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Abstract

Traditional approaches to exercise testing in children may not provide the most
appropriate measures of a child’s physiological responses to exercise, partly because they
do not reflect children’s normal intermittent activity patterns. The measurement of the
rate and magnitude of change of oxygen uptake to dynamic exercise, oxygen uptake
kinetics (VO, xmerics), provides an alternative approach to exercise testing. A
submaximal, intermittent, pseudo-random binary sequence (PRBS) exercise test to
measure VO, xmerics, may provide a useful method of measuring the metabolic
responses of children to exercise.

Traditional methods used in the analysis of VO,xmerics require the fitting of explicit
models in order to characterise the data. These models have not however been validated
for use in children. As the responses to the PRBS protocol are analysed in the frequency
domain, explicit models and their physiological correlates are not required to characterise
the data. Another potential problem in the measurement of VO, xierics in children are
the small work rate changes that can be employed to stimulate the exercise response
whilst constraining the test to the aerobic range. In respiratory gas measurement, breath-
by-breath variability (noise) can be large in comparison to the magnitude of the metabolic
response and this signal noise can obscure some characteristics of the response.

The aim of the study was to develop appropriate measurement techniques to reduce the
effects of breath-by-breath variability and to apply the techniques to the measurement of
VO xmerics in children. The main experimental study compared the VO, xmErics of
children with those of adults.

Ten children (3 females) in the age range 8 to 13 and twenty adults (10 females) in the
age range 20 to 28 years completed a PRBS test to measure VO, xmemcs and an
incremental ramp protocol on a cycle ergometer (Bosch 550 ERG) to establish VO3 Max»
T venr and delta efficiency. Breath-by-breath respiratory gas analysis was undertaken
using a respiratory mass spectrometer (MGA1100). Estimates of alveolar gas exchange
were made using the algorithm of Beaver et al. (1981) and a post hoc value of an
effective lung volume was calculated to minimise the breath-by-breath variability. A
cross-correlation technique (CC) was used to filter out the effects of anomalous (non-
physiologic) VO, responses recorded during the PRBS protocol. Subsequent Fourier
analysis of the auto-correlation and CC functions provided a description of VO, kmerics
in the frequency domain in terms of amplitude ratio and phase delay over the frequency
range of 2.2 — 8.9 mHz.

At each of the frequencies assessed amplitude ratio was higher in children (P<0.001)
than in either of the adult groups. Phase delay was also significantly shorter in children
compared to adults males (P<0.01) and adult females (P<0.001) but this effect was not
identifiable at any specific frequency Maxunal oxygen uptake was not 51gmﬁcantly
different in adult males (42.5 ml-kg™-min ? and children (44.7 mlkg"'-min") but was
lower in adult females (36.9 mlkg'-min") than adult males (P<0 01) and children
(P<0.001). Ventilatory threshold (% VO, max) was not different between groups. Delta
efficiency was significantly lower in children than adult males (P<0.05) and adult females
(P<0.01).

These results support the contention that there are maturational differences between
adults and children in the metabolic processes involved in the utilisation of oxygen during
physical activity. It has been argued, theoretically, that in adults the control of
VO, xmetics i driven by ATP demand in the skeletal muscle. As the mitochondrial
capacity and the concentration of oxidative enzymes is higher in children than in adults it
is likely that the controlling factor(s) for VO, xmerics in children also relates to some
aspect of peripheral metabolism. It is suggested that the PRBS protocol, with
appropriate noise reduction techniques, is considered a suitable method for investigating
the metabolic responses of children to dynamic exercise.
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Preface

Paediatric exercise testing is an emerging area of exercise physiology, however secular
changes in exercise performance throughout a child’s growing years are not easily
explained by conventional testing procedures. These procedures, which were originally
designed for adults, generally rely on exhaustive tests which many people think are
inappropriate for children as the results do not fully explain the large improvements in
exercise performance over the growth period. In addition, the interpretation of the
results is difficult because the effects of changes in body mass and structure cannot easily
be distinguished from changes in physical fitness. There is therefore considerable
potential for a sub-maximal exercise test which would provide information about the
physiological systems responsible for oxidative metabolism in children but would not

require scaling techniques to partition out the effects of growth.

The measurement of the rate of change in oxygen utilisation, oxygen uptake kinetics
(VO; kNerics), in response to changes in work rate provides a suitable technique for
measuring the physiological response to sub-maximal exercise. If such a test were to be
used in children the work rate perturbations would be small in magnitude with
consequent small changes in oxygen utilisation. The characteristics of the response will
therefore be difficult to discern from the respiratory noise inherent in the measurement of
oxygen uptake using respiratory analysis apparatus. The first step in measuring
VO, kmerics in children therefore would be to use techniques which minimise respiratory

noise and enhance the signal to noise ratio.

A rationale for a study based on the measurement of VO, kmerics in children is provided
in the two introductory chapters. The first chapter examines the developmental aspects
of exercise performance. Chapter 2 provides an overview of VO, gnerics and Chapter 3
serves as a precursor to the materials and methods section (Chapter 4) as it addresses
issues relating to the reliability of measuring VO, xmerics. Chapter 4 describes in detail
the protocols and procedures employed in Chapter 5. This concluding chapter is an

experimental study which compares the VO, kngrics of children to those of young adults.

I
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1. Developmental Exercise Physiology

The studies which look at the development of exercise performance in children are
either longitudinal over the years of growth (Beunen and Malina, 1988), cross sectional
comparisons of different age groups (Armstrong et al., 1991), or direct comparisons
between adults with children (Armon et al., 1991). They all have problems inherent in
comparing the responses of individuals of different size and development. This Chapter
reviews the literature on developmental exercise physiology from the perspective of :
issues relating to development, exercise performance, maximum oxygen uptake

(VO2max), cellular energy metabolism, anaerobic threshold (AT), and work efficiency.

1.1. Growth, Maturation and Development

It has long been recognised that children are not simply small adults but have
psychological and physiological characteristics distinct from those of the adult. The
child is a continuously developing organism and the rate of development is governed
not only by genetic instruction but also by environmental factors such as diet and
physical activity patterns. The term development encompasses the concepts of both
maturation and growth which are fundamentally different. Maturation implies progress
toward the mature state, which varies with the biological system considered. Growth
refers to changes in the size of the organism or of its parts. Both processes are probably
under separate genetic regulation, yet they are related (Maliné, 1988). One of the key
difficulties when investigating the responses of children to exercise is in making
appropriate comparisons between individuals of different size and maturational status.
For example body size and composition change considerably during normal
development, so that it is difficult to separate the effects of any intervention such as a
training programme, from those associated with normal growth.

The practice of using chronological age, to classify the responses of groups of children
to exercise, is the most accessible method of comparison, unfortunately this approach

does not describe the subjects significantly well in terms of development. This is
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particularly true during puberty when maturity related differences in strength,
flexibility, speed, endurance, and power become more evident among children of the
same chronological age (Maffuli, 1998). Chronological age is usually expressed as the

age in years but for more general definitions the terms child, adolescent, youth, young |
adult or elderly are frequently used as age descriptors. The difficulty with these terms is
that different researchers use slightly different conventions and care must be taken to
note the age range of the groups particularly when making cross study comparisons. For
most applications the use of chronological age alone to group subjects in terms of
development is inappropriate, and researchers have adopted various methodologies in
order to establish biological age by reference to the development of one or more of the

following anatomical or physiological systems.

1.1.1. Stature

Children experience several periods of rapid growth as they develop and records of
changes in stature and mass are the most fundamental of the measures used to asses
biological age. The pubescent growth spurt, which lasts for about 2 years, is a
particularly prominent growth characteristic. During this period a significant portion of
adult size is attained and when the rate of change in stature is plotted against age, a
distinctive peak occurs in boys at 13.5 to 14 years of age and in girls at 11.5 to 12 years
of age (Cunningham, et al., 1984a). This peak is térmed peak height velocity (PHV) and
the age at PHV provides a useful reference point by which to classify children of similar
biological age (Rutenfranz et al.,, 1982; Malina et al,, 1997). The main problem in
identifying the PHV is that it can only be ascertained with any certainty from accurate
measurements of stature over a period of several years, and due to the large variability
in the age and magnitude of the growth spurt among different individuals it imposes
difficulties in studying the functional characteristics, such as the cardio-respiratory

system, in relation to growth (Cunningham, et al., 1984a).

1.1.2. Sexual Maturation

The most frequently employed system for classifying biological age is the 5 point
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secondary sex characteristic rating of puberty based on genital, breast and pubic hair
development described by Tanner (1962). The assessment can be made directly by a
trained observer, or reported after self assessment with reference to pictorial
information. The onset of menarche in females can also provide a useful reference but
the recall accuracy of its occurrence has been called into question in cross sectional
studies (Picklés et al., 1998). Menarche is a rather late maturational event which occurs
after PHV while most girls are in stage 4 of breast and pubic hair development
(Marshal, 1978). The average difference between age at menarche and age at PHV is

about 1.2 to 1.3 years (Tanner and Davies, 1985).

1.1.3. Skeletal Development
Radiographic rating of the left hand and wrist has been shown to provide reliable

estimates of skeletal age (Tanner et al., 1975). Skeletal age is based on normal data
derived from various sources and must be interpreted in relation to the original data
source as there appears to be significant differences in skeletal development of children
from different countries. Shephard et al. (1978), in a study of 770 children, concluded
that skeletal age adds little to the description of physiological variables yielded by
chronological age, stature, and mass. Coupled with the restriction that even minimal
exposure to X rays are not normally justified, unless they are required on medical
grounds, the value of skeletal age analysis in order to establish maturational status
appears to be limited.

No single means of maturity assessment provides a complete description of maturity
during adolescence (Armstrong and Welsman, 1994). However, it has been argued that
although there is a variation in the development of secondary sex characteristics,
skeletal maturity and peak height velocity within each sex during adolescence, these
maturity indicators are sufficiently interrelated to indicate a general maturity factor
during adolescence Malina (1988).

Classification of developmental status in terms of age, maturity and growth is only one

fundamental issue in paediatric research which still requires to be resolved. The second
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issue, which ié key to many aspects of developmental biology, is that relating to scaling.

1.1.4. Scaling of Physiological Responses

Scaling refers to the statistical process of partitioning out differences in physiological
responses which change in relation to size. Winter (1992) describes four arguments
underpinning the need to consider the use of scaling (a) to compare individuals against
standards for the purposes of assessment; (b) in comparisons between groups; (c¢) in
longitudinal studies, especially with children, in which for example the effects of
training have to be disentangled from the effects of development and; (d) in studies that
explore the relationship between physiological variables and performance. There are
four methods which are generally employed to partition out the effects of size or
maturation, these are ratio standards, regression standards, allometric analysis (power
functions) and multilevel modelling (Winter, 1992; Armstrong and Welsman, 1994).
The two most frequently employed methods are the ratio standard and allomretric

analysis.

1.1.5. The Ratio Standard

An anthropometric variable such as body mass, stature or body surface area is used as a
denominator for a physiologic response, typically VO, max, in an attempt to scale the
response in relation to body dimensions. If an improper denominator is chosen, it is
possible that the outcome will result in misleading results and erroneous conclusions
(Rowland, 1998). For a simple ratio standard to be valid, the coefficient of variation for
the body size measure divided by the coefficient of variation for the physiological
measure must equal the Pearson product-moment correlation coefficient for the two
variables (Tanner, 1949). When this is not the case a typical scenario (using body mass
as the denominator) is that in a large group of subjects with varying body mass, one
may observe a negative correlation between VO, max’kg and body mass. That is,
smaller or lighter subjects will have a higher VO, max/kg than heavier ones (Rowland,
1998). In this case VO, max and body mass do not increase proportionately. While

larger individuals are penalised in the case of maximal capacity when a greater value
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represents greater capacity, they are favoured in an examination of sub-maximal
economy where lower values suggest better economy. These statistical artefacts and the
errors that they introduce become even greater when comparisons between adults and

children are made (Rogers et al., 1995).

1.1.6. Allometric Analyses

Growing children do not grow as geometrical entities, they change in shape and
composition and in general become more linear, less bony and more muscular with age
(Ross and Marfell-Jones, 1991). The development of children is said to be non-
isometric, that is there are changes in the relative size of the segments as a proportion of
overall size. The scaling technique that can be used to account for these type of changes
is referred to as allometry. Allometric or power function equations describe curvilinear
relationships between physiological variables (Welsman et al., 1996). With this
approach any physiologic variable Y can be expressed relative to a body dimension
(such as mass) X by the basic equation ¥ = aX?, where b is the scaling exponent. In this
case, if the physiologic variable ¥ changes in direct proportion to body mass, b = 1.0. If;
as mass increases, Y does so at a slower rate, then b < 1.0, and if Y increases more
rapidly than mass, b > 1.0. If Y declines as mass increases, the values for b are negative
(Winter, 1992). The exponent b is derived from the slope of the regression on
logarithmic (In) transforms of data: In Y = Ina + b - In X. Power function ratios can be
constructed by dividing the physiological variable by the body dimension raised to the
power b (Y/Xb). Power function ratios as they partition out body size differences
correctly permit comparisons between groups in cross-sectional studies (Winter, 1992;
Armstrong and Welsman, 1994).

Nevill et al., (1992) suggests that when modelling a physiological variable such as
VO2max, stature as well as body mass must be incorporated into the allometric
equation. This allows for the influence of body mass to be separated from the additional
effect of the disproportionate increase in muscle mass. The effects of maturity also

complicate the use of scaling techniques. In a study by Kemper et al. (1986) of early and
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late maturing teenagers VO, max relative to body mass was lower in early maturers than
in late maturers. This is explained by a higher percentage of body fat in both males and
females in the early maturing group as compared to the late maturers. Malina et al.
(1997) also concludes that given the size differences between individuals of contrasting
maturity status, it might be expected that scaling peak VO, for body mass and stature
would vary with maturity status of the child, and that there would be inter-individual
variation in scaling coefficients during early and mid-adolescence.

The power functions calculated using allometric techniques in studies of children have
consistently exceeded the theoretical predictions and several authors have concluded
that there is no strong argument for abandoning the practice of expressing physiological
variables in ratio with body mass (Bar-Or, 1983; Rowland, 1990). Nevill (1997)
however, considers the ratio standard to be the best predictor of athletic performance in
weight bearing activities, but when athletic performance is not weight bearing the body
size denominator component of a scaled ratio is likely to be considerably less, if not
absent and absolute VO, max (I'min™) is probably the best predictor.

Recent comment by Rowland (1998) considers that the issue of appropriate scaling is
still not adequately resolved and suggests that experimental results are expressed as
ratio standard and after application of allometric scaling techniques researchers should

address any differences in conclusions created by the two techniques.

1.2. Exercise Performance

There are differences in exercise performance between children and adults. As children
grow they become more able to perform physical work. For example, endurance
running performance steadily improves (Massicotte et al., 1985; Cureton et al., 1997),
and these faster times in distance events are linked to the process of development. In
response to a standard sub-maximal exercise, heart rate, ventilatory equivalent for
oxygen, mass-relative oxygen uptake, and ratio of respiratory rate to tidal volume, all
decline as the child grows, features which are characteristic of the aerobic exercise

training response (Rowland, 1995). Increases in absolute VO, max essentially mirror the
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increase in body size with high correlations between V02 max and body mass or stature
(Armstrong et al., 1991; Malina et al., 1997). Children as they grow also increase their
ability to sustain high intensity exercise (Bar-Or, 1983).

It could be argued that these alterations in physiological responses might simply reflect
increases in body size. There is however growing evidence that improvement in
performance is not only related to size but is associated with both improved cardio-
vascular function, and also maturity associated changes in the metabolic pathways
essential for physical activity. In fact, there is only a poor relationship between
endurance performance and mass relative VO, max as children grow. For example,
between the ages of 5 and 15 years, finish times in the 1-mile run improve
approximately 100% in boys, yet VO max per kg body mass remain unchanged
(Rowland, 1990). Tests of anaerobic power, for example the Wingate test, show
improvements in anaerobic power which are faster than the increase in mass or stature
suggesting that performance is at least independent of body dimensions (Rowland,

1995).

1.2.1. Maximum Oxygen Uptake in Children

As oxygen is a key component of cellular energy production, the measurement of
oxygen utilisation (VO,) and carbon dioxide production (VCO,) using respiratory gas
analysis provides a convenient, indirect determination of energy expenditure. Maximum
oxygen uptake (VOZ max) is a measure of the highest rate that oxygen can be taken in
and utilised by an exercising subject under standardised atmospheric conditions at sea
level. The value can be expressed in absolute terms of I-min™ or is scaled relative to an
anthropometric measure as described earlier (Section 1.1.4). The VO, Max provides a
quantitative statement of an individual’s capacity for aerobic energy transfer and is an
important determinant of an individual’s ability to sustain high-intensity exercise for
longer than 4 or 5 minutes (McArdle et al., 1991). Maximum oxygen uptake depends
chiefly on venous O, content and circulation rate and can be expressed in terms of the

Fick equation :-
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where, cardiac output (Q) is the total amount of blood pumped from the left ventricle
each minute, and arterio-venous oxygen (a-vO,) difference is the average difference
between the oxygen content of arterial and mixed venous blood.

There are several methods of obtaining estimates for VO, Mmax, indirectly from running
tests, or by prediction using sub-maximal exercise protocols, but the evidence suggests
that there is no valid substitute for direct determination of VO,max (Armstrong and
Welsman, 1994). Maximum oxygen uptake is considered to have been attained in an
incremental exercise test if there is a plateau in the oxygen response even though the
exercise intensity continues to increase (Astrand and Rodahl, 1986). There has been
significant debate over the efficacy of using this sole criteria as a index of establishing
VO,max in children as only a minority of children can sustain the high intensity
exercise required during a maximal exertion test to establish a plateau in the VO,
response (Armstrong and Welsman, 1994). Most exercise physiologists, in the absence
of a plateau, report the value as VO, pgak, which is the highest oxygen uptake achieved
during the incremental test. Several studies have however concluded that the highest
VO, of children who demonstrate a plateau response is indistinguishable from those
that do not (Cooper et al. 1984; Rivera-Brown et al., 1992; Armstrong et al., 1996;
Duncan et al., 1996). Several criteria are now considered as evidence to establish if
VO, peax can be accepted as a maximal indices. These criteria include: assessing
visually if the child has exerted maximum effort (Armstrong et al., 1995), a maximum
heart rate of approximately 195 beats-min™ in cycle protocols or 200 beats-min™ whilst
running on a treadmill (Rowland, 1996), ventilation reaching 60% of maximum rate
(Godfrey, 1974), or a respiratory exchange ratio (RER) greater than 1.0. The RER
expresses the relationship of expired carbon dioxide to oxygen uptake, which, as the
ratio increases above unity indicates the anaerobic contribution to the energy supply.

Although high post exercise blood lactate levels of 6-7 mmol-I" may be considered as

8
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an index of VO, max having being achieved in children (Armstrong et al., 1996) this
criterion has been challenged recently due to 1) relatively poor reliability, 2) the effects
of different exercise protocols in stimulating lactate production to different degrees and,
3) possible differences in the motivation to exercise maximally (Pfitzinger and
Freedson, 1997a; Tolfrey and Armstrong, 1995). In the absence of a plateau but where
some of the criteria to accept VO, peak as an index of maximal performance have been
met, the term VO, max may therefore be considered appropriate.

The research investigating the secular trend in VO, max (I'min™) has been reviewed by
Bar-Or (1983) and Armstrong and Welsman (1994). Armstrong and Welsman’s review
represents 10,154 VO, peax data points from subjects aged 8-16 years on either cycle
ergometer or treadmill. The trend in the data shows a gradual increase in boys’
VO, pak in relation to chronological age. In girls there is a similar but less consistent
trend. From age 8 to 13 years, girls’ V02 PEAK appears to increase with chronological
age. At age 13 to 15 years, several of the cross-sectional studies reviewed, suggest a
levelling-off or a fall in VO,pgak. Further analysis of the data (Armstrong and
Welsman, 1994) indicates that the treadmill determined VO, pgax values of 10 year old
males are 12% greater than those of similarly aged females. This difference rises to 37%
at 16 years of age. A similar trend is shown for cycle ergometer determined VO, peak
values. The boys’ aerobic power is 2% higher than females at age 10 years rising to
37% higher at age 16 years. Similar conclusions were also drawn in the review by
Bar-Or (1983) who considered the relationship between VO max and chronological age
in 3,910 girls and boys of age range 6 to 18 years old. As the child grows there is a
concomitant increase in VOa max. Until age 12 years, values increase at the same rate in
both sexes, although boys have higher values from age 5 years. Maximum oxygen
uptake levels off in females above age 14, but continues to rise until the age of about 18
in boys.

The relationship between increases in VO, max and maturity may be explained by the
findings of Armstrong et al. (1991) as probably due to greater muscle mass (indicated in

his study by a higher body mass but no difference in skin fold thickness) in more mature
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boys and higher haemoglobin concentration. Armstrong et al. (1991) concludes that
boys’ mass-related VO,peax Was independent of sexual maturity stage. In girls, the
trend was reported to be similar with mass-related VO, ppax generally being
independent of maturity stage when established from both treadmill and cycle
ergometer administered maximum exercise protocols. The results of Armstrong et al.’s
(1991) study shows the average values for V02 pEAK, fOr 113 boys of age range 11 to 16
years, of 2.31 I'min™ and for 107 girls of the same age of 1.90 I'min™ recorded in
response to a maximal treadmill exercise test. TheVO,peak attained for the same
groups undertaking maximal cycle ergometer tests were 2.05 and 1.72 I'min for boys
and girls respectively.

The results of a study by Welsman et al., (1996) show that, VO, peax relative to body
size remains constant throughout development in boys, while there is a tendency for
relative VO, prak to decline with growth in girls. The results from linear and log-linear
adjustment models shows that VO, pgak increases from pre-puberty to adulthood in
males. In females, VO,prax appears to improve between pre-puberty and circum-
puberty with levels then remaining constant into adulthood rather than decreasing.
Considering the improvement in endurance performance over this age range, VO, max
per kg should not be expected to be predictive of endurance performance in any group
of children of different biological age (Rowland, 1990).

The data recorded by Armstrong et al. (1991) using a maximal treadmill protocol shows
the average VOZ peak Vvalues for 113 males of age range 11 to 16 years of
49 ml'kg"-min”, and 41 mlkg’min? for 107 females of the same age range. The
results recorded on the same groups using a maximal cycle ergometer protocol were 43

mlkg™-min™ and 37 ml-kg™ -min™ for boys and girls respectively.

1.2.1.1. Factors Determining Maximum Oxygen Uptake in Growing Children

Maximum heart rate is approximately 200 beats-min™ in children and begins to decline
from this maximal level at the age of approximately 20 years at a rate approximately

equal to one beat per year. Since maximum heart rate decreases with age (Robinson,
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1938) any centrally mediated improvement in VO,max must be a function of stroke
volume (SV) (with reference to the Fick equation Section 1.2.1 Equation 1). In a
longitudinal study of the cardio-respiratory function in circum-pubertal boys
Cunningham et al. (1984b) used multiple regression analysis to examine whether the
increase in VO, max associated with development, could be accounted for by changes in
maximum SV or by changes in maximum a- v O, difference. The findings indicated that
VO, max Was determined primarily by the size of the SV between the ages of 10 and 15
years. It was also observed that an increase maximal a-v O, difference was a critical
component of the increased VO, max in the year preceding PHV. This suggests that
maturation-dependent changes of oxidative enzymes and capillary to fibre ratio may be
an important component of the increase in VO, max (I'min™) as well as the increase in
SV associated with increased body size. It appears that the increase in muscle mass
during development occurs first, followed by an increase in SV to meet the new
metabolic capacity.

Maximal a-v O, difference is limited by the haemoglobin content of the blood.
Haemoglobin concentration is significantly correlated with age (Armstrong et al., 1991)
in male and female children of age range ~ 11-16 years, and significantly correlated
with VO, pgax (I'min™) in both boys and girls. In relation to maturity, girls show no
differences at the different stages of development, but the boys of Tanner stage 5 had
significantly higher blood haemoglobin concentration (15.1 g-dl’) than the boys of
Tanner stages 3, 2, 1 and all the girls (range 11.8 to 14.0 g-dI'"), (Armstrong et al.,
1991).

Despite their lower blood haemoglobin concentration the maximal a- v O, difference of
children is comparable to that of adults (Eriksson, 1972) because children are able to

extract almost all of the oxygen circulating through the working muscles.

1.2.2. Cellular Energy Metabolism

The maximal concentration of blood lactate is positively related to age and seldom

exceeds 6-8 mmol-I"! in the first decade of life (Robinson, 1938; Astrand, 1952; Wirth et
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al., 1978; Matejkova et al., 1980) as compared to 11 to 13 mmol-I" in adults (Astrand,
1952). There is considerable inter-individual variability in this measure and Cumming
et al., (1980) recorded maximum serum lactates in young children of up to 14 mmol-I”.
It has been suggested by Pfitzinger and Freedson (1997a) that protocols are required to
optimally stimulate the subject’s glycolytic capacity in order to establish trends in
maximum blood lactate between children and adults.

In sub-maximal exercise, children show lower lactate concentrations in blood and
muscle during exercise at the same relative intensity when compared to adults (Macek
et al., 1976; Mahon et al., 1997). In an assessment of pre-pubertal, pubertal and post-
pubertal males and females Wirth et al., (1978) have demonstrated that sub-maximal
exercise-induced increments in lactate are dependent on maturity. Blood lactate at a
fixed percentage of VO, max however do not account for differences among individuals
with respect to the onset of the lactate threshold (LT).

The findings that children largely demonstrate lower peak muscle and blood lactate
levels during exercise have been interpreted to indicate that children have less ability to
rely on non-oxidative energy sources. The reliance of children on aerobic metabolism,
rather than non-oxidative energy sources, can be attributed to enhanced oxidative
metabolism and/or poor anaerobic metabolism. The evidence which examines this
proposition is detailed in studies of cellular energy metabolism using either
phosphorous nuclear magnetic resonance spectroscopy (*'P-MRS) or muscle biopsy
techniques.

Phosphorous nuclear magnetic resonance spectroscopy provides a safe, non-invasive
means of monitoring intracellular inorganic phosphate (Pi), phosphocreatine (PC),
adenosine tri-phosohate (BATP) and pH, and has been used in studies of children
(Taylor et al., 1997; Zanconato et al., 1993). These studies have shown that children
have both an increased oxidative capacity (Taylor et al, 1997) and a decreased
anaerobic capacity (Zanconato et al., 1993), when compared with adults. These
difference are only evident in the higher intensity range of exercise. In the investigation

of Zanconato et al. (1993), 10 children (of age range 7-10 years) were compared to 8
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adults (of age range 20-42 years). The Pi/PC ratio was reported to be 0.54 (+ 0.12)
during maximal exercise in children compared to 2.00 (+ 0.79) in adults. The 27%
lower Pi/PC ratio in children suggests that children are less able than adults to
rephosphorylate ATP by anaerobic metabolic pathways during high intensity exercise.
The evidence from muscle biopsy analysis of cellular metabolism supports the findings
of the *'P-MRS studies. There is evidence of reduced phosphofructokinase (PFK)
activity in boys compared with untrained, trained and athletic adults (Eriksson, 1972).
Berg et al. (1986) compared skeletal muscle enzyme profiles in children with age and
sexual maturation: a pre-pubertal group (6.4 years * 2.1); a circum-pubertal group (13.5
years + 1.3 years) and a post pubertal 17.1 + 0.8 years). Significant increases were
found in the glycolytic enzymes aldolase and pyruvate kinase, between pre- and post-
pubertal groups. Lactate dehydrogenase (LDH) activity was also higher in the circum-
and post pubertal groups than in the pre-pubertal group. It was highest in circum-
pubertal group. These results were not confirmed by Haralambie (1982) who did not
establish any differences in glycolytic enzyme activity between 14 adults of age 22 to
42 years, when compared with 14 children aged 13 — 15 years. The explanation
suggested for this finding was that the adolescents used in the study of Haralambie
(1982) were older than those in the study of Eriksson (1972) this explanation would not
now seem appropriate in light of the evidence of Berg et al. (1986).

In comparison to adults, children have been shown to possess elevated levels of the
oxidative enzymes succinic dehydrogenase (SDH) (Eriksson, 1972; Eriksson, 1980),
fumarase (Haralambie, 1982; Berg et al., 1986) and isocitric dehydrogenase (ICDH)
(Haralambie, 1982). In the study of Erikson (1972) 31 boys, in the age range ~11 to ~16
years had average SDH activity levels of 5.74 pmoles-g’min? which compared
favourably with a group of 12 trained men of age range ~17 to ~30 years (6.00
pmoles-g!min™). The average SDH activity level for 12 untrained men aged 24 — 30
was only 3.60 pmoles-g™ -min™.

Therefore the lower (~ 50%) PFK activity found in children (Eriksson, 1972) suggests

limitations in anaerobic metabolism while improved oxidative enzyme activity suggests
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a greater reliance on aerobic metabolism in children.

The reliance, in children, on aerobic metabolism rather than non-oxidative energy
sources, can therefore be attributed to both enhanced oxidative metabolism and as a
consequence of poor anaerobic metabolism. This is reflected in the different PFK to
ICDH ratios of 1.633 in adults and 0.844 in children observed by Haralambie (1982).
Evidence from measurement of muscle fibre types in children and adults confirms the
conclusions from the biochemical data and *'P-MRS data. Boys have a higher
proportion of slow twitch fibres compared to untrained men, and interestingly have fibre
type profiles similar to aerobically trained adult males (Eriksson, 1972). More recent
evidence also supports an age-dependent increase in glycolytic Type 2b fibres over the
life span (Kriketos et al., 1997). Bell et al. (1980) measured fibre type composition in 13
six year olds using muscle biopsy techniques, and concluded that the fibre type
distribution pattern and ultra-structure of skeletal muscle in six-year-olds was not
different from either older children or adults involved in endurance training
programmes. Based on ultra-structural parameters, relative volume densities of
mitochondria and intra-cellular lipid, the children demonstrate equivalent or slightly
greater capacity for oxidative metabolism than do adults. The training effects on skeletal
muscle fibre area and distribution and on skeletal muscle enzyme activity has also been
shown to be similar in adolescent boys (Fournier et al., 1982) when compared to adults
(Golnick et al., 1973).

Although the metabolic pathways responsible for high intensity exercise have been
shown to be different for children and adults, the effect of these peripheral factors on the

exercise response to sub-maximal exercise is less well documented.

1.2.3. Anaerobic Threshold

During progressively increasing exercise, a point is reached at which exercise
metabolism is no longer sustained by aerobic metabolism alone. The increasing
requirement for ATP is supplemented by an increased rate of glycolysis with a

concomitant increase in lactate production. The metabolic rate (VO,) at which lactate
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production exceeds its removal from the blood is referred to as the lactate threshold
(LT). It is considered that the rapid efflux of CO, from the cell generated by the
buffering of the increasing [lactate] by bicarbonate will be evident quickly in lung gas
exchange (Wasserman et al., 1987). This, together with the increased respiratory drive,
which initially increases proportionately with CQO,, is detectable using respiratory gas
analysis, and some physiologists use the VO, at which pulmonary ventilation initially
accelerates out of proportion to the metabolic load, rather than the point of increase in
blood lactate, as an index of the anaerobic threshold. The analysis of the ventilatory

response to detect the AT is referred to as the ventilatory threshold (Tyen).

1.2.3.1. Lactate Threshold

Pfitzinger and Freedson (1997b) suggest caution when making inter-study comparisons
of LT as the measurement is specific to the exercise protocol used, the criteria adopted
to determine it and the method used to assay the sample.

In spite of the fact that children produce less lactic acid at all work intensities (both sub-
maximal and maximal) the LT of the two groups, determined from muscle lactate
measurements are remarkably similar (Eriksson et al.,, 1971). Lactate thresholds (the
point of rapid increase in blood lactate concentration) have been measured of 78.6 + 3.4
and 63.7 = 1.7 %VO,max in highly trained and untrained 11 - 12 year old boys
respectively (Atomi et al., 1986). Rostein et al. (1986) assessed the effects of training on
the AT in a group of twenty eight 10.2 — 11.6 year old boys and recorded pre-training
LTs of 82.2 + 7.0 and 79.9 + 3.8 %VO,max in a training and a control group
respectively, and a post training LT of 77.9 + 5.5 %VOamax in the 16 boys who
undertook 9 weeks of training. The VO, max of the trained group increased by 8%. It is
likely that this group of boys were aerobically fit as their pre-training VO, max Was 55.6
mlkg"-min”. The LT (%VOamax) results recorded by Rostein et al. (1986) were
reported to be similar to adult elite endurance runners performing the same protocol.
This compares with adult values of 69.9% V Oz max in young adults (Farell et al., 1979)
and 43.6-49.3 %VOZ max in middle aged men (Davis et al., 1979).
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1.2.3.2. Exercise at a Predetermined Lactate Level

Exercise at a predetermined [lactate] has been reported for children between the ages of
12 and 14 (Williams and Armstrong, 1991). If an absolute value is used to represent LT
in children, the 2.0 or 2.5 mmol.I" concentration would be more appropriate than the
4.0 mmol.I'" level which has been used as an indicator of endurance performance in
adults (Foxdall et al., 1996). However, any fixed concentration may be inappropriate
because it appears likely that LT changes in the individual child over time, so any
comparison of children at different stages of maturity using a fixed lactate concentration

could be misleading (Pfitzinger and Freedson, 1997b).

1.2.3.3. Ventilatory Threshold

Given the ethical considerations of collecting blood lactate in children, the use of a
noninvasive method to estimate LT in children is attractive.

Normal values for Tyene have been reported in children to be as low as 47.8 (= 11.7)
%V O2max (McConnell et al., 1992) most studies using larger numbers of children report
values in the range 58 — 75 % VO, max (Washington, 1993).

In a study where direct comparisons have made between boys and men, no difference
was identified in Tyent When it is expressed as a percentage of VO2Mmax (Mahon et al.,
1997). Nine boys of average age 10.5 (+ 0.7) years and nine men of age 25.3 (+ 2.0)
‘years performed incremental exercise on a cycle ergometer. The results are shown in

Table 1.1.

Table 1.1. Cardiorespiratory responses at Tyen. Mean
(standard deviation (S.D.)). From Mahon et al. (1997).

Variable Boys (n=9) Men (n=9)
VO, (I'min™) 1.17(1.06)  2.67 (0.47)*
VO, (mlkg'min?)  32.0(3.7) 33.8 (4.1)
% VO2Max 67.2 (3.5) 67.3 (4.9)

* Significant difference between groups.

Similar results were found in a previous study which compared young and adult female
athletes specialising in different sports (Bunc and Heller, 1993). Ventilatory threshold
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was determined in a treadmill exercise test and the findings (Table 1.2) show that there
were no significant differences in % VO, Mmax between relatively equally trained adult

and young female athletes at Tyent.

Table 1.2. Comparison of VOz at Tyem and Tyen as %VOZ max in young and adult
female athletes. Mean (S.D.) From Bunc and Heller (1993).

Event Number of Age VOZ at Tyent _Tvem
subjects (years) (ml'kg™-min™) % V Oz Mmax

Long distance 12 24.2 (2.3) 56.9 (2.9) 85.1 (3.8)
runners

11 16.3 (0.9) 49.4 (3.1) 84.9 (2.7)
Middle distance 10 22.9 (2.8) 51.7 (3.2) 82.9 (2.1)
runners

16 16.6 (0.8) 46.5 (2.4) 82.6 (3.2)
Canoeists 7 21.1 2.1) 40.0 (2.2) 79.9 (2.6)

8 16.0 (0.9) 38.3 (2.4) 79.4 (3.0)

It has been observed that the hyperventilation that occurs during incremental exercise,
and the LT do not represent identical biochemical events (Green et al., 1983) and
parameters associated with changes in pulmonary minute ventilation do not always
track changes in blood lactate concentration (Brooks, 1985). In addition, under certain
conditions such as glycogen depletion, Ty, may be altered such that ventilatory indices
are not reliable estimates of LT (Pfitzinger and Freedson, 1997b). The Tyen probably
occurs at a time slightly later than the abrupt increase of lactic acid in the serum during
exercise (Washington, 1989). Although, the bases of the relationship binding LT and
Tyent are not clearly known, it has been shown that the LT and Ty, are well correlated
(Davis et al., 1979; Ivy et al., 1980; Caiozzo et al., 1982) which provides justification
for its use. Mocellin et al. (1991) has however recorded a lactate threshold of 78 +
3.6% VO, max which was substantially higher than the Tyen (53 + 8.8%VO, MAX) In
eleven boys of age 11-12 years.

Although it might be assumed that since children cannot sustain high intensity exercise
aerobically they would be expected to demonstrate significantly higher relative
anaerobic thresholds in comparison to adults. However there is little direct evidence to
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support such a viewpoint.

1.2.4. Efficiency of Exercise

Work efficiency () is the ratio between external mechanical work performed, and the
chemical energy required by the muscles to perform the work (Whipp and Wasserman,
1969). The chemical energy required to perform work is calculated from the steady state
oxygen uptake VOz(ss) and the energy equivalent derived from the non-protein RER. As
some of the measured energy is essential to sustain tissues at rest and is not associated
with the production of work this must be accounted for and the calculation of 1 takes on
the form :

1 *
Work efficiency = Mechanical poweroutput® 2)

Exercise metabolic rate - Resting metabolic rate

* When work is done during a known period of time, power units rather than work units
are used in the numerator and denominator (Bar-Or, 1983).

It is not always appropriate to use this method of calculation in children as prior activity
and movement during the procedure to measure resting metabolic rate are difficult to
control. By making use of the first order relationship between VO, and work rate i.e.
the time course of the observed VO, induced by a ramp work rate protocol in humans is
considered to parallel the VOyss) after a time delay of four to five VO, time constants
(7):

VO2(t) = VO(58) - (£ = T)euenrverneninieniniiiiiiteieiirieeeenearenenanaieraneeaansrenensnensas 3)
When time (t) is much greater than 1, VOx(t) lags VOxss) by T (Whipp, 1987). The time
constant T (tau) of an exponential curve is [(1-¢")x100] and is generally considered as a
parameter of the rate of change in oxygen uptake in response to a change in exercise
intensity.

It is thus possible to calculate 1 by calculating the exercising metabolic rate from the
change in oxygen uptake (AVO,) 4 time constants (~ 60 seconds) after the start of a
ramp exercise protocol to a point at or below the work rate which elicits anaerobic
energy production. The mechanical power output is the change in work rate (AWR) over

the same time period from which A VO, is calculated. Thus 1) may be calculated as delta
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P

efficiency (Aefficiency) using equation 4.

AWR(W) 60
AVO,(ml-min™)  20.609

Aefficiency (%) =

Since the calculated Aefficiency is virtually unaffected by values of respiratory
exchange ratio in this physiological range, an RER of 0.9 is assumed (Godfrey, 1974;
Cooper et al., 1984) and for 1 ml of oxygen consumed this is equivalent to the
utilisation of 20.609 joules of energy. As a power output of 1 W is 1 joule-second™,
Aefficiency can be calculated using a simplified version of the above formula (Equation

5):-

0.291
S "7 )

Aefficiency =

where slope is A VO,(L-min” Y AWR(W) (Godfrey 1974).

Other researchers (Davis et al., 1982; Hughson and Inman, 1986a) have chosen to use
an RER of 0.95 corresponding to an energy equivalent of 20.87 joules. As the RER
changes throughout the ramp test it is considered that the use of this constant value
(RER = 0.95) will only result in errors of approximately 0.5% over the metabolic range
of the calculation (Davis et al., 1982).

The assumption of constant RER means that the calculated energy is directly
proportional to oxygen consumption, therefore it is simpler to express the individual

response to the ramp exercise protocol in terms of economy of work :

: o
Work economy = A O, ) e (6)
AWR(W)

The O, cost of activities that involve running or walking have been found to be higher
in children than in older individuals (Robinson, 1938; Astrand, 1952; Rowland et al.,
1987; Ebbeling et al., 1992). This has been attributed to differences in stride frequency,
inefficient running mechanics, substrate utilisation, soft tissue differences, surface area
to body mass ratio and thermoregulatory differences between adults and children
(Rowland, 1990).

The traditional view is that the work efficiency of cycling is relatively fixed
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(~10 ml-min™-W™) for a given work task and is independent of training, age, or gender
(Wasserman and Whipp, 1975; Astrand and Rodahl, 1986; Hansen et al., 1987); the
exception to this is the higher oxygen cost to move heavier limbs in obese subjects
(Wasserman and Whipp, 1975). This conclusion is supported in a more recent study
(Springer et al., 1991), where Aefficiency measured using a ramp technique was not
significantly different in adults and children (11.6 (+ 1.3) ml-min”-W™ in children and
10.9 (£1.5) ml-min™'-W™ in adults) and also by Rowland et al. (1990) who concludes
that the efficiency of muscular contraction during exercise is comparable in pre- and
post-pubertal subjects.

In opposition to this, studies have found child-adult differences using a step technique
to measure oxygen cost (work economy). In a step change from unloaded pedalling to
80% AT (Armon et al., 1991), children were found to have a significantly greater
oxygen cost whilst cycling compared to adults, 11.92 (+ 1.12) ml-min™-W™" and 9.34 (¢
1.77) ml-min™-W™ in children and adults respectively (P < 0.01). Similarly, calculations
from the results reported by Turley and Wilmore (1997) show that the oxygen cost of
cycling between 40 and 60 W is greater in 7 to 9 year old boys (12 ml'min™-W™) than in
adult males of age range 19 — 26 years (8 ml-min”-W™). The values for young girls (of
age range 7 — 9 years) and adult females (of age range 19 — 26 years) were 11.5 and 9
ml-min”-W! respectively. Finally, Hebestreit et al., (1998) confirmed these adult-child
differences in oxygen cost of cycling at 50% VO, pgak.

It may be that some of the studies which report no difference in the oxygen cost of
cycling between adults and children have expressed the oxygen cost relative to body
mass rather than in relation to the work performed. For example, in the study of Cooper
et al. (1985) when resting values are taken into account and corrections made for body
mass it is possible to calculate average values for the oxygen cost of cycling. These
calculations show that the younger children, of age range 7 — 10 years have an oxygen
cost of 18.7 ml'min™'W "', compared to the older children (15 - 18 years) whose oxygen
cost was on average 13.3 ml-min” W,

In conclusion there appears to be considerable evidence to support the findings of an
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increased oxygen demand for non-weight bearing activities in children.

With reference to the Fick equation (Section 1.2.1 Equation 1) the higher oxygen cost of
submaximal work in children could be related to higher cardiac output (Q) or increased
a- v O, difference. In spite of the higher heart rates of children during exercise at a given
submximal work rate or oxygen uptake, the majority of studies have reported that both
boys and girls (Bar-Or et al., 1971; Katsuura, 1986; Turley and Wilmore, 1997) have a
lower Q than adults at a given sub-maximal work rate or oxygen uptake. This lower Q
is attributed to a lower stroke volume (SV) which is only partially compensated for by a
higher heart rate. The lower SV at a particular sub-maximal work rate is closely
associated with a smaller left ventricular mass in children of both sexes (Turley and
Wilmore, 1997). It may also be associated with a smaller pre-load and a higher after-
load in children. The smaller venous return of children would contribute to a reduced
pre-load which would in turn reduce the SV in children compared to adults. Children
have a higher total peripheral resistance (TPR) during exercise at a standard
submaximal work load when compared to adults (Turley and Wilmore, 1997) which
may represent a higher after-load, both these factors would reduce SV in children in
addition to the reduced body size. Therefore it is unlikely that Q is the physiological
factor responsible for the higher oxygen cost of submaximal work in children.

In spite of the higher TPR during standard submaximal exercise in children compared to
adults, more of Q may be directed to the working muscle (Koch, 1980). This increase
in muscle blood flow could account for the larger a-v O, difference found in children
(Katsuura, 1986; Turley and Wilmore, 1997). Other factors could be an enhanced
oxygen dissociation from haemoglobin and the a- v O, difference, at a given VO,, being
nearer the child’s maximum value since the children would have been exercising at a
higher relative intensity. The exact mechanisms responsible for the higher a-vO,
difference is not known and is unlikely to be resolved easily because of the invasive

nature of the research that would be required.
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1.3. Summary

Since the work of Robinson (1938) significant progress been made towards the
understanding of how the processes of growth and maturation impinge upon the child’s
chronic and acute responses to exercise. New techniques such as *'P-MRS are now
providing an insight into the metabolic control of cellular respiration (Zanconato et al.,
1993; Taylor et al., 1997), information which in the future may provide the basis for
exercise prescription in the healthy or help in the diagnosis and rehabilitation of the
child with disease. A great deal of work has been carried out looking at the issues of
scaling the child’s physiologic response to exercise (Rowland, 1998), establishing
suitable criteria for determining VO, max (Rivera-Brown et al., 1992; Duncan et al.,
1996), or in establishing non-invasive indices for the determination of the anaerobic
threshold (Washington 1993; Chicharro et al., 1995; Pfitzinger and Freedson 1997b).
All of these issues have yet to achieve a consensus. It may be considered that part of the
reason for this may be a result of the practice of applying exercise protocols and models
which have been designed for use in adults. These methods of investigation may not
provide the most appropriate exercise stimuli for assessing the child’s response to
exercise.

A useful way of quantifying cardiorespiratory responses to exercise is to measure the
metabolic response to exercise transitions, oxygen uptake kinetics (VO> kinerics). The
measurement of VO, xinerics may prove to be a useful tool in establishing new criteria
for characterising exercise performance in children through a non-invasive technique,
without the necessity to scale the response in relation to body size and without the

requirement for children to exercise to exhaustion.
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2. Oxygen Uptake Kinetics

In this chapter the background to the sub-maximal assessment of VO, knerics in
children is reviewed in 7 distinct sections. Sections 2.1 and 2.2 consider the definition
of and the physiological basis for VO, xivemics. Section 2.3 covers the issues relating to
breath-by-breath assessments of oxygen uptake and serves as a precursor to Section 2.4
which relates to the process of measurement of VO, xinerics. Section 2.5 reviews the
literature relating to the physiological mechanisms responsible for controlling
VO xinerics. The applications of the measurement of VO, xierics are considered in
Section 2.6 and finally Section 2.7 reviews the various studies which have described the

measurement of oxygen uptake kinetics in children

2.1. Definitions

At the onset of exercise the immediate energy demands to fuel muscle contraction are
met by the free energy of hydrolysis of adenosine triphosphate (ATP). The process of
replenishing the local ATP pool, via creatine kinase-linked breakdown of
phosphocreatine (PC), is an oxygen requiring mechanism taking place within the
mitochondria and it is this demand for oxygen that eventually manifests itself as the
increased oxygen utilisation measured at the mouth of an exercising individual.

Since the stores of oxygen in the body are very small relative to metabolic demand, the
dynamics of VO, measured at the mouth during exercise transitions are closely coupled
to cellular events (Cooper et al., 1985). The measurement of VOz KINETICs can therefore
provide a useful insight into the mechanisms of cellular energy production.

At the onset of a step increase in exercise intensity 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 oxygén and
oxyhaemoglobin in the muscles contribute little to the overall energy supply, and
therefore energy must be supplied by other sources, for example the depletion of muscle

PC and the anaerobic metabolism of pyruvate. The difference between the total oxygen
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that would have been consumed, to meet the energy demands of the contracting muscle,
and the actual oxygen utilised, is known as the oxygen deficit. The oxygen deficit is
therefore inversely related to VOZ xnetics. Individuals with rapid VOz KINeTICs Trely less
on anaerobiosis at the start of exercise to supplement energy requirements than those
with slower VO;, xinerics (Whipp and Wasserman, 1986).

There are a number of exercise transitions which have been used experimentally to
stimulate cellular energy production in investigations relating to VO; xingrics. The five
most useful are the step (Hebestreit et al., 1998), impulse (Fujihara et al., 1973), ramp
(Cooper et al., 1984), sinusoid (Haouzi et al., 1993) and the pseudo-random binary
sequence (PRBS) (Hughson et al., 1990a) work rate perturbations.

The step change in intensity is the simplest of these tests to administer and the resultant
characteristic three phase VO, response (Linnarsson, 1974; Whipp et al., 1982)

described below (Figure 2.1) can be easily identified.
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Figure 2.1. The 3 phases of oxygen uptake increase in response to a
step increase in external work below the anaerobic threshold. Time 0
indicates onset of 80 W cycling from a baseline of 20W. To enhance
the underlying response, the data from seven identical tests have been
superimposed and the average response calculated.
The initial exercise stimulus results in an immediate increase in cardiac output (Q),
pulmonary blood flow and a consequent abrupt increase in VO, which can be identified
as Phase I of the response described in Figure 2.1. During this phase the venous blood

from the active muscle has not yet reached the lungs and the increase in VO, is
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dependant on the magnitude of the change in work rate and does not reflect muscle
oxygen utilisation. As Phase I is not temporally related to cellular metabolism, many
researchers design protocols in an attempt to minimise the Phase I response by
employing work-to-work, rather than rest to work, exercise transitions.

Phase I lasts approximately 15 to 20 s and is succeeded by Phase II, at which point the
venous blood from the active muscles arrives at the lungs. The Phase II response is
characterised by an exponential increase in VO, (should the metabolic demand not have
already been satisfied by the increased oxygen uptake during Phase I). The reduced
oxygen content of the venous blood leaving the active muscles reflects the increased
oxygen required to sustain muscular activity at the desired intensity. Oxygen uptake
continues to rise until the oxygen demands of the active muscles are met, or the
oxidative processes are operating at full capacity. If all the energy requirements are able
to be met by aerobic metabolism then Phase III of the response is a plateau or steady
state and the exercise is described as being of either moderate or low intensity. Phase 111
(steady state) is reached after approximately 3 minutes of low or moderate intensity
exercise and, in normal adults, the relationship between the increase in VO, and the
increase in work is approximately 10 ml.min™. W™ at constant pedal frequency (Hansen
et al., 1984). This value of 10 mlL.min”. W™ is considered to be independent of factors
such as fitness (Whipp and Wasserman, 1972) but may be influenced by body weight
(Wasserman and Whipp, 1975) gender (Astrand, 1960) and maturation status
(Hebestreit et al., 1998). In conditions of high intensity exercise, oxidative processes
alone are insufficient to sustain the required level of work and cellular energy
production is supplemented by anaerobic metabolism, in which case Phase II no longer
terminates (after approx. 3 minutes of exercise) in a steady state Phase III plateau, but is
extended and takes the form of a gradual, linear increase in the rate of oxygen utilisation
(Wasserman et al., 1967). This additional increment in V O, is described as excess
VO, (V Oy(xs)) and is a result of a slow component of the VO, xingrics Which is
superimposed upon the early V O, response (Whipp, 1994). The V Ox(xs) is associated

with exercise intensities which bring about an increase in blood lactate concentration
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[lactate]. Oxygen uptake can attain a steady state (Phase III) above the lactate threshold
(LT) but only in the work-rate range where lactate remains constant at an elevated level
(Whipp, 1994). The highest sustainable level of VO, has been demonstrated to coincide
with the work rate at which blood [lactate] can no longer be maintained or perhaps falls
slightly as the exercise continues and for arterial blood pH to be maintained at a
constant, although lowered level (Poole et al., 1988). Figure 2.2 shows the VO,
responses to seven different work rates for a healthy subject (Casaburi et al., 1989). The
lowest 3 work rates are below the subject’s lactic acidosis threshold, whereas the 4
highest work rates are above it. The V O, continues to rise for the 4 work rates above

the lactic acidosis threshold, the rate of rise being more marked the higher the work rate.

VO2 (L/min)
Lactate Work Rate

> P (mmoll) (W)
8.7 210
2-5 4.3 180
. M 32 150
o 1.7 120
1.5

1.4 90
1.4 60
1.2 30

0.5+ ~

0 2 q 6 8

TIME (min)

Figure 2.2. Second-by-second responses of a subject undertaking
exercise transitions between unloaded pedalling and each of 7
higher work rates (Casaburi et al., 1989).

2.2. Physiological Basis of Oxygen Uptake Kinetics
The characteristic three phase change in oxygen uptake in response to a step increase in
work rate is the result of an integrated cardiovascular, respiratory and cellular

adjustment in order to supply oxygen for muscular activity. These adjustments are not
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only required to support the increased mitochondrial O; utilisation in the active muscles,

but also to regulate the resultant arterial blood-gas and acid-base status during exercise.

2.2.1. Cardiovascular and Respiratory Responses at the Onset of Exercise

The cardiovascular and respiratory responses at the onset of exercise are initially under
neural control which simultaneously increases blood flow and initiates increases in gas
exchange at the lung. Subsequent mechanical and metabolic effects also increase the
blood flow and therefore the oxygen supply to the working muscles. Krogh and
Lindhard (1913) were first to describe the initial neural response to exercise as
involving an irradiation of impulses from the motor cortex, and sensory information
from the proprioreceptors to the respiratory centres in the brain. This mechanism
increases the activity of the autonomic respiratory centre and results in an increased rate
of pulmonary ventilation (VE). In a study using a walking protocol D’Angelo and
Torelli (1971) concluded that the initial rapid changes in VE at the onset of exercise
was independent of the partial pressure of CO; in the lungs and could be attributed to a
neural mechanism. By introducing hypocapnic conditions during cycle exercise
Cerretelli et al. (1995) also demonstrated that the initial ventilatory adjustment to
exercise was likely to be of neural origin and supported the hypothesis that the impulses
arising from the mechanoreceptors in exercising muscles and joints produced an
‘exercise reflex’.

After the initial neurally mediated increase in VE, the parasympathetic influence on the
heart is reduced and sympathetic stimulation increased, with a resultant increase in the
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 at heart rates above 100 beats-min™.
Adaptations in blood flow also occur as a result of sympathetic stimulation of the
vasculature. Initially, blood flow is reduced to the nonessential organs as a result of
peripheral vasoconstriction. Sympathetic neural impulses initiate vasodilation of the

central blood vessels providing an increased delivery of oxygen to the exercising
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muscles (D’Angelo and Torreli, 1971; Wasserman, 1982). Venoconstriction results in a
reduced blood volume held in the venous side of the circulatory system and
additionally, venous return and therefore stroke volume, is increased by the physical
pumping action of exercising muscle. These circulatory changes result in a decrease in
the pressure gradient in the veins draining the muscle bed which, in turn, lead to a
greater pressure gradient across the muscle bed and increased blood flow to the
exercising muscles.

Changes in the concentration of metabolites, for example increases in adenosine,
potassium ions, hydrogen ions, osmolarity and decreases in partial pressure of oxygen
(PO,), 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 to the active muscle. Nitric oxide released by endothelial cells has been
implicated as a mediator in this response.

The overall effect of these cardiovascular and respiratory responses at the onset of

exercise is to increase the Q and redistribute the flow of blood into the active muscle

bed.

2.2.2. Oxygen Utilisation by the Muscle

The free energy for all cell function and maintenance appears to be provided by the
hydrolysis of ATP. The ultimate source of almost all ATP produced in the muscle is
oxidative metabolism with PC breakdown providing virtually instantaneous
replenishment of ATP. In conditiohs of even dramatic increases of metabolic rate
controlling mechanisms act in order to maintain nearly constant cellular ATP (Meyer
and Foley, 1996).

In response to exercise, ATP production in skeletal muscle is increased via both feed
forward and feed backward mechanisms. Calcium (Ca™) released from the
sarcoplasmic reticulum acts in a feed forward manner to activate glycolysis and
oxidative phosphorylation. The increased ADP/ATP ratio which occurs as a result of

muscle contraction acts in a feedback manner to stimulate additional ATP production
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(Meyer and Foley, 1996). The key roles of Ca™* and phosphate metabolites in regulating

ATP production are schematically outlined in Figure 2.3.

Ca++

glycogenolysis/
glycolysis

IMP >

~

Figure 2.3. Schematic illustrating the key roles of calcium and

phosphate metabolites in regulating force and ATP production in

skeletal muscle (Meyer and Foley, 1996). ATP = Adenosine tri-

phosphate, ADP = Adenosine mono-phosphate and AMP =

Adenosine mono-phosphate. Pi = inorganic phosphate. Cr = creatine

and PCr = phosphocreatine. IMP = inosine mono-phosphate.
It is unlikely, however, that muscle respiration is under the simple control of
cytoplasmic [ADP]. In the cytoplasm there may also be other potential linking
regulators such as inorganic phosphate and adenosine mono-phosphate (AMP) or the
phosphorylation potential [ATP]/(JADP] x [inorganic phosphate]) in the mitochondria.
Some studies have shown that respiratory rate depends upon intramitochondrial
[NADH]/[NAD] ratio as well as extramitochondrial nucleotides and phosphate.
Although the exact nature of the control mechanisms coupling the rate of hydrolysis
with the rate of oxidative phosphorylation remain controversial, mitochondrial creatine
kinase (CK) appears to play a pivotal role, since the proportional exponential increase in

muscle VO, parallels the decrease in levels of PC (McCreary et al. 1996). In spite of

the complex nature of the system coupling muscle oxygen utilisation with ATP
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hydrolysis, the process has been shown to have the response of a simple linear, first
order system (Mahler, 1985) and it behaves as if it is limited by a single rate limiting
step. There remains some controversy surrounding the mechanism(s) responsible for the
rate limiting factor for VO, kineTiCS (Tschakovsky and Hughson, 1999). 1t is likely that
the site is at the cellular level as described by Mahler (1985) and (Yoshida and Whipp,
1994). The evidence for and against the peripheral limitation of VO,xiNerics iS

discussed more fully later in this chapter (Section 2.5).

2.3. Methods of Measuring Oxygen Uptake

2.3.1. Open Circuit Spirometry

An assessment of energy expenditure in humans may be made by the direct
measurement of heat generation, a method referred to as 'calorimetry'. As energy is
produced in the human body by means of chemical reactions, it is possible to evaluate
energy expenditure indirectly from the measurements of the substances consumed and
the products formed. Energy expenditure may therefore be determined from the
amounts of oxygen consumed (VO) and carbon dioxide produced (VCO,) (Consolazio
et al., 1963). This principle forms the basis for the investigation of energy expenditure
in humans using respiratory gas analysis.

There are two methods of respiratory data collection, 'closed' and 'open' circuit
spirometry. In closed-circuit spirometry the subject breathes from a pre-filled container
or spirometer of oxygen. This type of spirometry has specialist applications, for
example, investigations into the effects of the low oxygen tensions experienced at
altitude, and clinically in the diagnosis of cardio-respiratory disease. Open-circuit
spirometry, whereby the subject inspires from the atmosphere, provides a convenient
and (under defined conditions) a valid and accurate method for measuring oxygen
consumption and carbon dioxide production during both rest and exercise (Consolazio
et al., 1963). The calculation principle for the determination of oxygen consumption
using open-circuit spirometry is essentially the same process whether gas collection is

performed manually using Douglas Bags, or automatically using a computerised
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system.

Oxygen uptake (VO,) is calculated as the difference between the quantity of oxygen
inhaled and exhaled:-

VO, =VIO, - VEO, cccouiiiiiiniiiiiiiiiiiiiiiiciis i ccsisisiscsssssssssssssssssnsasssssssssens( 1)
where VIO, and VEO, are the volume of oxygen inspired and expired respectively. VO,
is normally expressed as a rate of oxygen utilisation per minute and is symbolised as
VO,.

Expired air is collected over a known period and its volume measured. A sample of the
expirate is then dried and passed through both an oxygen and a carbon dioxide analyser
to determine the O, and CO, composition of the expired air. The results of the analysis
are expressed as a fraction of the total mixed expired gas volume (FE O, and FECO,).
VEOQ, is the product of the volume (VE) and the fractional mixed concentration of

oxygen (FE O,) in expired air.
VEO, = VE X FEO, ..cviiiiiiiiiiiieiieiiieieeieeeeeie e eeneessensssesessseesssssssessssssssses(8)

When using open-circuit spirometry the volume of inspired air (VI) is not usually
measured, however by using a principle known as the Haldane transformation, VI may
be determined from VE. The assumption used in the Haldane transformation is that
nitrogen is physiologically inert (Wilmore and Costill, 1973a), and on average the
amount of nitrogen inspired (VIN,) is said to be equal to the amount expired (VEN,) or;
VIN,=VEN,=VIx FIN, = VE X FEN, ...eeeeiuiiiiiieeiieeeeeeiiieceee e e )
where FIN, and FEN, are fractions of inspired and mixed expired nitrogen
respectively.

By rearranging equation (9)

2

VI differs from VE in direct proportion to the ratio of inspired to expired nitrogen
concentration (equation 10 - the Haldane transformation).

FEN, is calculated by subtraction :-

FEN, = 1-(FEO, + FECO,) c.ueecuurrrernrieeereeeeeeeeeeneennnneennnensennscssscssenssensee( 11)
FIN, is 0.7904 i.. the fractional composition of nitrogen in dry ambient air. It is
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important to note that the quantity of N, present in the inspired and expired air collected
over a period of at least 20-30 seconds is assumed to be constant (Zebballos and
Weisman, 1994). Any difference in FEN, and FIN, is due to the differences in VI and
VE brought about by CO, and O, being produced and consumed at different rates.

FIO, is taken to be 0.2093 (the fractional composition of oxygen in dry ambient air) and
VIO, may be calculated as:-

VIO, =FIO, X VI ..ottt ccssnssssssenssssessssnsssnssensnennns(12)
VO, may now be calculated by inserting the values for VEO, and VIO, into equation
).

For the calculation for VCO, it is often accepted that the volume of carbon dioxide
inspired (VICO,) is small enough to be considered negligible, so that :

VCO,=VECO, X VE ..ottt csncnsnsessenssnsenennsesenes( 13)

2.3.2. Automated Gas Analysis Systems

The first fully automated gas analysis system with the capacity to measure oxygen
uptake on a breath-by-breath basis was described by Auchincloss et al. (1966).
Respiratory gas analysis, like many other systems developed in the 1960's and early
70's, benefited from the application of computer technology and were refined by the
development of rapidly responding electronic gas analysers and flow/volume sensing
devices. The first fully automated, computerised data collection and analysis systems
were designed around existing computing facilities such as the mini-computer based
system described by Whipp and Wasserman (1972) and Beaver et al. (1973).
Computing systems of the 1970's were, however, relatively large and very expensive
and as such the availability of computing power was perhaps the governing factor in
early gas analysis system development. In response to the limited computing time
available the approach of Pearce, et al. (1977) was to separate data collection from
analysis by using an FM tape recorder as an intermediate storage facility. Computer
analysis would then be carried out post-test, thus not restricting testing to the

availability of a computer terminal. Other systems developed over the same time period

32



H
i

e inetics

o

n Upt

o
o
-

Oxy

T-97 ueurdg-<t0D

“100NpSuLy
V-£S ANSIwayo0n09[q aissaid eI IP
puo9as g «PaqLIosaq panddy— 20 PUB J9}oWOYORIOWNdUJ ON (0861) ‘[& 12 ong
[-g7T Ueunjoag-t0d
“Jaonpsuey amssaid
yjea1q-Aq-1pealg «PoqLIsa(q 1122 [ony xouLay - 0 PUE J2JoUIOYOBIOWNAUJ ON (LL61) 'IB 12 221Bg
T-477 uBuppIg-:0D
"MO[jIe SeIq yym sulqim
puodss ¢ a[qeordde JoN 11-INO uBunpPag— {0 Joonpsues) SWN[OA SOA. (9L61) T8 30 30WIM
1-gT ueunjag- ‘00
JIjow sen)
Spu0%3s (] ajqeordde joN Zd ueunpag- 20 Jo Jdjwoydrjowmaug SIA (9EL61) 111350 29 sJoWIM
[-gT ueunyog—:0D “Joonpsuen
amssaad [eULILLIP
IeaIq-Aq-pearg xP2qLI0sa(q 112 9snoySursop— 20 PUE 19JaUIOYOBIOWNAUJ oN (€L61) 'Te 10 JeAvag
[-€1 ueun{oeg—20D
-a8ne3 urens
y1ea1q-Aq-1peslg *P3qLIosaq 112 esnoy3unsom— %0 pue IjoWoYoRIOWNIUJ ON (zL61) ueuriassep 29 ddiym
SPU02as ¢ “PaqLIOSAP JON AT18L ueunag— 0 *I0JOUWI MO} SSBUI JE3U'] ON (L961) 2IMDOIA 29 USSSEY
TVAYALNI HOIAdd
DNILIOd T LNANNDITVY (S)IFSATYNY MOTd / FANNTOA XOd DNIXIN JOHINV
sjeudis
uopn[osai gjep (Al Jo uonex3ajur (1 ‘stsATeue sed (11 JUSWIAINSBOW SWN]OA (I

‘(uorjeue[dxs I0J JX9) 399G, ) SWAISAS SISA[eUY sen) pajewony Jo uawdo[aas( 17 dqeL

33



MNereresmrm T Tastales 17 gy i e
Unygen Lptate samelics

were designed in order to minimise the amount of computing hardware used. For
example, the semi-automated system described by Wilmore and Costill (1973b) and the
system of Sue et al. (1980) employed programmable calculators to co-ordinate,
manipulate and store data for later use.

Table 2.1 provides a description of the varied approaches to the automation of
respiratory gas analysis between the years of 1967-1980. Each of the column headings
in Table 2.1 shows either a major physical or methodological variable.

The basic components of any automated respiratory analysis system may be broken
down into four main areas: i) volume measurement, ii) gas analysis, iii) integration of

signals, and iv) data resolution.

2.3.2.1. Volume Measurement

There are two main methods of determining the volume of respiratory gases:

1) The expirate is collected in a "mixing box" over a defined time period and its volume
measured using a spirometer (Sue et al., 1980) or dry gas meter (Wilmore and Costill,
1973b).

2) The volume is measured indirectly as the integral of flow against time using either a
pneumotachometer or a turbine.

A pneumotachometer is a device which uses a differential pressure transducer in order
to calculate flow. Prior to 1980, pneumotachometers used in respiratory gas analysis
tended to be unidirectional and were used only for the determination of expired
volumes.

Both the pneumotachometer and the turbine presented the manufacturers with their own
unique problems in terms of accuracy and reliability. The devices produced were
required to accurately measure pulsatile flow rates of 5 I'min’! to over 200 I'min-!, over
a range of temperatures, water vapour saturation and air viscosities.

A particular problem encountered in the use of turbine devices was the inertial
resistance of the rotating blade. The designers of flow measurement devices employed

various techniques in order to account for these factors. The turbine used by Wilmore et
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al. (1976) was kept constantly rotating by a bias airflow thus reducing the inertial
resistance of the blade. The bias airflow restricted flow measurement to one direction.

Accurate measurements of flow rate using a pneumotachometer require information
about the flow-pressure characteristics over the full range of flow rates, obtained under
the circumstances in which it is intended operate (Finucane et al., 1972). Technically the
design of the pneumotachometers is fairly complex and as such are subject to error due

to a variety of conditions such as the geometry and size of the system.

2.3.2.2. Gas Analysis

Table 2.1 also shows the range of gas analysers used by each of the early systems.
Again the type of analyser used presented its own particular problems, the analysers
used by Whipp and Wasserman (1972) measured the partial pressures of both inspired
and expired CO, and O,, and are affected by the variability in the partial pressure of
water vapour of the inspired gas. To minimise this variability the inspired gas passed
through a trough containing water at body temperature. It was also recognised by
Kissen and McGuire (1967), that their polarographic device was subject to the effects of
not only water vapour but also to fluctuations in barometric pressure and temperature, it
was suggested that electronic compensation for these discrepancies could be achieved
fairly easily. The Beckman OM-11 oxygen analyser (Wilmore et al, 1976) did show
some attenuation attributed to water condensation, however this accounted for less than
a 0.07% oxygen decrease on average and was not thought to grossly effect system
accuracy. The response speed of the analysers shown in Table 2.1, with the exception of
the Kissen and McGuire (1967) system, are reported as "fast responding" i.e. within 1
second.

During this time mass spectrometry was an option available for gas analysis but the
sheer bulk and prohibitive cost of the mass spectrometer may have excluded its use in
many laboratories. The use of the mass spectrometer as a reference system in evaluation
studies (Wilmore and Costill, 1973b; Wilmore et al., 1976 and later by Jones, 1984)

indicates its acceptance as an accurate method for gas analysis.
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2.3.2.3. Integration of Signals

There are four main factors to be considered when designing systems for digital
computation of oxygen uptake. The alignment of the ventilation signal with the
measurement of fractional gas concentration, the sample rate of the input signal, and the
clarity of the signal (noise) and the method of integrating the signals.

Alignment of ventilation with fractional gas concentration is necessary due to the
differences in the way in which the two signals are generated. The volume measurement
device produces its signal almost instantaneously. The signal from the gas analyser(s) is
delayed by the time required to transport the gas to the analysers and the response time
of the individual analysers. The time delay between the two signals is often referred to
as the lag time, and once determined is used to match the time course of each volume
excursion with the time course of its corresponding fractional gas concentration.

In the four examples in Table 2.1 where signal alignment is described, the lag time is
taken as sample transport time (Beaver et al., 1973; Pearce et al.,, 1977), sample
transport time plus unspecified response characteristics of both analysers (Whipp and
Wasserman, 1972) and sample transport time plus specified analyser response time (Sue
et al., 1980). Each different approach to the determination of lag time will lead to
discrepancies in oxygen uptake determination. A computer simulation (Bernard, 1977)
was used to investigate the effects of altering the lag time on the calculation of
pulmonary gas transfer and concluded that, to be within 5% of the true value, the lag
time should be accurate to + 25 ms. This finding is also supported by the work of
Hughson et al. (1989) using an experimental design.

The sample rate of the input signal must be set at the appropriate level and any noise
associated with the instrumentation removed in order to maintain accuracy. Bernard
(1977) concludes that, regardless of the filtering technique, sample rates of 30 Hz or
more gave calculated values which were within 5% of the exact value (assuming that
the noise is not close to the sampling frequency or its harmonics) suggesting that at high
enough sampling rates the use of filtering techniques is unnecessary.

Depending upon the method of calculation, the shape of the expiratory flow pattern may
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also have a significant effect on the calculation of true oxygen uptake. There are two
methods of calculation when sampling is performed continuously, either the VE and
FEO, signals are time aligned and integrated simultaneously, or, to avoid the process of
time alignment, the VE and FEO, signals can be integrated separately and the mean
mixed FEO, calculated and multiplied by tidal volume for each breath. The second
method is an approximation which uses a time-weighted average FEO, instead of a
volume-weighted value. The result can lead to errors which are dependent on the shape

of the expiratory curve (Bernard, 1977).

2.3.2.4. Data Resolution

Data resolution refers to the reporting interval between measurements i.e. whether the
system is capable of breath-by-breath analysis, or if it is limited by the minimum time
span for which results could be generated. The reporting interval, which will be
dependant on the response of the analysers, will have significant effect upon the
system's application. Any system which has analysers unable to response within 100ms,
are unlikely to generate data on a breath-by-breath basis and will not be suitable for
studies of VO, kiNETICS.

In conclusion, the specifications of the systems described in Table 2.1 differ in many
respects. Some differences are a result of the purpose of their design. The systems of
Whipp & Wasserman (1972), Beaver et al. (1973) and Pearce et al. (1977) were
designed to study the kinetics of transient ventilatory and metabolic responses, whereas
the systems described by Wilmore & Costill (1973b), Wilmore et al. (1976) and Sue et
al. (1980) were designed to be mobile and less reliant upon major computer
installations. The effect of these varied approaches will result in differences in the actual

measurement of VOZ and VCOZ.

2.3.3. Breath-by-Breath Methodology

The method of calculation used by manual and automated systems which measure VE,
FECO, and FEO, relies upon the Haldane transformation for the calculation of VI

(Equation 10). On a breath-by-breath basis VIN, and VEN, will not be equal since the
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volume of the inspired breath is unlikely to be the same as the volume expired. The
Haldane method calculates gas exchange at the mouth, which for a number of breaths
grouped together accurately represents mean gas transport. Gas transport for individual
breaths determined in this manner can however, can be quite inaccurate (Auchincloss et
al. 1966; Beaver et al., 1981). It is important to avoid these discrepancies when studying
oxygen transients as each breath, measured in response to the work transition, contains
significant information.

Not only do normal physiological variations result in unequal magnitudes of inspiratory
and expiratory tidal volume, they are also associated with changes in lung fractional gas
concentrations on a breath-by-breath basis. As a consequence, lung gas stores (of
oxygen, carbon dioxide and nitrogen) vary breath-by-breath. This must be accounted for
to yield a better estimate of alveolar gas exchange which in turn better reflects oxygen
uptake at the muscle during exercise (Barstow et al., 1994).

Beaver et al. (1981) have proposed a method to estimate alveolar gas exchange which
relies upon the respiratory analysis system being able to measure both VI and VE and
requires a gas analysis system able to determine nitrogen concentration e.g. a mass
spectrometer. This method uses an estimate of nominal lung volume (NLV) which
represents the area of the lung involved in gaseous exchange. Since NLV is not a
measure of anything physical, functional residual capacity (FRC) is used as the
equivalent to NLV. The value of NLV does not affect the mean of the VOZ and VCO;
estimates significantly but can significantly reduce the breath-to-breath variation, which
is typical of the analysis when measuring VO, at the mouth using the Haldane method.
Functional residual capacity can be estimated from age, height, weight and sex using
nomograms (Taylor et al., 1989).

The calculation for breath-by-breath alveolar gas exchange for oxygen uptake, using the
Beaver et al. (1981) algorithm is :

VO, = [(VIO, -VEO,) - (AVL x FetO,) - (AFetO, x NLV)] x fb ...c..evrerrvvcincnnnen(14)
where 1b is the frequency of breathing (respiratory rate) in breaths per minute and,

AVL = [(VN, - NLV) x AFetN,] / FEN, ...oooovvvvveervemermsmnneeeveeneerereeveseseeemeesenssennnc(15)
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AVL represents the change in lung volume on a breath by breath basis (the breath-by-
breath equivalent of the Haldane transformation - Equation 10)

On a breath-by-breath basis VN, will fluctuate about a mean of zero and is calculated in
the same manner as VO, (Equation 7) i.e. :

A positive VN, means that the inspired volume was greater than the volume expired. A
negative value means the opposite (relatively larger expiration than inspiration).

The changes in fractional concentration (AFet) of N, and O, are estimated from changes
in end tidal gas concentrations :

AFetN, = FetN, = FEIPN, ..cuevviuiiriiiiitiiniciinicnn e s nenens a7

AFetO, = FetO, - FetpO, (where p = previous breath) ..........cc.ccoeeriicnnccncnnencnnnn.(18)
FetO, and FetN, are the end tidal fractional concentrations of oxygen and nitrogen
respectively.

Figure 2.4 shows the difference in breath-to-breath variability between calculating
oxygen uptake on a breath-by-breath basis using the traditional Haldane method, by
direct measurement of both inspired and expired oxygen concentration and volumes,
and by applying the algorithm of Beaver et al. (1981). Note the differences in breath-to-

breath variability between the three calculation methods.

2.3.3.1. Minimising Breath-by-Breath Variability

The lowest breath-to-breath variation yields the best estimate of gas exchange at the
alveolar-capillary level (Swanson, 1980). The best method to minimise the random
variation in breath-by-breath data is however equivocal (Hughson and Swanson, 1989).
In order to account for the breath-to-breath changes in nominal alveolar volume
Swanson (1980) has described an effective lung volume (EVL) which is calculated
post-test as part of a general linear model that attempts to minimise the residual sum of
squared error between the data and a model of best fit. Based on these post hoc
calculations Hughson (personal communication) recommends the use of the algorithm

of Beaver et al. (1981) but with an NLV of approximately %2 the FRC. This provides a
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reasonable estimate of ELV but without the complexity of post-test calculations. To
simplify the calculation of alveolar gas exchange further, instead of measuring FRC,
Hughson et al. (1991a) considered that, due to the relatively small difference between
using an estimate and the measured value of FRC on minimising the breath-to-breath
variability, it is appropriate to predict FRC based on height, age and sex using the

reference data from Taylor et al. (1989).

2.3.4. Quality Control

Owing to the lack of a standard specification or recommendations for calibration and
operation of respiratory analysis equipment, differences in system design may result in
different measurement characteristics. There is a need to establish a suitable standard
for comparison and evaluation of any new system, particularly in view of the fact that
the traditional method for comparison, the Douglas Bag, does not have the resolution
necessary to measure oxygen uptake on a breath-by-breath basis.

One of the main considerations with both the Douglas bag and the automated methods
of respiratory gas determination are associated with accurate calibration of a) the

volume measurement device and b) the gas analysers.

2.3.4.1. Volume Calibration

A high accuracy water filled spirometer such as the Tissot spirometer is recommended
by the British Association of Sport and Exercise Sciences (BASES) as the reference
standard for assessing gas volumes (personal communication) but is expensive, large
and cumbersome. A commonly used alternative is the Harvard dry gas meter which uses
an optical sensor to measure volume. The Harvard system is sensitive to changes in
flow rate and care is required during use and calibration to provide a constant airflow
using a vacuum pump.

Automated breath-by-breath systems are calibrated using a 1L or 3L calibration syringe.
The method of calibration, whether using a pneumotachometer or a turbine, is critical to
the measurement and should account for the full range of pulsatile flow rates expected

during the measurement procedure. A mechanical device which can artificially simulate
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respiratory gas exchange, such as the Gas Exchange Calibrator (Huszczuk, et al. 1990),
is available but is expensive and does not simulate the natural variation in respiratory
variables such as VE and VO, which occur on a breath-by-breath basis. The calibration
of the syringes and dry gas meters should be checked on a periodic basis using a water
filled reference spirometer.

The accuracy of most continuously monitoring volume measurement devices currently
used in automated systems is usually to within 1%. The specification of the system is
provided by the instrument manufacturers. An independent evaluation of volume
measurement devices can be commissioned by the American Thoracic Society (ATS)
and many flow / volume instruments carry the ATS certification. There is no

comparative standard for British systems.

2.3.4.2. Gas Analyser Calibration
If skilful technical support is available, the Haldane, Scholander or Van Slyke

volumetric methods are extremely good methods of gas analysis (Kissen and McGuire,
1967). The British Association of Sport and Exercise Science, as part of its accreditation
procedure, have used the Scholander (1947) method as a reference for assessing the
accuracy of commercially available gases. This method uses volumetric changes
brought about by the absorption of oxygen by pyrogallol and carbon dioxide by
potassium hydroxide, the absorbents are mixed with the gas by manually raising and
lowering reservoirs. The end point is determined visually and the accuracy of the
technique is dependent upon the apparatus being air tight. This method of gas analysis is
unlikely to surpass the accuracy of commercially available gases which may now be
purchased at very high tolerances ie. to within + 0.03 volume percent. Mass
spectrometry and/or gravitational techniques are used by commercial suppliers to

produce the low tolerances.

2.3.4.3. Standard for Comparison

The steady state oxygen consumption (VOZ(SS)) of normal subjects is said to be

predictable for cycle ergometer work, regardless of age, gender or training, with the
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ml-min” for the ACSM (1991) and the Astrand and Rodahl (1986) estimations
respectively. This relates to an oxygen cost difference between the referenced sources of
165 ml.min! at 50 watts, 35 ml.min! at 150 watts and 223 ml.min! at 200 watts. These
differences are likely to result from a number of variables including methodology and
the natural variation inherent in biological systems including differences in mechanical
efficiency.

There is debate with regards to the inter-individual variability in the measure of
mechanical efficiency, Astrand and Rohdahl (1986) report mechanical efficiency to
range from 19.6 to 28.8 % for cycling at pedal frequencies between 40 and
100 rev-min!. Wasserman and Whipp (1975) consider the average mechanical
efficiency to be approximately 30%. At 200 W the difference between the normative
values shown in Figure 2.5 is less than 8% which may indicate that mechanical
efficiency differences may account for most if not all of the differences in the reported
data. Other factors such as saddle height (Hamley and Thomas, 1967) and crank length
however have also been reported to influence VOZ(SS) (Carmichael et al., 1982).

It is essential that all tests should be carried out under standardised conditions, ideally
the ambient temperature should be within 18°C and 22°C, with relative humidity no
greater than 60% (British Association of Sports Sciences, 1988). The calibrant must be
habituated to the exercise task and the test carried out at the same time of day to account
for diurnal variation (Reilly, 1987). Unfamiliarity with test procedures may cause
anxiety which is intrusive during sub-maximal tests (British Association of Sports
Sciences, 1988). Finally, the calibrant should maintain a normal diet and not have been
exercising prior to the test.

Although subject to a degree of variability, if a sound methodological approach is
adopted and procedures standardised, the use of a physiological calibrant should

provide important information about the performance of any gas analysis system.

2.4. The Measurement of Oxygen Uptake Kinetics

After the selection of appropriate technology which incorporates accurate data
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collection at the desired resolution to measure VOZ KINETICS, two further considerations
must be addressed. Firstly, the selection of the method by which to describe the
response and secondly selection of an appropriate experimental protocol in order to

challenge the system.

2.4.1. Modelling the Oxygen Uptake Response

The simplest approach to describing the VO, response to a transient work rate is to use
a response time. This is the time taken for the VOz to reach a predetermined level. This
approach may be appropriate if the stimulus is short and there is a clearly definable peak
to the response. More often a modification of this method, know as the half-time (t%2), is
preferred. Oxygen uptake t%2 simply represents the time taken to reach one half of the
final value. The method proposed by Auchincloss et al. (1966) is to determine t'2
graphically by plotting the time course of the difference between steady state (Phase III)
and the oxygen uptake response during the first 3 minutes of exercise on semi-
logarithmic paper. The advantage of this method is that it can be applied directly to a
range of input stimuli without the need for fitting complex models. However, to more
fully understand the underlying system and its individual components, an appropriate
mathematical model is required. The first example of this was the exponential model
proposed by Henry (1951) whereby the data collected in response to a moderate step

increase in work rate, was fit by the following equation using non-linear regression :

VO2(1) = VO3 (58 (1 =€ 7). ettt (20)
where VOz(t) is oxygen uptake at time t after the onset of exercise, VOz(ss) is the

amplitude of the Phase III steady state and e is the base of natural logarithms, t is the
time in minutes, and k is the parameter of the curve (with the dimension of time™).
Half-time VOz can be calculated as :

12 = 20,093/ K. e eeei et a e e e eees 21
The convention for fitting the exponential model was modified to :

VO2t) = AVOs8) (1 =€ ™), (22)

where AVOZ is the change in VOZ above base line and 7 is the time constant of the
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exponential or the time to reach =63% [(1-¢")x100] of the AVOz(ss) (Cooper et al.,
1985) and is generally considered as a parameter of VO, kineTics at the onset of exercise
(Hamar, 1991).

The relationship between 1, k and t% :
1 th2

Fitting this single exponential (Equation 22) to the whole response does not differentiate
between the cardiodynamic Phase I and the metabolic Phase II components and,
although models have been proposed (Hughson and Swanson, 1989 for example) which
employ two exponential equations in series to account for Phase I and Phase II
independently, many researches (Hughson and Morrisey, 1982; Whipp, 1987) consider
that a single exponential model with an additional time delay (D) (Equation 24) used to
describe Phase II alone, should be employed in investigations of cellular oxygen
metabolism.

VOu(t) = AVOyssx (1—e D) e, (24)
The justification for removing the Phase I component from the model fit (often by
omitting the first 15-20 s of data) is that Phase I does not reflect the VO, response to
the exercise task, but relates rather to the increased pulmonary blood flow, increased
ventilation (Hamar, 1991) and the replenishment of the oxygen stores in blood pooled in
non-working stores prior to exercise which are returned to the pulmonary circulation at
the start of exercise (Krogh and Lindhard, 1913).

The use of a single exponential with time delay introduces an additional problem.
Normally a computer program using an iterative process (non-linear regression - which
minimises the square of the difference between the model and the data) is used to
calculate the constants T and D. It is argued that the best possible value for the time
constant (t) of the response is achieved without artificially constraining the regression
to pass through the origin. This leads to difficulties in interpretation as this method
generates both negative and positive time delays. To account for this Linnarson (1974)

used the mean response time (MRT), the sum of D + 1 to describe the response. The

46



Mo T Teatbnlen 17 1t e
Onyeen Uptake Kinetics

MRT represents the time until the “centre of gravity” for a change has taken place, and
is synonymous with the mean transit time used in connection with dye dilution studies
of blood flow. Although MRT is considered a useful estimate of an overall rate of
change of a response, a change in MRT will occur either as a result of a change in 1
and/or a change in D. The calculation of MRT therefore obscures some of the
fundamental characteristics of the response. Inman et al., (1987) applied this technique

and recorded a mean rest to 100 W cycling MRT of ~25 s in six fit male subjects.

2.4.2. System Linearity

An important tool for the investigation of control mechanisms of physiological systems
is the study of system linearity (Hughson, 1990).

The term linearity when applied to the oxygen uptake response has two important

components a) steady state linearity and b) dynamic linearity.

2.4.2.1. Steady State Linearity

Steady state linearity can be demonstrated by considering the fact that for each W of
power required during constant frequency pedalling on a cycle ergometer, the oxygen
requirement is typically ~10 ml-min™'. That is to say VO, is directly proportional to
external work done in low-moderate intensity exercise. It is important to recognise that
this relationship only holds true if the work rate input is of sufficient duration and low
enough intensity to elicit Phase III steady state. High intensity exercise results in
anaerobiosis and the accumulation of lactic acid, the oxidation of which alters the VOZ /
work rate relationship (Paterson and Whipp, 1991; Whipp and Mahler, 1980) and the

system no longer exhibits steady state linearity.

2.4.2.2. Dynamic Linearity

Dynamic linearity implies that the time constant (t) of the VO, response is largely
independent of work rate, prior conditions, and of the type of work rate forcing function
(Hughson, 1990). Take for example the VO, response to a step change in work rate as
described above. The response is not instantaneous but is controlled by mechanisms

associated with either the transport of oxygen to the working muscles, or with the
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process of cellular respiration itself. Under normal conditions if these mechanisms do
not change in characteristic then the rate of the VO, response will not be determined by
extraneous factors such as the intensity of exercise, previous conditions or the way in
which the work rate increase is applied, but by factors inherent in the response itself.
That is to say the rate of increase in cellular oxygen uptake to a change in work intensity

is relatively fixed, under normal conditions.

2.4.2.3. Principle of Superposition
If the VO, response demonstrates both dynamic and steady state linearity then the

principle of superposition will apply. This means that the response should be predictable
in terms of time course and amplitude (Hughson, 1990) and theoretically, as long as the
linearity of the power-VOz relationship is not severely violated (Hoffmann et al.,
1994a) the characteristics of the response will be unaltered even when subjected to a
range of different work rate stimuli. In physiologic systems where the principle of
superposition applies, there is potential for studying the physiologic responses to
absolute intensity work rate protocols without the necessity to establish relative work
intensities. This is important when comparing subjects of different fitness levels or body

size.

2.4.3. Experimental Protocols

A range of different work rate perturbations have been used in the evaluation of
VO, kmerics each of which require different methods of analysis. The five most
frequently employed exercise transitions are the step (square), impulse, ramp, sinusoid
and the PRBS work rate perturbations. The responses to these work rate stimuli may be
analysed in two fundamentally different ways. The traditional approach of fitting a
model to the VO, response plotted against time to determine 1, D and MRT is
considered appropriate for analysis of the step, impulse, and ramp perturbations,
because fairly simple mathematical models can be constructed to fit the response. The
response to the PRBS is somewhat more complex and analysis of this signal is achieved

either in the time domain after cross correlation (Hughson et al,, 1991b) or in the
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frequency domain (Hughson et al., 1991c). Although impulse like “burst” and ramp
protocols have been used in the measurement of VO, xiNgrics in children (Zanconato et
al., 1991 and Cooper et al., 1984 respectively) there are problems with the interpretation
of these results. For example, in the low intensity, 1-minute “burst” exercise performed
by Zanconato et al. (1991), the noise to signal ratio was too high and the test duration
too short, to allow accurate data analysis. Although, it has been reported (Whipp et al.
1981; Davis et al. 1982) that, for appropriate ramp increases in work rate, valid
estimates of T can be determined, more recently, the experimental evidence of Hughson
and Inman (1986a) and Swanson and Hughson (1988) indicates that estimates of
VO, xiNeric parameters using the single ramp test (for example Cooper et al. 1984)
should be interpreted with caution due to marked variability between tests. Therefore,
due to the apparent simplicity of the step transition in work rate, it hds become the
preferred method of measuring Phase 11 VOZ xinetics (Whipp, 1971; Diamond et al.,
1977; Whipp et al., 1982; Cooper et al., 1985; Whipp 1987; Di Prampero et al., 1989;
Hoffmann et al., 1994a).

2.4.3.1. Step Transitions in Work Rate

Step transitions either from rest or from low intensity to moderate intensity exercise
offer an obvious method of measuring VOZ xiNeTIcs. The procedure lasts 8 —12 minutes
and ideally is repeated several times and the resultant VO, responses from the
repetitions averaged in order to minimise the effects of breath-to-breath variability
(Lamarra et al., 1987) on the signal response. The confidence with which the kinetic
parameters of T and D can be estimated is dependent upon the size of the breath-to-
breath variability in the signal. Lamarra et al. (1987) proposed that in situations where
the breath-to-breath variation can be characterised as Gaussian and uncorrelated then

the number of repetitions n required for a desired confidence interval K,, is given by :-

~ 2
B B S (25)
K- AYss

where L is a constant and s, is the standard deviation of the baseline response and AYss

is the difference in the steady-state values of oxygen uptake between baseline and
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moderate intensity exercise.

In moderate intensity exercise, Phase 11 TVO, is not appreciably influenced by the step
amplitude (Whipp, 1971; Diamond et al., 1977; Whipp, 1987; Hoffman et al., 1994a).
This means that the early transient rise in blood lactate (Cerretelli and Di Prampero,
1987) that is not uncommon at these work rates does not seem to influence the response
discernibly (Whipp, 1994). There is however some controversy surrounding the issues
relating to the dynamic linearity of the step response, for example, faster VO, kineTICS
have been reported when the step transition is made from rest compared to work to
work transitions (Hagberg et al., 1978; Hughson and Morrissey, 1982; DiPrampero et
al., 1989). However, the different strategies for modelling the VO, response can
markedly influence the interpretation. Whipp et al., (1982) considered three models for
characterising the kinetic behaviour of VO, all of which were based upon the
exponential model described in Equation 24 (Section 2.4.1). The first approach
constrained the model to start at the onset of exercise (Time delay = 0); model 2
incorporated a time delay and, in model 3, the response was constrained to start only at
the end of Phase I. It was concluded that the most appropriate model for estimating
tV O, is when the V O, change during Phase I is excluded from the model fit. The
strategy adopted by both Hagberg et al. (1978) and DiPrampero et al. (1989) in order to
investigate the response time to a step increase in work rate was to calculate t¥ V O,.
The analysis was therefore inappropriate to interpret the Phase II response.

The concept of the step change as a protocol for investigating VOZ KINETICS ay appear
to be remarkably simple but the practicalities involved in removing noise by
superimposing several repetitions (Whipp et al., 1982; Hughson et al., 1988; Lamarra et
al., 1987) and difficulties associated with both the analysis and interpretation of the
results after fitting explicit mathematical models make the technique a challenging one.
Although the mathematical models are reasonably well defined they can be to some
degree arbitrary as it is still a matter of debate as to what extent the various possible
mechanisms contribute to total VO, (EBfeld et al., 1987). An alternative approach

which obviates the need to select an appropriate model is to analyse the response in the
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direct means of measuring VO, xineTics and theoretically providing a more accurate and
reliable method than that achieved by using a step (Hamar, 1991).

The sinusoidal approach has the limitation that only one frequency can be assessed at a
time. The advantage of the PRBS test is that the signal is used to measure the frequency

response at a number of harmonic frequencies simultaneously.

2.4.3.3. Pseudo-random Binary Sequence Work Rate Transitions

The PRBS exercise protocol consists of a number of units, the length of the unit
represents the minimum duration of time maintained at either of two intensities of work.
It is the duration of the unit which dictates the harmonic frequencies to be stimulated.

The number of units making up the protocol is dictated by an algorithm :

For example, when n = 4 the number of units in the PRBS protocol is 15 and whenn =6
the number of units in the sequence is 63. The majority of the studies published have
been based on PRBS sequences with either 63 units of 5 s duration or 15 units of 30 s
duration (Bennett et al.,, 1981; Ef3feld et al., 1987, respectively). The choice of these
signals was based on the duration of each complete sequence being 300 and 450 s
respectively, thereby permitting several sequences to be delivered consecutively whilst
still restricting the overall test duration to around 30 minutes.

Based on results of studies using a 15 units of 30 s duration, PRBS protocol, EBfeld et
al. (1987) and Stegemann et al. (1985) have concluded that any alteration in the
amplitude or phase delay response in this relatively low frequency range must be a
consequence of non-haemodynamic factors i.e. Phase II. Only when the frequency
content of the input signal is high enough, for example, in a 63 units of 5 s duration
PRBS, does the rapid initial component become apparent in the Fourier analysis
(Hughson et al., 1990a). Although the 15 unit of 30s duration PRBS does excite the
faster components it puts greater emphasis on the more slowly adapting Phase II
responses (Hughson et al., 1991b). The PRBS protocol itself (Figure 2.8) is generated
with a digital shift register with modulo-2 adder feedback (Kerlin, 1974). The method of
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constructing a 15 unit PRBS protocol is described in full in Appendix 2.1.

PRBS (Input)
100 -
g 80 -
5 60 -
2 40
o
A 20
0 T T T T T T T T 1
0888888 88 8
~ N M < 1 O M~ 0o O
Time (s)

Figure 2.8. Two, consecutive pseudo-

random binary sequence exercise protocols

consisting of 15 units of 30 s duration.
The PRBS exercise tests provide a description of VOZ xiNeTics for a range of input
sinusoidal frequencies in a single sub-maximal assessment (Hoffmann et al., 1994b).
The rationale behind the PRBS exercise test relies on the principle of superposition.
That is, in a linear system, the response to the PRBS signal may be considered as a sum
of its individual harmonic (sinusoidal) components. Using Fourier analysis (Appendix
2.2) the VO, response is transformed from the time domain into the frequency domain,
essentially breaking the response down into its constituent harmonic components. The
relationship between the ergometer input and VO, output is then expressed as an

amplitude ratio (ml-min™'-W™) and a phase delay (degrees) as follows :-

Amplitude ratio (ml-min W) = o2 Amplitude 7)
Work Rate Amplitude
Phase delay (degrees) = Work rate phase angle - VO, phase angle....................... (28)

An infinite number of harmonics can be derived in this manner, but after the work of
Hoffman et al. (1994b) only those parameters in the frequency range 2.2- 8.9 mHz were
considered suitable for analysis.

The pattern of response of the harmonic components is identical to the response that

would have been obtained if the individual sinusoidal work rate perturbation had been
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applied. That is, as the frequency of the work rate change is shortened, the VO, output
has a reduced amplitude and a greater phase delay (c.f. Figure 2.7).

In an investigation to examine specifically the dynamic linearity of the PRBS protocol,
Hughson et al. (1991b) demonstrated that the time constants of the VO, dynamic
response, estimated from step and PRBS, were not significantly different. They
concluded that the indicators of system dynamics, measured using the PRBS protocol,
are similar to those investigated during step changes in work rate. The PRBS has also
been validated as a test of VO xngTiCs by comparing the responses with those of
individual sine wave responses (Hoffman et al, 1992 and 1994b). Provided the
frequency responses are measured for periods greater than 100s the VOa KINETICS
response has been shown to be both statically and dynamically linear. The PRBS
technique is therefore said to provide a superior input signal for the assessment of VO,
transients (EBfeld et al., 1982) and has been shown to be an appropriate method of
assessing the VO, xingrics of children in response to exercise below the lactate

threshold (Kusenbach et al., 1994).

2.5. Factors Controlling Phase II Oxygen Uptake Kinetics

Phase II of the VO, response to a step change in exercise intensity is described by first
order exponential kinetics suggesting that there is a single or pre-dominant rate limiting
step for VO, xinetics. There are two theories concerning where this rate limiting step
lies:

¢ in the oxygen delivery to the working muscle (central limitation)

¢ in the ability of the muscle to utilise oxygen (peripheral limitation).

Two approaches have been used to provide support for these theories. One is to alter
one or more steps in the oxygen delivery process, and the other is to identify the

physiological variable with the same response characteristics as the VO, response.

2.5.1. Acute Alterations of the Oxygen Delivery Process

This approach involves changing the rate of oxygen delivery to the working muscle

through interventions involving B-adrenergic receptor blockade, hypoxia and hyperoxia,
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circulatory occlusion, upright and supine exercise, and finally techniques which create
negative and positive lower body pressures. If oxygen transport is limiting then any

change in oxygen transport should be directly linked to changes in VO kINETICS-

2.5.1.1. B-adrenergic Receptor Blockade

Drugs which block B-adrenergic receptors inhibit the effects of sympathetic nervous
stimulation. Cardio-selective drugs have their main effect on the B,-adrenergic receptors
in the heart, whereas non-selective B-adrenergic receptor blocking drugs have a more
general effect on B,-adrenergic receptors throughout the body (Yeo et al., 1991). The
effects that non-selective B-adrenergic receptor blocking drugs have on the exercise
response include a reduction in cardiac output, decreased fat and carbohydrate
mobilisation and an impairment of the normal redistribution of blood flow that occurs
during exercise (Yeo et al., 1991). It might be anticipated that VOz xiNeTics should be
slower due to the lower cardiac output and poorer blood flow redistribution with B-
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 VO, KINETICS
these studies have been criticised because the reduced exercise capacity of healthy
people receiving B-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., 1994a). This may explain the slower VO3 KINETICS during B-adrenergic receptor

blockade.

2.5.1.2. Hypoxia and Hyperoxia

Hypoxia has been shown to cause a significant slowing in the VO, response during
ramp, step and PRBS work rate protocols (Murphy et al, 1989; Hughson and
Kowalchuk, 1995) when compared to normoxia. This suggests that oxygen transport is
a rate limiting step in oxidative metabolism. It therefore follows that if oxygen transport

is limiting, then hyperoxia should result in faster VO, kiNeTIcs. Administering gas
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mixtures containing 70% oxygen did not affect Phase II VO xinerics during exercise
(Hughson and Kowalchuk, 1995) suggesting that oxygen transport can act as a rate
limiting step if inspired oxygen is reduced, but under conditions of normal arterial
oxygen content, oxygen transport does not become limiting. In a study using inspired
gas mixtures containing 40% oxygen (Kusenbach et al,, 1999), enhanced amplitude
ratios were demonstrated in healthy control subjects in response to a 15 unit of 30 s
duration PRBS protocol. This might indicate a cardiopulmonary limitation to
VO, kineTics in their population that was not apparent in the subjects of Hughson and

Kowalchuk (1995).

2.5.1.3. Circulatory Occlusion

Circulatory occlusion of both legs, after elevation to improve venous drainage, increases
central blood volume. This manoeuvre should temporarily increase cardiac output, and
has been shown to speed up VO3 KINETICS during arm exercise (Hughson and Inman,
1986b). 1t is therefore suggested that VO, kiNETICS during arm exercise may be limited

by arm blood flow.

2.5.1.4. 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 cardiac
output, increase due to the removal of the normal gravitational effects seen in upright
exercise. Even though cardiac output is increased during supine exercise (Hughson et
al.,, 1991c¢) 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 theoretical decrease in muscle perfusion may explain the slower
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VO, KINETICS, in response to a step change in work rate, observed during supine exercise
when compared to upright exercise (Hughson et al., 1990b, and Convertino et al., 1984).
Concurrent measurement of VO, and leg blood flow during knee extension exercise
have shown that VOZ kinetics and blood flow kinetics were both slowed in the supine
position compared with the upright position (MacDonald et al., 1998). No evidence was
found in this study that leg blood flow limited VO, giverics in upright exercise.

Other studies, using the PRBS exercise test, have failed to demonstrate a significant
slowing of VO, xmerics in the supine position (Hoffmann et al,, 1991 and 1994a).
Hughson et al. (1991c) showed a trend towards slower VO, KINETICs In the supine
position but significant differences were only found at the frequency of 6.7 mHz.

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 oxygen transport in determining VO, KINETICS during

sub-maximal exercise.

2.5.1.5. 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 oxygen pressure gradient
across the muscle bed. In supine exercise, the application of LBNP increased
VO, kineTics to values that were similar to those seen in upright exercise. This would
suggest that the decrease in VO, kiNETICS Seen in supine exercise is due to a decrease in
oxygen delivery to the muscle, since it can be reversed by a technique which increases
oxygen delivery. Evidence from LBNP studies supports the central limitation theory for
VO kivgTICS.

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 VO, xinerics. The application of a LBPP of 45 torr, however, failed to alter
VO3 KINETICS (Williamson et al., 1996) casting doubt on the suggestion that

VO; xiverics under normal conditions are limited by blood flow to the working muscle.

2.5.1.6. Prior Activity

In an assessment of the effects of both sub- and supra- lactate threshold (LT) warm up
on VO, xinerics, Gerbino et al. (1996) reported that neither prior sub- nor supra-LT
exercise effects the VO, kinerics of subsequent sub-LT exercise. However, in conditions
of supra-LT exercise the calculated “effective” VO, time constant was shortened by an
amount in the order of 30% in response to prior supra-LT exercise. Sub-LT warm up
had no such influence on subsequent supra-LT exercise. Although the mechanisms
responsible for these observations have not been firmly established it was suggested that
the residual metabolic acidemia from the supra-LT warm up bout leads to an improved
muscle perfusion during exercise which consequently speeded the supra-LT

V Oz KINETICS-

2.5.1.7. Acute Alterations of the Oxygen Delivery Process - Summary

Although some manipulations which decrease oxygen delivery to the muscle have been
shown to decrease VOZ KINETICS, the lack of a consistent effect of increasing oxygen

delivery on VOz kiNeTIcs Suggests that oxygen delivery may not limit VOz KINETICS

under normal conditions.

2.5.2. Identification of the Physiological Variable with the Same Response
Characteristics as the Oxygen Uptake Response

2.5.2.1. Heart Rate and Cardiac Output Kinetics

If the rate of oxygen delivery to the muscle is the limiting factor for VOZ kiNeTics then
the rate of response of the oxygen delivery system should be similar to the VO,
response. The rate of increase in VO, is often found to be slower than the rate of
increase in either heart rate or cardiac output 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 VOZ KINETICS, the effect
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of redistribution of blood flow within the muscle is not known and therefore these
studies do not preclude the possibility of oxygen delivery limiting VOZ KINETICS-

Hughson and Morrisey (1983) used the approach of comparing the change in heart rate
kinetics with changes in VOz KINETICS, using a range of different step exercise
transitions. The similar changes in both VO, and heart rate kinetics were taken as
evidence of a central limitation for VOZ KINETICs assuming that the heart rate kinetics

reflect muscle blood flow kinetics.

2.5.2.2. 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 oxygen delivery as a limiting factor for V 01 KINETICS,
the VOZ xinerics Oof the working muscle have been measured simultaneously with
muscle blood flow (Hughson et al.,, 1996; Grassi et al., 1996). Grassi et al. (1996)
measured the VOZ xinerics of the leg, by frequent measurement of the C(a-v)O, across
the leg, and VOzxmerics at the mouth during leg cycling exercise at 50 W. As
VO, xiNeTics measured at the mouth and leg blood flow had the same time constants, it
might be concluded that blood flow was limiting VO, kiNeTics. As the time delay
between an increase in muscle VOz reflects an increase in pulmonary VOz, it is
important to compare V02 at the muscle with leg blood flow. This comparison shows
that leg muscle VO3 increased only modestly in the first 10 to 15 seconds of exercise
even though blood flow increased markedly. This suggests that, early in the exercise
response, bulk delivery of oxygen to the working muscle is not limiting VO, kmerics of
the leg, but it is still not possible to discriminate between maldistribution of blood flow
within muscle and the effects of peripheral mechanisms controlling the response. At
present, techniques are not available to measure the complex blood flow patterns in
exercising muscle in humans.

There is some evidence that blood flow limits VO, kingrics in the arms when blood flow

is reduced by carrying out arm exercise above the level of the heart (Hughson et al.,
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1996). Studies using leg exercise have also shown that reduced blood flow is associated
with reduced VOZ kiNeTics in the supine position (MacDonald et al, 1998). Until
experiments are performed to investigate the simultaneous effect on VOz kiNeTIcs Of
increasing blood flow above normal during exercise, the role of blood flow limitation

on VO, xinetics Will remain controversial.

2.5.2.3. Phosphocreatine Kinetics

Another technique, using the same approach, is to compare VO,kmerics With the
kinetics of phosphocreatine (PC) degradation. It has been proposed that VO, kmerics of
the muscle and therefore VO,xmerics 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 PC degradation has been implicated
as the rate limiting step in the control of mitochondrial respiration (Connett and Honig,
1989). Studies which have measured VOZ xmnetics and PC kinetics have therefore
provided some insight into the role of peripheral mechanisms in limiting V O3 KINETICS-
Studies on animals muscle preparations (Piiper and Spiller, 1970; Mahler, 1985) have
reported that the time course of the change in [PC], during recovery from a period of
artificially induced tetanus, is directly proportional to the time course of QO; in well
oxygenated muscle. In intact animals Marconi et al. (1982) has also demonstrated that,
in well oxygenated muscle, the time constants for QO, and VO, are similar. In humans
PC breakdown has been estimated by both nuclear magnetic resonance imaging
(*'P-NMR) and muscle biopsy techniques, both in isolated muscle preparations and in
situ during voluntary muscle contractions (Coggan et al., 1993). Barstow et al. (1994)
measured the time constants for Phase II VOZ xinetics and PC kinetics during two
different exercise modes which provided indirect evidence of this link since the time
constants for Phase II VO, xingrics Were similar to those for PC degradation. In a more
recent study, McCreary et al. (1996) measured VO, xinerics and PC kinetics during
plantar flexion and found time constants of 44.5 s for VOZ and 47 s for PC. The

similarity between these time constants again supports the contention that VOZ KINETICS
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are controlled by muscle oxidative function with PC degradation controlling
mitochondrial oxidative phosphorylation by the “creatine phosphate shuttle”.

The VO, 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 exponeﬁtial
increase in muscle VO, parallels the decrease in the levels of PC. Other controlling
factors may be the phosphorylation potential [ADPx(Pi/ATP)] or the free energy for
ATP splitting (Meyer and Foley, 1996)

The model presented by Mahler (1985) suggests that VO, xinerics are controlled by the
availability of creatine (C), which in turn, is determined by how quickly PC degradation
occurs at the myofibril. The activity of the mitochondrial creatine kinase enzyme is
controlled by the phosphocreatine to creatine ratio (PC/C). In this model, describing the
control of mitochondrial respiration during moderate exercise below the lactate
threshold, oxygen is not thought to be limiting until the partial pressure of oxygen
within the mitochondria (mitochondrial PO,) falls below 1 mmHg. The oxygen supply
to the mitochondria may become limiting when the partial pressure of oxygen in the
capillary (capillary PO,) falls to 15 to 20 mmHg (Wittenberg and Wittenberg, 1989)
because of the physical factors limiting oxygen diffusion. In moderate exercise the
partial pressure of oxygen in the veins (venous PO,) remains above this level (Doll et
al., 1968) suggesting that oxygen supply to the mitochondria does not become critical
unless, as previously discussed, there is some maldistribution of the blood flow within
the capillary bed.

2.5.2.4. Identification of the Physiological Parameter with the Same Response
Characteristics as the Oxygen Uptake Response - Summary

Of the physiological variables studied, PC kinetics are most closely aligned to
VO, xinerics and this, taken together with the current theories on control of
mitochondrial respiration (Figure 2.3), provide some evidence for peripheral limitation

of VO, kiNeTICS-
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2.5.3. Conclusion

Whether the limiting factor determining Phase II'VO2 kinetics is due to central or
peripheral factors remains controversial. Theoretically it could be argued that the
control of VOZ xiNeTics 1s driven by ATP demand at the muscle (i.e. peripherally) rather
than the supply of oxygen to the muscle. Until it becomes technically possible to
measure PO, at the level of the muscle fibre in humans it seems likely that this

controversy will remain.

2.6. Oxygen Uptake Kinetics: Applications

2.6.1. Clinical Applications

The measurement of VO kiNgTiCS during exercise is a technique that has been applied
clinically (Nery et al 1982; Sietsema, 1992; Koike et al., 1994; Casaburi et al., 1997
Kusenbach et al., 1999). The use of below lactate threshold exercise tests is preferable
in severely ill patients because of fewer adverse events and the lower motivational
requirement compared with that demanded by higher intensity tests. In the specific field
of cardiac medicine the technique has been successfully applied to the assessment of the
severity of cardiac disease (Koike et al., 1994). Similarly the technique has been used to
evaluate rehabilitation programmes in patients suffering from chronic obstructive

pulmonary disease (Casaburi et al., 1997).

2.6.2. Healthy Individuals

In healthy individuals, Phase II VOzkmerics have been shown to be affected by
physical fitness (Powers et al., 1985; EBfeld et al., 1987; Zhang et al., 1991; Chillibeck
et al., 1996) endurance training (Hagberg et al., 1980, Berry and Moritani, 1985;
Yoshida et al., 1992; Babcock et al., 1994a; Phillips et al., 1995; Norris and Petersen,
1998; Edwards et al., 1999) and by factors relating to ageing after the age of 29 years
(Babcock et al., 1994b; and 26 years Chillibeck et al.,, 1996). Although a decline in
VO, max from the ages of 15 years to 71 years has been reported (Jones et al. 1985) the
cross sectional studies which compare a group of children with a group of adults have

provided conflicting evidence for children possessing faster VO kmerics compared
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with adults (Macek and Vavra, 1980a and b; Sady, 1981; Freedson et al., 1981; Sady et
al., 1983; Macek et al., 1984; Cooper et al., 1984 and 1985; Armon et al.,, 1991;

Springer et al., 1991; Zanconato et al., 1991 and Hebestreit et al., 1998).

2.6.2.1. Relationship between Maximum Oxygen Uptake and Oxygen Uptake
Kinetics

Support for the positive relationship between VO,max and VO, kmetics was derived
from the work of Whipp and Wasserman, (1972), Hickson et al. (1978), Hagberg et al.
(1978) and Powers et al (1985). These studies demonstrated that the t14VO, was
significantly shorter in subjects with higher aerobic power. The method of calculating
t’/:VOz in these investigations does not consider the possible effect of the cardio-
dynamic influence (Phase I) on the speed of the VO, response. Faster Phase II
VO, xmerics have however been reported in individuals with high aerobic power
compared to those with lower aerobic power in the studies of Powers et al. (1985) and
Zhang et al. (1991). The more rapid VOZ KINETICS Seen in the aerobically fit (higher
VO, PEAK) Subjects, were reported to indicate that the kinetics of aerobically produced
ATP flux relative to the anaerobic ATP flux are relatively greater in the fitter subjects
(Zhang et al., 1991). In a study by Chillibeck et al. (1996) investigating the effects of
ageing on VOzxmetics it was concluded that although VO2kmETICS are definitely
slowed with age, relative levels of cardiorespiratory fitness also have a great influence
on the dynamic response of VOz.

EBfeld et al. (1987) made a comparative study of the relationship of VO, kmerics and
aerobic capacity in 29 males and 9 female subjects (mean age 23.3 + 3 years) using a 15
unit of 30 s duration, PRBS protocol. The sub-Tyens work rates used alternated between
20 and 80 W. The analysis technique incorporated a combination of auto- and cross-
correlation prior to Fourier analysis in order to reduce the effect of irregular breathing
patterns (noise). Subjects with higher VO, max were found to achieve higher amplitude
ratios (Table 2.2).

EBfeld et al. (1987) has shown that it is possible to differentiate between subjects of

different aerobic power by using a sub-maximal PRBS measurement of VOZ KINETICS-
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At the higher frequencies, differences in VO, dynamics become apparent: the higher

the relative VO, Max, the higher the amplitude ratio at a given frequency.

Table 2.2. Amplitude ratio (ml-min”-W™) across frequency range 2.2 to
8.9 mHz for 29 males and 9 females grouped by aerobic power (derived
from EBfeld et al. 1987). Mean (S.D.)

Frequency (mHz)
VO:max 2.2 4.4 6.7 8.9
(ml-kg™-min™)
<50 9.55(1.15) 7.76 (1.15) 6.17 (1.66) 3.89 (1.74)

50t0 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)

2.6.2.2. Effect of Endurance Training

Endurance training is known to increase aerobic power due to physiological adaptations
that improve both oxygen deliver to, and utilisation by, the working muscles. Endurance
training is also reported to improve VOa KINETICS (Hagberg et al., 1980, Berry and
Moritani, 1985, Babcock et al., 1994a, Yoshida et al., 1992; Phillips et al., 1995, Norris
and Petersen, 1998).

Improvements, after undertaking endurance training, in the TVO, of between 8% (Berry
and Moritani, 1985) and 58 % (Phillips et al., 1995) have been recorded in males of
average age ~ 23 years. The different responses reflect the different training models
employed. In a study of older men (mean age 74 years) Babcock et al. (1994a) recorded
an improvement of 49 % in the T VO, after 24 weeks of endurance training. The VO,
(32 s) for the trained older men was similar to the TVO, of sedentary younger men
(39 s).

Women demonstrated a similar training response to men. VOz xiNETIcs improved after a
12 week exercise programme involving women aged 21.6 + 1.9 years (Paggiosi, 1998).
The VO, xinemics Were measured in the frequency domain using a 15 unit, 30 s duration

PRBS protocol.
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2.6.2.3. The Effect of Ageing

2.6.2.3.1. Adults

Younger adults generally exhibit faster VO; xiNeTics than both older men (Babcock et
al., 1994b; Chillibeck et al., 1996) and older women (Cunningham et al., 1993;
Chillibeck et al., 1996). There are, however, difficulties in partitioning out the effects of
inactivity or aerobic fitness when investigating the effects of age on VOZ KINETICS. In a
study by Babcock et al. (1994b) the TVO, was shown to be slowed in the older less fit
subjects. In order to identify the key factors influencing the slowing of VO, KINETICS
with age, Chillibeck et al. (1996) used a multiple linear regression technique and
concluded that relative fitness was the strongest significant influence on TVO; as it
contributed to 31% of the variance, sex and age were the next most significant indices
of TVO; in an investigation of young (average age 26.3 + 2.5 years) compared to old

(average age 73.4 + 12.1 years) subjects of both sexes.

2.6.2.3.2. Children

In two studies investigating the effect of ageing on VO, kmetics Freedson et al. (1981)
and Macek et al. (1984) included children in the population studied. Although, they
reported significant correlations between age and t'2, r = 0.77 and 0.69 (Freedson et al.
(1981) and Macek et al. (1984) respectively), the model used includes both Phase I and
potentially some Phase III components. As Phase I of the response relates to pulmonary
blood flow, any differences between adult’s and children’s blood flow kinetics and
consequently, the factors relating to shorter transit times in children compared to adults,
will influence the interpretation of the results. Similarly, any contribution of the slower
Phase III kinetics will lengthen the t'2 of those subjects whose exercise intensity
breached the lactate threshold. Closer inspection of the results reported by Macek et al.
(1984) suggests that it is the faster VOz xineTics Of the children that influence the results
and therefore the effects of ageing later in life on t'2 VO, can be less well established.
The research addressing alterations in VOZ kiNeTics in children as they grow is

considered in more detail in the Section 2.7.
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2.7. Oxygen Uptake Kinetics in Children

There are two opposing views relating to the control of VOZ kmvetics in children. The
theory postulated by Freedson et al. (1981) suggests that since glycolysis significantly
contributes to the energy requirements during the initial minutes of sub-maximum
exercise, it can be hypothesised that children’s reportedly limited glycolytic capacity
will influence sub-maximum VO, dynamics. In opposition to this is the supposition that
the rate of the VO, response to exercise is influenced primarily by the need for cellular
homeostasis and is age and size independent Cooper et al. (1985).

Early anecdotal and experimental evidence supports the first hypothesis that
VOz xineTics are faster in children. Robinson (1938) records two groups of boys of
mean age 6 and 10.4 years attaining mean values of 55 and 41% respectively of their
VO, Max during the first 30 seconds of maximal exercise as compared to values ranging
from 29 to 35% in adults. Similarly, Astrand (1952) comments that it is probable that
younger subjects’ ability to adapt themselves more quickly to work than their elders
brings about a significant decrease in the amount of anaerobic products (p98), and
Godfrey (1974) from observations made in the laboratory states that there is no doubt
that children reach a steady state more quickly than adults. The case for children having
faster VO, kiverics than adults is supported in more recent work by Macek and Vavra
(1980a and b), Sady (1981), Freedson et al., (1981); Macek et al., (1984) and Armon et
al (1991). A controversy still exists however, as an equal body of evidence (Sady et al.,
1983; Cooper et al., 1984; Cooper et al., 1985; Springer et al., 1991; Zanconato et al.,
1991 and Hebestreit et al., 1998) demonstrate that VOZ KINETICS Temain the same
throughout the child’s development.

One possible reason why the interpretation of the experimental evidence is equivocal
may be a result of the different experimental procedures that have been employed. For
example, both high intensity and sub-maximal exercise transitions have been made and
both rest to work and work to work transitions have been studied in spite of the fact that
VOz kinerics are faster with rest-to-work transitions as opposed to work-to-work

transitions (Hughson and Morrisey, 1982). These factors will have significant influence
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on the interpretation of the results particularly in respect to cross study comparison.

2.7.1. Rest to High Intensity Exercise Transitions

In studies which have compared the VO, xinerics of adults and children from rest to
maximal or supra-maximal step exercise transitions, the results indicate that children
have significantly faster VO, xiverics than adults (Robinson 1938; Macek and Vavra,
1980a and 1980b; Sady, 1981). All these studies have reported the whole VO, response

without differentiating between the 3 Phases of the response.

2.7.2. Work to High Intensity Exercise Transitions

In the three studies which have utilised high intensity exercise transitions initiated from
prior exercise the results are equivocal. Armon et al. (1991) reported that for a spectrum
of intensities above the anaerobic threshold the 'cVOz for high intensity exercise was
significantly shorter in children than adults for all work rates. Conversely, Zanconato et
al. (1991) and Hebestreit et al. (1998) were unable to differentiate between adults and
children in terms of differences in the dynamic VO, response. The approach of
Zanconato et al.,, 1991 was unusual in that the protocol was a one minute burst of
exercise and therefore comparison with the other two studies may not be appropriate.

The studies of Hebestreit et al. (1998) and Armon et al. (1991) differ in one
fundamental respect. Armon et al. (1991) characterise the response by fitting a single
exponential plus a linear term to account for the slow component.. The analysis of
Hebestreit et al. (1998) only models the Phase II oxygen uptake response with a time
delay to account for the Phase I influence. The findings of Armon et al. (1991), support
the work of Robinson (1938), Macek and Vavra (1980) and Sady (1981) who also used
the same approach of reporting the whole response. The results of Hebestreit et al.
(1998) suggest that at the metabolic level the factors controlling cellular respiration are
constant throughout growth and they conclude that their results are in contrast to the

common beliefs that children rely less on anaerobic energy turnover early in exercise.

2.7.3. Rest to Moderate Intensity Exercise Transitions

The results of studies investigating the changes in VOZ kiNetics during development, in
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response to sub-maximal exercise initiated from rest, are again equivocal. In a study of a
range of children and adolescents, Freedson et al. (1981) concluded that the mean
t14VO, of 34.8 (£12.7) s was not significantly different to adults working at similar
intensities reported in other studies. However, regression analysis showed a significant
correlation between t% VO, and age (r = 0.77) with the age of the subject accounting for
60% of the reported variance. A significant correlation was also reported of t'2 VO, with
body weight (r = 0.54) and absolute VO;max (r = 0.56). Several possible explanations
including body size, maturational level, exercise intensity, anaerobic potential and
cardio-respiratory factors were suggested as being associated with the observed
relationship between age and t'2 VO,. Similar findings were reported by Macek et al.
(1984) who studied the responses of 40 males of different ages (approximate age range
11-40 years). The correlation between age and t%4VO, was shown to be highly
significant. In a further investigation of 27 boys aged 11-14 years, Macek et al. (1984)
reported a significant correlation between body weight and t% VO, (P < 0.01). These
results suggest the 14 VO, response is a function of both workload and age. The
influence of increasing t% VO, when operating at high intensities is clearly indicated in
the adults studied in this investigation. A comparison of a 10 year old and 40 year old
was also made in this study indicating that the child had a faster t%4VO;, (11.7 s) than
the adult (29.1 s). Unfortunately the relative intensity of the work (specifically in
relation to the anaerobic threshold) is not given making interpretation difficult.

Conversely, Cooper et al. (1985) could not establish a relationship between age and
V Oz kinETICS in 2 groups of younger and older children of age range 7 — 10 and 15 — 18
years respectively. Regression analysis indicated that there was no relationship between
T1VO, and age, weight nor height of the subjects suggesting that the Phase II
VO, kmETICS are independent of development. Similarly, the work of Springer et al.
(1988 and 1989) was re-assessed in a 1991 investigation which showed that Phase II
1 VO, was similar in children (27.5 s) and adults (29.9 s) in normoxic conditions. Prior

to analysis however, the results were normalised with respect to body weight.
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2.7.4. Low to Moderate Intensity Exercise Transitions

In studies of the VOZ kiNeTics in children using low to moderate intensity exercise
transitions Cooper et al. (1984) calculated the response-time of O, uptake (RT-VO,) at
the onset of an incremental ramp protocol. The RT-V O, _ although highly variable, was
found to be independent of both body size and age suggesting that RT-VO, is not
affected by development. This work must be regarded with caution as Hughson and
Inman (1986a) and Swanson and Hughson (1988) have argued that a single ramp test is
inadequate for determining the time constant of pulmonary VO,. The remaining studies
that have examined low to moderate intensity exercise transitions (Armon et al., 1991;
Zanconato et al., 1991; Hebestreit et al., 1998) have examined the responses to sub-
anaerobic threshold exercise as part of studies which have also assessed the high
intensity responses. The work of Armon et al. (1991) compared the VO, responses from
unloaded cycling to 80%AT in seven adult males, of age range 27 to 40 years, with six
children of age range 6 — 12 years. A single exponential model from the start of the
transition in work intensities gave a TVO, at 80%AT which was significantly quicker in
children (26 s) compared to 44 s in adults.

Conversely, Zanconato et al. (1991) found no child-adult differences in the V Oz KINETICS
calculated as a t%VO, in response to one minute bursts of exercise at 80%AT. The
%4V O, for the 80%AT transition was the same as for the higher intensity exercise
undertaken in this study and was not influenced by the size of the work transition in
either the children or the adults tested, and there was no significant differences in the
mean values between the groups (23.0 5.3 s children and 24.8 + 4.7 s adults).
Similarly, Hebestreit et al. (1998) compared the VO, kinetics of nine boys with eight
men in response to a short exercise protocol of 210 s of exercise at 50% V02 PEAK. An
exponential model with time delay was fitted to the VO, responses (Equation 24,
Section 2.4.1). There was no significant difference in either time delay nor VO,
between boys (22.79 % 5.05 s) and men (26.4 + 4.10 s).

From the evidence presented it can be concluded that when the entire response is

modelled, children demonstrate faster VOZ kiNeTics than adults, however, if the
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metabolic response (Phase II VOz kiNeTics) 1S assessed independently, the evidence
indicates that adults and children exhibit similar VO, kinerics.

In summary, it is difficult to ascertain from these investigations if there is a
developmental influence on the VO, kinerics. However, a slightly more coherent picture
is emerging that if the whole response is modelled, children exhibit faster VO, KiNETICS
than adults in response to both maximal and moderate intensity exercise. When the

Phase 1I VOz kinetics 1S modelled independently the TVO, is similar in adults and

children.

2.7.5. Limitations of Previous Studies

The conclusions drawn from previous investigations i.e. that there is no difference in
Phase II VOZ kiNeTics between adults and children, is based upon the assumption that
the models used to analyse the responses in adults are applicable to children.

There are also other limitations based on the populations studied. For example, Cooper
et al. (1985) suggest that the longer time constants for VO, found in the 15 to 18 year
old females compared to younger females aged 7 — 10 years and males aged 7 — 18
years, may be associated with the lower AT/kg and VO, wax/kg of the older females.
Similarly in the study of Hebestreit et al. (1998) although the VO, max Was not
significantly different between boys and men, it was reasonably high in adults and is
perhaps indicative of the adult population being moderately trained (53.4 + 7.4 and 47.3
+ 5.5 mlkg”-min™ in men and boys respectively). As subjects with higher aerobic
capacities have consistently been reported to have improved VOZ xinetics (c.f. Section
2.7.2.1 and Section 2.7.2.2), this factor alone could have resulted in the adult males
having faster VOZ xiNeTics than might be expected. The influence of fitness on
VOz kiNeTics must therefore be considered in the interpretation.

Thirdly, different ages of cohorts have been compared. It is possible that by comparing
children with adults of age range 27 - 40 years (Armon et al., 1991), that ageing rather
than difference in development has resulted in the children demonstrating significantly

faster VOz KINETICS (C.f. Section 2.7.2.3).
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Finally, a range of gas collection techniques have been employed and the majority of
the studies reviewed have used manual methods. The poor resolution of the manual
method, permitting the collection of respiratory data only every 20 s at best (Zeballos
and Weisman, 1994), will reduce the confidence of the estimates of T and TD due to the
limited number of data point around which to construct the model (Equation 24,

Chapter 2.4. Section 2.4.1).
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3. Variability of Measurements of Oxygen Uptake Kinetics

3.1. Introduction

This chapter serves as a precursor to the materials and methods chapter as it addresses
the issues relating to the reliability of measuring VOZ kiNeTics and reviews the previous
research in this area undertaken within Sheffield Hallam University. The conclusions
drawn from this research form the rationale upon which the study described in Chapter

5 is based.

3.2. Measurement Variability

In order to interpret the measurements of VOg kiNeTics With any certainty the
experimental method employed must provide results which are reproducible and
accurate. Any biological measurements are subject to variability and it is important that
the magnitude of the variability of the measurement is known particularly when

undertaking comparative studies.

3.2.1. Statistical Methods

Measurement variability has been assessed using a variety of statistical methods
(Froelicher et al., 1974; Nordrehaug et al., 1991; Atkinson, 1995).

The coefficients of variation (CV), which is the standard deviation divided by the mean,
often multiplied by 100 to give percentage, provides a useful description of the
variability of a measure. The problem with this approach is that small means produce
large CVs and the calculation of the CV is only appropriate if the measurement error is
dependent upon the magnitude of the results (Bland, 1995).

In order to assess the agreement between repeated tests a number of methods are
available. The Student’s t-test can be used to compare the means of repeated tests or, the
analysis of variance (ANOVA), an extension of the t-test can indicate any possible
influences of the number of times the test is performed. This may be useful in human
physiology to account for the affects of habituation. Other commonly applied statistical

techniques to measure the strength of the relationship between test and re-test
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measurements are the correlation coefficient (r) or the intra-class correlation (R).
Atkinson (1995) concluded that the population characteristics influenced the calculation
of both the r and R in such a way as to reduce their reliability, and although these
methods provide a measure of the extent of the relationship between two tests, they do
not describe how well the two measures agree (Bland and Altman, 1986). An
alternative, the “95% limits of agreement” approach has therefore been recommended
(Bland and Altman, 1986) as a means to assess the agreement of repeated measures, this
method is not affected by population heterogeneity and is recommended as the universal
means of assessing the intra-subject variability of replicate test results (Atkinson, 1995).
Experimental investigations have been made into the reliability of two different PRBS
protocols, a 5 s unit PRBS as described by Bennett et al. (1981) and a 30 s unit PRBS as
described by EBfeld et al. (1987).

3.2.2 Reliability of the 63 unit, S s duration, Pseudo Random Binary Sequence
Exercise Test to Measure Oxygen Uptake Kinetics

This study was presented as a poster at the First Annual Congress of the European
College of Sports Science (Claxton et al., 1996, c.f. Appendix 2.3.)

In a study of the test-retest variability of the 63 unit, 5 s duration PRBS protocol on 20
male subjects (age 26.2 + 4.0 years) limits of agreement were calculated in order to
assess how well individual results obtained in the two tests agreed. The ANOVA
showed no significant intra-subject variability between the two tests (P < 0.05). Wide
95% limits of agreement were observed at each harmonic for both phase delay and
amplitude ratio. This suggests that the 5 s PRBS protocol is reliable for group data,
however, the wide limits of agreement indicate a large variability in individual

VO, kiNETICS-

3.2.3. Reliability of the 15 unit, 30 s duration, Pseudo-random Binary Sequence
Test to Measure Oxygen Uptake Kinetics

The results of a reliability study performed using a 15 unit, 30 s duration, PRBS test to
measure VO, kinerics (Pagiossi, 1998) agree with the findings of the reliability of the 63

unit, 5 s duration, PRBS test.
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Eight healthy, moderately active, female subjects (age 22.6 + 0.8 years, height 1.65
+0.06 m and body mass 65.5 + 4.5 kg) were recruited from the student population at
Sheffield Hallam University. An eight (subjects) by two (observations) study design
was adopted in order to investigate the variability in VO, KINETICS 1n response to the
PRBS exercise test. All eight subjects completed two replicate tests in successive
weeks. The tests were undertaken on the same day of the week and at the same time of
day in order to reduce the effects of diurnal variation on the response (Froelicher et al.,
1974).

An assessment of intra-subject variability of the PRBS exercise test was made by means
of a two-way ANOVA with repeated measures. 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. Where a
significant correlation was found, indicating that the error of the measurement was
dependent on the size of the result, a CV was calculated. Limits of agreement (95%)
were calculated (Bland and Altman, 1986) to provide an assessment of the ability of the
PRBS exercise test to repeatedly measure parameters of VOZ KINETICS. The 95% limits
of agreement method involved the calculation of the mean and the standard deviation of
the difference between the replicate measures for both amplitude ratio and phase delay
at each of the 4 harmonics.

The results indicated that there were no significant differences in amplitude ratios nor
phase delays between each of the four harmonics analysed in Test 1 and Test 2.
Coefficients of variation were not calculated as the error of linearity test showed no
significant relationship between the measurement error and the measurement size for
either amplitude or phase delay.

The widest 95% limits of agreement (Table 3.1.) for amplitude ratio were 4.952
ml-min™-W which were found at the frequency of 6.7 mHz.

The widest 95% limits of agreement (Table 3.2.) for phase delay were 34.2 degrees
which were found at the frequency of 8.9 mHz.
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Table 3.1. Mean difference (Test 2 — Test 1) + 2 x S.D. of the difference
between Test 1 and Test 2 and 95% limits of agreement for amplitude
ratio (ml-min”-W™).

Amplitude ratio (Test 2 — Test 1)
(Frequency - mHz)

22 44 6.7 8.9
Mean difference 0.314 -0.202 -0.122 0.052

+ 2SD of the difference + + + +
(ml-min™-W™) 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”. W1 +1.204  +0.515 42354  +1.564

Table 3.2. Mean difference (Test 2 — Test 1) + 2 x SD of the difference
between Test 1 and Test 2 and 95% limits of agreement for phase delay
(degrees).

Phase delay (Test 2 — Test 1)
(Frequency - mHz)

. 4.4 6.7 8.9
Mean difference -1.1 0 -4.8 1
+ 28D of the 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

3.2.3.1. Discussion

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 from this
laboratory) investigated the reproducibility of the measurement of VO, xmeics in four
subjects who performed four replicate PRBS exercise tests. A two-way ANOVA with
replication did not identify a significant difference between any of the parameters
measured during the four tests. Further examination of both individual and mean
differences did not identify any bias. It was concluded therefore, that the variability of

this study was not due to the nature of the testing procedures or the influence of

habituation.
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Although no significant difference was found between the replicate parameters of
VOz xineTics at any of the frequencies assessed, 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 Other
studies have also shown substantial degrees of individual variation in both steady state
VO, and VO, xiNerics (Armstrong and Costill, 1985; Hughson and Inman, 1986a;
Nordrehaug et al., 1991; Morgan et al., 1991).

One explanation for the wide intra-subject variability in replicate measures of VO, and
VOZ kinerics 1S the biological variation or biovariation (Katch et al., 1982). Possible
influences of circadian rhythms or psychological factors including anxiety prior to, and
during the performance of unfamiliar procedures (British Association of Sports and
Science, 1988) may have altered the cardiovascular responses to the PRBS exercise test
protocols. The process of removing the initial 450 s of test data in this study should
have reduced the effects of any psychological influences due to unfamiliarity with the
data collection apparatus and the exercise test sequence.

A second factor which may influence the variability between repeated tests is the
inherent breath-by-breath variability (Lamarra et al., 1987). The VO, calculation
method employed in this study estimates alveolar gas exchange in accordance with the
algorithm of Beaver et al. (1981) this procedure significantly reduces the breath-by-
breath variability compared to other techniques which calculate gas exchange at the
mouth. In order to further reduce the affects of breath-by-breath variability, irregular
breaths caused by abnormal breathing patterns and / or measurement errors, were
removed using an algorithm (First Breath Software v2.0, First breath Inc., St Agatha,
Ontario, Canada). The three remaining sequences were time aligned and averaged to
produce a single mean response, thereby enhancing the underlying physiological signal.
To temporally align the VO, responses to the 3 PRBS sequences it was necessary to
interpolate the VO, data to produce data points at regular (in this case) 1 s intervals.

The number of intermediate data points added to the sequence is therefore dependent on
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the breathing pattern of each individual. It was proposed that a greater degree of
variability between replicate measures of VOz xiNETIcs may have existed for individuals
which lower respiratory rates who required the addition of a greater number of data
points during the process of interpolation, possibly resulting in distortion of the true

résponse.

3.3. Variability of Oxygen Uptake Kinetics Measurement in Children

No experiments on the variability of gas exchange kinetics measurements have been
made on children. Breath-by-breath variability has been suggested as a cause of some of
the wide limits of agreement seen in the studies which used adult populations. Close
examination of breath-by-breath variability during the PRBS test in a group of adults
compared to a group of children showed no difference between the two groups. It is
expected that the reliability measures for the children would be similar to those reported
for adults (Kusenbach et al., 1994).

3.4. Conclusions from the Variability Studies

The individual variability of the PRBS exercise test has been shown to be

considerable for both young adult male and female subjects.

e The results from several repetitions of the PRBS exercise test should be pooled to
give a more reliable estimate of VO, xinerics for any individual subject.

e The test could be usefully applied to the assessment of group VO, xiNgTICS-

e Techniques need to be applied whereby breath-by-breath variability is reduced prior
to interpolation of the VOZ data. '

Mathematical techniques such as cross-correlation may further improve the confidence

in the measurement of VOZ KINETICs by elimination of anomalous VOZ responses.
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4. Materials and Methods

As the methodology employed in the investigation detailed in Chapter 5 of this thesis is
fairly complex, Chapter 4 has been included as a practical description of the materials
and methods used in the final investigation and is divided into three sections. Section
4.1 relates to the equipment used, Section 4.2 describes the protocols employed and the
methods of data analysis, and Section 4.3 defines the three methods used to express

economy and efficiency of work.

4.1. Equipment
The equipment used for experimentation is described in five sections: cycle ergometry,
mass spectrometry (including calculations of alveolar gas exchange), electro-

cardiography, anthropometry (including maturity assessments) and spirometry.

4.1.1. Ergometry
The cycle ergometer (550 ERG, Bosch, Berlin, Germany) was selected to provide the

exercise stimulus as the PRBS method and the calculation of oxygen cost of work from
the ramp protocol require an exact determination of the work rate. The Bosch 550 ERG
cycle ergometer used in this study is loaded using an eddy current brake which is
adjustable from unloaded to 400 W either manually in 5 W steps, or electronically by a
control system via a serial interface. An electronic circuit ensures that the work required
of the subject remains constant independent of pedal speed.

The data of Maxwell et al (1998) illustrates the need to evaluate the calibration of
electromagnetically braked cycle ergometers, as the individual accuracy of the four
different machines they tested, ranged from 89.3 to 101.4% over the up-scale range of
100-400 W. Part of the variability in the accuracy data presented by Maxwell et al
(1998) was attributed to the age of the ergometer and to factors relating to servicing.
These findings emphasise the need fbr cycle ergometers to be calibrated using a
dynamic calibration rig (DCR) on a regular basis if valid measures of power output are

required.
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4.1.1.1. Dynamic Calibration Rig.

The cycle ergometer used in this study was calibrated using a DCR constructed by the
Medical Physics Department, Royal Hallamshire Hospital, Sheffield (Figure 4.1). The
components of the DCR consisted of a rotary torque transducer TRSC-100 with a range
of 100 Nm (Industrial Measurements Limited, Derby, England), coupled between the
cycle ergometer crank axle (bottom bracket) and a 0.75 kW motor with Spaggiari gear
assembly. The speed of the motor was governed using a Eurotherm DC Motor
Controller (Model 503-1.25 HP). Both the Motor and Controller were supplied by
Beatson Fans and Motors, Sheffield, England.

Measurements were recorded form the torque transducer using two digital voltmeters
(Fluke Model 75 which was cross calibrated with a Keighly 197 Autoranging
Microvoltmeter). The transducer was stabilised using a direct current (DC) stabilised
power supply (Weir Minireg type 402). The microvoltmeter and power supply were
supplied by RS components (Corby, Northamptonshire, England.)

The accuracy of the torque transducer was determined using free weights and found to
better than +1%. The microvoltmeter is rated to an accuracy within £16 microvolt and
the speed controller, which was used in voltage feedback mode attained speed accuracy

of within + 2%.

4.1.1.2. Calculation of Mechanical Power

Actual power was calculated using the following formula :

Where P is power (in Watts) and T is torque (in Newton meters). Angular velocity (o)

is 360 degrees or 2= radians for one revolution.

By substituting (30) into (29),
P=10.6159 X XMV ..ttt e e e e et ear e ea e ee e e anenaenns (31)
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4.1.1.3. Calibration Procedure

The bottom bracket of the cycle ergometer and the DCR were aligned using adjustable
feet to ensure minimal movement of the assembly during operation. The motor was
adjusted to maintain a constant rotation of 1Hz throughout the evaluation. The First
Breath Inc. (Marquette Electronics Inc. Milwaukee, USA) v 2.0 Work Rate Control
Software was used to programme the cycle ergometer to operate from unloaded then
increasing in power to a maximum of 400 W in 25 W increments. The same sequence
was repeated in reverse order to assess for any differences in performance when
reducing as opposed to increasing work intensities were induced. Additional
measurements were made at 20 W, 30 W and 80 W to enhance the lower range
assessment. Each work load was maintained for two minutes and the output from the
torque transducer was sampled using the microvoltmeter at a frequency of 1Hz during

the last 20 seconds of each intensity.

4.1.1.4. Calibration curves

Comparison of the up- and down- scale work rate measurements were made using a

calibration curve (Figure 4.2).

2, 350 . }.ncreasing Po.wer ©) . | J‘Zr-
o) mear regression equation I
2 300 -—y=0.9502x- 0.0624 //
o 2
R"=0.9992
g 250 —— ]
=+
5 7
= 200 2
O 50 B - Decreasing Power (-)
2 / Linear Regression equation
é 100 v y =0.942x+ 1.8014 —
> 2_
A 50 // R =0.9988
0+~ | | |
0 50 100 150 200 250 300 350 400
Programmed Bosch 550 ERG (W)

Figure 4.2. Calibration curve for independent upscale and downscale
measurements of the dynamic calibration rig (y-axis) and programmed
Bosch 550 ERG (x-axis).
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which is in line with the manufacturers specification of an accuracy of + 5% over the
range 60-400 W (Bosch ERG 550 Instruction Manual, 1990).

From the low intensity calibration equation (Figure 4.4) the actual power at 60 W was
57.4 W, which is 2.6 W below the programmed value. This is within the manufacturers
specified accuracy of £ 3 W over the range 25-60 W (Bosch ERG 550 Instruction
Manual, 1990).

All subsequent work intensities used in the PRBS andVOz Max tests were calculated
from the corrected values derived from the low intensity and the full range calibration

curves respectively.

4.1.1.5. Cycle Ergometer Work Rate Response Time

As the PRBS protocol depends upon rapid square wave changes in work rate, the speed
of change in the cycle ergometer power was measured by monitoring the DC input
signal to the cycle ergometer, from the control software, and the DC output response
from the cycle ergometer, using a flat bed recorder (Linseis, GMbH LS/L600/L650,
Scientific and Medical Products Ltd, Didsbury, UK). The input signals were confined to
those work rate changes to be used in the tests for VO, xinerics i.e. 20-50 W, 25-80 and
25-85 W. Both upscale and downscale recordings were made between each of the three
intensities.

The maximum response time for all intensities was observed to be within 1 s.

4.1.2. Respiratory Gas Analysis Apparatus

The respiratory gas analysis system used as the tool for the evaluation of oxygen uptake
kinetics was selected using the following criteria.

Initially, it is largely accepted that mass spectrometry is the most accurate method of
gas analysis available (Clausen, 1982). Secondly, the use of the mass spectrometer as a
reference system in order to evaluate other respiratory analysis systems (Wilmore and
Costill, 1973b; Wilmore et al., 1976; Jones, 1984) indicates its acceptance as an
accurate method for respiratory gas analysis. Thirdly, the ability to measure nitrogen

and estimate alveolar gas exchange has been recommended for studies of the kinetics of
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gas exchange (Beaver et al, 1981), and finally, in a comparative evaluation with
another respiratory system available for the study (Appendix 4.1), the respiratory mass
spectrometer compared favourable with normative steady-state data indicating the

validity of its measurement.

4.1.2.1. Respiratory Mass Spectmn{eryK

Measurements of inspired and expire& Tespiratory gas concentrations were made using a
respiratory mass spectrometer (MGA-1100, Marquette Electronics Inc., Milwaukee, WI,
USA.). Breath-by-breath inspiratory and expiratory gas flows were measured using a bi-
directional flow turbine (VMM-2, Interface Associates, Laguna Niguel, CA,USA) The
ventilatory volume is determined indirectly as the integral of flow against time. The
ventilation and gas concentration values were digitally sampled at a frequency of
200 Hz. Four of the primary analogue signals generated by the mass spectrome;[er and

ventilation system in response to several breathing cycles are shown in Figure 4.5.

Start of expiration
Expiration ! N

Carbon dioxide

ﬂ.
0xygen§UU UUL ’ H

Figure 4.5 The analogue 51gna1s (CO; and 02) generated
by the respiratory mass spectrometer in relation to the
ventilation signal generated by the flow turbine.

The signals from the mass spectrometer and flow measurement system were interfaced

with a PC-compatible desk top computer (Ti’ko PS 325C, Ti’ko Computer Corporation,
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Broxburn, UK.) via an analogue to digital converter. The signals were integrated on-
line, using First Breath Software v2.0 (First Breath Inc., St Agatha, Ontario, Canada,
1992). The system provides estimates of alveolar gas exchange based on the algorithm

of Beaver et al. (1981).

4.1.2.2. Correction of Gas Volumes

When making comparisons between tests carried out under different atmospheric
conditions it is necessary to apply a correction factor to account for the effects of
ambient temperatufe, pressure and water vapour on the measured volumes. The
universally accepted method is to express the measured volumes in terms of either,
Standard Temperature and Pressure Dry (STPD), or Body Temperature and Pressure
Saturated (BTPS). Standard temperature and pressure dry is used for all metabolic
calculations including VO, and is calculated as a dry gas at a temperature of 273 K and
a pressure of 760 mmHg. When referring to variables such as VE, BTPS is used, that is
a temperature of 310 K, ambient pressure and saturated with water vapour of partial
pressure of 47 mmHg which is the vapour pressure of water at body temperature of 37°

C (Fox et al., 1993).

4.1.2.3. Calibration of the Respiratory Gas Analysis System
The gas flow turbine (Figure 4.6) was calibrated prior to each test using a 3 litre

calibration syringe (Hans Rudolf Inc., Kansas City, MO, USA). The calibration syringe
was operated in a pulsatile manner at a rate of approximately 2 1s”. This rate was
selected as a standard approach to maximal and sub-maximal testing in both adults and
children to ensure consistency. This method has provided volume measurement of
similar accuracy to pneumotachometers calibrated at higher rates assessed during low
and moderate intensity exercise (Appendix 4.1). The accuracy of the turbine volume
determination was deemed to be suitable if the average of 5 inspiratory and 5 expiratory
excursions was within 1% of the actual value (i.e. £ 30 ml).

The gas flow turbine has a low-dead-space (90ml) which is critical when performing

metabolic measurements on children as they have relatively low tidal volume. This
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corresponds with the method used by Cooper et al. (1985) in a similar study who used a
valve with a 90 ml dead-space for male and female subjects aged 7-10 years and above.

The respiratory mass spectrometer was calibrated using two cylinders of calibration gas
certified to be accurate to £ 0.03 volume percent (Medical Graphics Corporation, St
Paul, MN, USA). Cylinder 1 containing 12% O, and 5% CO,, and cylinder 2 containing
21 % O,, the balance of both cylinders made up of N,. The two cylinders enabled a two
point calibration, 0 and 5% for CO,, and 12% and 21% for O,. A measurement
tolerance of £ 0.05% of the cylinder gas concentration was permitted prior to re-
calibration of the mass spectrometer. At no time during the course of the
experimentation, was this tolerance exceeded indicating exceptionally high stability of
the mass spectrometer. Partial validation of the calibration was determined by sampling
atmospheric air from an external window - the system consistently returned values of

0.03-0.04% CO; and 20.93 O..

Adjustable head support Sample line (to mass spectrometer) held
adjacent to distal end of flow cartridge
during lag time calibration and inserted
into sampling port during operation.

Sampling port

[ooo -H- c\il'l'l“'"\ / Flow pjk up assembly
af,
o Cable to

N

Impeller

H |
Rubber mouth piete ose clamp / Metal ring

Saliva trap Flow cartridee

Figure 4.6. Gas flow turbine assembly.
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