by 

the above authors may therefore describe both the initial, rapid cardiodynamic response 

(phase I), where V O2  at the lungs does not reflect that at the muscles, and the 

exponential increase in V O2 (phase II), where V O2 at the lungs does reflect that at the 

muscles.

It was not until 1985 that a relationship was established between phase II V O2 kinetics 

and aerobic power (Powers et al., 1985). Oxygen uptake kinetics were assessed in ten 

endurance trained male athletes using a step change in work rate requiring 

approximately 50% of their aerobic power, determined during a progressive exercise test 

to exhaustion. The relative V02max and V O2 kinetics ranged from 50 to 70 

ml-kg^-min-1 and 36.0 to 21.6 s, respectively. They described a significant correlation 

between V 02max and VO2 kinetics (r = -0.80, P<0.05) and successfully demonstrated
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that subjects with greater aerobic power had faster VO2 kinetics. The following model 

was found to describe the half time for V O2 :

VO2 kinetics (t/4, in s) = -0.544(relative V02max(in ml-kg'^min"1)) + 59 (6)

The coefficient of determination for the model (1-r2) revealed that 36% of the common 

variance between V C>2max and V O2 kinetics could not be explained by this model. As 

subjects differed in aerobic power but had performed similar training routines in the ten 

weeks prior to testing, it was suggested that the difference in V O2 kinetics was due to 

initial fitness level rather than training.

EBfeld et al. (1987) present the only data where the PRBS exercise test technique has 

been used to investigate the V O2 kinetics of subjects differing in aerobic power. Male 

and female subjects were grouped into four categories of fitness (group 1: V C>2max <50 

ml-kg'^min'1, group 2: V02max = 50 to 60 ml-kg'^min'1, group 3: V02max = 60 to 70 

ml-kg'^min’1, and group 4: V 02max >70 ml-kg^-min'1). Phase shift parameters 

demonstrated a trend towards faster VO 2 kinetics in those subjects with greater aerobic 

power. Interestingly, amplitude parameters were shown to discriminate between 

subjects in different aerobic power groupings.

Since previous investigations have predominantly used trained or highly active subjects, 

the study by Zhang et al. (1991) is very important to the application of V O2 kinetics to 

fitness assessment, as sedentary subjects were used. The relationship between V02peak 

and V O2 kinetics was determined in nine sedentary male subjects (age range = 31 to 45
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years) achieving relative V 02peak ranging from 31 to 67 ml-kg'1-min'1. Oxygen uptake 

kinetics were quantified by the time taken to reach 75% ( to .7 5 )  of the response to a 3 min 

step change in work rate. Work rates of 45, 60 or 90 W were used depending on the

V 02Peak achieved. The size of the step change in work rate was adjusted to ensure that 

steady state was attained during the 3 min test. Faster V O2 kinetics were observed in 

subjects with higher V 02peak- The following model described the relationship between

V 02Peak and VO 2 kinetics (r = 0.75, P<0.05):

V O2 kinetics ( to .7 5 ,  in s) = -1.04(relative V 02peak(in ml-kg'1 -min'1)) + 99.3 (7)

Zhang et al. (1991) concluded that the kinetics of aerobically produced ATP flux 

relative to the anaerobic ATP flux are greater in those subjects attaining higher V C>2max 

values, and thus give rise to faster V O2 kinetics.

Most of the subjects studied by Zhang et al. (1991) however had achieved V (>2Peak of 

>40 ml-kg’1-min'1. For a method of assessing V O2 kinetics to be applicable to cardiac 

patients, subjects with low aerobic power must be studied. Cardiac patients 

participating in cardiac rehabilitation programmes typically have V 02Peak values 

ranging from 13.6 to 23.8 ml-kg'1-min'1 (Riley et al., 1994). Babcock et al. (1994b) 

investigated the V O2 kinetics of subjects with poor fitness levels. The male subjects 

(n = 46, age range = 30 to 80 years) studied were grouped as a function of age. Oxygen 

uptake kinetics were assessed using a step change in work rate between 80% of the work 

rate needed to elicit V O2 at the VeT and loadless cycling (0 W). The V 02max and V O2  

kinetics of the study sub-groups categorised according to age are shown in table 4.1.
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The results showed that V O2 kinetics were significantly slowed in older, less fit 

subjects.

Table 4.1) The V C>2max and V O2 kinetics of the male subjects categorised according to 

age (Babcock et al., 1994b) (mean ± SD).

Group 1 Group 2 Group 3

Number of subjects 17 17 12

Age (years) 36.7 ±5.0 51.0 ±4.7 71.4 ±4.1

Absolute V 02max (1‘min'1) 3.17 ±0.5 2.58 ±0.4 1.74 ±0.1

t V 0 2 ( s ) 38.8 ±9.5 48.6 ±11.2* 60.8 ± 17.6$

* denotes significant difference between group 2 and group 1 (P<0.05)

$ denotes significant difference between group 3 and group 1, and group 3 and group 2

(P<0.05).

Factors have been suggested which may explain the slowing of V O2 kinetics with age, 

including the specific changes that occur with ageing, for example the relative slowing 

of the components of the gas transport system (Cunningham et al., 1993), and changes 

in skeletal muscle morphology (Overend et al., (1992). The effects of ageing however 

cannot totally explain the slowing of V O2 kinetics, since long-term inactivity may also 

have contributed. In order to discriminate between subjects with lower levels of fitness, 

on the basis of V O2  kinetics, studies must be controlled for age.

Chilibeck et al. (1996) used multiple linear regression analysis to demonstrate that 

cardiorespiratory fitness was the most significant explanatory variable for the variance 

in the time constant for oxygen uptake (t). This variable explained 31% of the variance
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within the model relating V O2 kinetics with V 02max. Habitual activity levels for the 

subjects however were not included amongst the variables used to explain x.

The aims of this investigation were to use the PRBS exercise test technique to:

• examine the relationship between aerobic power and V O2  kinetics in a homogenous 

group of young, healthy females,

• discriminate between the V O2 kinetics of two groups of subjects, with one group 

attaining higher than average aerobic power for the total subject cohort, and one 

group attaining lower than average aerobic power for the total subject cohort.

4.2) Methodology

4.2.1) Subjects

The subject cohort studied, and the data collected, during this investigation comprise the 

preliminary data set for the effect of endurance-type training on the V O2 kinetics of 

healthy, young women (c.f. Chapter 5).

Twenty-eight female subjects (age = 22.9 ±3.1 years, height = 1.64 ± 0.05 m and body 

mass = 62.9 ± 7.9 kg) were recruited from the student population at Sheffield Hallam 

University. Prior to inclusion in the study population, all subjects were screened for 

cardiovascular, respiratory and musculo-skeletal disorders, by means of a health and 

activity questionnaire (c.f. appendix A.3.3). Written informed consent was obtained 

from each individual prior to commencement of the study (c.f. appendix A.3.4 and 

A.3.5).
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4.2.2) Exercise testing

All subjects completed a PRBS exercise test with 30 s work rate changes between 25 

and 75 W, to determine VO2  kinetics (c.f. Chapter 2, Section 2.3.1). The upper work 

rate was set to be below that at VeT for all subjects. A progressive exercise test with 

ramp increases in work rate of 20 W-min'1 to exhaustion, was then performed (c.f. 

Chapter 2, Section 2.3.2). Oxygen uptake and heart rate were measured throughout 

these exercise testing procedures (c.f. Chapter 2, Sections 2.2.1 and 2.2.2). Individual 

seat height was recorded (c.f. Chapter 2, Section 2.2.3).

4.3) Data and statistical analysis

The breath-by-breath data collected during the submaximal PRBS exercise test were 

subjected to Fourier analysis to produce measures of VO 2 kinetics at harmonic numbers 

1 to 4 (c.f. Chapter 2, Section 2.4.2.1). The data collected during the progressive 

exercise test to exhaustion were averaged on a 30 s time basis (c.f. Chapter 2, Section

2.4.2.2).

4.3.1) A ttainm ent o f  maximal oxygen uptake or pea k  oxygen uptake

The number of criteria, described previously in Chapter 2, Section 2.4.2.2, which were 

fulfilled by each subject during the progressive exercise test to exhaustion was 

documented to determine whether V C>2max or V 02peakhad been achieved.

4.3.2) Descriptive statistics

The mean and standard deviation (mean ± SD) were calculated for each data set.
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Histograms were plotted to ensure that the data points were normally distributed and 

occurred within ± 2 SD of the mean.

4.3.3) Oxygen uptake kinetics in subjects differing in aerobic pow er

The subject cohort was sub-divided into two categories, according to relative V02peak 

values. These sub-groups consisted of subjects with values below and above the mean 

value of the total subject cohort. Analysis of variance was used to detect any differences 

in V O2 kinetics between the two study sub-groups. A significance level of oc < 0.05 

was selected.

4.3.4) Relationship between oxygen uptake kinetics and aerobic pow er

Pearson Product Moment Correlation analysis and linear regression analysis were used 

to determine the relationships between the V O2 kinetics and aerobic power for the total 

subject cohort. Correlation coefficients and linear regression equations were calculated 

for the relationships between V O2 kinetics at harmonic numbers 1 to 4 and (I) relative 

V 02Peak and (II) absolute V 02peak. A significance level of oc < 0.05 was selected. 

Adjusted R2 (Adj. R2) was used to describe the goodness of fit of the model, by 

measuring the correlation between the observed values and those predicted by the 

regression equation (Altman, 1991).
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4.4) Results

4.4.1) Progressive exercise test

The average maximum work rate achieved at the end of the test by the twenty-eight 

subjects was 189.5 ± 23.1 W. The values ranged from 149.4 to 245.2 W.

Five subjects, 18% of the total population, attained V 02max during the maximal exercise 

test by achieving a plateau in the relationship between V O2 and work rate. The 

remaining subjects attained V 02peak by fulfilling one or both of the criteria for V 02peak 

(c.f. Chapter 2, Section 2.4.2.2). Of these two criteria, all subjects attained an RER of 

1.15 or higher, and 29% of subjects attained a maximal heart rate within 10 beats-min'1 

of APMHR (c.f. appendix A.4.1). Since only 18% of the subjects achieved V 02max, the 

term V 02peak was preferred for the group results. The results for the progressive 

exercise test to exhaustion are displayed in table 4.2.

Table 4.2) The cardiorespiratory values at exhaustion (mean ± SD) (n = 28).

Variable Mean ± SD

Relative V 02peak (ml-kg^-min1) 37.0 ±5.5

Absolute V 02peak (ml-min'1) 2297 ±245

Peak heart rate (beats’mm"1) 183 ±10

Peak RER i .i6 ± b .0 6

Mean relative V 02peak ranged from 26.6 to 47.9 ml-kg'1-min'1 and absolute V 02peak 

ranged from 1982 to 2958 ml-min'1.
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4.4.2) Oxygen uptake kinetics

4.4.2.1) Mean response

A dynamic gain for V O2 of 1056 ± 80 ml-min"1 and a mean overall heart rate response 

of 120 ± 16 beats-min"1 resulted from the PRBS exercise test for the twenty-eight 

subjects. This represents an average exercise intensity of 46% VC^peak and 66%  peak 

heart rate achieved during the ramp progressive exercise test.

4.4.2.21 Frequency domain analysis

The V O2 kinetics which resulted from the PRBS exercise test are displayed in table 4.3.

Table 4.3) V O2 kinetics, amplitude (ml-min"1-W"1) and phase shift (degrees), at the first 

four harmonic numbers (mean ± SD) (n = 28).

Variable Mean ± SD

Amplitude at harmonic number 1 (mhmin'^W"1) 10.304 ±0.432

Amplitude at harmonic number 2 (mbmin'^W"1) 6.761 ± 0.735

Amplitude at harmonic number 3 (mbmin'^W'1) 8.716 ±0.881

Amplitude at harmonic number 4 (mbmin'^W"1) 8.168 ±0.881

Phase shift at harmonic number 1 (degrees) -24.9 ±2.8

Phase shift at harmonic number 2 (degrees) -42.2 ±4.9

Phase shift at harmonic number 3 (degrees) -70.0 ± 7.8

Phase shift at harmonic number 4 (degrees) -78.0 ± 6.7
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4.4.3) Oxygen uptake kinetics in subjects differing in aerobic power

Relative V02peak values of 32.3 ±3.3 ml-kg"1-min'1 and 41.1 ± 3.2 ml-kg"1-min"1 were 

achieved by the sub-groups with relative V02peak below and above 37.0 ml-kg"1-min'1 

respectively. The characteristics of the two sub-groups of subjects are described in table

4.4.

Table 4.4) The characteristics of the two sub-groups of subjects catergorised according 

to relative V 02Peak of below (group I) or above 37.0 ml-kg'1-min"1 (group II) (mean ±

SD) (n = 28).

Variable Group I 

(<37.0 ml-kg'^min"1)

Group II 

(>37.0 mbkg'^min"1)

Age (years) 23.3 ±3.2 22.4 ±2.8

Height (m) 1.65 ±0.06 1.63 ±0.03

Weight (kg) 67.8 ± 8.3 58.5 ±3.6

Absolute V 02Peak (mhmin"1) 2171± 165 2406 ±242

Habitual activity level 3.2 ± 2.0 3.2 ± 1.8
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4.4.3.1) Amplitude

The mean ± SD of the amplitudes and the difference between the two study sub-groups 

are displayed in table 4.5.

Table 4.5) Amplitude (ml-min'1-W'1) at harmonic numbers 1 to 4, and categorised 

according to relative V 02peak of below (group I) or above 37.0 ml-kg'1-min'1 (group II) 

(mean ± SD) (n = 28).

Relative

V 02Peak 

(mbkg'^min'1)

Subject

number

Amplitude (mFmin'^W'1)

Harmonic 

number 1

Harmonic 

number 2

Harmonic 

number 3

Harmonic 

number 4

Group I 

<37.0

13 10.263 ± 

0.421

6.455 ± 

0.496**

8.681 ± 

1.070

7.916 ± 

1.013

Group II 

>37.0

15 10.407 ± 

0.588

7.462 ± 

1.009**

9.213 ± 

0.782

8.488 ± 

0.853

** = significant difference between study su >groups at PO.Ol.

Faster V O2 kinetics were found in those subjects with greater aerobic power (c.f. Figure 

4.1 and 4.2). The amplitude values at harmonic number 2 were found to be significantly 

greater (PO.Ol) for the sub-group with relative V02peak above 37.0 ml-kg'1-min'1 

(group II) than those for the sub-group with relative V C>2Peak below 37.0 ml-kg'1-min'1 

(group I). Although a trend towards higher amplitudes at harmonic numbers 1, 3 and 4, 

was observed in those subjects with greater aerobic power, no significant difference in 

amplitude was seen to exist between the two sub-groups. The mean ± SD of amplitude, 

at harmonic numbers 1 to 4, for the two study groups categorised according to relative
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V 02Peak are shown in figure 4.1.
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Figure 4.1) Amplitude (ml-min'1-W'1), at harmonic numbers 1 to 4, for the two study 

sub-groups categorised according to relative V Ĉ peak (mean ± SD). (** = significant

difference between groups at PO.Ol).
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4.4.3.2) Phase shift

The mean ± SD of the phase shifts and the difference between the two study sub-groups 

are displayed in table 4.6.

Table 4.6) Phase shift (degrees) at harmonic numbers 1 to 4, and categorised according 

to relative V C>2peak of below (group I) or above 37.0 ml-kg'1-min'1 (group II) (mean ±

SD) (n = 28).

Relative

V 02Peak

(mbkg'^min"1)

Subject

number

Phase shift (degrees)

Harmonic 

number 1

Harmonic 

number 2

Harmonic 

number 3

Harmonic 

num ber 4

Group I 

<37.0

13 -26.3 ± 

2.5**

-44.7 ± 

5.2**

-75.0 ±

y 2 ***

-80.3 ± 

7.9

Group II 

>37.0

15 -23.6 ± 

2.5**

-40.1 ± 

3.4**

-65.7 ± -76.1 ± 

4.9

** = significant difference between study sub-groups at PO.Ol. 

*** = significant difference between study sub-groups at PO.OOl.

At harmonic numbers 1, 2 and 3, the phase shifts of the sub-group with relative V 02peak 

above 37.0 ml-kg’1-min'1 (group II) were found to be significantly smaller than those for 

the sub-group with relative V 02peak below 37.0 ml-kg'1-min'1 (group I).

The mean ± SD of phase shifts, at harmonic numbers 1 to 4, for the two study groups 

categorised according to relative V C>2Peak are shown in figure 4.2.
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Figure 4.2) Phase shift (degrees) for the two study sub-groups categorised according to 

relative V02peak (mean ± SD). (** and *** = significant difference between groups at

PO.Ol and P0.001 respectively).

4.4.4) Relationship between oxygen uptake kinetics and pea k  oxygen uptake

4.4.4. P  Amplitude

The Pearson Product Moment correlations (r values) used to assess the extent of the 

associations existing between amplitude and (I) relative V Ĉ peak, and (II) absolute 

V 02Peak are displayed in table 4.7.
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Table 4.7) Correlation coefficients (r values) for the relationships between amplitude 

(ml-min-1-W-1) at harmonic numbers 1 to 4 and (I) relative V 02peak (ml-kg-1-min-1), and 

(II) absolute V 0 2peak (ml-min-1).

Amplitude

(ml*min-1*W-1)

Relative V 0 2peak 

(ml-kg-1-min-1)

Absolute V 0 2peak 

(mbmin-1)

r value r value

Harmonic number 1 0.13 0.18

Harmonic number 2 0.61** 0.40*

Harmonic number 3 0.19 0.34

Harmonic number 4 0.22 0.27

* = significant correlation (P<0.05). 

** = significant correlation (PO.Ol).

Significant positive relationships were found to exist between relative V 02peak and 

amplitude at harmonic number 2 (r = 0.61, PO.Ol), and absolute VC>2 Peak and 

amplitude at harmonic number 2 (r = 0.40, PO.05). High amplitudes at harmonic 

number 2 were apparent for those subjects attaining high relative V 02peak and high 

absolute VC>2Peak-

The linear regression equation for the relationship between relative V 02peak and 

amplitude is shown in figure 4.3.
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Figure 4.3) Linear regression equation for the relationship between relative V 0 2 peak and

amplitude at harmonic number 2 .

4.4.4.2) Phase shift

The Pearson Product Moment correlations (r values) used to assess the extent of the 

associations existing between phase shift and (I) relative V Ĉ peak, and (II) absolute 

V 0 2 Peak are displayed in table 4.8.
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Table 4.8) Correlation coefficients (r values) for the relationships between phase shift 

(degrees) at harmonic numbers 1 to 4 and (I) relative V 0 2 peak (ml-kg'1-min'1), and (II) 

absolute V 0 2 peak (ml-min'1).

Phase shift 

(degrees)

Relative V  0 2 p e a k  

(ml-kg1-min'1)

Absolute V 0 2 P e a k  

(mbmin'1)

r value r value

Harmonic number 1 -0.66*** -0.48**

Harmonic number 2 -0.60*** -0.33

Harmonic number 3 -0 72*** -0.45**

Harmonic number 4 -0.24 -0.28

** = significant correlation (PO.Ol), 

*** = significant correlation, PO.OOl.

Significant negative relationships were found to exist between relative V C>2Peak and 

phase shift at harmonic numbers 1 (r = -0.66, PO.OOl), 2 (r = -0.60, PO.OOl) and 3 (r = 

-0.72, P 0 .001). Weaker negative associations were apparent between absolute 

V 0 2 peak and phase shift at harmonic numbers 1 (r = -0.48, PO.Ol) and 3 (r = -0.45, 

PO.Ol). Smaller phase shifts were apparent for those subjects attaining high relative 

V 0 2 Peak at harmonic numbers 1, 2 and 3, and high absolute V 0 2 peak at harmonic 

numbers 1 and 3.

The linear regression equations for the relationships between relative V C>2Peak and phase 

shift are shown in figure 4.4.
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Figure 4.4) Linear regression equations for the relationships between relative V Ĉ peak 

and phase shift at harmonic numbers 1,2 and 3.
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4.5) Discussion

The purpose of this investigation was to study the V O2  kinetics, determined by the 

PRBS exercise test technique, of a population of female subjects in relation to the 

established measure of aerobic power.

4.5.1) Progressive exercise test

During this maximal assessment, mean relative and absolute V 0 2 peak values of 37.0 ± 

5.5 ml-kg"1-min*1 and 2297 ± 245 ml-min"1 respectively were attained by this young 

female population. Aerobic power values determined during maximal cycle ergometry 

exercise are known to be significantly lower than those measured during treadmill 

exercise (Glassford et al., 1965, Pollock et al., 1982, and Hellerstein and Franklin,

1984).

Aerobic power values were found to be comparable to the V 0 2 max results presented by 

Pollock et al. (1982) for healthy women (relative V 0 2 max = 36.6 ± 4.9 ml-kg'1-min"1) 

performing progressive cycle exercise to exhaustion comprising step changes in work 

rate. When comparing this mean aerobic power value ( V 0 2 peak = 37.0 ± 5.5 

ml-kg"1-min"1) to the mean V 0 2 max values reported by Pollock et al. (1982), the female 

subjects studied within the present investigation were more comparable to those subjects 

classified as sedentary (relative VC^max = 33.3 ± 5.2 ml-kg"1-min'1). These aerobic 

power values were also comparable to those reported by McCord and Paterson (1989) 

(relative VC>2max = 38.4 ± 4.3 ml-kg"1-min"1). Cunningham et al. (1993) used a ramp 

progressive exercise test to exhaustion to measure V C>2 max in a population of young 

females. This protocol resulted in the attainment of V C>2max values (relative V 0 2 max =
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36.9 ±  4.7 ml-kg'1-min'1) which were identical to those V 0 2 peak values reported during 

the present study. Maximal heart rates reported by Cunningham et al. (1993) (maximal 

heart rate = 181 ± 8  beats-min'1) were also similar to the peak heart rates measured 

during the present study. As these actual peak heart rates were lower than APMHR (194 

beats-min'1) it is likely that the subjects did not achieved ‘true V Ĉ max’ according to the 

strict definition by Zeballos and Weisman (1994) but did attain V Ĉ peak-

4.5.2) Oxygen uptake kinetics in the two sub-groups with high and low aerobic pow er  

The two sub-groups were formed on the basis of the aerobic power results, with all 

subjects included in the groupings. Fifteen subjects had relative V 0 2 peak greater than 

the mean value for the total subject cohort (37.0 ml-kg'1-min'1) and thirteen subjects had 

relative V 0 2 peak below the mean value. The mean relative V 0 2 peak for the higher 

fitness group was 41.1 ml-kg*1-min'1, and the mean relative V 0 2 peak for the lower fitness 

group was 32.2 ml-kg'1-min'1. Coincidentally these values correspond with the two 

female sub-groups identified by Pollock et al. (1982), where the subjects were 

categorised according to activity levels rather than by V C>2max- Pollock et al. (1982) 

described twenty-nine sedentary women as having an average VC>2max of 33.3 

ml-kg"1-min'1, which corresponds with the lower fitness group of the present study. 

Similarly the twenty active women studied by Pollock et al. (1982) were reported to 

have an identical average V 0 2 max (41.4 ml-kg'1-min'1) to the higher fitness level group 

of the present study. Examination of the activity questionnaires (c.f. Chapter 2, Section 

2 .5 ) revealed no significant difference between the levels of activity performed by the 

two study sub-groups (mean activity score = 3.2). It could be suggested therefore that
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neither of the groups were trained. The activity scores show that the young women of 

two moderately active groups were compared. The present study adopted a slightly 

different approach to that of Pollock et al. (1982), as sub-group classification was on the 

basis of aerobic power and not habitual activity levels. In this case, the difference in 

aerobic power values cannot be attributed to differences in habitual activity levels.

In spite of the fact that there was only a difference of 8.9 ml-kg'^min' 1 between the 

mean relative V 0 2 peak for the two study sub-groups, significant differences in V O2 

kinetics were demonstrated for phase shift at harmonic numbers 1,2 and 3, and 

amplitude at harmonic number 2. The significant slowing of the V O2  kinetics of young 

women, at these harmonic numbers, for the lower fitness group is in agreement with 

studies in men using step changes in work rate to determine V O2 kinetics (Powers et 

al., 1985, Babcock et al., 1994b and Chilibeck et al., 1996).

The results from the present study partially agree with the findings of EBfeld et al. 

(1987), where the PRBS exercise test technique was also used to differentiate between 

subject groups differing in aerobic power. The same general findings apply, in that the 

groups of higher fitness level exhibited faster V O2  kinetics, but EBfeld et al. (1987) 

could only differentiate between subject groups on the basis of amplitude. Although it 

was demonstrated that phase shift tended to be smaller in the fitter groups of subjects, 

the finding was not statistically significant. EBfeld et al. (1987) was able to show 

significant differences between subjects in adjacent groups using amplitude values at 

higher harmonic numbers, i.e. above the fourth harmonic number, whereas in the 

present study significant differences in amplitude were only found at harmonic number
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2. The small differences between the findings of the present study and those presented 

by EBfeld et al. (1987) can be explained by differences in the populations studied, in the 

equipment used, in the relative work rate levels and work rate patterns applied to the 

cycle ergometer, and also in the analysis procedures used.

4.5.3) The relationship between oxygen uptake kinetics and aerobic pow er

The correlation coefficient for the relationship between V O2 kinetics and aerobic power 

was calculated at each harmonic number. At harmonic numbers where a significant 

correlation was found, this relationship was represented by a linear regression equation. 

Oxygen uptake kinetics were found to be more frequently and more highly correlated 

with relative V 0 2 peak, a finding in keeping with that of Chilibeck et al. (1996). Simple 

independent linear regression equations resulted in four separate prediction models for 

relative V 0 2 peak- The percentage variability accounted for by the models was 35% for 

amplitude at harmonic number 2,42% for phase shift at harmonic number 2, 42% for 

phase shift at harmonic number 1 and 50% for phase shift at harmonic number 3. It can 

be seen therefore that for this cohort of twenty-eight young females, the best predictor of 

relative V C>2Peak was phase shift at harmonic number 3, since this parameter explains 

50% of the variation in the relationship between V O2 kinetics and aerobic power. The 

varying degrees of variability accounted for by the models suggest that no mono- 

frequent measure of V O2 kinetics, determined by the PRBS exercise test, should be 

seen as a perfect predictor of aerobic power.
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4.5.4) Physiological mechanisms

Maximal oxygen uptake represents the maximal amount of 0 2 utilised by the tissues per 

minute, whereas V 0 2 kinetics are measures of the rate of change of 0 2  utilisation in 

response to a change in work rate. Both V 0 2 kinetics and aerobic power may be 

limited by the ability of the cardiovascular system to transport 0 2 to the site of 

mitochondrial respiration (central factors), and/or the ability of the muscle cell to utilise 

0 2  (peripheral factors) (Sahlin et al., 1988, Stainsby et al., 1989, Sutton, 1992a, Sutton, 

1992b, Yoshida and Whipp., 1994, Wagner 1992). In the literature, there is some 

discrepancy concerning where the dividing line exists between central and peripheral 

factors. As far as V 0 2 kinetics are concerned, central factors are those which relate to 

the delivery of 0 2 to the mitochondria, and peripheral factors relate to the other factors 

which control mitochondrial respiration (Walsh, 1992). When discussing aerobic 

power, central factors determine 0 2 delivery only as far as the muscle arterioles, 

whereas peripheral factors are those factors determining the extraction of 0 2 from 

capillary blood (Sutton, 1992a, Sutton, 1992b).

Many studies and review articles have concluded that the major limiting factor for 

aerobic power is the delivery of 0 2 to the muscle cell (Rowell, 1986, Sutton, 1992a, 

Sutton, 1992b, Wasserman, 1982, Wasserman, 1994, Wagner, 1992, Bassett and 

Howley, 1997), whereas more uncertainty exists concerning the primary limiting factor 

for V 0 2 kinetics (Hughson and Morrisey, 1983, Walsh, 1992, Mahler, 1985).

In maximal aerobic exercise, the major sites of potential limitation in the 0 2 transport 

system have been identified as follows:

• pulmonary diffusion capacity for 0 2,

107



• maximal cardiac output ( Q  m ax )

• peripheral circulation.

In elite endurance athletes, a pulmonary diffusion limitation has been shown to be one 

factor which affects aerobic power (Inbar et al,. 1993). In some elite endurance athletes, 

the arterial haemoglobin saturation drops and this may be linked to a 

ventilation/perfusion mismatch (Hopkins et al., 1994), although pulmonary diffusion 

capacity is not thought to limit maximal aerobic performance in groups other than elite 

endurance athletes.

The consensus of opinion is that the capacity of the central cardiovascular system, 

determined by Qmax, to transport 0 2 to the muscle cell is the main factor limiting 

aerobic power in healthy subjects (Bassett and Howley, 1997). The studies that have led 

to this conclusion are based on exercise involving either large and small muscle masses, 

or arm and leg exercise. Studies in which maximal blood flow has been measured in 

small muscle groups, during knee extensor exercise, have shown that the maximal 

muscle blood flow is two to three times higher than the maximal flow achieved during 

two-legged cycle exercise (Saltin, 1985). This shows that the capacity of the heart to 

deliver 0 2 to the exercising muscles is the limiting factor in whole body exercise when a 

large muscle mass is being used.

Several studies have shown that the aerobic power for combined arm and leg exercise is 

similar to that for leg exercise alone (Astrand and Saltin, 1961, Secher et al., 1974). 

Blood flow measurements during arm and leg exercise show that Q is unable to supply 

the 0 2  demands of the combined muscle mass at high exercise intensities (Secher et al., 

1977). During exercise using small muscle groups, for example arms, aerobic power is



determined by the oxidative capacity of the muscle since the ability of the muscle blood 

flow to increase is not limited by Q as it is when larger muscle groups are employed.

In contrast, Gleser et al. (1974) have shown that adding arm exercise to maximal leg 

exercise increased V 0 2max by 10% suggesting that aerobic power is limited by the 

muscle mass employed and not by Q max. In this study however, leg exercise was 

performed with the arms hanging by the sides of the subject. This has been shown to 

reduce both the power output and the aerobic power that can be achieved during 

conventional leg cycling, when the arms are used to stabilise the body (Nagle et al., 

1984). This may account for the lower aerobic power achieved during leg only exercise. 

The consensus of opinion therefore is that aerobic power is determined by the maximum 

capacity of the cardiovascular system to supply blood to the working muscle.

The other line of evidence, suggesting a central limitation, is based on the relationships 

between aerobic power and Q in trained and untrained subjects. It has been shown that 

the two-fold difference in V 0 2max between the two groups is largely due to differences 

in Q , and specifically in stroke volume (Rowland, 1974, Bassett and Howley, 1997). 

The role of peripheral mechanisms in reducing the venous 0 2 content is thought to be 

less important. Some studies suggest that venous 0 2  content is similar in trained and 

untrained subjects, whilst others have shown that training results in an increase in 

(a-v) O2 difference (Spina et al., 1992).

Oxygen utilisation by the muscle mitochondria depends on the oxidative enzyme 

activity, provided that the P 0 2  within the mitochondria is above 0.5 mmHg. A P 0 2 of 

15 to 20 mmHg is required to provide a sufficient diffusion gradient between the 

capillary and the muscle cell, and to maintain mitochondrial P 0 2 above this critical



threshold value of 0.5 mmHg. During maximal exercise, capillary P 0 2 is thought to fall 

below 15 to 20 mmHg and therefore 0 2 delivery becomes limiting (Wasserman, 1994).

There are marked differences in the muscle oxidative enzyme capacity of trained and 

untrained subjects (Holloszy and Coyle, 1984), however this is not thought to limit 

aerobic power as the biochemical changes are much greater than the increase in V 0 2max. 

Experiments using isolated muscle suggest that increased enzymatic activity is required 

in order to maintain the electron flux despite very low P 0 2 values at the mitochondrial 

level (Honig et al., 1992, Robinson et al., 1994). This means that biochemical 

adaptations might have a role in determining aerobic power when capillary P 0 2 falls 

below the critical threshold.

Some of the more recent evidence (c.f. Chapter 1) supports a peripherally limiting site 

for V 0 2  kinetics. This may explain the relationship found between aerobic power and 

V 0 2 kinetics in the present study, when considering that subjects with greater aerobic 

power are characterised by having increased skeletal muscle oxidative enzyme capacity. 

It is difficult to argue that 0 2 transport becomes limiting during submaximal exercise

however, as diffusion at the capillary surface is theoretically greater than the V 0 2  

response (Walsh, 1992). This could explain why there was only a moderate relationship 

between phase shift at harmonic number 3 and relative V 0 2max in the present study.

Only 50% of the variation within the relationship between aerobic power and V 0 2  

kinetics was accounted for by the model.

110



4.6) Conclusions

• Faster V O2 kinetics were related to higher relative V 0 2 peak values in healthy young 

women.

• Two groups of healthy young women differing in relative V 0 2 peak can be 

differentiated on the basis of V O2 kinetics.

• Significant correlations were apparent between V O2  kinetics and V C>2 Peak relative to 

body mass, although the relationship between V O2 kinetics and absolute responses 

for V 0 2 Peak was weaker.

• The following model relating V O2  kinetics and relative V 0 2 peak explains 50 % of 

the variability in the data:

V 0 2 peak (in ml-kg'^min'1) = 0.503(phase shift at harmonic number 3

(in degrees)) + 72.24 (8 )

• It is concluded that V O2 kinetics are reflecting the increase in oxidative capacity of 

the muscle, coupled with improvement in O2 delivery at the muscular level, i.e. 

increased capillarisation,

• This method of measuring V O2 kinetics in the frequency domain could be used as a 

test for cardiorespiratory fitness.
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Chapter Five
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The Effect of Endurance-Type Training on the 

Oxygen Uptake Kinetics of Young W omen
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5.1) Introduction

Endurance-type training is known to increase whole body aerobic power due to 

physiological adaptations that improve maximal O2 delivery and improve O2 extraction. 

There is also evidence to suggest that endurance type-training can speed up the rate of 

adjustment of V O2 at the onset of constant load, submaximal exercise, i.e. V O2  

kinetics (Hagberg et al., 1980, Berry and Moritani, 1985, Babcock et al., 1994a, Yoshida 

et al., 1992 and Phillips et al., 1995).

The relationship between aerobic power and V O2  kinetics has been established through 

cross-sectional studies (Powers et al., 1985, EBfeld et al., 1987 and Zhang et al., 1991). 

Chilibeck et al. (1996) have shown that relative fitness was the strongest significant 

predictor of x followed by sex and age. Multiple linear regression equations were 

calculated for young (age = 26.3 ± 2.5 years) and for old subjects (age = 68.9 ± 5.8 

years) resulting in the following models:

Young: x (in s) = 99.9 -  1.39( V 0 2 max (in ml-kg'^min’1)), R = -0.85, PO.OOOl),

Old: x (in s)= 97.8 -  1.74( V 0 2 max(in ml-kg^-min-1)), R = -0.59, PO.OOl).

In longitudinal studies, vigorous endurance type-training has resulted in faster V O2  

kinetics in both older (Babcock et al., 1994a) and younger subjects (Yoshida et al.,

1992, and Phillips et al., 1995) (c.f. table 5.1). Endurance-type training performed at a 

frequency of three to four days per week, and at an intensity set to elicit V O2 at the VeT 

plus 50% of the difference between the VeT and V 0 2 max, over a twenty-four week 

period, dramatically accelerated ( V O2 kinetics were found to be 49% faster) the V O2  

kinetics (pre-training x V O2 = 62.2 ± 15.5 s, post-training x V O2 = 31.9 ± 6.3 s, P<0.05)
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of older men. A concomitant 20% increase in V Ĉ max was observed as a result of this 

cycle ergometry training programme. Oxygen uptake kinetics for older men after 

training were similar to those for sedentary younger subjects (x for trained older men =

31.9 ± 6.3 s, x for sedentary younger men = 38.8 ± 9.5 s (Babcock et al., 1994a)). 

Interestingly, the mean post-training aerobic power of the older male subjects ( V 0 2 max 

= 2.12 ± 0.1 1-min"1, (Babcock et al., 1994a)) was considerably lower than that for 

younger individuals ( V(>2max = 3.17 ± 0.5 1-min'1, (Babcock et al., 1994b)). Endurance- 

training in sedentaiy, younger subjects has also resulted in increases in V 0 2 max (11 to 

24%) and decreases in x ( 6  to 37%) (Hagberg et al., 1980, Berry and Moritani, 1985, 

Yoshida et al., 1992, Babcock et al., 1994a and Phillips et al., 1995).

The degrees of effectiveness of these endurance-training programmes could be 

explained by the differences between the training models employed. Contrasting 

methods of quantifying x from work rate steps of differing magnitude may also have 

contributed to the range of training effects observed during these studies. All the 

training models involved short-term exercise (three to nine weeks) with training 

intensities or session durations resulting in very aggressive regimen which are more 

applicable to athletic training programmes than for the improvement of general fitness. 

The aggressive nature of these programmes is particularly apparent when reviewing the 

studies conducted by Yoshida et al. (1992) and Phillips et al. (1995). High intensity 

training, where subjects exercised at a power output equivalent to the V O2 at the onset 

of blood lactate until exhaustion, accompanied by very frequent exercise sessions (six 

days per week) of moderate duration (30 min) was chosen by Yoshida et al. (1992). 

Phillips et al. (1995) prescribed very long exercise sessions (two hours) at an initial 

intensity of 60% V 0 2 peak which resulted in fatigue at the end of the session. Training
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was performed on a very frequent basis (five days in every six days) to achieve training 

adaptations in aerobic fitness, V O2  kinetics and biochemical markers. After four days 

(eight hours of training), Phillips et al. (1995) demonstrated a significant decrease (23%) 

in x (pre-training t  = 37.2 ± 4.8 s, x after four days of training = 28.8 ±5.1 s, P<0.01). 

Less pronounced training adaptations in V 0 2 peak (10.5% increase) were only seen after 

thirty days of training (pre-training relative V 0 2 peak = 44.3 ± 2.4 ml-kg'^min’1, relative 

V 0 2 peak after thirty days of training = 49.6 ±2.1 ml-kg'^min*1, P<0.05). Yoshida et al. 

(1992) described a close relationship between x and training day, demonstrating a 

gradual decrease in x with training.

An alternative to the aggressive training approach adopted by Yoshida et al. (1992) and 

Phillips et al. (1995) has been demonstrated by Berry and Moritani (1985). A more 

progressive training model involving exercise programmes of longer duration, e.g. nine 

to ten weeks (Hickson et al., 1978, Hickson et al., 1981 and Govindasamy et al., 1992) 

have been shown to be effective for sedentary subjects. Such programmes have resulted 

in increases in aerobic power of 14 to 38%. The decreases in x reported by Berry and 

Moritani (1985) however were more modest (8 % after a programme of steady state 

running, or 12% after high intensity interval training) than those reported by Phillips et 

al. (1995). This can be partially explained by training specificity since the training 

mode was running but the method of assessing V O2 kinetics involved cycling.

Several studies have shown that vigorous short-term training can result in faster V O2  

kinetics and increased aerobic power. All these studies however have investigated the 

effects of endurance-type training on male subjects. There is at present no knowledge
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concerning the effects of less vigorous training programmes on the V O2 kinetics of 

young women, for example training regimen based on the American College of Sports 

Medicine (1995) guidelines for exercise prescription designed to promote general 

fitness.

Although the effect of endurance type-training on the V O2  kinetics of males has been 

quantified in the time domain using mono-frequent assessment methods, there is only 

circumstantial evidence to suggest that similar effects will be found in the frequency 

domain (Stegemann et al., 1985, Hughson et al., 1990b). A multi-frequent assessment 

of V O2 kinetics in the frequency domain has yet to be used to detect adaptations 

resulting from endurance-type training.

The aim of this investigation was to:

• determine the effects of short-term endurance type-training on V O2 kinetics in the 

frequency domain determined by the PRBS exercise test technique, in a population 

of young healthy females.

5.2) Methodology

5.2.1) Recruitment

Twenty-eight female subjects (age = 22.9 ±3.1 years, height = 1.64 ± 0.05 m and body 

mass = 62.9 ± 7.9 kg) were recruited from the student population at Sheffield Hallam 

University. Prior to inclusion into the study population, all subjects were screened for 

cardiovascular, respiratory and musculo-skeletal disorders, and provided information
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concerning habitual activity levels, by means of a health and activity questionnaire (c.f. 

Appendix A.3.3). No subjects were on restricted diets. Written informed consent was 

obtained from each individual prior to commencement of the study (c.f. Appendix A.3.4 

and A.3.5). Habitual activity levels were calculated for the subject cohort using a 

variation on the guidelines of the Allied Dunbar National Fitness Survey (1992) (c.f. 

Chapter 2, Section 2.5.3).

5.2.2) Group assignment

Subjects were non-randomly assigned to either a training or non-training sub-group on 

the basis of an interview to ascertain information concerning personal preference and 

degree of commitment to the investigation. As the likelihood of young females to 

participate continually in regular sporting activities or exercise programmes has been 

shown to be lower than for their male counterparts (Lynch and Main, 1993 and, Cauley 

et al., 1991), sub-group assignment on a non-random basis was deemed to be the most 

effective method of reducing drop-out and enhancing adherence. It was hoped that this 

would eliminate the problems reported by Marcus and Stanton (1993), where 33% of the 

women were not complying with American College of Sports and Medicine (1995) 

guidelines for exercise prescription at the end of nine weeks of exercise training.

5.2.3) Training sub-group methodology

5.2.3.1) Subjects

Fifteen subjects (age = 21.6 ± 1.9 years, height = 1.65 ± 0.05 m and body mass = 65.0 ± 

9.8 kg) were assigned to the training sub-group.
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5.2.3.21 Exercise testing

All subjects completed a PRBS exercise test to determine V O2 kinetics (c.f. Chapter 2, 

Section 2.3.1) and a progressive exercise test to exhaustion (c.f. Chapter 2, Section

2.3.2) at weeks 0 ,4  and 8 , thus allowing the assessment of training adaptations. Oxygen 

uptake and heart rate were measured throughout the exercise testing procedures (c.f. 

Chapter 2, Section 2.2.1 and 2.2.2). Individual seat height was recorded during the first 

PRBS exercise test and then maintained during subsequent exercise testing sessions (c.f. 

Chapter 2, Section 2.2.3).

5.2.3.31 Exercise training

The design of the exercise prescription was based on the guidelines advocated by the 

American Heart Association (Fletcher et al., 1990, and McHenry et al., 1990) and the 

American College of Sports Medicine (1995) for exercise training.

Training consisted of eight weeks of endurance exercise. Forty minute training sessions 

were attended on three occasions per week and involved cycle ergometry exercise. Each 

training session consisted of a 5 min warm-up period at 50% of the training work rate, 

followed by 30 min of exercise at the prescribed intensity, and concluded with a 5 min 

cool-down stage at 50% of the training work rate. A training intensity of 90% maximal 

heart rate (90.5 ± 3 .1 % actual peak heart rate), determined during the progressive 

exercise test to exhaustion and equivalent to 83.8 ± 2.9% VC^peak, was selected in 

accordance with the upper limit of the training intensity range advocated by the 

American College of Sports Medicine (1995) for a healthy population. This exercise 

intensity was achieved by altering the resistance applied to the cycle ergometer. All 

subjects cycled at a cadence of 60 rev-min*1. Group exercise training sessions were



scheduled at the convenience of the subjects. In order to achieve maximal adherence, 

this exercise prescription comprised high intensity exercise but minimal exercise 

frequency and duration.

To ensure that all subjects conformed to the exercise prescription, heart rate telemetry 

was used to monitor heart rate throughout each training session. Heart rate data were 

collected on a 5 s time-averaged basis using sports watches (Polar Sports Tester 

PE4000, Polar Electro Oy, Kempele, Finland). These were wireless monitors which 

consisted of a transmitter unit worn on the chest and a receiver unit worn on the wrist. 

Electrodes placed against the chest relayed impulses from the heart to the receiver unit 

where they were displayed. Following each training session, heart rate data were 

downloaded from each receiver unit using an interface unit (Polar Computer Interface 

Unit, Polar Electro Oy, Kempele, Finland) and specialised software (Polar Heart rate 

Analysis Software Version 3, Polar Electro Oy, Kempele, Finland).

Programme charts were used to monitor the progress of the subjects over the eight week 

training period. During each training session the work rate used to elicit the 90% 

maximal heart rate exercise prescription was recorded and used as a reference for the 

next training session. When the training heart rate fell below the 90% maximal heart 

rate exercise prescription the training work rate was increased by 25 W for the 

subsequent session.

5.2.3.4) Data analysis

The breath-by-breath data collected during the PRBS exercise tests were subjected to 

Fourier analysis to produce measures of V O2  kinetics at harmonic numbers 1 to 4 (c.f.
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Chapter 2, Section 2.4.2.1). The data collected during the progressive exercise tests to 

exhaustion were averaged on a 30 s time basis (c.f. Chapter 2, Section 2.4.2.2).

The number of criteria fulfilled by each training subject during the progressive exercise 

test to exhaustion (c.f. Chapter 2, Section 2.4.2.2) was documented to ensure the 

attainment of V 0 2max or V 0 2peak.

5.2.3.5) Statistical analysis

5.2.3.5.1) Training work rate

The mean ± SD were calculated for the training work rates at weeks 0 ,4  and 8 . 

Histograms were plotted to ensure that the data points were normally distributed and 

occurred within 2 SD of the mean.

Changes in training work rate over the training period were assessed using a two-way 

repeated measures analysis of variance without replication. A significance level of a  < 

0.05 was selected. Significant differences between training work rate at 0, 4 and 8  

weeks were investigated further by means of po st hoc Tukey tests. The changes in 

training work rate over the eight week period were calculated and expressed as 

percentage changes.

A box and whisker plot was used to display any significant changes in training work 

rate.

5.2.3.5.2) Training effects

The mean ± SD were calculated for each data set at weeks 0, 4 and 8 . Histograms were 

plotted to ensure that the data points were normally distributed and occurred within 2
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SD of the mean.

Adaptations in aerobic power and V 0 2 kinetics due to the endurance-type training 

programme were assessed using a two-way repeated measures analysis of variance 

without replication. A significance level of a  < 0.05 was selected. Significant 

differences between aerobic power and V 0 2 kinetics at 0 ,4  and 8  weeks were 

investigated further by means of post hoc Tukey tests. The adaptations in aerobic power 

and V 0 2  kinetics over the eight week period were calculated and expressed as 

percentage changes.

Box and whisker plots were used to display any significant training adaptations.

5.2.4) Non- training sub-group methodology 

5.2.4.T) Subjects

Thirteen subjects (age = 24.3 ±3.6 years, height = 1.63 ± 0.05 m and body mass = 60.3 

±3.9 kg) were assigned to the non-training sub-group.

5.2.4.2) Exercise testing

All subjects completed a PRBS exercise test to determine V 0 2 kinetics (c.f. Chapter 2, 

Section 2.3.1) and a progressive exercise test to exhaustion (c.f. Chapter 2, Section

2.3.2) at weeks 0, 4 and 8 , thus allowing the assessment of variation in submaximal and 

maximal parameters. Oxygen uptake and heart rate were measured throughout the 

exercise testing procedures (c.f. Chapter 2, Section 2.2.1 and 2.2.2). Individual seat 

height was recorded during the first PRBS exercise test and then maintained during 

subsequent exercise testing sessions (c.f. Chapter 2, Section 2.2.3).
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5.2.4.3) Activity logs

All subjects assigned to the non-training study sub-group were required to complete 

weekly activity logs (c.f. Appendix A.3.6). The guidelines advocated by the Allied 

Dunbar National Fitness Survey (1992) were used to calculate the activity levels of the 

non-training group.

5.2.4.4) Data analysis

The breath-by-breath data collected during the PRBS exercise tests were subjected to 

Fourier analysis to produce measures of V 0 2 kinetics at harmonic numbers 1 to 4 (c.f. 

Chapter 2, Section 2.4.2.1). The data collected during the progressive exercise tests to 

exhaustion were averaged on a 30 s time basis (c.f. Chapter 2, Section 2.4.2.2).

The number of criteria fulfilled by each non-training subject during the progressive 

exercise test to exhaustion (c.f. Chapter 2, Section 2.4.2.2) was documented to ensure 

the attainment of V 0 2max or V 0 2peak.

5.2.4.5) Statistical analysis

The mean ± SD were calculated for each data set at weeks 0,4 and 8 . Histograms were 

plotted to ensure that the data points were normally distributed and occurred within 2  

SD of the mean.

5.2.4.5.1) Activity logs

To ensure that the non-training subjects had maintained their habitual activity levels, 

activity log scores for weeks 0 to 4, and 5 to 8  were compared by means of a two-way
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repeated measures analysis of variance without replication. In addition, these activity 

scores were compared to the habitual activity levels calculated from the health and 

activity questionnaires of the non-training subjects. A significance level of a  < 0.05 

was selected.

5.2.4.5.2) Assessment of short term variation

An assessment of the variation in aerobic power and V O2 kinetics over the study period 

was made using a two-way repeated measures analysis of variance without replication.

A significance level of a  < 0.05 was selected. Any variation in aerobic power and V O2  

kinetics over the eight week period were calculated and expressed as percentage 

changes.

5.3) Results

5.3.1) Training group  

5.3.1.11 Training

5.3.1.1.1) Adherence

All subjects completed the prescribed twenty-four exercise training sessions over the 

eight week period at the required exercise intensity.
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5.3.1.1.2) Training work rate

During the exercise sessions, training work rate increased significantly (31.7%,

PO.OOl) between week 0 (training work rate = 90.5 ± 17.1 W) and week 4 (training 

work rate = 117.0 ± 23.2 W). No further significant increases in training work rate were 

observed between week 4 and 8 . Overall, a 42.5% (PO.OOl) increase in training work 

rate was observed between week 0 (training work rate = 90.5 ± 17.1 W) and week 8  

(training work rate = 125.1 ± 23.1 W). A box and whisker plot displaying training work 

rate at week 0, 4 and 8  is shown in figure 5.1.
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Figure 5.1) A box and whisker plot showing the training work rate (W) used to elicit a 

90% maximal heart rate exercise prescription at weeks 0 ,4  and 8  for the training study 

sub-group. The box represents the upper and lower quartiles (inter-quartile range), with 

the dividing line indicating the median. The whiskers show the ranges of values with 

the ends of the whiskers representing the 2.5% and the 97.5% values (Altman, 1991). 

*** and $$$ = significant difference between training work rates at weeks 0 and 4 

(PO.OOl) and at weeks 0 and 8  (PO.OOl) respectively.
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At week 0, a narrower range of training work rates was apparent, between extreme 

values, when compared to the distribution of the training work rates adopted at week 4 

and 8 . The median was nearer to the lower limit of the inter-quartile range, with 

training work rates in the lower quartile falling into a wider range than those values in 

the upper quartile (c.f. figure 5.1).

At week 4, a wider range of training work rates was apparent, between extreme values, 

when compared to the distribution of the training work rates adopted at week 4 and 8 . 

The median value was nearer to the upper limit of the inter-quartile range with training 

work rates in the lower quartile falling into a narrower range than those values in the 

upper quartile (c.f. figure 5.1).

At week 8 , a wider range of training work rates was apparent when compared to the 

distribution of training work rates adopted at week 0. The training work rate range at 

week 8  was narrower than that at week 4. The median value was nearer to the lower 

limit of the inter-quartile range, with training work rates in the lower quartile falling into 

a narrower range than those values in the upper quartile (c.f. figure 5.1).

5.3.1.2) Progressive exercise testing

At week 0, five subjects (33.3% of the training study sub-group) attained V C>2max during 

the progressive exercise test to exhaustion by achieving a plateau in the relationship 

between V O2  and work rate. At weeks 4 and 8 , two subjects (13.3% of the training 

study sub-group) and three subjects (2 0 % of the training study sub-group) achieved 

VC>2 max respectively. The remaining subjects all attained V 0 2 peak at weeks 0 ,4  and 8  

by fulfilling one or both of the criteria for V 0 2 peak (c.f. Chapter 2, Section 2.4.2.2). Of 

these criteria all subjects achieved an RER of 1.15 or above at weeks 0, 4 and 8 . Only



46.7% (7 subjects), 33.3% (5 subjects) and 40.0% ( 6  subjects) attained a maximal heart 

rate within 10 beats-min' 1 of APMHR (c.f. Appendix A.4.2) at weeks 0, 4 and 8  

respectively. As a minority of subjects fulfilled the criteria for V Cbmax, the term 

V C>2peak was used to describe the response of the training cohort.

The results for the progressive exercise test to exhaustion performed at weeks 0, 4 and 8  

are displayed in table 5.2.

Table 5.2) Progressive exercise test results at weeks 0,4 and 8  of the exercise training 

programme for the training study sub-group (mean ± SD) (n = 15).

WeekO Week 4 Week 8

Body mass 65.0 ± 65.0 =fc 65.2 ±

(kg) 9.8 9.8 9.3

Relative VChpeak 34.2 ± 35.7 ± 37.0 ±***

(ml-kg'^min"1) 4.5 4  j*** 3 5$$$

Absolute VChpeak 2189 ± 2289 ± 2385 ±***

(ml-min'1) 170 1 97* * * 203$$$

Peak heart rate 186 ± 185 ± 188 ±

(beats-min1) 9 9 9

Peak work rate 178.9 ± 2 0 2 . 6  ± 214.0 ±***

(W) 13.9 y~j 4 *** 14 4$$$

***= significant difference between weeks 0  andL•, or weeks 4 and 8  at P < 0.001.

= significant difference between weeks 0 and 8  at P < 0.001 (overall change).

127



At week 0 relative V 0 2 peak ranged from 29.1 to 40.0 ml-kg'^min' 1 and absolute V 0 2 peak 

values ranged from 1980 to 2595 ml-min'1. At week 4 relative V 0 2 peak ranged from

28.2 to 40.7 ml-kg'^min' 1 and absolute V 0 2 peak values ranged from 2032 to 2813 

ml-min'1. At week 8  relative V C>2Peak ranged from 30.8 to 42.7 ml-kg'1-min' 1 and 

absolute V 0 2 peak values ranged from 2085 to 2876 ml-min'1.

5.3.1.2.1) Training adaptations detected from peak responses

Training adaptations in relative V 0 2 peak occurred between week 0 (relative V C>2Peak =

34.2 ± 4.5 ml-kg"1-min'1) and week 4 (relative V 0 2 peak = 35.7 ±4.1 ml-kg'^min'1). A 

4.7% (PO.OOl) increase in relative V 0 2 peak was observed during the first four weeks of 

the training programme. Further adaptations in relative V 0 2 peak were seen to occur 

between weeks 4 and 8  (relative V 0 2 peak = 37.0 ± 3.5 ml-kg'^min'1). A 4.0% (PO.OOl) 

increase in relative V 0 2 peak occurred during the last four weeks of the training period. 

Overall, an 8.7% (PO.OOl) increase in relative V 0 2 peak was observed as a result of the 

eight week training programme. Training adaptations in absolute V 0 2 peak occurred 

between week 0 (absolute V 0 2 peak = 2189 ± 170 ml-min'1) and week 4 (absolute

V 0 2 peak = 2289 ±197 ml-min'1). A 4.6% (PO.OOl) increase in absolute V 0 2 Peak was 

observed during the first four weeks of the training programme. Further adaptations in 

absolute V 0 2 peak were seen to occur between weeks 4 and 8  (absolute V 0 2 peak = 2385 

± 203 ml-min'1). A 4.5% (PO.OOl) increase in absolute V 0 2 peak occurred during the 

last four weeks of the training period. Overall, a 9.1% (PO.OOl) increase in absolute 

V 0 2 Peak was observed as a result of the eight week training programme. Box and 

whisker plots displaying relative V 0 2 peak and absolute V 0 2 peak at weeks 0, 4 and 8  are
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shown in figure 5.2. Body mass was found to be unchanged following this short-term 

training programme. Although similar maximal heart rates were attained by the training 

study sub-group at weeks 0 ,4  and 8 , significant increases in peak work rate resulted 

from the training programme. Improvements in peak work rate were observed between 

week 0 (peak work rate = 178.9 ± 13.9 W) and week 4 (peak work rate = 202.6 ± 17.4 

W). During the first four weeks of the programme a 13.4% (PO.OOl) increase in peak 

work rate occurred.
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Figure 5.2) Box and whisker plots showing (A) relative V 0 2 peak (ml*kg-1*min-1), (B) 

absolute V 0 2 peak (ml-min'1) and (C) peak work rate (W) at weeks 0 ,4  and 8  for the 

training study sub-group. The box represents the upper and lower quartiles (inter

quartile range), with the dividing line indicating the median. The whiskers show the 

ranges of values with the ends of the whiskers representing the 2.5% and the 97.5% 

values (Altman, 1991). *** = significant difference between weeks 0 and 4, or weeks 4 

and 8  (PO.OOl). $$$ = significant difference between weeks 0 and 8  (P<0.001).
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Further improvements in peak work rate were seen between weeks 4 and 8  (peak work 

rate = 214 ± 14.4 W). A 6.6%  (P<0.001) increase in peak work rate occurred during the 

last four weeks of the programme. Overall a 20.0% (P<0.001) increase in peak work 

rate was observed over the duration of the study period. A box and whisker plot 

displaying peak work rate at weeks 0 ,4  and 8  is shown in figure 5.2.

5.3.1.3) PRBS exercise test

5.3.1.3.1 D ynamic gain and overall responses

All subjects completed a PRBS exercise test to determine V O2 kinetics at weeks 0,4 

and 8 . At week 0 a dynamic gain for V O2 of 1062 ± 82 ml-min' 1 and a mean overall 

heart rate response of 128 ± 13 beats-min' 1 resulted from the PRBS exercise test. At 

week 4 a dynamic gain for V O2 of 1024 ± 75 ml-min' 1 and a mean overall heart rate 

response of 120 ± 15 beats-min' 1 resulted from the PRBS exercise test. At week 8  a 

dynamic gain for V O2 of 999 ± 8 6  ml-min"1 and a mean overall heart rate response of 

115 ± 12 beats-min' 1 resulted from the PRBS exercise test. Significant differences in 

the dynamic gain for V O2 (P<0.05) and overall mean heart rate response (PO.01) to 

the PRBS exercise test were seen between weeks 0 and 8 .

5 .3.1.3.2 O x y g e n  uptake  kinetics

The results for the PRBS exercise test at weeks 0 ,4  and 8  are displayed in table 5.3.
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Table 5.3) V O2 kinetics at weeks 0 ,4  and 8  of the exercise training programme for the 

training study sub-group (mean ± SD) (n =15).

WeekO Week 4 Week 8

Amplitude at harmonic number 1 

(mhmin'^W'1)

10.306 ± 

0.431

1 0 . 0 1 2  ± 

0.503

10.150±

0.523

Amplitude at harmonic number 2 

(mhmin'^W'1)

6.762 ± 

0.735

7.230 ± 

0.704

7.487±

0.762$

Amplitude at harmonic number 3 

(mhmin'^W'1)

8.716 ± 

0.881

8.845 ± 

0.832

9.245±

1.269

Amplitude at harmonic number 4 

(mhmin'^W'1)

8.172 ± 

0 . 8 8 6

8.331±

1.236

8.469±

1.057

Phase shift at harmonic number 1 

(degrees)

-25.7 ± 

3.0

-22.3 ±

2  4 ***

-21.9 ± 

2 .6 $$$

Phase shift at harmonic number 2 

(degrees)

-43.9 ± 

4.4

-42.5 ± 

3.8

-39.3 ± 

6 .0 $

Phase shift at harmonic number 3 

(degrees)

-72.3 ± 

8 . 1

-67.7 ± 

5.6

-64.7 ± 

1 0 .1 $

Phase shift at harmonic number 4 

(degrees)

-78.5 ± 

5.6

-77.2 ± 

7.2

-77.1 ± 

4.9

*** = significant difference between weeks 0 and 4 (PO.OOl). and = significant 

difference between weeks 0 and 8  (P<0.05) and (PO.OOl) respectively.

5.3.1.3.2.1) Training adaptations in oxygen uptake kinetics

Training adaptations in V O2 kinetics were observed as higher amplitudes and smaller
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phase shifts. A significant increase (7.6%, P<0.05) in amplitude at harmonic number 2 

was seen between week 0 (amplitude at harmonic number 2 = 6.762 ± 0.735 

ml-min'1-W'1) and week 8  (amplitude at harmonic number 2 = 7.487 ± 0.762 

ml-min'1-W'1). Significant changes in amplitude at harmonic number 2 were not 

apparent during the first four weeks of the training programme. A box and whisker plot 

displaying amplitude at harmonic number 2 at weeks 0 ,4  and 8  is shown in figure 5.3.
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Figure 5.3) A box and whisker plot showing amplitude at harmonic number 2

(ml-min'1-W'1) at weeks 0 ,4  and 8  for the training study sub-group. The box represents

the upper and lower quartiles (inter-quartile range), with the dividing line indicating the

median. The whiskers show the ranges of values with the ends of the whiskers

$representing the 2.5% and the 97.5% values (Altman, 1991). = significant difference

between weeks 0 and 8  (P<0.05).

A significant reduction in phase shifts at harmonic number 1 occurred between week 0 

(phase shift at harmonic number 1 = -25.7 ± 3.0 degrees) and week 4 (phase shift at 

harmonic number 1 = -22.3 ± 2.4 degrees). During the first four weeks of the training 

programme a 12.3% (PO.OOl) decrease in phase shift at harmonic number 1 was
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observed. No further significant change occurred between week 4 (phase shift at 

harmonic number 1 = -22.3 ±2.4 degrees) and week 8  (phase shift at harmonic number 

2 = -21.9 ± 2.6 degrees). Overall a 14.1% (PO.OOl) reduction in phase shift at 

harmonic number 1 occurred during the eight week period. Significantly smaller phase 

shifts at harmonic numbers 2 and 3 were only observed after eight weeks of cycle 

ergometry training. A 9.6 % (PO.05) decrease in phase shift occurred at harmonic 

number 2 between week 0 (phase shift at harmonic number 2 = -43.9 ± 4.4 degrees) and 

week 8  (phase shift at harmonic number 2 = -39.3 ± 6.0 degrees). Similarly a 9.6% 

(PO.05) decrease in phase shift at harmonic number 3 was detected between week 0 

(phase shift at harmonic number 3 = -72.3 ± 8.1 degrees) and week 8  (phase shift at 

harmonic number 3 = -64.7 ±10.1 degrees). Box and whisker plots displaying phase 

shift at harmonic numbers 1,2 and 3 at week 0,4 and 8  are shown in figure 5.4.
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Figure 5.4) Box and whisker plots showing (A) phase shift at harmonic number 1

(degrees), (B) phase shift at harmonic number 2 (degrees), and (C) phase shift at

harmonic number 3 (degrees), at weeks 0 ,4  and 8  for the training study sub-group. The

box represents the upper and lower quartiles (inter-quartile range), with the dividing line

indicating the median. The whiskers show the ranges of values with the ends of the

whiskers representing the 2.5% and the 97.5% values (Altman, 1991). *** = significant
$difference between weeks 0 and 4 (P<0.001). = significant difference between weeks 0 

and 8  (P<0.05) .$$$ = significant difference between weeks 0 and 8  (PO.OOl).
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Training adaptations in amplitude and phase shift for the training study sub-group are 

summarised in figure 5.5.
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Figure 5.5) Training adaptations in (A) amplitude (ml-min'1-W'1) and (B) phase shift 

(degrees) resulting from the eight week cycle ergometry exercise programme for the 

training study sub-group. * = significant difference between weeks 0 and 8  (P<0.05). 

*** = significant difference between weeks 0 and 8  (PO.OOl).

The training adaptations in aerobic power and V O2 kinetics observed over the eight 

week training programme are summarised in figure 5.6. Individual training adaptations 

in V O2  kinetics are shown in Appendix 5.
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PO.OOl respectively.



5.3.2) Non-training group

5.3.2.1) Activity logs

During the eight week study period there was no significant change in the activity levels 

of the non-training sub-group. Activity scores of 3.6 ± 2.2 and 4.0 ± 1.9 were calculated 

for weeks 0 to 4 and weeks 5 to 8  respectively. When the activity scores were compared 

to the habitual activity scores (3.5 ± 2.0), no significant difference was found to exist 

between activity levels. Thus, the subjects assigned to the non-training study sub-group 

did not appear to alter their activity habits during the study period. Any variation in 

maximal responses or V O2 kinetics therefore were unlikely to be due to a training 

stimulus.

5.32 .2) Progressive exercise testing

At week 0, the non-training subjects did not achieved a plateau within the relationship 

between V O2 and work rate, and therefore did not attain ‘true V C>2max’- At week 4 and 

week 8 , three subjects (23.1% of the non-training population) achieved a plateau within 

the relationship between V O2 and work rate. The remaining subjects all attained 

V 0 2 Peak during the progressive exercise tests to exhaustion performed at weeks 0 ,4  and 

8  by fulfilling one or both of the criteria for V Ĉ peak- Of these two criteria all subjects 

achieved an RER of 1.15 or above. Only four subjects (30.1 % of the non-training 

population), three subjects (23.1% of the non-training population) and two subjects 

(15.4% of the non-training population) attained maximal heart rates within 1 0  

beats-min1 of APMHR at weeks 0,4 and 8  respectively. Although V 0 2 max had been 

achieved by a minority of the non-training study sub-group, the term V 0 2 peak was
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adopted to describe both parameters of aerobic power.

The results of the progressive exercise tests to exhaustion performed at weeks 0, 4 and 8  

are displayed in table 5.4.

At week 0, relative V 0 2 peak values ranged from 32.5 to 47.9 ml-kg'^min' 1 and absolute 

V C>2peak values ranged from 1986 to 2958 ml-min'1. At week 4, relative V 0 2 peak values 

ranged from 31.9 to 47.2 ml-kg'^min' 1 and absolute V 0 2 peak values ranged from 1896 

to 2732 ml-min'1. At week 8 , relative V C>2Peak values ranged from 31.0 to 45.5 

ml-kg'^min' 1 and absolute V 0 2 peak values ranged from 1868 to 2889 ml-min'1.

Table 5.4). Progressive exercise test results at weeks 0 ,4  and 8  of the study period for 

the non-training study sub-group (mean ± SD) (n = 13).

WeekO Week 4 Week 8

Body mass 60.3 ± 60.8 ± 61.2±

(kg) 3.9 4.4 4.2

Relative VCfcpeak 40.2 ± 39.4 ± 39.4 ±

(mbkg'^min'1) 4.7 5.1 5.6

Absolute VChpeak 2420 ± 2386 ± 2405 ±

(mhmin"1) 265 274 319

Peak heart rate 180 ± 179 ± 178 ±

(beats-min1) 1 1 1 1 1 1

Peak work rate 2 0 1 . 8  ± 205.7 ± 208.9 ±

(W) 25.8 27.3 30.4
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5.3.2.2.1) Short term variation in peak responses

No significant variation in maximal responses was apparent between weeks 0 and 4, 

weeks 4 and 8 , or over the duration of the eight week study period.

5.3 .23) PRBS exercise test

5.3.2.3.1 D y n a m ic  g a in  a n d  overall  r espo n ses

All thirteen subjects completed a PRBS exercise test to determine V O2 kinetics at 

weeks 0 ,4  and 8 . At week 0  a dynamic gain for V O2 of 1050 ± 79 ml-min' 1 and a mean 

overall heart rate response of 110 ± 12 beats-min' 1 resulted from the PRBS exercise test. 

At week 4 a dynamic gain for V O2 of 1025 ±55 ml-min' 1 and a mean overall heart rate 

response of 110 ± 12 beats-min' 1 resulted from the PRBS exercise test. At week 8  a 

dynamic gain for VO2 of 1014 ± 60 ml-min' 1 and a mean overall heart rate response of 

105 ± 10 beats-min' 1 resulted from the PRBS exercise test. No significant difference 

was found to exist between the dynamic gain for V O2 and the mean overall heart rate 

response over the eight week study period.

5.3.2.3.2) O x y g e n  uptak e  kinetics

Oxygen uptake kinetics for weeks 0,4 and 8  are displayed in table 5.5.
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Table 5.5) VO 2  kinetics determined during the PRBS exercise tests at weeks 0, 4 and 8  

for the non-training study sub-group (mean ± SD) (n = 13).

WeekO Week 4 Week 8

Amplitude at harmonic number 1 

(mhmin'^W'1)

10.372 ± 

0.601

10.236 ± 

0.421

9.936 ± 

0.784

Amplitude at harmonic number 2 

(mhmin’̂ W"1)

7.250 ± 

1.106

7.374 ± 

1.029

7.335 ± 

0.926

Amplitude at harmonic number 3 

(mhmin'^W'1)

9.257 ± 

0.976

9.103 ± 

0.976

8.769 ± 

2.386

Amplitude at harmonic number 4 

(ml-min^W1)

8.273 ± 

1.065

8.289 ± 

0.923

8.478 ± 

0.955

Phase shift at harmonic number 1 

(degrees)

-24.0 ± 

2.4

-23.2 ± 

34

-21.4 ± 

2.7

Phase shift at harmonic number 2 

(degrees)

-40.2 ± 

4.8

-38.0 ± 

6.4

-39.9 ± 

4.5

Phase shift at harmonic number 3 

(degrees)

-67.3 ± 

6.7

-68.7 ± 

8 . 1

-64.4 ± 

4.8

Phase shift at harmonic number 4 

(degrees)

-77.5 ± 

7.9

-76.8 ± 

5.4

-74.5 ± 

5.6

5.3.2.3.2.1) Short-term variation in oxygen uptake kinetics

No significant variation in V O2 kinetics was apparent between weeks 0 and 4, weeks 4 

and 8  or over the duration of the eight week study period.

Short-term variations in amplitude and phase shift for the non-training study sub-group
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are summarised in figure 5.7.
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Figure 5.7) Short-term variation in (A) amplitude (ml-min'1-W'1) and (B) phase shift 

(degrees) before (week 0 ) and after (week 8 ) the study period for the non-training study

sub-group.

5.4) Discussion

The purpose of this investigation was to assess the effects of short-term endurance-type 

training on the V O2 kinetics, in the frequency domain, of young, healthy females.
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5.4.1) Adherence

In contrast to the findings of Marcus and Stanton (1993), which reported reduced 

adherence rates for the continual participation of young females in exercise 

programmes, a 100% adherence rate was achieved during the present study. The 

enhanced adherence and lack of drop-out may have partially resulted from the non- 

random allocation of subjects to study sub-groups, the short-term nature of the exercise 

programme and arrangement of the training sessions at the convenience of the 

participants. The present study involved the use of a training model which was 

comparable to the minimum requirements for frequency and duration with high intensity 

exercise (American College of Sports Medicine, 1995). The high adherence rate 

achieved during this investigation could have resulted from the non-random assignment 

of subjects to the study sub-groups.

5.4.2) Training work rate

During the eight week training period significant increases in the training work rate 

were needed to maintain the 90% maximal heart rate (90.5% actual peak heart rate) 

exercise prescription. This training adaptation was a direct result of a decrease in 

submaximal exercising heart rate. Evidence for a reduction in submaximal exercising 

heart rate has been described by Smith et al. (1976), Saltin et al. (1976), McCord and 

Paterson (1989) and Govindasamy et al. (1992). Smith et al. (1976) reported a reduction 

in submaximal exercising heart rate for young, healthy females participating in a nine 

week programme of cycle ergometry exercise. A 33% increase in training work load 

(training work load at week 0 = 426 kpm-min'1, training work load at week 9 = 639 

kpm-min'1) was needed to maintain an exercise intensity of 70% maximal heart rate
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range. In agreement with the findings of Smith et al. (1976), greater increases in 

training work rate were needed to maintain the exercise intensity during the first few 

weeks of the exercise programme, with more modest increases in work rate being 

applied to the cycle ergometer between weeks 4 to 8 . In agreement with the findings of 

Hickson et al., 1978, and Hickson et al., 1981), the present study has shown that 

significant short-term training adaptations can result from a progressive training model.

5.4.3) Training adaptations

5.4.3.1) Progressive exercise test

Adaptations in the peak responses of the training subjects were seen as significant 

increases in relative (8.7%) and absolute V 0 2 peak (9.1%). The magnitude of these 

training adaptation was greater than the 7.6% (P<0.05) and the 5.2% (P<0.05) increases 

in relative and absolute V 0 2 max described by McCord and Paterson (1989). Although 

the session duration and frequency of these two training programmes were similar, 

McCord and Paterson (1989) prefered to prescribe a programme of low impact aerobic 

dance at an intensity of 70 to 85% maximal heart rate reserve to healthy young females 

for twelve weeks. As training load is related to the fitness level of an individual, the 

less pronounced increase in relative and absolute V Ĉ max, observed by McCord and 

Paterson (1989), may have been due to the higher baseline exercise capacity of their 

subject population. Relative and absolute V 0 2 peak measured during the present study 

was lower suggesting that these subjects were less active than those studied by McCord 

and Paterson (1989).

The training adaptations demonstrated during the eight week exercise programme are in
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contrast to the findings of Henritze et al. (1985) for young healthy females participating 

in a twelve week programme of cycle ergometry training. Subjects in this study trained 

at or above the lactate threshold on five occasions per week. No significant increases in 

relative V C>2 max were seen for either group of subjects following training.

Weltman et al. (1992) described the effects of a fifty-two week progressive programme 

of running on healthy, female subjects. Subjects in this study trained at or above the 

lactate threshold on three to five occasions per week and covered a distance of five to 

thirty-five miles per week. Significant increases in relative V 0 2 max were seen after the 

eighth menstrual cycle for those subjects training at the lactate threshold, with an 

increase of 1 1 % being observed by the twelfth menstrual cycle (fifty-two weeks) (pre

training relative V Ĉ max = 42.7 ± 6.2 ml-kg'^mm1, post-training relative V C>2 max =

47.4 ± 8.0 ml-kg’^min'1, P<0.05). Significant increases in relative V 0 2 max were seen 

between baseline and the fourth menstrual cycle for those subjects training above the 

lactate threshold, with an increase of 13% being observed by the twelfth menstrual cycle 

(fifty-two weeks) (pre-training relative V 0 2 max = 44.2 ± 5.5 ml-kg^-min'1, post-training 

relative V 0 2 max = 50.1 ± 4.6 ml-kg'^min'1, P<0.05).

The exercise capacity (before training) of the subject populations studied by Henritze et 

al. (1985) and Weltman et al. (1992) was higher than that in the present study and that 

reported by McCord and Paterson (1989). This may partially explain the absence of 

training adaptations following the exercise regimen prescribed by Henritze et al. (1985), 

and the length of the training programme required to produce increases in aerobic 

power, of a similar magnitude to those observed in the present study, in the subjects 

studied by Weltman et al. (1992).
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5.4.3.21 Oxygen uptake kinetics

The PRBS exercise test technique has been shown to be able to detect adaptations in 

V O2 kinetics, in the frequency domain, following short-term, endurance-type training. 

Oxygen uptake kinetics for young, females were significantly faster after completing an 

eight week programme of cycle ergometry. This finding complements those studies 

which have demonstrated faster V O2 kinetics, measured in the time domain, following 

endurance-type training (Berry and Moritani, 1985, Yoshida et al., 1992, Babcock et al., 

1994a, and Phillips et al., 1995). No significant changes in V O2 kinetics were apparent 

for the non-training sub-group during the study period.

Faster V O2 kinetics were seen as a significant increase in amplitude at harmonic 

number 2, and significant decreases in phase shift at harmonic numbers 1,2 and 3.

From these results it can be seen that the PRBS exercise test is sensitive to adaptations 

in V O2 kinetics at a number of harmonics. This emphasizes the importance of using a 

technique which provides a multi-frequent assessment of V O2 kinetics. Training 

adaptations in V O2 kinetics were not apparent at higher harmonic numbers. This can 

be partially explained when reviewing the increased variability of V O2 kinetics at 

higher harmonic numbers (c.f. Chapter 3).

Different time courses can be seen for these adaptations. Significant decreases in phase 

shift at harmonic number 1 were observed after four weeks of endurance training, 

whereas adaptations in V O2 kinetics at other harmonic numbers were apparent only 

after the whole of the training programme had been completed. Yoshida et al. (1992) 

reported a similar time course for adaptations in V O2 kinetics, determined during step 

changes in work rate, with significant decreases in x occurring by week 3 of the training 

programme. In constrast, Phillips et al. (1995) observed significant decreases in x by



day 4. The difference between these time courses may be partially due to the very 

aggressive nature of the training model adopted by Phillips et al. (1995) and particularly 

to the very long duration of the training sessions.

When considering the magnitude of the changes in V O2 kinetics following this training 

programme, only a limited comparison can be made with other studies due to 

differences in the techniques adopted to determine V O2 kinetics. Training adaptations 

in phase shift, representing an increase in the rate of adaptation to the pseudo random 

changes in work rate, ranged from 14.1% to 9.6%. The magnitude of these changes are 

in agreement with those calculated from the work of Beny and Moritani (1985). Beny 

and Moritani (1985) demonstrated an increase in the rate of adaptation to a single step 

change in work rate following five weeks of steady state running at an intensity of 60 to 

70% of maximal heart rate reserve. The percentage change for the decrease in the time 

constant for V O2 of young, healthy males was equivalent to 11.2%. More pronounced 

changes in V O2  kinetics following endurance training were reported by Babcock et al. 

(1994a), Yoshida et al. (1992) and Phillips et al. (1995). Following a programme of 

endurance cycle ergometry exercise, Babcock et al. (1994a) described significant 

increases (equivalent to 49%) in the rate of adaptation to a square wave work rate 

forcing. Such pronounced training adaptations in V O2 kinetics can be explained to 

some extent when the older and more sedentary nature of the subjects, and the relatively 

high intensity of the exercise prescription, are considered. Phillips et al. (1995) reported 

a 38% decrease in the time constant for phase I of the V O2 response following four 

days of cycle ergometry exercise, and observed a 58% decrease in the time constant for 

phase II of the V O2 response following thirty days of training. Again the aggressive
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nature of the training programme and the long duration of the exercise sessions could 

have directly influenced the magnitude of these training adaptations. Whilst the training 

adaptations observed during the present investigation were more modest, the less 

intensive training regimen ensured high adherence (1 0 0 %).

5.4.4) Physiological mechanisms

5.4.4.1) Time course and extent of training adaptations in aerobic power 

Many studies have shown that endurance-type training results in improvements in 

aerobic power but the extent and the time course of these improvements depends on the 

nature of the training stimulus (Govindasamy et al., 1992). In the present study, 

improvements of 4.6% after four weeks of training and 9.1% after eight weeks of 

training were found for V 0 2 peak when using a training model with a frequency of three 

times per week and an intensity equivalent to 90% maximal heart rate. These results 

show a similar time course to older, less fit subjects (Govindasamy et al., 1992), who 

trained at an identical frequency but at an intensity of 70 to 75% V 0 2 max- Other studies, 

using a greater frequency, duration and intensity of training, have shown greater 

improvements in aerobic power (Hickson et al., 1981, Spina et al., 1992) but over a 

similar time course (Hickson et al., 1981). Although most of these studies have been 

conducted on men, there appears to be no difference between the training response of 

men and women (Spina et al., 1992).

Other studies have found a longer time course for improvements in aerobic power 

(Weltman et al., 1992, and Phillips et al., 1995) or no improvements at all following
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endurance-type training (Henritze et al., 1985, and Green et al., 1992). It would appear 

that improvements in aerobic power are sensitive to the training model, since no 

improvements were found after a twelve week training programme of five days per 

week, at either 44% or 59% V 0 2max (Henritze et al., 1985). Neither were 

improvements found after training for two hours per day, for five to seven days at 67% 

V 0 2max (Green et al., 1992) although improvements were evident after ten days using 

the same training model (Shoemaker et al., 1996).

5.4.4.2) Time course and extent of adaptations in oxygen uptake kinetics

Improvements of 9.6% to 14.1% were found after eight weeks of training, in phase 

shifts at harmonic numbers 1 to 3, and amplitude at harmonic number 2. Only phase 

shift at harmonic number 1 showed a training induced adaptation after four weeks.

There are no directly comparable studies using the PRBS exercise test technique, 

however a number of studies have used a step work rate input to determine V 0 2  

kinetics before and after endurance-type training (Hagberg et al., 1980, Berry and 

Moritani, 1985, Yoshida et al., 1992, Babcock et al., 1994a, and Phillips et al., 1995). 

Studies involving younger subjects have shown changes in V 0 2 kinetics of between 6%  

(Berry and Moritani, 1985) and 26% (Phillips et al., 1995) after training. Greater 

improvements have been shown in much older subjects (Babcock et al., 1994b) and in 

studies where step changes in work rate may have introduced a slow component 

(Hagberg et al., 1980, and Yoshida et al., 1992) into the resultant V 0 2 kinetics.

Faster V 0 2 kinetics have been demonstrated after only four days of high intensity 

training, undertaken for two hours per day (Phillips et al., 1995) although other studies 

have not shown improvements until the completion of fifteen days of training (Yoshida



et al., 1992). The difference in improvements may be due to the differences in the 

duration of training, since the subjects in the study of Yoshida et al., 1992) trained for 

thirty minutes per day. In the present study, the first training response (phase shift at 

harmonic number 1 ) was evident after only six hours of training, which suggests that 

these results are comparable to the time courses for V O2 kinetics of eight hours and 

seven and a half hours found in previous studies (Phillips et al., 1995, and Yoshida et 

al., 1992).

5.4.4.31 Comparison of the time courses of aerobic power and oxygen uptake kinetics

Of the two studies which compare the time courses of aerobic power and V O2 kinetics, 

one showed that the rate of adaptation in maximal and submaximal parameters were 

similar and changed significantly after approximately two weeks of training (Yoshida et 

al., 1992). The other study (Phillips et al., 1995) showed that the improvement in V 0 2  

kinetics precedes the changes in V 0 2max, with V 0 2 kinetics improving after four days 

of training while V 0 2max was still unchanged after nine days of training. In the present 

study, both V 0 2 kinetics and V 0 2 peak had increased after twelve days of training (after 

four weeks) which supports the findings of Yoshida et al. (1992).

5.4.4.41 Mechanisms of training adaptations due to endurance exercise

Endurance training results in improvements in cardiovascular function and in muscle 

oxidative capacity, with increases in aerobic power having been linked to these changes 

(Ekblom et al., 1968, Saltin et al., 1976, Spina et al., 1992, Coggan et al., 1993, and 

Phillips et al., 1995). Since these factors are also implicated in the control of V O2
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kinetics, it would be expected that these improvements would result in faster V O2  

kinetics.

Phillips et al. (1995) however have shown that V O2 kinetics improve before changes in 

V C>2peak or muscle oxidative potential are seen, although in the present study it was not 

possible to show a dissociation between improvements in V 0 2peak and V O2 kinetics. 

Training brings about an improvement in the mitochondrial oxidative response to a 

given decrease in PCr, in effect tighter metabolic control, which means that a given 

increase in V O2 requires a smaller decrease in PCr (Cadefau et al., 1994). Phillips et al. 

(1996) have shown that after five days of training (approximately ten hours), muscle 

lactate concentration, PCr hydrolysis and glycogen depletion are all reduced. Since this 

occurred before any increase in succinic dehydrogenase, and improvements in V 0 2  

kinetics also occurred before other mitochondrial changes (Phillips et al., 1995), it is 

suggested that the training adaptations for V 0 2 kinetics are linked to increased O2  

availability and tighter metabolic control in the muscle (Cadefau et al., 1994).

If this is the case, then the increased O2 availability and faster V O2 kinetics may be 

linked to a more rapid increase in total V 0 2  kinetics and blood flow to the working 

muscles. Evidence for this hypothesis can be found when reviewing the work of 

Shoemaker et al. (1996). This study has shown that the kinetics of blood flow to the 

exercising muscle, measured by the mean blood velocity of the femoral artery using 

non-invasive Doppler techniques, increased after eight to ten days of training. In this 

study ten days of training equates to approximately twenty hours of vigorous training. 

Interestingly, although V 0 2 max had also significantly improved by this time, the kinetics 

of Q were not affecting by training.
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The improved blood flow is unlikely to be due to increased capillarisation because 

although this is a well documented training response (Klausen et al., 1982, Kiens et al., 

1993), the time course of the adaptations is too long. Shoemaker et al. (1996) have 

suggested that the increased blood flow may be due to increased vasodilation, as 

suggested by the decreased vascular conductance seen in their study. Unfortunately, 

since blood velocity measurements were not made earlier (i.e. when four days of 

training had been completed), and even though the same training protocol was used as 

that adopted by Phillips et al. (1995), it is not possible to decide whether the 

improvements in V 0 2 kinetics are linked to improvements in blood flow to the muscle.

5.5) Constraints imposed by the study design

In the training study, non-random allocation was used to assign the subjects to either a 

training or a non-training sub-group. This method of assignment was based on the 

degree of commitment shown by the subjects for the study. Non-random assignment of 

the subjects was chosen to increase adherence and reduce dropout. Studies have shown 

a high incidence of non-compliance of female subjects when participating in exercise 

programmes (Marcus and Stanton, 1993). The likelihood of female subjects to 

participate in exercise programmes is lower than for male subjects (Cauley et al., 1991, 

and Lynch and Main, 1993).

Ideally the subjects should have been assigned to the training and non-training study 

sub-groups on a random basis. One common way of randomising subjects is to use a 

random number table (Altman, 1991). Randomisation prevents bias. There is an 

increased likelihood of bias occurring within the results when subjects are not
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randomised. If the design of a study is biased then the validity of the application of the 

findings to the general population is questionable. During an intervention study 

randomisation ensures that the treatment of the study sub-groups is not dependent on the 

characteristics of the subjects. Altman (1991) described a ‘volunteer bias’ where 

volunteers had a better prognosis than refusers. In the case of this training study, those 

subjects who wanted to participate in the training programme would be more likely to 

comply to the requirements of the study than those who did not want to train. As 

statistical theory depends on randomisation, the results of the training study may be 

biased due to the non-randomisation of subjects on the basis of subject preference and 

therefore the inclusion of a volunteer bias.

The findings of the training study, therefore, should only be assumed to have occurred 

within that subject population, and it should not be presumed that these effects would 

occur within other populations of subjects. Since a non-equivalent control group design 

was not used, changes in V O2 kinetics cannot be solely attributed to the effects of the 

training intervention.

5.6) Implications of the variability of the respiratory responses to the PRBS 

exercise test

The variability of the respiratory responses to the PRBS exercise test must be considered 

in relation to the changes in V 0 2 kinetics that resulted from training. Wide limits of 

agreement were seen for amplitude and phase shift, with wider limits of agreement 

occurring at higher harmonic numbers (c.f. Chapter 3).
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Atkinson and Nevill (1998) described the difficulty in determining the reliability of 

measurement tools using limits of agreement, and highlighted the fact that few studies in 

the area of sports science had employed this method. The greater the variability, i.e. the 

wider the limits of agreement, the larger the minimal detectable change that would be 

needed for a given sample size. In the case of the PRBS exercise test, a large minimal 

detectable change would be needed to ensure that adaptations in V O2  kinetics were 

solely due to the training programme.

Although significant differences in V 0 2 kinetics were detected following the 8  week 

training programme, the power of the study was at best 60 %  (power ranged from 35 to 

60 % over harmonic numbers 1 to 4). This was calculated using the nomogram 

described by Altman (1991) which relates the standardised difference to power or 

sample size. As no data were available concerning the expected change in V 0 2 kinetics 

with training, measured using the PRBS exercise test, power calculations could not be 

used to determine the necessary sample size when designing this training study. 

Therefore the standardised difference was calculated as the ratio of the change in V 0 2  

kinetics to the standard deviation of this change following completion of the training 

programme. Using the sample number and the standardised difference, the power of the 

study was calculated from the nomogram at harmonic numbers 1 to 4 for amplitude and 

phase shift.

The variability of the respiratory responses to the PRBS exercise test reduced the power 

of the study. The power of the study could have been improved by increasing the 

subject sample size. This would have reduced the variability of the respiratory
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responses to the PRBS exercise test. Ideally, a study should be designed to have a 

power of 80 to 90 %  (Altman, 1991). To achieve this a total of 90 subjects would need 

to be studied (45 training subjects and 45 non-training subjects). This would ensure that 

there was a high chance of detecting a significant training effect.

Alternatively, variability could have been reduced by making the PRBS exercise test 

more repeatable. Narrower limits of agreement and smaller minimal detectable changes 

would be expected with a more repeatable test. The minimisation of systematic errors 

and the possible contribution of inherent biological variability of the respiratory 

responses to the PRBS exercise test have already been discussed (c.f. Chapter 4).

The large degree of variability associated with the PRBS exercise test means that on an 

individual basis the minimal detectable changes are large. This negates the use of this 

test as a means of assessing the effects of training on V O2 kinetics of individual 

subjects. Individual minimal detectable changes were calculated for this using the 

following equation:

Minimal detectable change = 2 x V2 x SD (of the replicate tests)..................... (9)

The minimal detectable changes for amplitude and phase shift at harmonic numbers 1 to 

4 are presented in tables 5.6 and 5.7 respectively.
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Table 5.6) Standard deviation (SD) of the replicate PRBS exercise tests, minimal 

detectable changes and actual changes for amplitude (ml-min'^W'1) at harmonic 

numbers 1 to 4 following the 8  week training programme.

Harmonic number

1 2 3 4

SD of the replicate 

tests (ml-min'^W1)

0.445 0.359 1.238 0.756

Minimal detectable 

change (ml-min^-W'1)

1.259 1.015 2.828 2.138

Actual change 

(ml-min'-W 1)

-0.281 0.682 0.519 0.271

Table 5.7) Standard deviation (SD) of the replicate PRBS exercise tests, minimal 

detectable changes and actual changes for phase shift (degrees) at harmonic numbers 1 

to 4 following the 8  week training programme.

Harmonic number

1 2 3 4

SD of the replicate 

tests (degrees)

4.2 4.1 6.5 8.5

Minimal detectable 

change (degrees)

11.9 1 1 . 6 18.4 24.0

Actual change 

(degrees)

4 5 8 1

As the minimal detectable changes are greater than the training effects seen it is not
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possible to say that any individual had shown a significant training adaptation.

5.7) Conclusions

• Faster V O2 kinetics and increased aerobic capacity were apparent following the 

completion of the eight week endurance-type training programme.

• No significant change in submaximal and maximal parameters were seen over the 

eight week period for the non-training sub-group.

• As the design of the study involved the non-random allocation of subjects to the two 

study sub-groups, a degree of bias may have been introduced into the results. This 

will limit the application of the findings to this population of healthy, young, female 

subjects.
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Chapter Six
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6.1) Introduction

The studies presented within this thesis have led to a greater knowledge concerning the 

submaximal nature of the PRBS exercise test technique, and its application to the 

differentiation of subjects attaining different levels of aerobic fitness and to the 

detection of short-term training adaptations in young, healthy females. There are other 

potential applications for the PRBS exercise test technique. The aim of this chapter is to 

assess the further contribution that this test might make within the area of sports science 

and within the clinical environment.

6.2) Potential applications of the PRBS exercise test

6.2.1) Assessment o f  the effects o f  different training models

As yet the effect of different training models on V O2 kinetics, measured in the 

frequency domain is unknown. Further research in this area could include assessing the 

effects of different training intensities, training modes, training frequencies and 

durations on V O2 kinetics.

6.2.2) Evaluation o f  the effect o f  different athletic status

There is only limited knowledge concerning the effect of athletic status on V O2
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kinetics. Edwards et al. (in press) used the PRBS exercise test technique to examine the 

differences between the V O2 kinetics of elite endurance male runners and elite male 

sprinters. Significantly greater amplitude values were observed for the endurance 

runners, and phase shift components were significantly shorter in the endurance runners 

compared to the sprinters. The study concluded that V O2 kinetics were differentially 

faster in elite endurance runners than in elite sprinters.

Further research into the use of the PRBS exercise test technique as a test of sports 

performance could be conducted.

6.2.3) Clinical application

The PRBS exercise test has a potential application within the clinical environment. It is 

proposed that this test could provide a suitable means of evaluating the effects of cardiac 

rehabilitation exercise programmes.

The effects of cardiac rehabilitation exercise programmes are not always reviewed. In 

order to evaluate the physiological benefits induced by such interventions, cardiac 

patients should be assessed before, during and after participation in a prescribed exercise 

programme. Currently graded exercise test methodology (Balke and Ware, 1959, 

Naughton et al., 1963 and Bruce et al., 1973) limits the extent of this evaluation as 

cardiac patients may be unable to complete these tests safely (Fletcher et al., 1990, and 

McConnell, 1996).
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Improvements in exercise capacity, due to training, are usually determined from 

V 0 2 Peak or exercise time measured at the end of a graded exercise test (Kozlowski and 

Ellestad, 1984). Neither may be reliable parameters of exercise capacity as patient 

motivation and the subjective nature of the end-points of the test (Hellerstein and 

Franklin, 1984, and DeBusk et al., 1979) can influence these results. The 

appropriateness of using heart rate information, obtained during a graded exercise test, 

has also been questioned by Cooke et al. (1995). It has been shown that a target heart 

rate prescribed from such a test can result in lower V O2  values than expected when 

performing intermittent circuit-type activities that typically comprise cardiac 

rehabilitation exercise programmes.

As a consequence of the stressful nature of these graded exercise tests, a number of tests 

have been devised for the prediction of V C>2max from parameters measured during 

submaximal exercise (Astrand and Ryhming, 1954, and Legge and Banister, 1986). The 

use of heart rate measurements for the prediction of V C>2 max should not be advocated for 

cardiac patients. Many medications prescribed for the management of cardiovascular 

disease, for example beta-adrenergic receptor blocking agents, are known to affect the 

physiological response to exercise (Chick et al., 1988, Gordon et al., 1987, Yeo et al., 

and Peel and Mossberg, 1995).

Consequently there is a need for a new exercise test technique which will more 

accurately reflect the type of exercise regimen currently being prescribed to cardiac 

patients. It is proposed that the PRBS exercise test could provide a suitable means of 

evaluating the effects of cardiac rehabilitation exercise programmes. This proposal can
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be substantiated when both the submaximal nature of the PRBS exercise test and the 

sensitivity of the test to detect short-term training adaptations are considered.

At present however, the variability of the respiratory responses to the PRBS exercise test 

limits its application to the assessment of V O2 kinetics in groups of patients. This 

negates the use of this test as a means of evaluating the response of individual patients 

to a cardiac rehabilitation exercise programme. As the PRBS exercise test can be 

applied to the measurement of group V O2  kinetics, it is proposed that this test could be 

used to evaluate the effects of different types of cardiac rehabilitation exercise 

programmes on groups of patients. Alternatively, this test could be used to assess the 

effects of the same type of cardiac rehabilitation exercise programme on groups of 

patients with various classifications of cardiac disease, for example following bypass 

surgery or myocardial infarction.

6.3) Modification of the PRBS exercise test

The following practical issues must be addressed however before the PRBS exercise test 

can be applied to other populations, particular cardiac patients. Alterations have been 

made to the PRBS exercise test protocol following consideration of the potentially 

reduced exercise capacities of cardiac patients.

Firstly, the exercise test duration should be minimised to account for the decreased 

exercise capacity of cardiac patients. It may be possible to determine V O2 kinetics 

using a PRBS exercise test comprising only two sequences. A warm-up period,
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comprising the last 2  min of the pseudo random binary sequence, should be incorporated 

into the beginning of the exercise test in order to reduce non-linearities and the 

subsequent introduction of errors into the test results. Following breath-by-breath data 

collection, the warm-up period should be discarded and the two pseudo random binary 

sequences analysed using the method described in Chapter 2, Section 2.4.2. A 

preliminary study involving 12 young, healthy females (age = 22.4 ±3.3 years, height = 

1.63 ± 1.5 m and body mass = 64.8 ± 9.7 kg) showed that there was no significant 

difference between the V O2 kinetics determined from two or three psuedo random 

binary sequences.

Secondly, the upper work rate should be reduced to reflect the potentially decreased 

exercise capacities of cardiac patients. Further research will be needed to find a 

common upper work rate that can be maintained below the VeT. Ventilatory thresholds 

of 19.9 ± 3.4 ml-kg^-min' 1 and 18.4 ± 4.4 ml-kg'^min' 1 has been described by 

Hayashida et al. (1993) for male and female patients with left ventricular dysfunction 

respectively. Using the guidelines produced by the American College of Sports 

Medicine (1995), an upper work rate of 50 W would result in an VO 2 of 17.9 to 9.1 

ml-kg'^min' 1 for subjects with body masses ranging from 50 to 100 kg. An upper work 

rate of 50 W performed by cardiac patients should therefore result in submaximal 

cardiovascular responses. Lavie and Milani. (1994) stated that cardiac patients could 

have very compromised exercise capacities, therefore caution should be used if this 

upper work rate was to be performed by cardiac patients with severely compromised 

exercise capacities.
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Thirdly, the 2 min stage of continuous effort which comprises the initial part of the 

pseudo random binary sequence should be modified by introducing shorter units, i.e. 

more frequent work rate changes. Twenty second work rate units could comprise this 

modified work rate forcing. This would reduce the possible introduction of non- 

linearities caused by cardiorespiratory responses above the VeT and the presence of 

lactic acid. A graphical representation of this modified PRBS exercise test protocol is 

shown in figure 6 .1 .
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Figure 6.1) A graphical representation of the modified PRBS exercise test protocol 

consisting of 20 s work rate changes between upper and lower work rates of 50 and 25

W respectively.

One sequence of this modified PRBS exercise test can be described in terms of the 

following eight stages:
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• Stage 1 80 s at a work rate of 50 W,

• Stage 2 20 s at a work rate of 25 W,

• Stage 3 20 s at a work rate of 50 W,

• Stage 4 20 s at a work rate of 25 W,

• Stage 5 40 s at a work rate of 50 W,

• Stage 6  40 s at a work rate of 25 W,

• Stage 7 20 s at a work rate of 50 W,

• Stage 8  60 s at a work rate of 25 W,

In conclusion, the PRBS exercise test technique produces a multi-frequent assessment of 

V O2 kinetics that results in amplitude and phase shift values at a number of harmonics. 

These parameters provide valuable information that could not be gained from a mono- 

frequent assessment of V O2 kinetics. The test has potential as a means of assessing 

cardiorespiratory fitness within the area of sports science and within the clinical 

environment.
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A.1) Appendix 1 - Publications

A I .1) The validity o f  graded exercise testing as a means o f  prescribing intermittent 

activity perform ed during Phase I I  (early-outpatient) cardiac rehabilitation 

programmes.

Cooke M.A., Chapman J.H., Fysh M.L. (1995). Journal of Sports Sciences 13; 5: 418 

Health Research Institute, Sheffield Hallam University, Pearson Building, 27 

Broomgrove Road, Sheffield, S10 2NA, UK

Graded exercise testing (GXT) is commonly used as an indicator for the inclusion of 

patients in Phase II (early-outpatient) cardiac rehabilitation exercise programmes. This 

investigation compared the intensity of each activity performed during a circuit 

prescribed by physiotherapists. The oxygen uptake ( VO2) and heart rate relationships 

during continuous and intermittent exercise were also compared to validate the 

appropriateness of GXT in the prescription of intermittent exercise to cardiac patients.

Four healthy females (mean age = 20.75 years, range 20-22 years, mean height = 166.0 

cm, range 160-171 cm, mean body mass = 59.0 kg, range 50-65 kg) performed a Bruce 

treadmill GXT to 85 % age-predicted maximum heart rate (APMHR), and a circuit 

consisting of activities of increasing intensities. Heart rate (beats.min'l) and VO2  

(l.min'l) were measured using a miniaturised, radio telemetry, gas analysis system 

(Cosmed K2, Cosmed, Rome, Italy).

One-way analysis of variance (ANOVA) was used to compare heart rate and VO2 for 

the different activities performed during the circuit. Significant differences were found 

between activities for heart rate (P0.001) and VO2 (P<0.01) which were significantly
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higher during star-jumps. Regression equations of VO2 against heart rate, for 

continuous and intermittent exercise, were calculated for each subject. Heart rates were 

used to calculate VO2 values corresponding to the limits of an effective training zone 

(70 and 85 % APMHR). The VO2 values were found to be significantly higher during 

continuous treadmill walking than intermittent circuit training at 70 %  (P<0.01) and 85 

%  APMHR (P<0.005), when compared using one-way ANOVAs.

Table showing heart rate and VO2 (mean ± SD) for activities in the circuit.

Step-ups Sit/

stand

Cycling Medicine

ball

Star

jumps

H eart rate 

(beats.min’l)

151 ±18 143 ± 6 143 ± 10 145 ±11 175 ± 8

V O2 (l.min’l) 0.91 ± 

0 . 2 2

1.08 ± 

0.25

0.93 ± 

0 . 1 0

0.76 ± 

0.14

1.33 ± 

0.17

These results have implications for setting target heart rates during cardiac rehabilitation 

exercise programmes that are essentially intermittent in nature. It is probable that a 

target heart rate prescribed from GXT will result in a lower VO2  value during 

intermittent, circuit-type activities

[Presented at the 3rd International Conference on Sport Leisure and Ergonomics, 

Cheshire, UK, 1995.]
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A. 1.2) Exercise prescription for the cardiac patient.

Cooke M.A., Chapman J.H., Fysh M.L. (1995). In: Atkinson G and Reilly T (eds). 

Sport, Leisure and Ergonomics. E and F N Spon: London. pp287-292.

Health Research Institute, Sheffield Hallam University, Pearson Building, 27 

Broomgrove Road, Sheffield, S10 2NA, UK

1 Introduction

Exercise prescription based on age-predicted maximum heart rate (APMHR) is both a

practical and an effective method of exercise programming (McArdle et al., 1994). To

induce cardiovascular benefits, aerobic activity of an intensity of 70 to 85% APMHR is

recommended three times per week, for a duration of 20 to 30 min (American College

of Sports Medicine, 1991).

The various activities which make up rehabilitation exercise programmes (REP) for

cardiac patients are often prescribed on the basis of a circuit (Stewart et al., 1988 and

Haennel et al., 1991). Within REP, the resistive exercises suggested by Verrill et al.

(1992) can be performed alongside the more dynamic exercises of cycling and stair-

climbing recommended by Williams (1994). For the cardiac patient myocardial oxygen

demand is an important consideration. It increases during exercise due to an interaction

between changes in myocardial contractility, increases in heart rate and changes in

arterial blood pressure (McArdle et al., 1994). Those activities with associated high

myocardial oxygen demand but low oxygen uptake ( VO2) need to be carefully

monitored (Coplan et al., 1986).

Previous physiological evaluations of REP (Greer et al., 1980), have used bulky gas

analysers and electrocardiograph (ECG) systems with restrictive leads which have

prevented normal movement patterns. The Cosmed K2 is a miniaturised, telemetric gas
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analysis system designed for measuring heart rate and VO2 in the field (Concu et al., 

1992 and Lucia et al., 1993) and allows unrestricted movement during an exercise 

programme.

Graded exercise testing (GXT) is commonly used to assess the cardiorespiratory 

response and exercise capacity of cardiac patients prior to inclusion in Phase II (early- 

outpatient) REP (Fletcher et al., 1990). Such assessments consist of continuous, multi

stage exercise tests, performed on a treadmill or cycle ergometer which place 

progressively greater demands on the cardiorespiratory system. The end-point of 

continuous graded exercise tests is varied and includes muscle fatigue, angina, dyspnea, 

exercise hypotension, arrhythmias and S-T segment depression (Hellerstein and 

Franklin, 1984). If clinical symptoms do not appear, the test may be terminated on 

achieving a heart rate of 85% APMHR.

Graded exercise testing acts as a guide for setting the intensity of exercise for out

patient programmes (Hall, 1993). The validity of using heart rate information obtained 

from GXT as a tool for prescribing the exercise intensity for REP depends, to some 

extent, on the relationships between heart rate and VO2 during the continuous exercise 

of GXT and the intermittent activity of REP. By using the Cosmed K2 it is possible to 

compare the VO2 and heart rate relationships during REP with the responses to the 

GXT.

The aims of this investigation were to use the Cosmed K2 in a pilot study to a) 

identify activities which might induce a greater myocardial oxygen demand with little 

concomitant increase in aerobic metabolism and b) assess the appropriateness of using 

heart rate information obtained from the GXT in the prescription of REP.
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2 Methods

2.1 Subjects

Four healthy, non-smoking, female volunteers (mean age = 20.8 years, range 20-22 

years) gave verbal informed consent prior to the investigation. Anthropometric data 

including height (mean height = 1.66 m, range 1.60-1.71 m) and body mass (mean body 

mass = 59.0 kg, range 50-65 kg) were collected. Age-predicted maximum heart rate was 

calculated for each of the subjects using the following equation (McArdle et al., 1994):

2 2 0  - age in years ( 1 )

2.2 Cardiac Rehabilitation Exercise Programme

Activities were chosen which would result in a range of cardiovascular and 

musculoskeletal demands and were typical of activities found in cardiac rehabilitation 

programmes. Cycling and step-ups are examples of dynamic activities which are non

weight bearing and weight bearing, respectively. Sit to stand and medicine ball passing 

involve muscle groups used in everyday activities whilst star jumps are classified as a 

whole-body activity. Each activity formed part of a circuit (Figure 1) which was 

continuously monitored. All activities were performed for 2 min, followed by a rest 

period of 30 s, before progressing to the next station. The range of intensities was 

achieved either through an increase in the number of repetitions or by an increase in 

work rate during cycling.

2.3 Graded exercise testing

A graded exercise test was performed on a treadmill (Ergo ESI, Woodway GmbH, Weil

am Rhein, Germany) until a test end-point of 85% APMHR had been reached. The

Bruce protocol, of an initial grade of 10% and 0.76 m.s" 1 for 3 min, followed by
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increments in the grade and/or speed every 3 min, was adopted during the exercise test. 

The 0% and 5% grade were omitted in accordance with Bruce (1971) as all subjects 

originated from a healthy population.

STEP-UPS

STAR JUMPS

SIT TO 
STAND

MEDICINE
BALL

Figure 1. Activities performed during the circuit.

2.4 Metabolic Evaluation

Heart rate (beats-min"1) and VO2 (1-min"1) were measured throughout, using the Cosmed 

K2, (Cosmed, Rome, Italy). The system uses a face mask containing a 28 mm 

photoelectric gas turbine for volume measurement and an oxygen electrode for the 

determination of expired oxygen content. Signals were transmitted by radio-telemetry, 

from a light-weight portable transmitter unit worn around the chest and back.

3 Data analysis

For each activity, the mean heart rate, VO2 and oxygen pulse were calculated. A one

way analysis of variance (ANOVA) was used to evaluate inter-activity differences in
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HR, VO2  and oxygen pulse values recorded during the circuit. A post hoc Tukey test 

was then performed to identity differences between activities.

Heart rate and VO2 relationships during GXT and REP were expressed as linear 

regression equations for each subject. Heart rates corresponding to the upper and lower 

limits of an effective training zone (70 to 85% APMHR) were used to calculate the 

corresponding values of VO2 during these two different types of exercise. A one-way 

ANOVA compared VO2 values for GXT and REP at 70% and 85% APMHR.

4 Results

During REP, significant differences in heart rate, VO2 and oxygen pulse were observed 

between activities (Table 1).

Table 1). Heart rate, oxygen uptake and oxygen pulse (mean ± standard deviation) 

during REP

Activity Heart rate Oxygen Uptake Oxygen pulse

(beats-min-1) (l.min-1) (ml.beat-1)

Medicine ball 145 ±10 0.76 ±0.14 5.28 ± 0.99

Step-ups 151 ±18 0.91 ± 0.22 5.92 ± 0.69

Cycling 143 ± 10 0.93 ±0.10 6.49 ± 0.06

Sit to stand 143 ± 6 1.08 ±0.25 7.35 ±0.15

Star-jumps 175 ± 8 1.33 ±0.17 7.60 ± 0.96
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Table 2). Oxygen uptake (mean ± standard deviation) at 70% and 85% APMHR during 

REP and GXT

Oxygen uptake at 70% Oxygen uptake at 85%

APMHR (Limn"1) APMHR (l.min-1)

REP 0.79 ± 0.07 1 . 1 1  ±0.08

GXT 0.94 ± 0.09 1.45 ±0.13

Star-jumps resulted in significantly higher heart rates (P<0.001) than all other activities. 

A significantly higher VO2 (PO.Ol) was only observed when star-jumps were 

compared with medicine ball passing. Oxygen pulse was found to be significantly 

higher during sit to stand and star-jumps (PO.Ol) when compared to step-ups and 

medicine ball passing, respectively.

Heart rates ranged from 111 to 179 beats-min-1 during the GXT and from 129 to 186 

beats-min-1 during REP. Significantly higher values of VO2 were found to occur during 

GXT when compared to REP at 70% (PO.Ol) and 85% APMHR (P0.005) (Table 2).

5 Discussion

According to Williams (1994) even seemingly innocent activities should be carefully 

considered before they are included in REP. By measuring VO2 during an unrestricted 

REP, more information can be gained about the relative benefits and risks of different 

components of the programme.

The low VO2  and oxygen pulse of medicine ball passing was as expected, due to the 

small muscle mass involved in this activity (Chapman and Elliott, 1988). Myocardial 

oxygen demand is further increased in arm exercise by the associated blood pressure 

rises which are greater than those observed during lower body exercise (Miles et al.,
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1989). The risks associated with medicine ball passing need to be balanced with the 

benefits of arm strengthening as part of the rehabilitation process (Stewart et al., 1988).

The dynamic activity of cycling is generally recommended for cardiac patients 

(Williams, 1994). The VO2  measured during this non-weight bearing activity was not 

significantly different from any other activity. The highest oxygen pulse was observed 

during star-jumps which also resulted in the most elevated heart rates. The strenuous 

nature of this activity needs careful monitoring by the exercise therapist.

The high heart rates which occurred during star-jumps represented 87% APMHR for 

these subjects. All heart rate and VO2 results from REP were compared to the heart rate 

and VO2 relationships from GXT to see if by prescribing exercise at a percentage 

APMHR, this would result in different oxygen uptakes. Significantly higher VO2 values 

were observed during continuous exercise at 70% and 85% APMHR. These results have 

implications for prescribing exercise heart rates to patients undergoing cardiac 

rehabilitation exercise programmes which are essentially intermittent in nature. It is 

possible that a target heart rate prescribed from a graded exercise test will result in 

lower VO2  values than expected while performing intermittent circuit-type activities.
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A. 1.3) Sensitivity o f  a pseudo random binary sequence exercise test to detect training 

induced adaptations in young, fem ale subjects.

Fysh M.L*., Chapman J.H.*, Cooke M.A.**, Claxton D.B.*, Jarvis D.R.*** (1996). In: 

First Annual Congress, Frontiers in Sports Science, the European Perspective: Book of 

Abstracts. Marconnet P., Gaulard J, Margaritus I and Tessier F (eds). European 

College of Sports Science. May 28-31, Nice, France. pp592-593.

* School of Science, Sheffield Hallam University, Sheffield, UK,

** Health Research Institute, Sheffield Hallam University, Sheffield, UK,

*** School of Leisure and Food Management, Sheffield Hallam University, Sheffield, 

UK.

INTRODUCTION

Training adaptations to aerobic exercise programmes are usually identified by 

increases in maximal oxygen uptake and peak oxygen uptake ( V0 2 peak) which are 

normally assessed using incremental exercise tests to exhaustion. Training adaptations 

in oxygen uptake (VO2) kinetics are less well documented. Babcock (1994) reported a 

significant decrease in the time constant for VO2 kinetics in older men following a 6  

month programme of aerobic cycle training.

Oxygen uptake kinetics can be assessed using a number of techniques. One such 

technique is the pseudo random binary sequence (PRBS) exercise test. The PRBS test 

has been developed to study the dynamic responses of the cardiorespiratory system to 

random changes in submaximal work rate (Hughson, 1990a), and may be suitable to 

assess training adaptations.
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The aim of this study was to evaluate the sensitivity of the PRBS test to detect short 

term training induced adaptations in a young, female population.

METHODS

Twenty-eight female students (age = 22.9 ±3.1 years, height = 164.2 ± 4.9 cm, 

weight 63.3 ± 7.6 kg) were assigned to either a training or a control group. The training 

group (N=15) completed a supervised exercise programme of cycle ergometry. Three 

exercise sessions a week were performed at an intensity of 85% age-predicted 

maximum heart rate (220-age in years), for a duration of 8  weeks. Heart rate telemetry 

was used to monitor the exercise intensity during all exercise sessions. The control 

group (N = 13) maintained their normal levels of activity (confirmed by daily activity 

diaries).

Two exercise tests were undertaken before and after the experimental period using 

respiratory mass spectrometry and electrocardiography to measure VO2  (ml-min*1) and 

heart rate (beats-min*1) respectively.

Test 1 - PRBS exercise test. This test consisted of 4 sequences, each of 450s duration 

divided into 15 submaximal work rate changes (25 to 80 W) of 30 s intervals. The VO2  

response, observed during the PRBS exercise test, was related to the original work rate 

pattern, using a standard Fourier analysis which produced values of phase shift 

(degrees) and amplitude (ml-min-1-W_1) for harmonics 1 to 4 (Hughson, 1990b).

Test 2 - incremental exercise test. This test consisted of an initial warm-up of 3 min at 

40W followed by ramp increases in work rate of 20 W-min- 1 until exhaustion. Peak 

oxygen uptake was defined as the highest 30s time-averaged VO2 value recorded during 

the test (Zeballos 1994).
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Both tests were completed on an electrically-braked cycle ergometer at a pedal 

frequency of 60 rev-min*1. One-way analysis of variance (ANOVA) was used to 

evaluate any adaptations which had occurred during the 8  week training programme.

RESULTS

The 8  week training period resulted in significant increases in V0 2 peak (P<0.05), as 

assessed by the incremental exercise test (from 2189 ± 170 ml-min*1 to 2385 ± 203 

ml-min*1). No significant changes were observed in the control group (2420 ± 265 

ml-min*1 to 2405 ±319 ml-min*1). The effects of the training programme on VO2  

kinetics, as assessed by the PRBS exercise test, are shown in figure 1.

No significant differences in the VO2 kinetics were observed in the control group. 

Significant decreases (PO.01) in heart rate during the PRBS test were observed in the 

training group following the 8  week programme (from 128 ± 13 beats-min*1 to 115 ± 12 

beats-min*1). No significant changes were observed in the control group (from 110 ± 12 

beats-min*1 to 105 ±11 beats-min*1).
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Figure 1: (A) phase shift (degrees) and (B) amplitude (ml-min*1-W*1) before and after 

the 8  week training programme. * significant at the P<0.05 level and ** significant at 

the PO.01 level.
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DISCUSSION

This 8  week study brought about expected training adaptations as shown by 

increases in V0 2 peak. Training adaptations were also observed in the VO2 kinetics, as 

measured by the PRBS exercise test. These were more pronounced in phase shift than 

amplitude. Since phase shift is related to the speed of response, the observed decreases 

in phase shift indicate faster VO2 kinetics following a short programme of cycle 

ergometry training. These results show that this PRBS exercise test is sensitive to 

training adaptations, and as such provides a submaximal exercise test which may be 

suitable for use with various populations.
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INTRODUCTION

In clinical and exercise physiology the assessment of oxygen uptake ( VO2) kinetics 

can provide valuable information about functional capacity. Various methods have 

been employed in the assessment of VO2 kinetics. One such method uses pseudo 

random binary sequence (PRBS) changes in work rate (Bennett 1981; Hughson 1990). 

In a review of literature no evidence could be found of any studies that assessed the test 

/ re-test reliability of the PRBS technique. The aim of this experiment was therefore to 

assess the test / re-test reliability of a PRBS test protocol by examining intra-subject 

variability in VO2  kinetics.

METHODOLOGY

A test / re-test study was carried out using two identical PRBS protocols. Twenty 

healthy male subjects, average age 26.21 ± 3.98 years (mean ± standard deviation (SD)),
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participated in the study. Each subject performed the tests on an electrically braked 

cycle ergometer. Respiratory gas exchange was measured on a breath-by-breath basis 

using a respiratory mass spectrometer. The test protocol incorporated a series of six 

identical PRBS sequences. Each sequence consisted of 63 units of 5 s duration, giving a 

total period of 315 s. During each sequence the work rate was automatically alternated 

between 25W and 105W. Throughout the tests, subjects maintained a pedalling rate of 

60 rpm. No information was given on impending changes in workload.

Following each test, breath-by-breath data was subjected to standard Fourier transform. 

The transform yielded the parameters of VO2 kinetics, i.e. phase shift and amplitude, for 

a range of harmonics. Only harmonics with a period over 100 s were deemed suitable 

for assessment (Hoffman 1994).

Assessment of intra-subject variability in the parameters was made using the analysis of 

variance (ANOVA) technique. Limits of agreement (Altman 1991) were calculated in 

order to assess how well the results obtained in the two tests agreed. Statistical 

significance for all analyses was set at P<0.05.

RESULTS

All subjects completed two identical PRBS exercise tests. The mean heart rate 

recorded during the tests was 102 ±11 beats.mur1. Mean values for the parameters of 

VO2  kinetics are shown in table 1 .

One-way analysis of variance revealed no significant intra-subject variability in any of 

the parameters as measured during the two tests. Wide 95%  limits of agreement were, 

however, observed at each harmonic for both parameters (table 2 ).
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Table 1: Mean values for the parameters obtained for the relationship between oxygen 

uptake and work rate: mean values (±SD)

Harmonic 1 2 3

Period (s) 315 157.5 105

Test number Test 1 Test 2 Test 1 Test 2 Test 1 Test 2

Mean phase shift 29.6 30.3 43.3 42.35 63.75 62.2

(degrees) (±4.85) (±5.73) (±4.28) (±4.00) (±7.83) (±7.66)

Mean amplitude 1 0 . 6 8 10.47 8.06 7.83 6.24 5.97

(ml.min'kW-1) (±0.94) (±0.89) (±1.04) (±0.96) (±0.91) (±0.84)

Table 2: 95% Limits of agreement - Test 2 minus Test 1: mean difference (±2SD)

Harmonic 1 2 3

Phase shift: mean difference 

(degrees)

+0.7 (±7.37) -0.95 (±9.59) -1.55 (±11.32)

95% limits of agreement 

(degrees)

-6.67 to +8.07 -10.54 to +8.64 -12.87 to +9.77

Amplitude: mean difference 

(ml.min'hW'1)

-0.21 (±1.42) -0.23 (±0.88) -0.27 (±0.98)

95% limits of agreement 

(ml.mhrhW'1)

-1.63 to +1.21 -1.99 to +1.53 -1.25 to +0.71

DISCUSSION

The aim of this study was to investigate the test / re-test reliability of a specific 

PRBS protocol. The results generated followed a similar pattern to those obtained by 

Hughson (1990) in an identical single PRBS test.

Statistical analysis revealed no significant difference between the test and re-test data.

Although this suggests that the PRBS protocol is reliable for group data, the wide limits
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of agreements still need to be considered. One possible explanation for these limits is 

inherent biological variability. This factor is exhibited by all complex biological 

systems, and can affect even highly regimented exercise protocols. It may, however, be 

possible to reduce some of this variability by applying appropriate smoothing 

techniques to the data, for example auto- and / or cross-correlations (Hoffmann 1994).
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A.2) Appendix 2 - Environmental conditions

Table showing the environmental conditions (mean ± SD) during the evaluation of the 

variability of the PRBS exercise test with 30 s work rate changes between 25 and 75 W.

Test number Temperature (°C) Barometric pressure (mmHg)

1 21.3 ±0.8 753.4 ±4.5

2 21.5 ±0.4 757.8 ±8.1

Table showing the environmental conditions (mean ± SD) during the evaluation of the 

effect of endurance-type training on the VO2 kinetics of healthy, young females.

Week Temperature (°C) Barometric pressure (mmHg)

0 20.2 ±1.4 746.7 ±13.2

4 20.5 ±1.1 742.5 ± 5.4

8 21.1 ±1.4 741.1 ±7.5
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A.3) Appendix 3 - Recruitment material

A. 3.1) Health and activity questionnaire (variability)

An evaluation of the variability of a pseudo random binary sequence exercise test 

Purpose o f  th is investigation.

The pseudo random binary sequence (PRBS) exercise test has been used to assess the 

dynamic responses of the cardiorespiratory system to exercise. A preliminary 

investigation where the PRBS exercise test was applied to a healthy, female population 

showed the test to be submaximal and could therefore be applied to a general 

population. Parameters (oxygen uptake kinetics) measured during this test were found 

to relate to maximal oxygen uptake or cardiorespiratory fitness.

Further research is now needed to assess the variability of this PRBS exercise test when 

performed by a population of young female volunteers.

In order to assess the suitability of each volunteer for this investigation, you are asked to 

complete this health and exercise questionnaire and return it to the investigator.

1). Personal details. (Please print in black or blue ink).

Surname __________________  First name __________________

Date of Birth __________________  Age ______

Current address __________________________________________________

Postcode ____________  Telephone number

Course T i t l e ________________________________
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2). Medical details.

i). Have you been told that you have any of the following health problems ?

YES NO

a) asthma__________________________ _____  _____

b) high blood pressure________________ _____  _____

c) diabetes_________________________ _____  _____

d) anaemia_________________________ _____  _____

e) cardiovascular diseases_____________ _____  _____

ii). Have you had any of the following in the last 6  months ?

YES NO

a) viral or bacterial infections ______ _____

b) musculoskeletal injuries ______ _____

c) operations involving a ______ _____
general anaesthetic

iii). Are you taking any medications prescribed by your G.P. ?

YES NO

If yes, please give details.

iv). Do you have any other disabilities that may impair your exercise performance in 
these tests ? If yes, please give details. ______________
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3). Exercise participation.

i). How many days per week do you exercise ?

a) none

b) 1 to 2  days

c) 3 to 4 days

d) 5 to 6  days

e) everyday

ii). How long do you exercise for during each session ?

a) up to 2 0  minutes

b) 20 to 40 minutes

c) 40 to 50 minutes

d) up to 60 minutes

e) longer than 60 minutes

iii). Please indicate which of the following activities you participate in regularly.

a) aerobics _____

b) archery _____

c) badminton _____

d) canoeing _____

e) circuit training _____

f) cycling _____

g) dancing _____

h) fencing _____
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i) football

j) hiking

k) horseback riding

1) martial arts

m) netball

n) running

o) skiing

p) squash

q) swimming

r) tennis

s) volleyball

t) other (please specify) _____

Additional comments (if applicable)



A.3.2) Consent form (variability)

An evaluation of the variability of a pseudo random binary sequence exercise test 

Purpose of this investigation.

The pseudo random binary sequence (PRBS) exercise test has been used to assess the 

dynamic responses of the cardiorespiratory system to exercise. A preliminary 

investigation where the PRBS exercise test was applied to a healthy, female population 

showed the test to be submaximal and could therefore be applied to a general 

population. Parameters (oxygen uptake kinetics) measured during this test were found 

to relate to maximal oxygen uptake or cardiorespiratory fitness.

Further research is now needed to assess the reproducibility and repeatability of this 

PRBS exercise test when performed by a population of young female volunteers.

Experimental requirements

All participants are required to complete repeated PRBS exercise tests

Special instructions.

Participants are asked to:

• abstain from consuming large quantities of alcohol, caffeinated products such as 

tea, coffee and chocolate prior to the study. These factors may cause the heart rate 

to be elevated and an alteration of your cardiorespiratory response to the above 

exercise tests.

• have consumed a light meal at least 2  hours before the start of the tests.

• wear suitable clothing (training shoes, shorts/tracksuit and T-shirt) during all 

exercise sessions.
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Expected benefits front these exercise tests.

The exercise test provide an assessment of your response to submaximal exercise, 

scientifically. Records are strictly confidential.

Questions concerning any of the procedures involved in these sessions are encouraged. 

If you have any queries, please ask.

Freedom of consent

Your permission to perform the previously described exercise programme and exercise 

tests is required. Your participation in this experiment is strictly voluntary. You are 

free to deny consent and withdraw from this investigation at any time.

Name of participant ._____________________________________ (please print)

Signature of participant __________________  Date ____________

Signature of witness Date



A 3.3) Health and activity questionnaire (training and non-training)

An evaluation of the effect of endurance-type training on the V Oi kinetics of 

young, healthy females 

Purpose of this investigation.

The pseudo random binary sequence (PRBS) exercise test has been used to assess the 

dynamic responses of the cardiorespiratory system to exercise. A preliminary 

investigation where the PRBS exercise test was applied to a healthy, female population 

showed the test to be submaximal and could therefore be applied to a general 

population. Parameters (oxygen uptake kinetics) measured during this test were found 

to relate to maximal oxygen uptake or cardiorespiratory fitness.

Further research is now needed to assess the effect of endurance-type training on the 

VO2 kinetics of young, healthy females.

In order to assess the suitability of each volunteer for this investigation, you are asked to 

complete this health and exercise questionnaire and return it to the investigator.

1). Personal details.
(Please print in black or blue ink).

Surname __________________  First name __________________

Date of Birth __________________  Age ______

Current address __________________________________________________

Postcode ____________  Telephone number ____________

Course Title ________________________________________________________
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2). Medical details.

i). Have you been told that you have any of the following health problems ?

YES NO

a) asthma___________________ _____  _____

b) high blood pressure________________ _____  _____

c) diabetes_________________________ _____  _____

d) anaemia_________________________ _____  _____

e) cardiovascular diseases__________________  _____

ii). Have you had any of the following in the last 6  months ?

YES NO

a) viral or bacterial infections ______ _____

b) musculoskeletal injuries ______ _____

c) operations involving a ______ _____
general anaesthetic

iii). Are you taking any medications prescribed by your G.P. ?

YES NO

If yes, please give details.

iv). Do you have any other disabilities that may impair your exercise performance in 
these tests ? If yes, please give details. ______________
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3). Exercise participation.

i). How many days per week do you exercise ?

a) none _____

b) 1 to 2  days _____

c) 3 to 4 days _____

d) 5 to 6  days

e) everyday [^ _ _ _

ii). How long do you exercise for during each session ?

a) up to 2 0  minutes _____

b) 20 to 40 minutes _____

c) 40 to 50 minutes

d) up to 60 minutes [^ _ _ _

e) longer than 60 minutes _____

iii). Please indicate which of the following activities you participate in regularly.

a) aerobics _____

b) archery _____

c) badminton [^ _ _ _

d) canoeing _____

e) circuit training _____

f) cycling _____

g) dancing _____

h) fencing [ _ _ _
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i) football

j) hiking

k) horseback riding

1) martial arts

m) netball

n) running

o) skiing

p) squash

q) swimming

r) tennis

s) volleyball

t) other (please specify) _____

Additional comments (if applicable)
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A.3.4) Consent form (training group)

An evaluation of the effect of endurance-type training on the V O? kinetics of 

young, healthy females 

Purpose of this investigation.

The pseudo random binary sequence (PRBS) exercise test has been used to assess the 

dynamic responses of the cardiorespiratory system to exercise. A preliminary 

investigation where the PRBS exercise test was applied to a healthy, female population 

showed the test to be submaximal and could therefore be applied to a general 

population. Parameters (oxygen uptake kinetics) measured during this test were found 

to relate to maximal oxygen uptake or cardiorespiratory fitness.

Further research is now needed to assess the effect of endurance-type training on the 

VO2 kinetics of young, healthy females.

Experimental requirements

All participants are required to complete:

• an 8 -week training programme consisting of cycling against a resistance to 

produce heart rates equivalent to 90% maximal heart rate. Three exercise test 

sessions will be held per week each of a duration of 40 minutes during which heart 

rate will be monitored using heart rate telemetry.

• a total of 6  exercise tests consisting of progressive exercise tests to exhaustion 

and submaximal PRBS exercise test during the study period.

Special instructions.

Participants are asked to:
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• abstain from consuming large quantities of alcohol, caffeinated products such as 

tea, coffee and chocolate prior to the study . These factors may cause the heart rate 

to be elevated and an alteration of your cardiorespiratory response to the above 

exercise tests.

• have consumed a light meal at least 2  hours before the start of the tests.

• wear suitable clothing (training shoes, shorts/tracksuit and T-shirt) during all 

exercise sessions.

Discomforts.

Some of the tests will involve exercise to exhaustion. You may experience some 

discomfort during exercise. If you are unable to complete the session the test will be 

terminated at your request, but you will be encouraged to continue.

Expected benefits from training.

Benefits such as increase maximal oxygen uptake (fitness), decreased heart rate during 

any submaximal activity and increased psychological well being are known to occur as 

a result of training.

The exercise test provide an assessment of your maximal oxygen uptake (fitness), and 

your response to maximal and submaximal exercise, scientifically. Records are strictly 

confidential.

Questions concerning any of the procedures involved in these sessions are encouraged. 

If you have any queries, please ask.

Freedom of consent.

Your permission to perform the previously described exercise programme and exercise
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tests is required. Your participation in this experiment is strictly voluntary. You are 

free to deny consent and withdraw from this investigation at any time.

Name of participant

Signature of participant __________________  Date

Signature of witness __________________  Date

(please print)
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A.3.5) Consent form (non-training group)

An evaluation of the effect of endurance-type training on the V O? kinetics of 

young, healthy females 

Purpose of this investigation.

The pseudo random binary sequence (PRBS) exercise test has been used to assess the 

dynamic responses of the cardiorespiratory system to exercise. A preliminary 

investigation where the PRBS exercise test was applied to a healthy, female population 

showed the test to be submaximal and could therefore be applied to a general 

population. Parameters (oxygen uptake kinetics) measured during this test were found 

to relate to maximal oxygen uptake or cardiorespiratory fitness.

Further research is now needed to assess the effect of endurance-type training on the 

VO2 kinetics of young, healthy females.

Experimental requirements

All participants are required to complete:

• a total of 6  exercise tests consisting of progressive exercise tests to exhaustion 

and submaximal PRBS exercise test during the study period.

• daily activity diaries to ensure normal activity and lifestyle patterns are 

maintained.

Special instructions.

Participants are asked to:

• abstain from consuming large quantities of alcohol, caffeinated products such as 

tea, coffee and chocolate prior to the study. These factors may cause the heart rate
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to be elevated and an alteration of your cardiorespiratory response to the above 

exercise tests.

• have consumed a light meal at least 2  hours before the start of the tests.

• wear suitable clothing (training shoes, shorts/tracksuit and T-shirt) during ajl 

exercise sessions.

Discomforts,

Some of the tests will involve exercise to exhaustion. You may experience some 

discomfort during exercise. If you are unable to complete the session the test will be 

terminated at your request, but you will be encouraged to continue.

Expected benefits from testing.

The exercise test provide an assessment of your maximal oxygen uptake (fitness), and 

your response to maximal and submaximal exercise, scientifically. Records are strictly 

confidential.

Questions concerning any of the procedures involved in these sessions are encouraged. 

If you have any queries, please ask.

Freedom of consent.

Your permission to perform the previously described exercise tests is required. Your 

participation in this experiment is strictly voluntary. You are free to deny consent and 

withdraw from this investigation at any time.

Name of participant (please print)



Signature of participant ___________________  Date

Signature of witness .________________________  Date
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A.3.6) A weekly activity log as completed by each subject in the non-training sub

group.

N am e:__________________________

Subject Number:____ ____________

Week num ber______

Date from __________________ to

Activity Number of times 

in last week

Average time Were you out of 

breath of sweaty?

Aerobics

Badminton

Basketball

Canoeing

Circuit training

Cycling

Dancing

Football

Golf

Hiking

Keep fit

Martial arts

Netball

Running

Squash

Swimming

Tennis

Volleyball

Other please 

indicate
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A.4) Appendix 4 -Criteria fulfilled during the progressive exercise test to 

exhaustion.

A.4.1) The criteria fu lfilled  by the total subject cohort (n = 28) during the progressive 

exercise test to exhaustion when investigating the relationship between p ea k  oxygen 

uptake and oxygen uptake kinetics.

Subject 
n = 28

Plateau of the 
relationship between 
VO2 and work rate

RER>
1.15

Heart rate 
within 10 

beats-min" 
APMHR

Total
number
criteria
fulfilled

1 X Y Y 2
2 X y Y 2
3 Y y Y 3
4 X Y Y 1

5 Y Y X 2
6 X Y X 1

7 Y Y Y 3
8 X Y Y 2
9 Y Y X 2

10 y Y Y 3
11 X Y X 1

12 X Y X 1

13 X Y X 1

14 X Y X 1

15 X Y X 1

16 X Y Y
17 X Y Y
18 X Y X 1

19 X Y X 1

20 X Y Y
21 X Y X 1

22 X Y X 1

23 X Y X i

24 X Y X 1

25 X Y Y
26 X Y X 1
27 X Y X 1

28 X Y X 1
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