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Abstract

The hyperbolic power-duration relationship for high-intensity exercise is defined by two
parameters: an asymptote (critical power; CP) reflecting the highest sustainable rate of
oxidative metabolism, and a curvature constant (W'), which indicates a fixed amount of
work that can be completed above CP (Wscp). According to the CP model of
bioenergetics, constant work rate exercise above CP depletes the capacity-limited W’
with fatigue occurring when W' is completely expended. The complete depletion of W’
has been reported to occur when Voomax is attained and a critical degree of muscle
metabolic perturbation (decline of finite anaerobic substrates and accumulation of
fatigue-related metabolites) is reached. However, while the CP model is effective at
predicting metabolic perturbation and the tolerable duration of severe-intensity constant
work rate (CWR) exercise, it is unclear if metabolic perturbation and exercise
performance can be explained by the CP model when different methods of work rate
imposition are applied. Therefore, the purpose of this thesis was to: 1) investigate the
efficacy of the CP concept to predict performance in exercise tests using different work
rate forcing functions; and 2) explore whether the physiological bases for W' are
consistent across different methods of work rate imposition. In study 1, compared to
severe-intensity CWR exercise, the tolerable duration of intermittent severe-intensity
exercise with heavy- (S-H) moderate- (S-M) and light-intensity (S-L) ‘recovery’
intervals was increased by 47%, 100% and 219%, respectively. Wscp (W') was
significantly greater by 46%, 98%, and 220% for S-H, S-M and S-L, respectively, when
compared to S-CWR, and the slopes for the increases in Vo, and iEMG were
progressively lowered as the recovery work rate was reduced. In study 2, both the
V02max and W-cp were similar across incremental cycling protocols that imposed a fixed
ramp rate and cadence (4.33 £+ 0.60 L'min™; 14.8 + 9.2 kJ), a fixed ramp rate with

cadence self-selected by the subjects (4.31 £ 0.62 L'min™"; 15.0 + 9.9 kJ) and a step
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incremental test where subjects were instructed to select power output according to
prescribed increments in ratings of perceived exertion (4.36 £ 0.59 L'min'; 13.0 + 8.4
kJ). In study 3, the Vormax and Wscp were also not different across a 3 min all-out

1

cycling test (4.10 £ 0.79 L'min"; 16.5 + 4.0 kJ), cycling at a constant work rate

predicted to lead to exhaustion in 3 min until the limit of tolerance (4.20 + 0.77 L-min’’;
16.6 + 7.4 kJ) and a self-paced 3 min work-trial (4.14 + 0.75 L'min™; 15.3 + 5.6 kJ). In
study 4, after completing severe-intensity exercise (>CP) to exhaustion, muscle
homeostasis ([PCr], pH, [ADP] and [P;]) returned towards baseline and subjects were
able to exercise for at least 10 min at a heavy-intensity work rate (<CP); however, when
the work rate was lowered but remained in the severe-intensity domain (>CP), muscle
metabolites ([PCr], pH, [ADP] and [P;]) did not recover and exercise tolerance was
severely limited (39 + 31 s). Finally in study 5, during severe-intensity intermittent
knee extension exercise, the tolerable duration of exercise was 304 + 68 s when 18 s
recovery was allowed and was increased by ~69% and ~179% when the intermittent
recovery periods were extended to 30 s and 48 s, respectively. The increased exercise
tolerance with longer recovery periods occurred in concert with increased Wcp (3.8 +
1.0 kJ, 5.6 = 1.8 kJ and 7.9 + 3.1 kJ for the intermittent protocols with 18, 30 and 48 s
of recovery, respectively) and a delayed attainment of critical intramuscular metabolite
concentrations ([PCr], pH, [ADP] and [Pi]). Therefore, the results of this thesis
demonstrate that fatigue during various high-intensity exercise protocols is influenced
by the capacity to complete work above the CP (W’) and that W' depletion is linked to
the attainment of V' oymax and the attainment of critical levels of intramuscular [PCr], pH,
[ADP] and [P;]. These findings suggest that the CP model can be adapted to predict the
degree of metabolic perturbation and exercise performance across a range of exercise

settings in humans.
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Chapter 1: Introduction 1

Chapter 1 Introduction

Human locomotion is driven by the contraction of the skeletal muscles. Skeletal muscle
contraction is an active mechanical process and, as such, the repeated muscle
contractions that occur during exercise depend on a continuous energy supply. The
release of chemical energy from the hydrolysis of intramuscular adenosine triphosphate
(ATP) is coupled to the mechanical process of skeletal muscle contraction; however,
intramuscular ATP stores are finite and rapidly depleted as the muscles contract. If the
rate of muscle ATP turnover fails to meet the energetic demands of muscle contraction,
muscle contractions become prohibited and exercise is terminated. Fortunately, skeletal
muscles possess a number of diverse ATP resynthesis pathways that are able to sustain

muscle contractions during exercise.

In general, ATP can be resynthesised through metabolic pathways that operate
independent of oxygen (O,), which are collectively referred to as anaerobic metabolic
pathways, and through a metabolic pathway that is dependent on O,, termed oxidative
metabolism. The principal anaerobic metabolic pathways include the ATP-PCr system
and anaerobic glycolysis. Following the onset of exercise there is a rapid decline in
muscle phosphocreatine (PCr) owing to the catalytic activity of the creatine kinase (CK)
enzyme. Chemical energy liberated during PCr hydrolysis is used to resynthesise ATP
with a 1:1 stoichiometry. The anaerobic catabolism of glucose also proceeds rapidly
after exercise commences with 2 molecules of ATP resynthesised from each molecule
of glucose that undergoes anaerobic glycolysis. However, while PCr hydrolysis and
anaerobic glycolysis can resynthesise ATP very rapidly, these anaerobic metabolic
pathways are limited in capacity since they rely on finite metabolic substrates (PCr and

glycogen). Significant dependence on the ATP-PCr system and anaerobic glycolysis
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also results in accumulation of metabolic by-products, adenosine di-phosphate (ADP),
inorganic phosphate (P;), and hydrogen ions (H"), which perturb the intramuscular
milieu and have been purported to interfere with the process of muscle contraction.
Therefore, ATP turnover through anaerobic metabolic pathways is capacity-limited and

not sustainable.

Oxidative resynthesis of ATP can utilise both carbohydrate and fat as macronutrient
substrates. In comparison to the anaerobic catabolism of glucose, which promotes the
resynthesis of two ATP molecules, glucose oxidation yields 38 molecules of ATP.
Accordingly, glucose oxidation is a more efficient use of this finite energy reserve.
Moreover, since fat oxidation has a greater ATP yield compared to carbohydrate
oxidation, the capacity for ATP resynthesis is greater through aerobic than anaerobic
metabolism. Another advantage of oxidative metabolism is that its metabolic by-
products, carbon dioxide (CO,) and water (H,O), are easily regulated through
ventilation and osmosis, respectively, such that intramuscular homeostasis is preserved.
Therefore, ATP turnover through aerobic metabolism is not capacity-limited and can be
sustained for a prolonged duration. When the aerobic and anaerobic energy systems are
considered together, a greater proportional energy contribution from aerobic
metabolism, and by extension a lower energy contribution from anaerobic metabolism
at a given work rate, is likely to improve skeletal muscle fatigue resistance and

endurance exercise performance.

The critical power (CP) model of human bioenergetics proposes that two endogenous
energy supply components (CP and W') interact to dictate the limit of tolerance during
high-intensity exercise (Jones et al., 2010; Monod and Scherrer, 1965; Poole et al.,

1988). CP is given by the asymptote of the hyperbolic relationship between power
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output (P) and the Tj;,, during high-intensity exercise, while the curvature constant of the
power-duration hyperbola (W') represents a fixed amount of work that can be
performed above CP (Jones et al., 2010; Monod and Scherrer, 1965; Moritani et al.,
1981) (Figure 1). The extent to which a steady state in oxygen uptake (1'0,) can be
achieved, and thus the extent to which the ATP demand of exercise can be principally
met through oxidative energy turnover, is dictated by the position of the work rate
relative to the CP. When exercising below CP, V70, attains a steady state such that the
reliance on the anaerobic energy reserves is low and muscle homeostasis is maintained,
whereas exercising above CP prevents the attainment of a Vo, steady state leading to
continued increase in ATP turnover through anaerobic metabolism, and perturbation of
the intramuscular milieu, until Ty, is attained (Jones et al., 2008; Poole et al., 1988;
Wagner, 2000). Therefore, the CP of a muscle (or muscular group) in both dynamic
work and isometric exercise is considered to represent the highest sustainable rate of
oxidative metabolism (Hill and Smith, 1993; Monod and Scherrer, 1965; Moritani et al.,

1981).
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The three exercise intensity domains illustrating moderate-, heavy- and severe-intensity
exercise. The moderate exercise intensity domain includes all work rates below the
lactate threshold (LT) or gas exchange threshold (GET), the heavy exercise intensity
domain comprises those work rates performed between the GET and CP, and the severe
exercise intensity domain is given by all work rates performed above the CP that elicit
the Voomax. For severe-intensity exercise, the hyperbolic power-time (P-£) relationship is
described by two parameters: the CP, which is the asymptote for power (during cycling
exercise) or velocity (during running exercise) which theoretically represents the
highest sustainable work rate; and the curvature constant (W’), which indicates the
maximum amount of work (in kJ for cycling or distance for running) that can be

completed above CP (Burnley and Jones, 2007; Jones et al., 2010).
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The W' appears to be linked to ATP turnover through PCr hydrolysis and anaerobic
glycolysis, and the attendant accumulation of intra-muscular (H', ADP, and P;) and
extra-muscular (potassium [K+]) metabolites (Fukuba et al., 2003; Jones et al., 2008;
Monod and Scherrer, 1965; Moritani et al., 1981; Poole et al., 1988; Vanhatalo et al.,
2010). According to the CP model, if an individual exercises at a power output that is
less than or equal to CP, energetic demands can be met principally by aerobic means
such that exercise can continue for a considerable period of time (at least 1 hour).
When power output exceeds CP, however, the rate of aerobic energy supply is
insufficient to meet the metabolic demand and the resultant shortfall must be satisfied
using the capacity-limited W'. Importantly, the development of the Vo, slow
component (a delayed-onset continued rise in V"o, during exercise completed above the
gas-exchange threshold) and the depletion of the W’ occur concomitantly such that the
depletion of a finite capacity for W-cp (W') and the achievement of a reproducible
maximal Vo2 (Voamax) OCCUr consistently when exhaustion ensues during supra-CP
exercise protocols (Burnley and Jones, 2007; Ferguson et al., 2007; Jones et al., 2010;
Murgatroyd et al., 2011; Vanhatalo et al., 2011; Figure 2). These events appear to
coincide with the attainment of some critical level of high-energy phosphate depletion
and/or metabolite accumulation (Jones et al., 2008; Poole, et al., 1988; Wagner, 2000).
Therefore, the tolerable duration of exercise above the CP appears to depend upon the
interaction between the W', the V70, slow component and the V'0ymax (Burnley and Jones,
2007). Accordingly, interventions which delay the attainment of the Voyma, by
reducing the trajectory of the Vo, slow component, would be expected to improve
exercise tolerance by reducing the consumption of the finite anaerobic energy reserves,
the accumulation of fatigue-inducing metabolites and therefore, the depletion of W’

(Burnley and Jones, 2007; Jones and Burnley, 2009). Alternatively, interventions which
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increase the V'0omax might increase W' and thus the capacity to perform work above the

CP and exercise tolerance.
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Figure 2

Derivation of the power-duration relationship from severe-intensity exercise bouts. The
upper panel depicts the Vo, response profiles at different work rates between 85-100%
V0omax, With the end-point V7o, being equal to Vooma in each case. The lower panel
depicts the power outputs plotted against time to exhaustion to show the hyperbolic
character of the power-duration relationship (Burnley and Jones, 2007). Note that the
attainment of the Voymax temporally coincides with the depletion of the W’ and the

termination of exercise.
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Most of our understanding of the CP concept and its mechanistic bases is based on
studies employing constant work rate (CWR) exercise. The extent to which the CP
model is effective at predicting metabolic perturbation (decline of finite anaerobic
substrates and accumulation of fatigue-related metabolites) and exercise performance
when different work rate forcing functions (incremental, intermittent and self-paced
exercise) are imposed is less clear. There are conflicting findings as to whether CP and
W’ estimated from intermittent exercise are similar (and therefore have the same
physiological equivalents) to those measured during continuous exercise (Buchheit et
al., 2008; Kachouri et al., 1996; Morton and Billat, 2004). Moreover, recent data
suggest that the oymax can be increased during a self-paced incremental exercise test
(Mauger and Sculthorpe, 2012), an effect which would be expected to increase the
amount of work performed above the CP (W-cp) and the tolerable duration of exercise.
Understanding whether the CP model is applicable during intermittent and self-paced
exercise is important since human locomotion during tasks of daily living and sporting
competitions is rarely performed at a constant work rate. Therefore the purpose of this
thesis was to test whether the CP model of human bioenergetics is also valid during
exercise where work rate is not held constant. The thesis was also designed to explore
the mechanistic bases of the CP model when applied to different work rate forcing
functions. A premise of the thesis is that, during high-intensity exercise, the W' is
closely related to the fatigue process, irrespective of the work rate forcing function or

degree of self-pacing.
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Chapter 2 Review of Literature

The tolerable duration of exercise appears to be linked to the metabolic response profile
that is exhibited during exercise. The metabolic responses during CWR exercise are
highly predictable depending upon the exercise-intensity domain within which an
individual is exercising with important implications for exercise tolerance (Burnley and
Jones, 2007; Jones and Poole, 2005; Jones et al., 2008; Poole et al., 1988; Whipp and

Wasserman, 1972; Wilkerson et al., 2004).

Exercise intensity domains

Moderate-intensity exercise domain

During moderate-intensity exercise, which comprises all work rates below the gas
exchange threshold (GET), pulmonary Vo, rises in a mono-exponential fashion to attain
a steady state within 2-3 minutes (Whipp and Wasserman, 1972). Consequently, there
is no significant elevation in blood [lactate] and as such moderate exercise can be
tolerated for several hours, with fatigue likely being mediated by glycogen depletion,
muscle damage, increased core temperature and central fatigue (Gonzéalez-Alonso et al.,

1997, St Clair Gibson et al., 2001).

Heavy-intensity exercise domain

The heavy intensity domain comprises all work rates above GET but below CP. It is
also important to note that the maximal lactate steady state (MLSS), defined as the
highest work rate where the increase in blood [lactate] is less than 1 mM between 10
and 30 minutes of exercise (Beneke et al., 2000; Jones and Doust, 1998; Snyder et al.,
1994), is also a measure of the boundary between the heavy and severe exercise
intensity domains (Pringle and Jones, 2002; Smith and Jones, 2001) The fundamental V*

0, Tesponse is supplemented by an additional Vo, slow component at work rates above
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the GET. This Vo, slow component emerges ~ 100-180 s into the exercise bout and is
accompanied by an elevated blood [lactate]. In this intensity domain, the Vo, slow
component and blood [lactate] will eventually stabilise at submaximal values (Whipp
and Wasserman, 1972) and the tolerable duration of exercise is in the range of 20 min -

3 hours.

Severe-intensity exercise domain

Exercise performed above the CP/MLSS is classified as severe-intensity exercise. Here,
both Vo, and blood [lactate] increase inexorably until the peak values are attained
(Astrand and Saltin, 1961; Wasserman and Whipp, 1975; Poole et al., 1988; Gaesser
and Poole, 1996). In this exercise intensity domain, exercise tolerance can be predicted
based on the hyperbolic relationship between power output and time to exhaustion
(Monod and Scherrer, 1965; Poole et al., 1988; Hill et al., 2002). As a result, the

tolerable duration of severe exercise is < 20 minutes (Poole et al., 1988).

Extreme-intensity exercise

Whereas severe exercise leads to fatigue owing to the attainment of the 1 02max, EXtreme-
intensity exercise is characterised by fatigue ensuing prior to the attainment of the
Voomax (Hill et al., 2002). The tolerable duration of exercise within this intensity
domain is typically restricted to <140 s and blood [lactate] may be lower than that
observed immediately post severe exercise consequent to the reduced exercise duration

(Hill et al., 2002).

The focus of this thesis was to explore the physiological bases for severe-intensity
exercise tolerance and performance across a variety of exercise tests and how this

relates to the CP model of human bioenergetics. This review of literature aims to
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outline: 1) the evolution of the CP concept; 2) the components of the CP model of
human bioenergetics and current understanding of the physiological bases for its
constituents; 3) the role of the CP model in predicting the tolerable duration of severe-
intensity CWR exercise; and 4) recent adaptations of the CP model that might permit its

application in different exercise contexts.

The critical power concept: Historical development

In 1925, A.V. Hill characterised the relationship between velocity and world record
times for various athletic events (Hill, 1925). There has been significant interest in the
relationship between work/power/velocity and time since these seminal observations by
Hill (1925) and an overview of key developments that have shaped our understanding of

these relationships is summarised below.

Work-time model

Monod and Scherrer (1965) reported that when a series of exhaustive CWR tests were
performed in an isolated muscle group, there was a linear relationship between work
done (W) and the time to exhaustion (7}im). The slope of the relationship was termed
CP, which the authors defined as and the "the maximum rate (of work) that it can keep
up for a very long time without fatigue", and a ‘fixed energetic reserve’ was indicated
by the y-intercept of the W-Tjiy, relationship (Monod and Scherrer, 1965). Today, CP is
considered as the highest sustainable rate of aerobic metabolism (Hill, 1993; Monod and
Scherrer, 1965; Moritani et al., 1981) and the ‘fixed energetic reserve’ is termed the W'
(Fukuba et al., 2003; Gaesser et al., 1995; Poole et al., 1988; Smith and Hill, 1993).
Many investigations have provided evidence that this work-time model accurately

describes experimental data in cycling (Jenkins and Quigley, 1990; Moritani et al.,
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1981; Poole et al., 1990) and in running (Hughson et al, 1984; Smith and Jones, 2001).

The work-time model in its modern form is given by:

W=CPxT+W Equation 1

Importantly, Equation [ can be used to accurately calculate the best possible
performance time for a given quantity of work after the work-time relationship has been

established and the CP and W' parameters have been derived.

Power-time model

Given that work is a function of time and power output (W = P x T), Moritani et al.
(1981) reasoned that time to exhaustion for any constant power output greater than CP
could be calculated by rearranging the work-time model with T as the dependent
variable. This has been confirmed in several studies that have reported an excellent fit
of experimental data from whole body exercise to a hyperbolic power-time relationship
(Gaesser et al., 1995; Hill, 2004; Hill et al., 2002; Hill and Smith, 1999). The power-

time function is written as:

T=W'/(P-CP) Equation 2

Appreciation of the power-time model is improved if the axes are reversed so that the

time continuum is set along the x-axis (Figure 1).

1/time model
The hyperbolic power-time function can be linearised by setting the power output as the

dependent variable:
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P=W/T+CP or P=W'(1/T)+CP Equation 3

The above function is known as the 1/time model, where the y-intercept represents CP
and the slope of the linear regression indicates the W'. This linearised form of the
power-time relationship has also been shown to provide an accurate fit to experimental
data in several experimental studies (Coats et al., 2003; Miura et al. 2000; 1999; Poole

et al., 1988; Pringle and Jones, 2002).

The 3 min all-out test

It is well documented that the power-time curves are constructed using data obtained
from four or more independent high-intensity constant power exercise bouts for which
the tolerable duration is 2-15 min (Poole et al., 1988). This conventional approach to
the CP and W' is experimentally demanding owing to the completion of 4-5 exhaustive
exercise bouts. Recently, it has been proposed that the CP and W' can be estimated
using a single all-out protocol where the W' is expended as a function of time until W' =
0 and the highest power output that can be sustained at the end of the test approximates
CP. The all-out test power profile is reliable (Burnley, 2006), the variables show close
agreement with the estimates from the conventional protocol (Vanhatalo, 2007;
Vanhatalo, 2008) and the test can be used to accurately predict exercise tolerance
(Vanhatalo, 2011). The CP derived from the all-out test is also sensitive to a change

after high intensity interval training (Vanhatalo, 2008).

Therefore, CP and W' can be determined from a variety of different exercise testing

protocols.
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Critical power as a physiological and performance threshold

In a landmark study, Poole et al. (1988) examined pulmonary gas exchange and the
blood [lactate] response during CWR cycling exercise at CP and 5% above CP. The
authors found that Vo, and blood [lactate] response profiles stabilised at submaximal
values and exercise could be tolerated for at least 24 min without fatigue during
exercise at CP. However, for exercise just 5% above CP, V70, rose inexorably to ¥ 0ymax
and blood [lactate] increased progressively until the subject was unable to continue the
exercise task (Poole et al., 1988). More recently, Jones et al. (2008) showed using >'P-
magnetic resonance spectroscopy (*'P-MRS) that when CWR exercise was performed
slightly above CP, intramuscular [PCr] and pH continued to decrease, and [Pj]
continued to increase, until the Ty, was reached. During exercise performed just below
the CP, however, stable values for [PCr], pH and [P;] were attained within 3 min of the
start of exercise and exercise could be tolerated for at least 20 min without fatigue
(Jones et al., 2008). Taken together, these findings demonstrate that the CP separates a
range of work rates that elicit the Voomax, critical intramuscular metabolite
concentrations, and reduced exercise tolerance (severe-intensity exercise) from a range
of work rates that elicit stable and submaximal values for Vo, and intramuscular
metabolites and can be well tolerated (heavy-intensity exercise) (Poole et al., 1988;

Jones et al., 2008; Jones et al., 2010).

The critical power concept: A two parameter model

A.V. Hill and Otto Meyerhof were the first to demonstrate that both aerobic and
anaerobic energy sources were utilised to fuel high-intensity skeletal muscle
contractions, and they were awarded the Nobel Prize for Physiology and Medicine in
1922 based on this work. The CP concept extends the pioneering work of Hill and

Meyerhoff by describing how aerobic and anaerobic energy sources interact to
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determine the tolerable duration of exercise. Indeed, the CP concept describes an
endogenous bioenergetics supply system that can be defined by a two-parameter model;
i.e., an aerobic component that is rate- but not capacity-limited (CP), and a
supplementary component linked to anaerobic metabolism that remains constant
regardless of the rate at which it is expended (W') (Jones et al., 2010). The CP model
proposes that when an external power output exceeds CP, the rate of aerobic energy
supply is insufficient to meet the metabolic demand and the resultant shortfall must be
satisfied using the capacity-limited W' with exhaustion occurring when W' is
completely expended. While it is accepted that the CP is determined by oxidative
metabolism, the mechanistic bases for the W' (a fixed amount of work that can be
completed above CP) are not entirely understood (Jones et al., 2010). Evidence to
support the dependence of the CP on oxidative metabolism is provided by observations
that CP is lowered when exercising in hypoxia (Moritani et al., 1981), and increased
when exercising in hyperoxia (Vanhatalo et al., 2010). The W' parameter has
traditionally been considered to represent a fixed anaerobic energy reserve (Monod and
Scherrer, 1965; Moritani et al., 1981) and observations that W' can be lowered with
glycogen depletion (Miura et al., 2000) and might be increased with creatine
supplementation (Miura et al., 1999; Smith et al., 1998) support this notion. However it
has recently been argued that, since PCr hydrolysis (Rossiter et al., 2001, 2002) and the
accumulation of anaerobic metabolic by-products (ADP, P;) have an important role in
signalling oxidative phosophorylation (Chance and Williams, 1955; Balaban, 1992;
Brown, 1992; Bose et al., 2003), and since O, bound to muscle myoglobin and
haemoglobin in venous blood are also considered to contribute towards W’ (Miura et
al., 1999, 2000; Monod and Scherrer, 1965; Moritani et al., 1981), classifying the CP
and W' as discrete aerobic and anaerobic processes is an oversimplification (Jones et al.,

2010). Therefore, while W' appears to be linked to ATP turnover through PCr
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hydrolysis and anaerobic glycolysis, and the attendant accumulation of intra- (H", ADP
and P;) and extra-muscular (potassium [K']) metabolites (Fukuba et al., 2003; Jones et
al., 2008; Monod and Scherrer, 1965; Moritani et al., 1981; Poole et al., 1988;
Vanhatalo et al., 2010), further research is required to define the mechanistic bases for

the W'.

Factors influencing the critical power model of bioenergetics

Vo, slow component

During exercise performed above the GET, the Vo, response during exercise is
complicated by the emergence of the Vo, slow component. It has been established that
the Vo, slow component is of delayed onset (Barstow and Molé, 1991; Paterson and
Whipp, 1991) and results in the Vo, steady-state being delayed (heavy-intensity
exercise) or unattainable (severe-intensity exercise) (Whipp and Wasserman, 1972;
Barstow and Mol¢, 1991; Paterson and Whipp, 1991). Since the development of the
o, slow component and the depletion of W' have been reported to occur in synchrony
during severe-intensity exercise (Burnley and Jones, 2007; Ferguson et al., 2007), the
response characteristics of the Vo, slow component is likely to have important
implications for the tolerable duration of severe-intensity exercise. It has been shown
that approximately 86% of the pulmonary Vo, slow component can be ascribed to
processes intrinsic to the contracting musculature (Poole et al., 1991). The Vo, slow
component has been linked to alterations in muscle fibre recruitment since it is
negatively correlated with the % of type I muscle fibres (Barstow et al., 1996), it can be
associated with changes in EMG (Shinohara and Moritani, 1996; Saunders et al., 2000;
Borrani et al., 2001; Perry et al., 2001; Burnley et al., 2002; Osborne and Schneider,
2006; DiMenna et al., 2008; Layec et al., 2009; DiMenna et al., 2010) and it is observed

during exercise which recruits type II muscle fibres but not during exercise that only
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recruits type I muscle fibres (Krustrup et al., 2004). Moreover, the Vo, slow component
is accompanied by an increase in ATP turnover rate (Bangsbo et al., 2001, reflective of
a progressive lowering of muscle contractile efficiency as exercise proceeds) and
greater rates of glycogen utilisation (Krustrup et al., 2004), PCr utilisation (Rossiter et
al., 2001, 2002) and muscle metabolite accumulation (Bailey et al., 2010; Vanhatalo et
al., 2010). Therefore the Vo, slow component is accompanied by muscle metabolic
perturbation and these parameters appear to reflect the rate of W' utilisation and, by
extension, the capacity to complete severe-intensity exercise. In the severe-intensity
exercise domain the Vo, slow component is set on a trajectory that results in the
attainment of the Voymax (Whipp and Wasserman, 1972; Barstow and Molé, 1991;
Paterson and Whipp, 1991) and it has been suggested that the attainment of the ¥ 0pmax
and the complete depletion of the W' are temporally concomitant (Burnley and Jones,
2007; Ferguson et al., 2007). Accordingly, interventions that blunt the development of
the Vo, slow component and/or increase the Voymax Would be expected to improve

severe-intensity exercise tolerance by delaying W' depletion.

Maximal Oxygen Uptake

In 1923, Hill and Lupton studied subjects running at increasing speeds on an outdoor
track and observed that oxygen intake rose steadily as speed was increased, attaining a
maximum “beyond which no bodily effort can drive it” (Hill, 1923; Hill, 1924). This
‘maximal oxygen uptake’ (¥ 0ymax) has since been defined as the highest Vo, (i.e., rate of
O, consumption), averaged over a 15- to 30 s period, which is attainable for a given
form of exercise, as evidenced by a failure of Vo, to increase further despite an increase
in power output (Wasserman, 1994). Historically, V" oxmax has been considered to reflect

the limits of the human cardio-respiratory system to transport and utilize O, and it has,
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therefore, become a cornerstone of experimental, clinical and applied exercise

physiology (Wasserman, 1994).

It is sufficient to say that the central process which determines V 0omax 18 dependent upon
pulmonary, cardiovascular and haematological functional capacities. According to
Fick’s formula, Vo, is determined by two processes: central (oxygen transport) and

peripheral (tissue oxygen extraction):

Vo2 = Qx C(a-V)0, Equation 4

Systemic oxygen uptake can be expressed mathematically as the product of cardiac

output (Q) multiplied by arteriovenous oxygen concentration difference (C(a-v)O,;
Equation 4). At maximal exercise, the V"o, will reach its highest level (V02max) Which is
governed by maximal cardiac output and maximal arterio-venous oxygen concentration

difference (Wasserman, 1994):

V02max = Qmax X C(a-V)O2max Equation 5

It is generally considered that Q and CaO, are the main factors determining V"0ymax
(Saltin and Strange, 1992; Wagner 2000; Gonzalez-Alonso and Calbet, 2003), but see

Spurway et al. (2012) for other considerations.

The exercise protocol used to measure V' oomax has developed from a discontinuous series
of bouts at different constant power outputs (Hill, 1923; Taylor, 1955) to single
incremental or ramp exercise tests (Davis, 1982, Whipp, 1981). These latter tests

sometimes include a ‘verification phase’ in which a power output which is higher than
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the peak power output attained during the incremental test is subsequently sustained for
as long as possible (Midgley, 2007; Rossiter, 2006). Evidence has been presented that,
for a given mode of exercise, Voomax 18 reproducible across different maximal-effort
testing protocols (Bogaard, 1996; Davis, 1982; Takaishi, 1992; Zhang, 1991).
Intriguingly, however, Mauger and Sculthorpe (2012) have recently reported that self-
paced incremental cycling using ‘clamps’ of ratings of perceived exertion (RPE), i.e.,
five two-min stages during which subjects incremented the power output according to a
prescribed RPE, resulted in the attainment of higher peak V"o, compared to a traditional
Vo2max protocol in which power output increments were applied in a strictly linear
fashion (40 + 10 vs. 37 = 8 mlkg'min”', respectively). The authors suggested that
allowing subjects the ability to regulate power output in an anticipatory manner enabled
them to reduce the influence of afferent signaling on the perception of discomfort and
thereby avoid termination of the test before a ‘true’ Voamax could be attained (Mauger
and Sculthorpe, 2012). The authors also suggested that this greater level of subject
autonomy in selecting power output and pacing the maximal effort might allow for
increased or ‘more efficient’ muscle fiber recruitment; however, they did not assess
muscle activation using, for example, electromyography (EMG) and so were unable to
confirm this possibility. The authors observed a ~15% increase in peak power output
during the self-paced test compared to the conventional incremental test and speculated
that the protocol allowed for this higher peak power output (and the increased Vo, that it

may require) to be achieved at the same level of discomfort.

It is well known that the peak Vo, attained during incremental exercise may be
influenced by the total duration of the test. It has been suggested that incremental tests
lasting longer than 12-14 min may result in lower peak Vo, values (Astorino, 2004;

Yoon, 2007). The reason for this discrepancy is unclear, but might be linked to an
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inability to reach the same absolute power output during longer tests and also to
differences in fatigue mechanisms (Astorino, 2004; Jones, 2010; Yoon, 2007).
Interestingly, in the study by Mauger and Sculthorpe (2012), the mean test duration in
the conventional incremental test was ~30 % longer (i.e., ~13 min) than the self-paced
test (i.e. 10 min). It is possible, therefore, that test duration contributed to the higher
peak Vo, measured in the self-paced test compared to the conventional test (Mauger and
Sculthorpe, 2012). However, if the peak Vo, can indeed be increased in a self-paced
incremental test compared to a duration-matched ramp incremental test this would be

expected to increase the W’ (Burnley and Jones, 2007; Ferguson et al., 2007).

Pacing strategy

It has been shown that variations in pacing strategy can influence exercise performance
during high intensity exercise. Indeed, exercise performance is enhanced with an all-
out or positive pacing strategy (Bailey et al., 2011; Bishop, 2002; De Koning, 1999;
Foster et al., 1993; Jones et al., 2007), but not with a negative pacing strategy (Bailey et
al., 2011; Jones et al., 2007). Importantly, the studies of Jones et al. (2007) and Bailey
et al. (2011) used the CP model to predict a work rate at which the subjects would be
expected to complete a fixed amount of work over a 3 min period. Given that the fast-
start pacing strategy used in these studies resulted in more work being completed than
predicted by the CP model, this suggests that pacing strategy might influence the CP
model of bioenergetics and thus performance in severe-intensity exercise tasks. The
study by Bailey et al. (2011) also showed that the fast-start strategy allowed V" oomax t0
be attained while the even-start and slow-start conditions did not. Given the
relationship between V'oomax and W', this suggests that the capacity to complete supra-
CP work might be greater with a fast-start pacing strategy. During competition,

exercise is self-paced and this is an important aspect of athletic performance (Foster,
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1993) which allows the athlete to alter the power output responses during exercise when
physiological homeostasis is challenged (Lander et al., 2009; St Clair Gibson et al.,
2006). Pacing strategies vary according to event duration and an athlete's level of
experience, but are believed to reflect an attempt to optimize performance without
incurring premature or intolerable challenges to homeostasis (St Clair Gibson, 2006).
Interestingly, there is evidence to suggest that self pacing reduces the metabolic stress
associated with a given performance (Lander et al., 2009). For example, it has been
shown that allowing subjects to self pace at a fixed rating of perceived exertion (RPE)
enabled them to complete a 5000 m rowing bout in the same amount of time, but with
less physiological perturbation (reductions in blood lactate, core temperature and
1IEMG), compared to enforced-pace CWR exercise where the same mean power output
was maintained (Lander et al., 2009). This suggests that, once the ability to self-pace
has been denied, the metabolic challenge would more rapidly lead to the attainment of
maximal values (Lander et al., 2009). If correct, the amount of work performed above
the CP and the peak V"o, might be enhanced during self-paced exercise relative to CWR

exercise.

Intermittent exercise

It has been suggested that once W' has been exhausted and the Tj, attained during
supra-CP exercise, the work rate must be reduced below the CP in order for W' to be
reconstituted and for exercise to be continued (Coats et al., 2003). Coats and co-
workers (2003) asked subjects to complete severe intensity CWR to Ty, (attained in
around 6 min), and then immediately reduced the work rate to 80% GET, 90% CP, or
110% CP; the subjects then attempted to complete 20 minutes of exercise. It was
reported that all six subjects completed the 20 min target time at 80% GET, only two
subjects completed the 20 min target time at 90% CP (mean + SD exercise time: 577 +

306 s), while none of the subjects completed the 20 min target time at 110% CP (mean
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+ SD exercise time: 30 = 12 s). The authors interpreted these findings to suggest that
the W’ recovers in an intensity-dependent manner following supra-CP exercise with
important implications for exercise tolerance (Coats, 2003). The physiological profiles
during intermittent exercise have been much less well examined than constant work rate
exercise. It is possible that the tolerable duration of intermittent exercise is a function
of the exercise intensity and thus the potential for W' reconstitution in the recovery
interval.  Similarly, enhancing the duration of the recovery interval separating
intermittent exercise bouts would be predicted to extend the tolerable duration of
intermittent exercise by enhancing W’ resynthesis between the work intervals.
However, there are conflicting findings as to whether CP and W' estimated from
intermittent exercise are similar (and therefore have the same physiological equivalents)
to those measured during continuous exercise (Buchheit et al., 2008; Kachouri et al.,
1996; Morton and Billat, 2004). Further research is required to assess how
manipulating the exercise intensity and recovery duration of the ‘recovery’ periods
during intermittent exercise impacts on W' resynthesis, exercise tolerance, and the

metabolic bases for any changes in these variables.

Application of the critical power model during different work rate forcing
functions

The majority of studies have employed the CP model as a tool to successfully predict
the tolerable duration of severe-intensity CWR exercise. To what extent the CP model
is effective in predicting the tolerable duration of exercise when a different pattern of
work rate imposition is applied is less clear. It has been proposed that the CP model can
be used to predict the time to exhaustion in ramp exercise using the equation developed

by Morton (Morton, 2011; for review):
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t = CP /S + sqrt(2W'/S) Equation 6

Where ¢ is the desired time-to-exhaustion on a ramp incremental exercise test and S is

the ramp slope (Watts/s).

In addition, Morton and Billat (2004) have adapted the two-parameter CP model for
intermittent exercise by including four independent variables (P and ¢ during both work
and recovery phases) during intermittent exercise (Equation 7). This suggests that the
CP model might also be appropriate for predicting the tolerable duration of intermittent

exercise.

t = n(ty+4)+[W'-n {(Py—CP)ty—(CP-P)t}]/(Py-CP) Equation 7

Where ¢ is total endurance time, n is the number of completed work/recovery cycles, ¢,
and ¢ are the durations and P, and P, are the power outputs of the work and recovery

intervals, respectively.

The recent development of these models is important since investigations can now be
conducted to determine whether the CP model is also applicable during exercise tests
employing methods of work rate imposition other than CWR exercise. These models

have received limited empirical research attention to date.
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Summary

The tolerable duration of severe-intensity CWR exercise is a hyperbolic function of the
administered work rate. The asymptote of this rectangular hyperbola is the CP and the
curvature constant is W', the latter representing a fixed amount of work that can be
completed above CP during severe-intensity CWR exercise. In the severe-intensity
exercise domain (work rate >CP) W' is depleted in synchrony with the development of
the Vo, slow component, the depletion of the finite anaerobic reserves (PCr and
glycogen) and the accumulation of muscle metabolites (H" and P;). Complete depletion
of W’ coincides with the attainment of V' gamax, critically low levels of anaerobic energy
reserves, critically high level of fatigue-inducing muscle metabolites and exhaustion
during severe-intensity CWR exercise (Jones et al., 2008; Poole et al., 1988). While the
CP model is effective at predicting the degree of metabolic perturbation and the
tolerable duration of severe-intensity CWR exercise, its effectiveness to predict the
physiological responses and tolerable duration of intermittent exercise and incremental
exercise, and exercise performance during self-paced exercise, is less clear. It has been
reported that the W' recovers in an intensity-dependent manner following supra-CP
exercise (Coats, 2003). However, the intramuscular bases for this intensity-dependent
W' recovery have yet to be investigated. The intramuscular bases for the recovery of
W' during intermittent exercise and the effects of different recovery durations on W’

and exercise tolerance is also unknown.

Aims

The overall purpose of this thesis was to assess the accuracy with which the CP concept
could predict the tolerable duration of intermittent and incremental exercise, and
exercise performance during self-paced exercise, in healthy adult humans. This series

of investigations applied the CP concept to a variety of exercise protocols that employed
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different work rate forcing functions to test the effectiveness of the CP model to predict
performance and metabolic perturbation, and whether the CP model has application in
tests that better reflect patterns of work rate distribution during sporting competitions.
Where possible, these investigations also attempted to elucidate the mechanistic bases
for alterations in physiological variables through use of techniques such as iIEMG and
3'P_MRS. The overarching hypothesis is that ‘exhaustion’ attained during any type of

high-intensity exercise comes about via the depletion of W'.

The specific aims of this thesis are as follows:

1) To investigate the effectiveness of the CP model to explain the physiological and

performance responses during intermittent high-intensity cycling exercise.

2) To compare the peak Vo, attained and W-cp completed during self-paced incremental
cycling test at fixed rating of perceived exertion (RPE) to the Vormax and Wscp

completed in a duration-matched enforced-pace incremental cycling test.

3) To determine whether W-cp and peak Vo, are similar during exhaustive enforced-
pace CWR exercise, self-paced cycling (SPT), enforced-pace incremental exercise

(INC) and all-out sprint cycling.

4) To investigate the mechanistic bases for the changes in exercise tolerance and the
reconstitution of the W' immediately following exhaustive severe-intensity exercise

during exercise bouts performed at different recovery intensities using *' P-MRS.
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5) To determine the responses of intramuscular phosphate-linked metabolites (PCr, P;
and ADP) and pH during intermittent severe-intensity exercise bouts performed with

different recovery durations were assessed using *' P-MRS.

Hypotheses

This thesis will address the following hypotheses:

1) During exhaustive intermittent exercise in which severe exercise was interspersed
with recovery periods in different exercise intensity domains (severe, heavy, moderate
and light), the W-cp, and therefore the T, would be greatest for light, intermediate for
moderate, and least for heavy recovery condition, while no W' recovery would occur in
severe recovery condition. It was also hypothesized that changes in the overall rate of
W’ depletion during these intermittent exercise protocols would be reflected in changes

to the rates at which Vo, and iEMG increased to the limit of tolerance.

2) The highest Vo, attained and W-cp would be enhanced during self-paced incremental
exercise relative to fixed ramp rate incremental exercise tests continued to the limit of

tolerance.

3) Subjects would achieve the same peak V"0, and complete the same amount of work in
excess of CP at the point at which exercise was terminated in the CWR, INC and SPT
tests. It was also hypothesized that EP and WEP from the 3 min all-out test could be

used to accurately predict T}, for CWR and INC, and performance during SPT.

4) Recovery exercise <CP would be sustained for an appreciable duration without

significant fatigue development after exhaustive exercise and muscle [PCr] and pH
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would be recovered significantly following exhaustion. Moreover, exercise tolerance
would be severely limited during recovery exercise >CP as a consequence of an

inability to recover [PCr] and pH.

5) During exhaustive intermittent exercise in which severe exercise was interspersed
with passive recovery periods of different durations (18 s, 30 s, and 48 s), the muscle
metabolite reconstitution and the total work done above CP, and therefore the T,
would be greatest for long, intermediate for moderate, and least for short recovery

durations.
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Chapter 3 General Methods

General Experimental Procedures

The five experimental Chapters (Chapters 4-8) that comprise this thesis required 272
exercise tests to be conducted. All of the exercise tests were conducted in an air
conditioned exercise physiology laboratory at sea level with an ambient temperature of
21°C. The procedures employed in each of these experimental Chapters were approved
by the University of Exeter Research Ethics Committee prior to the commencement of

data collection.

Subjects

The subjects who volunteered to participate in these investigations were recruited from
the student and staff University community. Subjects were non-smokers who were free
from disease and were not currently using dietary supplements. The subjects were all
recreationally active at the point of recruitment and were familiar with the experimental
procedures used in the study. Subjects were instructed to report to the laboratory in a
rested state at least 3 hours postprandial, having completed no strenuous exercise within
the previous 24 hours. Subjects were also instructed to avoid alcohol and caffeine for
24 and 6 hours, preceding each exercise test, respectively. Each subject underwent
testing at the same time of day (£2 hours) and all subjects were familiarised with the
mode(s) of exercise and experimental procedures prior to the initiation of the

experimental testing.

Informed Consent
Before agreeing to participate in these investigations, subjects were given an
information sheet that provided a detailed description of the experimental procedures

they would be subjected to. The potential risks and benefits of participating in each of



Chapter 3: General Methods. 28

these investigations was also clarified in the information sheet and subjects were
informed that, while their anonymity would be preserved and their data safely stored,
the data of the group of subjects investigated may be published in academic journals or
presented at national/international conferences. It was also made clear to the
participants that they were free to withdraw from the investigation at any point with no
disadvantage to themselves. Any additional questions or concerns the subjects had were
answered and, provided the subjects were clear and happy with all aspects of the study,

they gave their written informed consent to participate.

Health and Safety

All testing procedures adhered to the health and safety guidelines established by the
Sport and Health Sciences Department at the University of Exeter and great care was
taken to ensure that the laboratory provided a clean and safe environment that was
appropriate for exercise testing of human subjects. Ergometers, trolleys and work
surfaces were cleaned using dilute Virkon disinfectant and all respiratory apparatus was
similarly disinfected according to manufacturers’ recommendations. Experimenters
wore disposable latex gloves during blood sampling and all sharps and biohazard
materials were disposed of appropriately. A proper ‘cool-down’ was provided upon

completion of the requisite exercise challenge.

Measurement Procedures

Descriptive Data

For all investigations, each subject’s stature and mass were measured and these along
with age were recorded prior to the initiation of testing. In all experiments that

employed cycle ergometry, the peak power output and Vooma.x as well as the power
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output and Vo, at the GET were also determined during the preliminary exercise testing

session (as described below).

Cycle Ergometry

In Chapters 4-6 cycle ergometry was the exercise modality employed to investigate the
physiological and performance variables of interest. All these cycle tests were
performed on an electronically-braked cycle ergometer (Lode Excalibur Sport,
Groningen, The Netherlands) which can administer work rate in various functions. The
ergometer functions that were used in the series of experiments that comprise this thesis
include the step, proportional and linear work rate forcing functions. The step function
allows work rate to be increased or decreased, rapidly (1,000 W-s™), from one constant
work rate to another in a stepwise manner for a predetermined duration. This work rate
forcing function was employed during all the step exercise tests of various exercise
intensities. The proportional function allows work rate to increase linearly as a function
of time and this work rate forcing function was employed during the ramp incremental
exercise tests. Both the step and proportional work rate functions administer the
external power output independent of pedal cadence by instantaneously adjusting
flywheel resistance via electrical braking. The linear work rate function, on the other
hand, is a cadence dependent method of work rate imposition and is given by the

following equation:

Linear factor = Power output + Cadence’ Equation 8

In this mode the ergometer imposes a fixed work rate such that the attainment of a

particular cadence will elicit a known power output. This work rate forcing function

was employed during the all-out sprint exercise tests described in Chapter 4-6. The
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ergometer was calibrated regularly by a laboratory technician in accordance with the

manufacturer’s guidelines.

Computrainer cycle ergometry

In chapters 5 and 6, a self-paced test (SPT) was performed on a Computrainer cycle
ergometry system (RacerMate Computrainer, Seattle, Washington, USA), which
provides reliable and valid measurements of power output during self-paced cycling
(Davison et al, 2009). During the SPT, a computer screen displaying the
Computrainer’s software program was placed in front of the subject. This allowed the
subject to watch a computer-projected simulation of themselves and the distance they

had covered as they cycled.

Single-legged knee-extension ergometer

The exercise tests described in Chapter 7-8 were conducted in the prone position, with
subjects secured to the ergometer bed via Velcro straps at the thigh, buttocks, lower
back and middle back to minimise extraneous movement. The ergometer consisted of a
nylon frame secured on top of the bed close to the subject’s feet and a base unit placed
at the distal end of the bed. The subject’s right foot was connected to a rope running
along the top of the frame to the base unit, on which a mounted pulley system permitted
brass weight plates to be lifted and lowered. Exercise was performed at the rate of 40
contractions'min”, with the subject lifting and lowering the weight over a distance of
~0.22 m in accordance with a visual cue presented on a monitor and an audible cue
timed to the bottom of the down stroke. A shaft encoder (type BDK-06, Baumer
Electrics, Swindon, UK) was fitted within the pulley system to record the distance

travelled by the load, alongside a non-magnetic load cell (type F250, Novatech
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Measurements, St Leonards-On-Sea, UK) to record applied forces, which were then

used to calculated the work rate.

Pulmonary Gas Exchange

In Chapters 4-6, pulmonary gas exchange and ventilation were measured breath-by-
breath during all laboratory exercise tests. This analysis was performed using a
metabolic cart system that comprised of a bidirectional “TripleV” digital transducer and
differential paramagnetic (O,) and infrared absorption (CO,) analysers (Jaeger Oxycon
Pro, Hoechberg, Germany). Irrespective of the gas analysis system utilised, the gas
analysers were calibrated before each test with gases of known concentration and the
volume sensor was calibrated using a 3-liter syringe (Hans Rudolph, Kansas City, MO).
During all tests subjects wore a nose clip and breathed through a low-dead-space, low-
resistance mouthpiece that was connected securely to the transducer. Gas was sampled
continuously via a capillary line and Vo,, carbon dioxide output (V"co,) and minute
ventilation (Vg) were displayed breath-by-breath on-line following correction of the
delay between the volume and concentration signals for each breath. Following the
completion of each test, raw breath-by-breath gas exchange and ventilation data were

exported for later analysis.

Heart Rate

During all exercise tests except for those conducted within the magnetic resonance
scanner, heart rate (HR) was measured every 5-s average using short-range
radiotelemetry (Polar S610, Polar Electro Oy, Kempele, Finland). After all tests, raw

HR data were exported for later analysis.
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Electromyography

During the exercise tests conducted in Chapters 4-6, the surface electromyography
(EMG) of the m. vastus lateralis of the right leg, was measured to assess the gross
neuromuscular activity and infer muscle activation during exercise. For these
measurements, the leg was initially shaved and cleaned with alcohol around the belly of
the muscle and graphite snap electrodes (Unilect 40713, Unomedical, Stonehouse,
Great Britain) were adhered to the prepared area in a bipolar arrangement
(interelectrode distance, 40 mm) with ground electrodes positioned on nearby tissue.
Elastic bandages were used to secure electrodes and wires in place and pen marks were
made around electrodes to enable precise placement reproduction on subsequent tests.
The EMG signal activity was recorded using a ME3000PB Muscle Tester (Mega
Electronics Ltd., Kuopio, Finland) at a sampling frequency of 1,000 Hz. The bipolar
signal was amplified (amplifier input impedance > 1 MQ), and data were collected
online in raw form and stored on a personal computer using MegaWin software (Mega
Electronics). The raw electromyographic data were subsequently exported as an ASCII
file and digitally filtered using Labview 8.2 (National Instruments, Newbury, UK).
Initially, the signals were filtered with a 20 Hz high-pass, second-order Butterworth
filter to remove contamination from movement artifacts. The signal was then rectified
and low-pass filtered at a frequency of 500 Hz to produce a linear envelope. iIEMGyax
was defined as the highest 1-s value. Mean iIEMG was calculated for 10-s intervals
throughout both the baseline and exercise periods and these values were normalized to
the iIEMGy,ax that preceded the bout. Baseline iEMG was defined as the mean iEMG
during the 90-s preceding the onset of exercise and end-exercise iIEMG was defined as

the mean iEMG during the final 10-s of exercise.
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Blood Lactate Concentration

During all exercise tests for each experimental condition in Chapters 4-6, a fingertip
blood sample was obtained to determine the whole blood [lactate]. Prior to drawing the
initial sample for the exercise bout, the sampling site was cleaned thoroughly with
alcohol and a disposable safety lancet (Safety-Lanzette, Sarstedt) was used to puncture
the skin. For all samples that were subsequently drawn from this puncture, initial drops
of blood were wiped away and ~ 20-25 uL of free-flowing arterialised blood was
collected into a heparinised microvette (Microvette CB 300, Sarstedt) and analysed
using an automated blood lactate analyser (YSI 1500, Yellow Springs Instruments,
Yellow Springs, OH, United States). The analyser was calibrated regularly by a

laboratory technician in accordance with the manufacturer’s guidelines.

Maximal Voluntary Contraction (MVC)

For the assessment in Chapter 4, subjects sat on an isokinetic dynamometer (Biodex
Isokinetic, Biodex Medical Ltd., UK) with their hips, thighs and torso strapped securely
to the seat and their right lower leg strapped securely to the movement arm. The seat
was positioned such that the subject’s hip angle was 100° and the movement arm was
set such that their knee angle was fixed at 120° (anatomical joint angle; i.e., full
extension = 180°). From this position, subjects performed three maximal isometric
knee extension contractions of 5 s duration separated by 60 s recovery. The contraction
that elicited the highest peak torque was considered the maximal voluntary contraction
(MVC). The iIEMGp,x for each bout was considered as the highest 1-s value attained
during the preceding MVC and iEMG data collected during the subsequent cycling bout

were normalized to this value.
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Exercise Tolerance

In Chapters 4-6 exercise tolerance was assessed by the time to the limit of tolerance
(Tiim) during cycle exercise. During these tests Tji, was defined as the point at which
the participant’s cadence (a preferred value between 80-90 rev'min”' that was to be held
constant during the exercise) dropped by more than 10 rpm despite strong verbal
encouragement to continue. Exercise tolerance was determined during one-legged
knee- extension exercise in Chapters 7 and 8, Tji, was taken as the time at which the
participants were no longer able to keep pace with the required contraction frequency
(40 repetitions'min™). Again strong verbal encouragement was provided throughout the

test.

31Ph0sph0rous Magnetic Resonance Spectroscopy

Intramuscular metabolic responses to exercise were measured in vivo using
3'Phosphorous Magnetic Resonance Spectroscopy ('P-MRS) in Chapters 7 and 8.
During these tests, subjects were positioned in the prone body position within the bore
of a 1.5-T superconducting MR scanner. Prior to and during exercise, data were
acquired every 1.5 s, with a spectral width of 1500 Hz, and 1000 data points. Phase
cycling with four phase cycles was employed, leading to a spectrum being acquired
every 6 s. The subsequent spectra were quantified via peak fitting, assuming prior
knowledge, using the jMRUI (version 3) software package employing the AMARES
fitting algorithm. Spectra were fitted assuming the presence of the following peaks: P,
phosphodiester, PCr, a-ATP (two peaks, amplitude ratio 1:1), y -ATP (two peaks,
amplitude ratio 1:1) and S-ATP (three peaks, amplitude ratio 1:2:1). In all cases,
relative amplitudes recorded during exercise were corrected for partial saturation by
obtaining a baseline spectrum before exercise with long repetition time (TR = 20 s) in

which the relative unsaturated peak amplitudes could be determined. Intracellular pH
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was calculated using the chemical shift of the P; spectral peak relative to the PCr peak

(Taylor et al., 1983).

Testing Procedures

Information on the testing procedures applied is provided in the specific chapters.
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concept.
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METHODS
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fimuous mamped incresse in work rate of 30 Womin ' until
thi subject was unshle 1o contioe, e subpects oyeled ol 2
cudence of B0 mm, and 1ests were tenminaled oo voliwnal
fabigue or when the regquired pedal rabe could no longer be
mamtsiried (1., fell by =10 mm). Pesk power output (£, )
was recarded, und VO dain were averaged into 10-5 bins,
Wllapeas s defined as the highest -5 rolling mean value
recorded, The GET was determined from 10- bin seriul
i from a chuster of mensures mehadmg 1) the Gsi dis-
propomiinste increase n carbon dioside autput (VOO
from visual irspection of mdvidual plits of YOO, versus
Vi, 29 an increase i PV, (P, expiratory ventilation)
with no increase in VgNC O, and 3 an inerease in end-tidul
O temsion with ra fall in end-tidal €O tersion (39, The
pwer ouiput comespending t the metabolic mie o which
GET occurred (Fopr) was estmiated wilh aceount taken of
the mean resporse me of the VO, regomse, which was
asstmned i approximate 4 5,

The Fanin all-ne test began wih 3 min of “unksaded”
(e 0 W) baselime pedaling at 80 o, followed by g 3-min
all-out effort (43, Subjects were psked o pecelerate their
cudenee fo ~ 1 I0-120 mm during e last 5 5 of the hase-
Ime period. The resistance an fhe pedals during the 3-min
all-oui efforl was sel wing the liver mode of te Lode
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Excalibur Sport ergometer such that the subject would at-
b the power outpul halfiway between Frpp amd P
(e above) om neaching their prelered calence (linear face
bt = preswerpreferred cadence”). The prefirmed cadence was
R0 mpen for all subjects i s siudy. To prevent pacing,
subjects were nod informed af the elapsed fime. To ensure
i oll-out effon, subjecis were instracied to atiain their
peak prwer outpud ns quickly as possible from the start of
v terst sl b maimiain theer cademce as high as possible a1
all toimes, thsrowghou, The ‘;‘1]:“,-,_ disring the 3-min afl-oui
st wans dlefioed s the hughest 155 senal mean value re-
eordedl during the bout, The CF wis estimated os the mean
power gutput during the final 30 s of the test (EP) and the B
wis estimated og the power-time inbegral sbove EF iming
eommercially availsble software (Mictosofl Escel. 00T,
Microsoll Corp., Bedmond, WAS

The power outpul tat weauld be predicved to lead Lo ex-
hiwstion 0 & min (Fg) was dben caloalied fom ibe -
lvwimy equiticn:

B P i)+ P il

where P is the peower QUL fioin 15 the desited fime-lo-
exhamstion (e, 360 ), CTis the enticol power (esiimeated
s EF im the all-out test), and 7 is the finite work capacity
CF b joubes (estimated a5 work done obave EP),

Suibjects etimmed 10 the sboratory an five accastons Lo
perfimn the CWR and miemitent exervise tesis (Fig 1)
Subjects cyeled ot 5 cadence of 80 pm during all iess,
The severe CWR bout (5-CWR) began with 3 min of 0-W
buselime cycling after which work rate wos abnaptly in-
ereased o Py Subjects wene instmcted 10 continue for &
g e parssable, md the fest was tenmmated when cadimee
fiekl by = 10 rpn, For the mienmsien) exercise bouls, subjects
completed four dilferent exercise protocols m which 60 4
of exercise 3l & severe work maite was separsied by 30 s of
exercise at bower (“recovery™) work migs (Fig. 11 In each
case, the fest begon with the same baseline cycling period

I
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03 5-CWE and was contimesd uniil cadence fell by =10 rpm.
All mitermiitent exenise lests dnchided “work™ nlervaly
pecfommied a1 & severe work rate al Py (Le, B+ 530% Ay
where A: = B — CPF), However, the work rsies dunmg the
“recovery " inbervals were vared for the four conditions &
subjects cveled al either a lower severe work mte of Fy-
fie, Po — 30% Aa). & beavy-intensity work mie halfway
hetween F.:.j:r and CP (e, m F-:,|-| + 3% |1|. whene -"|| =
the rage of wirk rabes betweer Py and CF), o mioderate-
bty work rabe (X086 Fropr), o o Bight work rae of 20W,
These four inlermitlent éxercee bouls were destenated
8-3, 5-H, 5-M, und 5-L, respectively, Subjerts wene not
infirmned of the work wies, the elapsed fime, the expecied
fime-o-gxhaustion, or their performance in amy of ihe test
uritil the entirg study had been comphetad.

Hefiorer b CWIR amd trlenmitient exercise lests, the nght leg
wans shived sl clened with aboohol aroud the belly of the
Ptz yasties luers, arsd graphiie srap elecinadis (Untlect
Uromecheal Lid.. Derside, LK) wene adhenad o the preqmed
arest i bpolar amangerent (misrebtmde distance =40 mm|
A groumd electrode was positioned on the msculis rechs
fernorts equidistant fiom the active elecimodes. To seeure elee-
brirchess el wres i place and o minbibse movensent durng
cyiclmg, an elohc bandage wis wrapped aound the abpect’s
lew. Pen marks were mude arours] ihe ebectmdes o ensble re-
production of the placement in subsequent fests. For the
pasessment of maximal voluntanye contraction (MY and -
sociaied neumamuscular sctivity (EMG ) subjects sat on am
isokinetic dvnamomster (Biodey lsokinetc; Biodes Meical
Lid,, Shirley, MNew York) with their hips, thighs, and torss
strapped securely la the seat amd thes rght lower bag strpped
secisndy b b movemwnt am. The sent was positioned such
tiid the suhpedt’s bip angle was D, s the movemenl ami
wis set such that their knge anghe was fived & 130 (anu-
tomical joint anghe; i, full extension = [80°), From this
pociion, subjects perfarmed thres masimal isometnic knee
extenson eonfractions of 3 & in durstion separaied by 6 5 of
recenvery. The contraction that ebeiied the highest peak tongue
wits vemadlened the MVC, Once tlos tesimg was complied, 15
mu of vest wis allowed hefime begmnmyg the exhosdive oy
e firg boists

Measurements, During all eycling tests, pulmonary
gus exchangs wis messured breath-by-breath with subjects

?_' § I i wearing a nosé chip and breathing through a fow dead space,
oy § P E JI i:l { b J ::u low-resistance mouthpeece, nd an mmpeller irhme asseni-
U n!. Lol L i 0 — bly {Jaeger Triple V. Erich lJaeger GmbH, Hoechberz,
: Al 1| | | 'I ; i Crermamy), The inspared and expired gas volumes aml ges
=5 1 T | Lo beid cancentration sigmils wers continsusly sampled ot 100 He,
e . i ! : _I b the latter using paramagnetic (0:) and infrared (C0) ana-
f ik tun e byers {Jueger Oncyeon Pro; Exich Jacger GmbH) via a capil-

o 111" ":'i" Mot Endswerclss  lary line conmected b the mouthpieoe, These anobyzers were
i |5

FIGURE |—Sdiiatic of tlic eaporimenial piokel Sulijocs o
plided SUWER coerons baut ani fonr intermittent profecaly in wiksich
il & o svpre evercise was iwerspersed with 2« of grereiae af a bewer
warh, rule in Slercnl evereise istonsiny i (evere, hovy, md-
orate, aml lightl, S dest for Farther detilk

cabibratied bidfiome each vest with pasis ol known concenirstmn,
e e tuerbrine volue tramsducer was calibrated using o 3-L
syrmge (Hars Rudolph, e, Kangas City, MO The valume
and concentrmtion signals wene tme abigned by scomntbing
fuor the delay i cupillary gas fronsit and anakyzer riss time
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rebative 1o the volume sinal. Oxygen uptake, VOO-, and Py
were displaved breaib-by-breath, HR was measured every 5 5
during all bests using shont-range mdiotebemetry | Polar S610;
Palar Elevcimo Ok, kempebe, Finlund),

Charing the CWR ard intermitient exercise desis, EMG
aciryity was recorded wang & MEIDOOPE Muscle Tester
iMeg Elecinomics Lid., Kuip, Finlmd) @ 0 samplmg
frequency of 1000 Hz The bipokr sgnal was amplifed
{armplifier input impedancs: =1 ML), and dats were collsced
online im raw fonm and stored on o personal compuier wsing
Pl Win software (Mem Electronics). The rw EMUG dato
were subsequently exported as an ASCH file snd digmally
filbered using LabView 8.2 (Mational Insrements, Newbury,
LK) Indtially, the sgnals wene filvered with o 20-Hz high-
pise, secomd-order Butterworth filber 1o remove comtaming:
tion from mavement ortifocts, A linesr envelope was then
prosduced via rectification (marsformotion of all signals to
nhsabite values by comverting negative valis 1o positive
wihues) ond low pass (300 Hz) fillering 1o smaoth high-
frequemcy peaks Jeg.. sigmals m the extemal enviromen)
ditected by e ebectrodes). This process moproves the abils
Hy 1o dedect relevant aspects ol e sigral,

[harimg ihie CWR and intermittent exerciss bests, 3 blood
wmple fom a fingertip was collected mfo a capillary fube
during b kst 20 5 of beseline cyeling and within 20 s of ihe
fermimation of exercise, These samples wem immedintely
analyeed b determime Blood [lactie] (Y51 1300, Yellow
Sprngs Istnamenis, Yellow Sprimes, OH),

Data analysis procedures. The iotal wirk done (=
P ) before the himit of tolerance and (b aversie power
output during each of the exercise fesis were calenlated.
Subsequently, muflematically squivalent Finear s for-
matiars of ihe hyperbolic P-Tg, rebatiomship were sed to
determmine two sets of CF and B estimates aceording to the
followmyg equatims {1e, the W-Ty, model ad 17,
oodel, respectively):

W= [CPT ) + " &

= W {1 Tyw)+CP L

wlweme P dmlicates the mean power output durmg the entine
irtal, These paramebers wene abio caleulated wimg ibe ver
sion of the two-parameter mode thai has been wodified for
intermitien| exerciss (171

F= bl +i) + [ = nf i = CPla - CF = B JU0F, - €70 4]

wlneme £ 15 total erdirnee time, o e number of complened
wirk-recovery cycles, ¢, amd ¢, are fle ducations, and P, and
P ke poswer ouitputs of the work and necovery mbervals,
respectively, ® und { over all of the repestal work-recovery
eycles were cumulaied, und then the CP and I parameters
were defived wsing monlinear regression,

To msess the work done sbove CF (F = PT,,. e
pressed m kilojoubes) doning the CWE and mieomitend

exercise bouls, we wed ibe following squations for 5-CWE
(equation 3a), 5-5 {equotion Shy, ond 5-H, 5-M, and 5-L
(equation 3¢

Woer = iP i) - [EFTilf 1000 [f
Woer = I[Pl + (Pic ] — (P Tou /1000 88}

W = (b d = (CT 1 1 1000 %]

whera Ty, & ihe bme-ieexhaustiom, o, s the cumu
Lative time spent during intermittent work intervals, and f,
i5 the eumulative tme sperl duning intermittent recovery
imiervals.

The breath-by-breath VO. dat collected during the
CWE sl intermabient exercise fests wene initially exammed
by encelude ermant breaths coused by coughing, swallewmg,
sighing, ele., and thise values lying =4 S0 fron the kol
peam [five-point il mein) wene removed. The renatne
ing data were subsequently linearly interpolated fo provide
secomid-by-seeond vales, Viwgoe Wis defined as the
mean VIO measured during the firal %0 5 of cvcling before
the onsel of exercise, whereas the endrexercise VO, wis
defined 2 the mean VO, measured during the final 15 % of
exercise. Toestimate e otab O consumaed (L), we used the
second-by-second VIO, datn 10 calculate the VO —time in-
iegral abave huselime for cach experimental comdition up to
18k 5, 300 5 (ibe Jonpest ime thai afl subpects were sble to
reach for all conditiors, ar fhe end of exercise. Haseline
and end-exemcise HE were defimed m the men HIRR meas
sumed dhirin the fmal 15 5 of baselme eycling ad the final
15 & of each vrerclee boul, respecively.

Bocauge of the mizmmitient natune of he evemize et
s i ihiis study, we did noi adempt o formally chameerize
Vi kineiios via comventional modeling procedures. How-
ever, wie did obinin o broad chamcierization of *deloyed-
orset” nespome dyramics by calaubsng e slope of the
VO, respamse sy lmear regression anabysis. The fird 60 5
of data wene deleted 1o remove the influence of the fusdas
meental reponse phese asd, thensafler, VO, values at 90
imtervils (i &, the average YO during the 15 5 befire com-
pletion of each work evcle during imerminent exercise)
weere determined up i the kst completsd eycle (ond 1o end-
etencise Tor SOWIRY and i using e following squation;

Vi, = 4 b |

wheere x5 the time, o s the slope, and b is the y-mtercept
The average tEMG was cabeulated for 1-5 miervals dunmg
the BV and for 1005 inbervals troughout bodb the hase-
fine amd exercise periods of the CWE and migrmilent gxs
ercise fests The IEMO g, in the MVE was considered o
the highest I-5 value, and {EMOG detn collevied during the
subsaquent cycking bout were normalized to this value, The
baselime iEMCr wits defimed s the uveruge IEMG duringg the 50 5
precedng the onset of exercise amd the end-exercise (EML
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wis defined gz the average IEMG during the final 105 of
exereise. W then calou babed the slope of dhe EMU response
durig exensise using 4 sunilar procedure o that already de-
serehed for caleulating the VO shope (see above), However,
(EMC weet averaped during the fisal 105 ol esch work in-
terval e the first work interval was ot excluded from the
fiting window.

Statistical analysis A one-swny  repeatsl-mesomes
ANOWA was used o determing the effects om il relevant
physilogeal and performunce vanables ehicited by the
wirk mbe fumetons for the CWE and et exercise
tests aned the comparisan of Y0y peak between all exerciss
tests, Where the unalysis reveabed o significant differcnie,
individual paired ests were used with LSD i detenning
the origin of such effsct. Al dato ore presented o mean
S0, Statisbcal stgrificancs was sccepled when = .05,

RESULTS

The Vispeai, mesumed durimg the ramp imcremental fest
was 410 ¢ 078 Lomin ™ P g and Psger were 371 1 62 and
105 + 15 W, respoctively. The U1 and W estimiabed Fromi
the 3-mim all-out test were 241 ¢ 59 Woand 210 - 47 k1,
respectively. Thee Vi, mesmed durmg the 3-min all-oul
fist was i < 089 L ': which was nut stgnilicanily
different from the VO, messured during the ramp in-
eremental fest [P = (LI5). The CWR exercise bout (i.e.. Py
was completed at 300 © 60 W, ard the work interval for
the intermittent exerise bouts (ie, Py) was 320 0 6] W,
Thie work rates apphied dirdng the recovery tntervals wene
2700t 589, 173 £ 35,95 £ 13, and 20 + 0 W for 58, 5-H,
S-M, and 5L, respectively. The mean work rabes wene
therefore 309 0 6, 27T 032,251 0 44, and I26 0 41 W fir
55, 5-H, &M, and 8-L, respectively. The mean work
maies for 58 and 5-H were significanily higher than the
CP (P 0031 whereas the mean wark rates for 5-M nd
S-L were ol sigmficamily different from ihe CP,

40

Table | presents physiological vaniobles and T, values
durmg the CWE ond miermittent severe eyveling bouts. Ty,
waes sugmificantly difMerent fm all cases. Specifically, T, was
384 - 48 4 for S-CWER, wa Jower by =~ 15% for 5-5, and
wah bigher by ~d7% for SH, by -~ 1008 for 5-M, and by
=215 for 5-L. The W p wes nof significantly dferent
between S-CWR and 5-5 (~23 kJ) or from the subjects’ B
estimated from the 3-min all-aut test (F = 003), However,
(lsee W op hesanins progressovely greater & (e recovery work
rale wisi redisoed from 5—H o 5-M o 5-L (Tabbe 1), The
endeenercise YO, from the CWR and inlermitient exercige
fests were nof significantly different fom ene anodber or
from the VO values messured durimg the ramp mnere-
menital test or the 3-min all-out test, with the exceplion that
end-euercise VO, was significantly lower for S-L compared
with S-CWE (Table 1) The group mean VO, response
pefilies ame depieted n Figure 2,

A sugmificant reduction n the V0. response slope was
pesent far 5-H, 5-M, and 5-L conmpared wiih hath 5-0W R
and 55, There was no significant difference for totl Oy
conaumed during fhe first |30 or 30 5 of exercise for -5
comipared with 5-CWER; however, the valves for 5-H, 5-M,
aml 5L became progressvely smaller o bodh cases
(Tuble 17, A stmber pattem wis present when O conamed
wiss caleulared 1 endexercie,

Bl [lactaie] and EMO messurements ane alsg pres
sembed in Table |, and group mean iEMOG response profiles
are depicted m Figure 2. There was no significont diffenence
in baseling or end-exercise blood [aciate] or baseline iEMG
betwesn conditions, End-cxervise IEMG wos significontly
[ for 5 l."iﬂl'q'l’ﬂ.l'!d. wilh S=UWI, 55, amd S-H sirel for
S-L oompared with all other condibons; therd was oo sig-
nificanl difference mend-exencis (EMG between S-CWE,
55, ond 5-H, The iEMG slopes showed a progressive de-
eling for 5-H, 5-M, and S-L (Table 1),

The estimates of CP and F* derived from the work-time
midel, the [time model, and the intermitient moded along
wilh the estianstes from the min atl-oul fes ave provided

THELE 1 Selecid physiologicl ewiables and |imil of lolemnes Guning CWR and (plemim | seven-minsdly oelng

S-0wn b2 b2 ] Lo ] 5
Bzira: WA fhaats i ' B FNE] B0 R B 110
End-aumciss KR, i min 18110 8 1l B 1779 175113
Bt V0, [L i) L@ 013 L6 - 018 L 013 106 - 042 bod - 114
Erd-metsd W fLn 1) 15 0% 413-078 410 1 18 404 - 088 18 -0
Siope il e & LA 01 an 06 gt (TERE ) (TR T
Total W, awr 1D s L) CERRY | g5 18 LR BA g LT RS At
Tofad 0% e 3 s L) L RET T s 20 157 25 WA 2
Total ik v 41 R 1 W oRE e AT 2R Tl
Bassdet biod (lackon| (] gz 041 (ERE: bE 02 i1 03
Erit-gamvis lan | Letai] Y 4414 531 9523 50 14 8913
Bz EMG [ EMf g g4 34 g0d Ed a3
Enchaemise (EMG (% (EME e a1 EIRRY Mg g Mo
Sloqin iEME [% (EM gy T TaNEA] 211 1814 4 1F" pe-04° 01 -mgee
Mo, 51 -8 e Bl =7 1 o 750 g 120 - g
W i (ki 2E I 24080 Td 483 16Y 5 R s
* Gpedicaly e fom 508 (P - 1K),
** Spnficaity dflrm) e SCNF e 510 0
*r Gosibcnly omel Fom 55 (P 005,
#en2 Eernlicanlly ciFermnt om S0, 55, ard 5K (0 (0%
#etar emifrartly il fom SCWR, 55, 5K ane (P L)
DI Ossgial Journal of the Amencan Colegs of Spons Medving il e A T PS8 00
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b szmlicantdy lower than 5CWH (7 805,

fior each subpect m Tabke 2. The # values ranged from 0.9
foo 100, from 699 o [ 00, and from 0.95 to 10D for the
work-time model, the [time model, and the interminent
misdel, respeciively, Thers were no sipnificant o iferences
in the CP ar W estimates between the three different pro-
cethures, However, the values for CFF and B wene signifi-
canitly diffenent conimparned i tbase denved wing te 3-mm
all-ouil 1est [ Table 2)

DISCUSSION

The prncipal origimal fnding of this investigation was
il ik W p and lonit of wlemmoe durmg nbermitient
exercise dilfered srpmificmtly when the recovery inter
vals were positioned i dufTerent ety domans (<CF),
[ruring CWH or mbermittent exervise performed exchusively
in thie severe domain, the W was nat significandly dif-
ferent from the subjects’ B, as estimated from the 3-min
all-out fest (343, This confims rd extends the nation b,
in this domam, e lioot of wlernce s neced when sube
Jeets expend the frfte work capacily wadluble above CF,
L., the B (1), When intenmitlent exercise invalymg work
bouds i Wl severe domam and recovery mitervals n lower-
intensity demuins was performed, however, the limit of

toberance (aned the 1V o) wis extended, being grestist for
5-L, mtermediate for 5-M, ond kst for 5-H. The shopes
deseribing the increases in VO, md IEMG with fime during
intermittent exencive were reduced when the recovery in-
fervals were completed of progressively kower inbensities;
These fmiings suppon the recenl sugpestion thai depletion
of the W 15 Hoked 1w ihe ";"[]_: “sliw component” that 15
observed during SOWI (538 01 16 feanble hat both
phenomena (i, the B and the VO, slow companent) re-
Mect muscle fatigue development (3 .28,36,58),

There was no significant difference i Woop between
S-CWE and S5 (~2L8 KI) und this valee was olsoonot
stgmificantly different from the 17 s estomaied fom il
Jemun all-gul test (4,34, 35), This 15 comstienl with e
vions dudies which have reported that W eguals 87w
ihe Hrndl ol olerance durmg sevene exercise (11,14,3042),
The highest Vi, atained wis st significantly different
herween 5-CWH and 55 and was not sipnificantly dif-
ferent from the VO mesured during either the ramp
meremental g5l or the Semin all-oul kst The atmment
of & simbar V0, with different work—nile imposttions
1., all-ou sprmt, romp cremental, and CWER) within the
severe domain 15 also comslstent with previous sudies
4711021443
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FRCGURE 3—oroip meean IEMC: pespome i 5-UWH (apim alrefien] cottpared with infeembine nt-work eaersy fefoad circles) Tar 8-5 04, -1 {By
A%, el S0, (D0, The meam 1503 vades at enil-svercioe are alsn shimn, *fie, (s significanth differced from SCWE G 0 | ad-rverche

KNG by wignificanih wer than S0 WH G aid),

To investigate the influence of the CP and W an perfir-
marse during intermittent exercise, we asked subjacts 1o
et inbermittent exencise profocols Dwmg a “6ls wirk,
3k recovery™ duly eycbe) il the Hmit of olernce, The
trabenstly of the recovery inervals was selactad 1o span the
esercise-intensity domairs, ie, 55, 5-H, S-M, ond 5-L.
In the 55 cordition, the recovery imerval was sl =CF,
and thus theoretically, there was o appartunity for #' o be
resonstifited berwsen the work bawts {111, Accordingly, the
W op i S0 WH el 5-5 wans nol difTerend, and the Bt ol
olerance during §-5 coukl be scwaely prediched by rer-

ranging equation |, Relative to S-CWR and 55, the limit of
oleramie hecame progressively longer and the I . became
progresaively greater when the mtenstly of the recovery m-
ferval was reduced m the S-H, 5-M, and 5-L comdinom.
These findimgs can be explomed by considering that smme
of the I that iz expended during @ severe wark bout may
be: reconstituted during 8 subsequent revoveny period pro-
vidal thut the necovery work rate is <CF

The contention that the IF s cxpended during work
bt =CT and necomsitinbed duning recovery iniervalks <CF
miy be emderstood with meference et recent study of

TABLE 2. Faramadiqs of [T posey-tiratarn mistonshi derke rom e Simin al-cot 162, i pEmimn 0P eiodal, 6 Da cobanil tvo-pamets midd seations

Eriieal P () i {1} i
Gbpd  Jmh wiertieet Werk-Tmr  1Mime dmnm idemitedl Wok-Time  1Tme (demdedl Wok-Ter 1T
1 i | 1E2 188 18 A1) [ 18] i 1] DaE 1w k]
T =20 15 1% 1% pot | 36 7] B0 bag 1w k]
] Fil] B2 18 13 k] s wi EE 100 1] 1.0
1 ] M K kel fa i ALE 21 o] DaE L] k]
i 2t o Lot P | 161 JRe %2 0 10 ] 1w
] 1! 1 Tl bl e B0 a wh Ll ] 1T
! 21 1k 112 ™ Wi purd | RN o L] Ik ] 4]
Bagn o) o i i ar JRh s E 4] 1] Ik ] 4]
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Jomes et al, (18} Using "'P magnetic resomace gectns-
eopy, thess authers showed that, when CWR exercise was
performed shightly shove CF, ibe intmmuseulir [PCr] and
pH eoniimeed b0 decrease, and imorganic phesphate con-
centmation ([P} continued to merese, il ihe limit of wol-
eranee wis reached. During exercise perfirmed ust bebow
the P, howiever, stable valees fior [PCrl, pH, and [P were
atlatied within 3 mm of the stan of exencse (18), From
these results, it muy be kypothesired that the recovery inter-
wills durmg indermitient exercise allow some of the fufigue-
related substrates to be resymthesized (e.g., PCri and for
fatigue-related metahalnes 1o be cleared from the muscle
jeg, H'l, thereby delaymy the attzmment of 8 *“Timiding”
nlrargscular envimomment (FE36) This supeestion 13
eanszstent with the study of Coats @ al. (#). These authors
nsked subpects o perform 5-CWR to the limit of telerance
Cattained in arcund & min} and then raduced the work mte
fo 80% GET, W% CP, or [10%% CP. The results imdicuied
that replenishment of the W following the fimit of tolerance
ric it dlel work rale be nedweed <CH (B).

The exteni i which the #° was reconstiiubed 1 e e
eovery miervaly dunng inlemitien gxercise cin e cals
culsted uging the group mean dat, o5 follows, Given o
severe wark rate of 329 W and a CP of 241 W, the W
m one 605 bout of severe exercise is (329 = 241) W »
Bl = 5.3 kI Taking the 5-H condition os an examiple, the
subipects complited 6,18 work-recevery cychs on dvenige,
during which ey sccwmlated - 332 k) of work “OF
(6 %53 kS =307 bl phus (329 — M) « 178 =15k
durimg the fimal incompbete stage). The I meconsivided
during the six 35 repovery mievals betwesn sevene
work berits. can be caloalotsd 1o be 200 KD (i, {otal
W = W)/ the mumber of recovery cyches completed;
(332 — 201 kJpa = 208 k). Durdng .08 work-recovery
cyihes (/00 s, dhis would e an sddiional 120 &) of
W iop or i tutal B o {inchuding the minal F° of 20,1 kJ)
bifime the fmil of toberance of apposimately 33,2 k),
Using the sume procedures for the S-M condition, the I
reconstinied in esch recovery interval i 3.0 kI, ond the fotal
Wi is ~43 k), whereas for the S-L condition, the I
recorstingied in the reeovery mierval i 4,0 k3 and the ol
Woop1s =72 k). These bypotbesised rebanimships beween
W depletion and reconstitution with different recovery e
fenseest are Hhisirated n Figoee 4, I is clear thai the e
corstitution of the B wis more complete when the absohute
recovery wirk mile between e severe work haws wis
bawer, thereby enabling o greater W o and extensling the
bt of toberamee. 1 may be speculabed ihal lower recovery
work rutes enabled & more rpid reconstitution of the B
becawse 4 brger frcton of the wuscle fbers that were
rvetibi bally sctive durmg the severe work bouls were no
bamger contribising to pawer production during the recenvery
mierval,

Interestimgly, fhere was & significant mdwetion in ihe
slope of the relationship between VO, and time in the con-
drivors wheere il recovery work raie was <CF(5-H, 5-M,

:':' | — HI
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4 ] arle
1 i:'ﬁ‘- ey ol } »
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FIGURE d—achemabk (lustration of ihe depletion of I dring T
wark bowls sild e Fooensiutisn of B daring subsoyugnl <1 pe
cowery innervals. Notice et the roasitiniies ol IV is greater whes fi
recivery nlervals pre comploted al Jower iwhensities, delmimg the
caiipke be dujiletion of W il enabling & Raigged Ty Fui siiipliity,
i fiwiele] i Mt 1 & yovaasdivated liedi iy e rocoy-
ery imienals ml that the e ol reoomsitioiion & e s irre
spreetivg ol the nagaiude of H"Il.'qklillll.

anid 5-L) comparsd with =CP CWE or infermitient exer-
vise (SCWH and 5-5, respectively), During S-CWR, Vi,
rises mexorably until VO & atined (14.20,42), In
this exervee domain, the development of the VO; skw
camnponent el ile depbetion of e B pecur commiitanily
(5,015,238 1 has been proposed dhat these charclenste
featores of the physiological response o sven exencise
ure mechanisiically finked and thoi both are sequelse of
muscle fatigue development (3.28,38), Historically, the W
has b considened 1o represent a finite amount of energy m
stored €., the high-energy phosphntes, and a source relatel
b araerohie plycobysts that may be expended above e CP
(25,26). An allernatrve perspective, however, s that the I
g rebated b the sccumulaton o depbetion of ooe o mon
miabalies ar subsiribes that are linked fo the process of
muscle fatigue uniil some “eriical” concenimtion i
witained, bevond which the same work rate cannot be toler-
nted (6,0 0,07,18), Consistent with this, it has heen shown
that the Dot of tolerunce during o senes of SOWR bouts
wits ssociabed witl the anatrmvent of consistently bow val-
s ol missele [P and pH ane & consistently litgh value of
muscle [F] (361, The present study shows that, compared
with 5-CWR und 5-5, the foful Oy corsumied during the first
180 prd 300 5 of exercise was sigraficantly and progres-
sively reduesd in 5-H, 5-M, and 5-L. This blunting of the
rafe &t which YO, mncreased with tme in these conditions
resulted m & dikayed stainment of Vi, and an exien-
sion of the bt of iokeramee, The smublaneous blustmg
of W expenditure and the VO,~time shope (reflecting o loss
of oxidative metabolic efficiency) during intermitient exer-
cise is comsistent with the proposed mechanistic relaion-
ship between the W7 and the VO, slow component during
S-UWR (5,15,36,38).
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The finding that the VO, resporse prolibe can be modu-
fated duming intermitient exerviss is consisient with ihe siudy
of Turner et ul. (33), These puthors examined pulmaorary g
exchange and blood kactate dviamics doring intermittent
exercise prodocols in which cycling work intervals ot 1 30%
of peak work rate wene separated by recovery miervals s
J00W al i feram cduty cyehes (10:20 5, 300605, §(:1204, and
BUELRO ) The 10:30- duly cyele prodised o physiologi-
cal response profile that was akin o that ohserved during
miderate-intensity CWR exercise (ie., low blood [lacinie]
mnd first-onder VO, Kinetics); the 30:60-s duty cyele pro-
dusced responises that were smtlar o thise abserved durmg
beavi-rndeisity CWR ewemcse {elevabad but stable hlood
[ bscrtate] amdd evidence of'a supplemenary bit kw-amplitude
Wiy slow component], and e 6120 ard 90; 1805 duty
pyeles mwsulied in ovespomses thot wene consistent with
5-CWR (high blood [lactate] and o V), show component
projecting 10 ¥ Oxp ). Only two of six subjects were able
i complete 30 min of exercise m the §0:120: condition,
arid mumee of ibe subpeels could complete 30 min of exencise
in ik WEERO-5 condition, Collectively, the present stisdy
and that of Tunwr et &l (33) imdicate that e myectory of
VO, toward VO veflects the development of muscular
ftiguese amd i an important defermimant of exercise toler-
anee during intenmitient exercise,

Similar 1o the reduction in the VO.-time slopes with
decrements m recovery wiork tale <CT, the IEMO slopes
ductined m 5-H, 5-M, amd 5-L, tmplymg ihai neunons-
culbsr sctivity (mvolng meermtment of addidenal motor
fariils bl inereased rabe coding) wis senuated with e
in eomparizon o 5-CWH amd 5-5, The Wy slow compo-
nent arises predomimantly from within the comrmeting mms-
ehes (21,297 and hos been suggested fo be relited, of least m
purt, o ibe recrmtment of Est-twiich Ghers during high-
mnieely exercise (2,15), Thase Gbers are considerad fo be
bess Tatigue tesishinl and bes efficient than e sbiw=-fadlch
counterparts, arl their recruttment wiuld be expecied 1w m-
crease energy tumover and lead 1o o concomitant and pro-
pressive inemese in YO, (2E2315.38), Collectively, the
results indicatz that the recovery infervals between the severs
work bouls durmg mbermiitent exenise raduce the e of
fatigue deyelopmient {eorsistent with the caioulshbe necorst-
tution of the #°) and, m s domg, Blunt il il deamoms-
culir zarvity required 1o mest the demamds of the exercee
task ared the masoviated rise in VO tovward the it oftolerance

The end-exervise IEMG was significantly lower for 5-M
and 5-L compared with ibe other conditions, and the end-
exercise VO, was significantly kower for $-L compared
wilh the ether conditions, The mean work raies sustaimed
dumimg 55 (M9 £ 60 W) amd 5-H (277 + 52 W) wene sig-
nificanily higher than the TP estimaied fom the Famn afl-
out fest (241 ¢ 3% W, The mean work mig sustaiosd during
S0 (251 £ 44 W), however, was anly ~ 10 W higher than
the estimated CP, und the mean work: mie sustgmed during
S-L (226 ¢« 41 Wy was ~15 W lower than the esiimated
CP. That ihe erdbexervise V05 for $-L was fower than the
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"|"'[.'lgw*_ i comststent wilh exercise perfimned m the beavy-
mtersity domoin (1930420 Moreover, the lower end-
exercise iEMG @ work taies <CP may sugpesi exercise
imersity domain-specific differences in fber recraioment
or rute cading, which may be linkal fo differences in fatigue
mechinims <CTF companed wath =C1 (5, 18,30,

This i the first stody o apply the mpenmient CF auodel
ol Mortan and Billad {27 b cyclmg exercise, Usmyg the daia
callected during the CWR el four intermitient exercise
profocols, thers were no significant differences in either the
CPor W' parameter estimates when the work-fime moded,
the 1/bie el anel dhe mbermbitent model (27) {see Jomes
el il (19 for resiew | were apphied, 1 s niporail 16 Babe,
howeyer, ha the work—time and 1liome midels jequation
2l 3) provide meantog Mol parimeters only when opplial
to eontinuois exercise ~CF. In the preseni study, the total
wiork done and mean power outp during intermitient ex-
erise were modeled using thess equations o illestrate the
goadress of it and shsemee of random emor in prediciion
brfal dati. 11 B acknowledged thal equations 2 wsd 3 do nol
oot for W' recovery and make the ermonecus asumphion
that = CP when apphied fo mbemmiitn exercise. Although
eqquation 4 i on improvement on squations 2 and 3 in that
it accounts for linear W recovery, the precise recovery ki-
nefics of I during miermittent exercise warrant further
sty | 11

Thie CF and IV parameter estimates {equations 2-4) were
significanily kwer and higher, respecively, compared with
the values denved from the 3omin all-oul west—which ha
bsiri shivwm 10 provede chose estirmates of e conventionally
established CP and #° parsnisters during contimous exer-
cise {343 5). These results are similar to those of Morton and
Billut {27y whe reporied ibat the two-parameter iniémient
CF moclel fequation 4] resubted m a kewer CF and & hugher
W dunmg mbenmibent compared with continiows nemnmg,
Thos 14 comsrstenl with the notion that the B & fxed s the
el of 5-CWH but may be reconstituled durmyg mieni-
ferl exerciss whene the recovery imbenals e <CE. It s
unclear why CF 15 loswer during mitermitient compared with
caniimuous exercise, It is possible that this may be elad o
the apparent vectprocily of CF aid 17 estemstes; for exam-
ple, mlerventions such = endurance rmmg and lyperoxia
which menemse the O also tend 1o reduce the #° (35360
Aberatively, B B pessthle that CF may be lower dunng
mtermitient compared with confineus exercise & a divas
corsequence of the more substantinl ranosidative contri-
bugtion to energy tumover duning repesited short bouts of
libgh-ttensty exercee (19).

In conchision, the resulis ol dis sidy dndicats tha
physiabagical responses and exercise folernce disring m-
fermibent exencise con be undernood m lerms of e CP
concepd. Recovery imfervals befween severe work houts
enable the finite #° to be vesioned, with the magnitude of
this recemstitution being rebaed o the imensity and duradion
of the recovery imferval, From a practical perspective, prior
kiowledge of the CP and W' for inlermitient exercise
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earulil be wsesd wo predict the Tt of toleramee (37) and aid
the eonstruction of effective interval fmining programes
(e, miersity and duration of the work bouts and recovery
intervils) for i enhoncement of fimess, functional capa-
ity, o1 cardiovasculor and metabalic health (915,243 This
sty bes also shown that the ecorstdston of B dunng the
mcovery inervals heiween repeaied bouts of misise exer
eise resuls i a reduced rate of change of bt AEMG s
V0 a8 exercise proceeds, This indicates that the depletion
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Abstract We tested the hypothesis that incremental
cycling to exhaustion that is paced using clamps of the
rating of perceived exertion (RPE) elicits higher ngm\-
values compared to a conventional ramp incremental pro-
tocol when test duration is matched. Seven males com-
pleted three incremental tests to exhaustion to measure
Vg?,m,.. The incremental protocols were of similar duration
and included: a ramp test at 30 W min~' with constant
cadence (RAMP1); a ramp test at 30 W min~' with
cadence free to fluctuate according to subject preference
(RAMP2); and a self-paced incremental test in which the
power output was selected by the subject according to
prescribed increments in RPE (SPT). The subjects also
completed a ngr,m ‘verification’ test at a fixed high-

Communicated by David C. Poole.

W. Chidnok - S. J. Bailey - D. P. Wilkerson - A. Vanhatalo -
A. M. Jones

Sport and Health Sciences, College of Life and Environmental
Sciences, University of Exeter, Heavitree Road, St. Luke's
Campus, Exeter EX1 2LU, UK

F. J. DiMenna

Human Performance Laboratory, Health Studies,
Physical Education and Human Performance Sciences,
Adelphi University, Garden City, NY, USA

M. Burnley

Department of Sport and Exercise Science, Aberystwyth
University, Carwyn James Building, Penglais Campus,
Aberystwyth, Ceredigion SY23, UK

A, M. Jones ()

College of Life and Environmental Sciences, University of
Exeter, St. Luke's Campus, Exeter, Devon EX1 2LU, UK
e-mail: a.m.jones@exeter.ac.uk

Published online: (2 September 2012

intensity power output and a 3-min all-out test. No dif-
ference was found for Vp,m, between the incremental
protocols (RAMPI = 4.33 + 0.60 L min~"; RAMP2 =
431+ 062 L min_l; SPT=436+ 059 L min""; P>
0.05) nor between the incremental protocols and the peak
1:'02 measured during the 3-min all-out test (4.33 +
0.68 L min~") or the Vp,m, measured in the verification
test (432 £ 0.69 L min~"). The integrated electromyo-
gram, blood lactate concentration, heart rate and minute
ventilation at exhaustion were not different (P = (0.05)
between the incremental protocols. In conclusion, when
test duration is matched, SPT does not elicit a higher
‘)gzm compared to conventional incremental protocols.
The striking similarity of Vg, measured across an array
of exercise protocols indicates that there are physiological
limits to the attainment of Vp,me, that cannot be exceeded
by self-pacing.

Keywords Maximal oxygen uptake - Critical power -
Exercise tolerance - Ramp test - RPE

Introduction

In 1923, Hill and Lupton studied subjects running at
increasing speeds on an outdoor track and observed that
oxygen intake rose steadily as speed was increased,
attaining a maximum “beyond which no bodily effort can
drive it" (Hill and Lupton 1923; Hill et al. 1924). This
‘maximal oxygen uptake’ (?gznmj has since been defined
as the highest ng (ie., rate of O, consumption), averaged
over a 15- to 30 s period, which is attainable for a given
form of exercise, as evidenced by a failure of Vp, to
increase further despite an increase in power output
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(Wasserman et al. 1994). Historically, Vg,me has been
considered to reflect the limits of the human cardio-respi-
ratory system to transport and utilise O, and it has, there-
fore, become a comerstone of experimental, clinical and
applied exercise physiology (Wasserman et al. 1994).
Despite the widespread acceptance of Vg:”m\ as an
important index of aerobic fitness and functional capacity,
it continues to attract considerable conceptual and meth-
odological controversy. Indeed, the very existence of a
13'02m has been called into question (Noakes 2008, 2012).

The exercise protocol used to measure Vo,um has devel-
oped from the original discontinuous series of bouts at
different constant power outputs (Hill and Lupton 1923;
Taylor et al. 1953) to single incremental or ramp exercise
tests (Whipp et al. 1981; Davis et al. 1982). These latter
tests sometimes include a ‘verification phase’ in which a
power output which is higher than the peak power output
attained during the incremental test is subsequently sus-
tained for as long as possible (Rossiter et al. 2006; Midgley
et al. 2007). Evidence has been presented that, for a given
mode of exercise, f’ognm is reproducible across different
maximal-effort testing protocols (Davis et al. 1982; Zhang

al. 1991; Takaishi et al. 1992; Bogaard et al. 1996;
Burnley et al. 2006).

Intriguingly, Mauger and Sculthorpe (2012) recently
reported that self-paced incremental cycling using ‘clamps’
of ratings of perceived exertion (RPE), ie., five 2-min
stages during which subjects incremented power output
according to a prescribed RPE, resulted in the attainment of
higher peak Vo, compared to a traditional protocol in
which power output increments were applied in a strictly
linear fashion (40 £10 vs. 37+ 8 ml kg"] min"],
respectively). Mauger and Sculthorpe (2012) suggested
that allowing subjects the ability to regulate power output
in an anticipatory manner enabled them to reduce the
influence of afferent signalling on the perception of dis-
comfort and thereby avoid termination of the test before a
‘true’ "r:’o,_,nm could be aftained. The authors also suggested
that this greater level of subject autonomy in selecting
power output and pacing the maximal effort might allow
for increased or ‘more efficient’ muscle fibre recruitment.
Mauger and Sculthorpe (2012) observed a ~ 15 % greater
peak power output during the self-paced test compared to
the conventional incremental test and speculated that the
protocol allowed for this higher peak power output (and
the increased Vo, that it may require) to be achieved at the
same level of discomfort.

The highest Vo, attained during incremental exercise
may be influenced by the total duration of the test (Buc-
hfuhrer et al. 1983: Astorino et al. 2004: Yoon et al. 2007;
cf. Midgley et al. 2008). The reason for this discrepancy is
unclear, but might be linked to an inability to reach the
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same absolute power output during longer tests and also to
differences in the causes of fatigue (Astorino et al. 2004;
Yoon et al. 2007; Jones et al. 2010). Interestingly, in the
study by Mauger and Sculthorpe (2012), the mean test
duration in the conventional incremental test was ~ 30 %
longer (ie., ~13 £+ 3 min) than the self-paced test (i.c.,
10 £ 0 min). 1t is possible, therefore, that test duration
contributed to the higher peak Vq, measured in the self-
paced test compared to the conventional test (Mauger and
Sculthorpe 2012). 1t should be noted that the importance of
incremental test duration for eliciting 1"0?,[,“‘ has recently
been questioned. In a review on the topic, Midgley et al.
(2008) suggested that, on the basis of the available evi-
dence, cycle ergometer tests should last between 7 and
26 min to elicit valid 1.3'.;)3,"“A values. Nevertheless, as
pointed out recently by Eston (2012), evaluating whether
the differences in Vp,my reported by Mauger and Scul-
thorpe (2012) for self-paced and conventional incremental
protocols are real rather than artifactual requires a direct
comparison where test duration is matched.

The purpose of this study was to investigate possible
differences in ‘?Ozﬂm measured during self-paced incre-
mental cycling (where intensity is regulated by RPE) and
f’gzm\ measured during conventional incremental cycling
where the power output increment is externally-controlled
and strictly linear. We also included an incremental test in
which the power output increment was linear but subjects
were free to vary their cadence throughout the test. This
provided a condition which had a level of subject auton-
omy that was more than a conventional ramp incremental
test (where cadence is fixed throughout) but less than the
self-paced incremental test. Importantly, we designed the
study to ensure that the duration of the self-paced incre-
mental test and the duration of the conventional incre-
mental tests were closely matched, and we used EMG to
assess possible differences in muscle activation between
conditions. In light of the results of Mauger and Sculthorpe
(2012), we hypothesised that ngm would be greater for
the self-paced protocol compared to the conventional
incremental test protocol.

Methods
Subjects

Seven male subjects (mean + SD: age 20 £ 1 years,
stature 1.74 £ 0.11 m, body mass 75 + 11 kg) volun-
teered and gave written informed consent to participate in
this study, which had been approved by the University of
Exeter Research Ethics Committee. The subjects were
recreationally active but not highly trained and were
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familiar with the experimental procedures used in the
present study. On test days, subjects were instructed to
report to the laboratory in a rested state, having completed
no strenuous exercise within the previous 24 h, and having
abstained from food, alcohol and caffeine for the preceding
3 h. Testing was conducted at the same time of day (£2 h)
for each subject and laboratory visits were separated by at
least 24 h.

Experimental overview

All testing was completed at sea level in an air-conditioned
laboratory at a temperature of 21 °C. The subjects visited
the laboratory on eight occasions over a three-week period
to perform exercise tests. Subjects completed an initial
ramp incremental test to determine VOMM and the gas
exchange threshold (GET) on an electronically-braked
cycle ergometer (Lode Excalibur Sport, Groningen, the
Netherlands) that was regularly calibrated according to the
manufacturer’s instructions. During the second visit, sub-
jects completed a familiarization 3-min all-out cycle sprint
test which was not used in data analysis. In this maximal-
effort test, subjects typically attain peak power output in
the first 5 s of exercise, after which power output falls with
time before stabilizing over the final ~30 s of exercise
(Burnley et al. 2006; Vanhatalo et al. 2007). The 3-min all-
out test was repeated during the third laboratory visit and
used to determine end-test power and work above end-test
power, which have been shown to closely approximate the
critical power (CP) and work done above CP (W),
respectively (Bumley et al. 2006; Vanhatalo et al. 2007).
During the fourth visit, subjects completed a self-paced
incremental test that served to familiarise them with one of
the experimental conditions that would be tested (see
below). The data from this test were not considered for
analysis. Following these four preliminary tests, subjects
completed each of the three experimental conditions that
involved incremental cycling to exhaustion to determine
lr"ozm\-. Two were ramp tests with fixed ramp rates (one
with cadence fixed throughout the test and one in which
subjects could choose to vary their cadence throughout the
test) and the third involved a self-paced protocol. These
three tests were completed in a randomised order. In
addition, the subjects completed a maximal-intensity con-
stant-power-output test to the limit of tolerance as a 't'fozm‘
verification test (Midgley et al. 2007).

Initial ramp incremental test

The initial ramp incremental test (Topmpo) consisted of
3 min of cycling against no resistance, followed by a
confinuous ramped in power output of
30 W min ™" until the subject was unable to continue. The

increase

subjects were instructed to maintain their preferred cadence
throughout the test (i.e., cadence was ‘fixed’; 80 rpm,
n=2>5 90rpm, n=2) and tests were terminated upon
volitional exhaustion or when the required cadence could
no longer be maintained (i.e., dropped by =10 rpm). Time
to exhaustion (s) and peak power output (Pp,) were
recorded and pulmonary gas exchange and minute venti-
lation (V) data were averaged into 10 s bins. The Ve
and maximal Vi (Veme) were defined as the highest 30 s
rolling-mean values recorded before termination of the test.
Baseline V, was calculated as the mean Vj, measured
over the final 90 s of unloaded cycling prior to the onset of
the ramp. The GET was determined using standard criteria
(Whipp et al. 1981: Wasserman et al. 1994). Baseline and
end-exercise heart rate (HR) were defined as the mean HR
measured over the final 15 s of baseline cycling and the
final 15 s of exercise, respectively.

3-min all-out test

The 3-min all-out test consisted of 3 min of unloaded
baseline cycling at each subject’s preferred cadence, fol-
lowed by a 3-min all-out effort. For the latter, subjects were
asked to accelerate their cadence to ~ 110-120 pm over
the last 5 s of the baseline period. The resistance on the
pedals during the 3-min all-out effort was set using the
linear mode of the Lode Excalibur Sport ergometer such
that the subject would attain the power output halfway
between Pgpr and P, on reaching their preferred
cadence (linear factor = power/preferred cadence?).
Strong verbal encouragement was provided throughout the
test but, to prevent pacing, the subjects were not informed
of the elapsed time. Subjects were instructed to attain their
peak power output as quickly as possible from the start of
the test and to maintain their cadence as high as possible at
all times throughout the 3-min test. The peak Vo, during
the 3-min all-out test was defined as the highest 30 s mean
value recorded during the bout. The end-test power (used to
estimate CP) was defined as the mean power output over
the final 30 s of the test. The work done above end-test
power (an estimate of W') was calculated as the power-
time integral above end-test power (Bumley et al. 2006;
Vanhatalo et al. 2007).

Experimental incremental tests

Both ramp incremental tests consisted of 3 min of unloa-
ded cycling before the ramped power output protocol was
applied. Ramped increases were: (1) 30 W min~! with
preferred cadence that was held constant throughout the
test (RAMPIL); and (2) 30 W min~" with cadence free to
vary throughout the test according to the subject’s prefer-
ence (RAMP2). RAMP1 and RAMP2 were performed on
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the same ergometer as the initial incremental test (see
above). The test termination criteria for these tests was the
same as for the initial incremental test, and the baseline and
end-exercise HR, baseline v(')!, V(]._.,m_‘. Vimae and P
were all defined in the same manner.

The self-paced incremental test (SPT) was performed on
a Computrainer cycle ergometry system (RacerMate
Computrainer, Seattle, Washington, USA), which provides
reliable and valid measurements of power output during
self-paced cycling (Davison et al. 2009). During the SPT, a
computer screen displaying the Computrainer’s software
program was placed in front of the subject. This allowed
the subject to watch a computer-projected simulation of
himself as he cycled. The protocol consisted of seven
x-second stages, where x equals the duration of the initial
ramp testdivided by seven, i.e., x = T yp0/7, during which
subjects could continually vary power output but RPE
(using the Borg 6-20 scale) remained clamped (Mauger
and Sculthorpe 2012). Specifically, stage-1 RPE was fixed
at 8, stage 2 at 10, stage 3 at 12, stage 4 at 14. stage 5 at 16,
stage 6 at 18 and stage 7 at 20. Prior to the SPT, the
subjects were instructed that they should pace themselves
within each stage according to the prescribed RPE, that the
goal was to produce a maximal effort within the final stage,
and that they should reach volitional exhaustion at the end
of the test. During each stage, the subjects were reminded
of the RPE at which they should be cycling and the RPE
scale was on view throughout the test. Power output was
recorded continuously using the Computrainer software.
Baseline and end-exercise HR, baseline L}g_,, Vo_,um and
Vima, Were determined in the same manner as for RAMPI
and RAMP?2 (see above).

On a separate day, the subjects completed a maximal-
intensity constant-power-output test to the limit of toler-
ance as a verification of Vi, (Rossiter et al. 2006). The
power output used for this verification test was predicted to
lead to exhaustion in 180 s as calculated from the following
equation;

P=(W/180s)+CP (1)

where P is the power output, CP is the critical power and
the W’ is the finite work capacity >CP.

This verification bout began with 3 min of unloaded
cycling after which the power output was abruptly
increased. Subjects were instructed to continue for as long
as possible and the test was terminated when cadence fell
by more than 10 rpm.

Prior to the exercise tests, the maximum cycling iEMG
of the subject’s right m. vastus lateralis (IEMG,,,,) was
assessed. This assessment (performed on the Lode cycle
ergometer; see above) began with 3 min of unloaded
cycling at each subject’s preferred cadence followed by a
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5 s all-out sprint with the resistance set using the linear
mode of the ergometer. The iIEMG data recorded during
this 5 s sprint cycling test was processed and analyzed to
determine iIEMG,,,,, (see below). Once this assessment was
completed, the subjects were allowed 5 min of rest prior to
beginning the incremental test.

Measurements

During all cycling tests, pulmonary gas exchange was mea-
sured breath-by-breath with subjects wearing a nose clip and
breathing through a low dead space (90 mL), low resistance
(0.75 mmHg L™" 57" at 15 L s™") mouthpiece and impeller
turbine assembly (Jaeger Triple V, Hoechberg, Germany). The
inspired and expired gas volume and gas concentration signals
were continuously sampled at 100 Hz, the latter using para-
magnetic (0,) and infrared (CO,) analyzers (Jaeger Oxycon
Pro, Hoechberg, Germany ) via a capillary line connected to the
mouthpiece. These analyzers were calibrated before each test
with gases of known concentration, and the turbine volume
transducer was calibrated using a 3-L syringe (Hans Rudolph,
MO). The volume and concentration signals were time aligned
by accounting for the delay in capillary gas transit and ana-
lyzer rise time relative to the volume signal. Vo, , Vo, and Vg
were calculated and displayed breath-by-breath. HR was
measured every 5 s during all tests using short-range radio-
telemetry (Polar $610, Polar Electro Oy, Kempele, Finland).

Neuromuscular activity of the m. vastus lateralis of the
right leg was measured during the 5 5 sprint cycling test
and subsequent cycling test using bipolar surface EMG.
The leg was initially shaved and cleaned with alcohol
around the belly of the muscle, and graphite snap elec-
trodes (Unilect, Unomedical Ltd., UK) were adhered to the
prepared area in a bipolar arrangement (interelectrode
distance: 40 mm). A ground electrode was positioned on
the m. rectus femoris equidistant from the active elec-
trodes. The sites of electrode placement (20 cm superior to
the lateral tibial head) were chosen according to the rec-
ommendations provided in the EMG software (Mega
Electronics, Kuopio, Finland). To secure electrodes and
wires in place and fo minimise movement during cycling,
an elastic bandage was wrapped around the subject’s leg.
Pen marks were made around the electrodes to enable
reproduction of the placement in subsequent tests, The
EMG signal was recorded at a sampling frequency of
1,000 Hz using a ME3000PB Muscle Tester (Mega Elec-
tronics). The bipolar signal was amplified (amplifier input
impedance >1 MQ), and data were collected online in raw
form and stored on a personal computer using MegaWin
software (Mega Electronics). The raw EMG data were
subsequently exported as an ASCII file and digitally fil-
tered using Labview 8.2 (National Instruments, Newbury,
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UK). Initially, the signals were filtered with a 20 Hz high-
pass, second-order Butterworth filter to remove contami-
nation from movement arifacts after which they were
rectified and low-pass filtered at 500 Hz to smooth high-
frequency peaks.

A blood sample from a fingertip was collected into a
capillary tube over the final 20 s of baseline cycling and as
soon as possible (<10 s) following the termination of
exercise. These samples were subsequently analyzed to
determine the blood lactate concentration (blood |lactate])
at baseline and end-exercise and the change in blood
[lactate] during exercise (A blood [lactate]) (YSI 1500,
Yellow Springs Instruments, Yellow Springs, OH).

Data analysis procedures

Total work done (W, ; in J) during RAMP1 and RAMP2
was calculated according to the following equation:

Wi = (Ppeak‘ T * 0-5] (2)

where Ppey is the peak power (in Watts) achieved on the
incremental test, T, 1s the time to exhaustion (in s) in the
incremental test and (0.5 is the ramp rate (in Watts per s)
that was applied during the incremental RAMP! and
RAMP2. W_cp during RAMPI1 and RAMP?2 was calculated
as the power-time integral above CP. Wy, during SPT was
calculated by integrating the area under the power profile
dictated by the self-paced second-by-second fluctuations in
power output as measured by the Computrainer software
(Microsoft Excel, 2007). W.cp during SPT was calculated
by adjusting W, to remove all work performed below the
CP. The Wy, and W_cp for the maximal-intensity con-
stant-power-output verification test were calculated as
previously described (Chidnok et al. 2012).

During the 5 s sprint cycling test, the iEMG data were
averaged for | sintervals, The highestof these 1 s mean values
was defined as iIEMG,,,. During the subsequent exercise tests,
the iIEMG data were averaged for 10 s intervals and these 10 s
mean values were subsequently normalised to iIEMG,, to
provide a temporal profile of iEMG throughout the incremental
test. Baseline IEMG was defined as the mean during the 90 s
preceding the onset of exercise and end-exercise IEMG was
defined as the mean during the final 10 s of exercise.

Statistical analysis

A one-way repeated-measures ANOVA was employed to
determine the effects on the relevant physiological and
performance variables elicited by the incremental cycling
protocols. Where the analysis revealed a significant dif-
ference, the origin of such effects was determined via LSD
corrected r tests. All data are presented as mean + SD.
Statistical significance was accepted when P < 0.05.

Results

Peak power output attained for RAMP1 and RAMP2 were
385+ 53 W and 385 4+ 47 W, respectively. In the SPT,
the mean power outputs for each of the stages were
80+ 36 W for stage 1, 14 +41W for stage 2,
133 £ 34 W for stage 3, 167 +21 W for stage 4,
217+ 19 W for stage 5, 279 + 46 W for stage 6 and
364 +£ 75 W for stage 7. The stage durations in the SPT
were 111 £ 15 s. Group mean power output and P ., data
are illustrated in Fig. 1. It is important to note that in the
SPT, the peak power output was attained in the early part
of the final stage of the test when subjects produced a final
sprint at an RPE of 20 (Fig. 1). For the 3-min all-out test,
peak power was 743 + 99 W, end-test power was
270 + 54 W, and work done above end-test power was
158 + 4.1 kJ; the ﬁ'mmk was 4.33 + 0.68 L min™". For
the verification test, subjects sustained exercise for
192 4+ 21 5. The Vg Was 4.32 £ 0.69 L min~" and the
Wecp was 15.8 £ 5.2 kJ.

Table 1 presents the physiological and performance data
for the three incremental protocols and Fig. 2 depicts the
group mean V, response profiles for each condition. There
was no significant difference in Vo, across the three
incremental protocols (Table 1). Moreover, the values for
‘i’oam measured in the incremental protocols were not
significantly different from the ‘-;’o;nm measured in the
3-min all-out test or the constant-power-output verification
test (Fig. 2). In the 3-min all-out test, the peak Vo, was
attained at ~ 60 s and remained at the peak value until the
end of the test despite the continuous fall in power output.
In the constant-power-output verification test, 13'02 rose
continuously, reaching a maximum value close to the end
of exercise. Baseline Vp,. baseline and end-exercise HR
and Vg, were also similar in all tests. There were no
significant differences in Wy, or W.cp across the
three incremental protocols. The W.cp across the three
incremental protocols was not different from the work
done above end-test power in the 3-min all-out test or the
W_ocp in the constant-power-output verification test

(P = 0.05).
Blood [lactate] and IEMG results for the three incre-

mental tests are presented in Table 2 and the group mean
iEMG response profiles are depicted in Fig. 3. There was
no significant difference in baseline, end-exercise or A
blood [lactate] between conditions. There was also no
significant difference in baseline or end-exercise iIEMG
between the three incremental tests. For the 3-min all-out
test, IEMG was 7 £ 3 % at baseline and 39 £ 6 % at end-
exercise; however, the highest mean iEMG of 71 £8 %
was reached during the first 30 s of the test after which
iEMG fell, in line with the falling power output. For the
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Fig. 1 Group mean power output profiles for RAMP1 and RAMP2 (black circles), SPT (gray circles), 3-min all-out sprint test (gray friangles),
and maximal-intensity constant-power-output verfication test {open triangles). SD bars are shown for the end-exercise values

Table 1 Physiological and performance parameters for the three
different incremental cycling protocols

RAMP1 RAMP2 SPT
Baseline HR 02414 92411 890+ 16
(b min~")
End-exercise HR 180+ 6 181 + 6 177+ 8
(b min™")
Baseline 1,"0! 087 £019 095 +£020 098+ 0356
(Lmin™h
Vomas (Lmin™)  433£060 431+£062 436+ 059
Vewas (L min™") 163 + 28 164 + 33 150 + 35
Time toexhaustion (s) 775 & 107 773+ 9 775 4+ 107
Wigw (KI) 1506 £ 449 1509 4 379 1500 + 328
Weep (KD 148 £02  1504£090 130+ 84

RAMPI was a 30 W min™" ramp incremental test in which the
subject’s preferred cadence was maintained throughout the test; RAMP2
was 2 30 W min™" rmmp incremental test in which the subject was per-
mitted to vary cadence throughout the test; and SPT was a self-paced
incremental test in which the seven work rate increments were regulated
according to a prescribed rating of perceived exertion

constant-power-output verification test, iEMG increased
with time, reaching 51 £ 13 % at end-exercise (Fig. 3).

Discussion

The principal finding of this investigation was that, con-
trary to our experimental hypothesis, an incremental

‘;j Springer

cycling protocol that allowed subjects to self pace their
power output according to a prescribed RPE did not result
in higher V('Jgnh‘n' values compared to conventional incre-
mental protocols where the ramp rate was computer-con-
trolled and applied in a strictly linear fashion. Furthermore,
1}02[[“‘ was not different during the conventional tests in
which cycling cadence was held constant (at the subject’s
initial preferred cadence) or allowed to fluctuate during the
test according to subject preference. The relative constancy
of the highest Vo, achieved across the various protocols
studied herein (i.e., RAMP] =433+ 0.60 L m.in_i;
RAMP2 = 431 £ 0.62 L min~"; SPT =436 £ 0.59
Lmin~"; 3-min all-out test=4.33 +0.68 L min~";
and constant-power-output verification test = 4.32 + 069 L
min~") supports the long-standing interpretation that, for a
specific mode of exercise, there is a reproducible Vp, that
cannot be exceeded (i.e., a ngm\}. The physiological
determinant(s) of Vo, during large muscle group exer-
cise are debated, but are widely considered to be related to
limitations in convective and diffusive Oy transport to
muscle (Bassett and Howley 2000; Wagner 2000; Gonz-
alez-Alonso and Calbet 2003; Mortensen et al. 2005: Saltin
and Calbet 2006; Mortensen et al. 2008; cf. Noakes and
Marino 2009).

The concept of a f/g:”m was originally formulated based
upon the observation that Vo, fails to rise despite an
increase in power output (i.c., a Vo, plateau’ exists) during
a discontinuous series of graded exercise bouts (ie.,
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Fig. 2 Group mean pulmonary O, uptake response for ramp
incremental cycling at 30 W min™" with cadence fixed (RAMPI;
black circles), ramp incremental cycling at 30 W min™" with cadence
free to fluctuate according to subject preference (RAMP2: open
circley), and an incremental protocol that was self paced according to
perceptual regulation (SPT; gray circles). Note the striking similanty

Table 2 iEMG and blood lactate responses for the three different
incremental eycling protocols

RAMPI RAMP2  SPT
Baseline blood [lactate] (mM) 22410 18406 19405
End-exercise blood 76+14 704+17 72423
[lactate] (mM)
A blood [lactate] (mM) 544+£14 52414 54423
Baseline iIEMG (% 1EMG,..) 84+4 943 THT
End-exercise iIEMG 40 +9 4147 43+9

(% IEMG,,,,)

max

RAMP! wasa 30 W min ™' ramp incremental testin whichthe subject’s
preferred cadence was maintained throughout the test RAMP2 was a
30 W min™" ramp incremental test in which the subject was pemitted
to vary cadence throughout the test; and SPT was a self-paced incre-
mental test in which the seven work rate increments were regulated
according to a prescribed rating of perceived exertion

discrete square-wave transitions to constant-power-outputs
typically performed on separate days; Hill and Lupton 1923;
Taylor et al. 1955; Mitchell et al. 1958). These tests were
replaced by continuous-graded protocols (i.e., single exercise
tests where power output was increased periodically; e.g.,
every | or3 min) after it was reported that the peak Vp, during
such tests was no different than ng mus irom the discontinuous
protocol (Maksud and Coutts 1971; McArdle et al. 1973).

Time (s)

of Viymay despite varying degrees of subject autonomy. Also shown
are the pulmonary O, uptake profiles for the 3-min all-out sprint test
(gray trigngles) and the maximal-intensity constant-power-output
verification test (open frigngles). Notice the highly consistent
maximum 1;‘02 values despite different 1;’01 response profiles across
the different protocols. SD bars are shown for the end-exercise values

More recently, continuous-load tests involving the increment
of power output as a linear function of time (i.e., ‘ramp’ tests)
have become popular because they provide information
regarding other important indices of aerobic function such as
GET sub-maximal and the Vp, power output relationship
(Whipp etal. 1981). Importantly, it was shown that these tests
produced similar peak Vp, values when compared to contin-
uous-graded protocols (Zhang etal. 1991; Bogaardetal. 1996)
and across ramp protocols utilizing different ramp slopes
(Davisetal. 1982; Takaishi et al. 1992). However, a common
feature of both continuous-graded and ramp incremental
protocols is that a substantial proportion of subjects do not
exhibit a Vo, plateau prior to the termination of exercise (Day
et al. 2003; Doherty et al. 2003).

Day et al. (2003) found no discernible 15'03 plateau in
83 % of subjects performing a ramp incremental cycling
test that lead to exhaustion in ~ 10-15 min. However, the
peak Vo, on such a test was not different from the Vi, ga
measured during a series of severe-intensity constant-
power-output exercise bouts for a sub-group of subjects
(Day et al. 2003). The authors concluded that the peak V,
during ramp incremental exercise is likely to closely
approximate 1}03,[“‘ despite the fact that a plateau is not an
obligatory consequence of this type of testing (Day et al.
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compared to conventional ramp incremental protocols.
We believe this underscores the need to pay close atten-
tion to test duration when designing Vp, ., protocols and
interpreting resultant data. At exhaustion, cardiac output,
stroke volume and O, pulse are lower during long com-
pared to short incremental tests, which may be related in
part to a greater rise in core temperature that mandates
enhanced peripheral vasodilatation and reduced venous
return (McCole et al. 2001: Astorino et al. 2004). This
means that the lower ngm observed during longer
incremental tests might refiect a tightening of the already-
existing central circulatory restriction (Gonzalez-Alonso
and Calbet 2003). This effect might, in part, explain the
findings of Mauger and Sculthorpe (2012), i.e., a lower
peak Vo, for the 13-min conventional incremental proto-
col compared to the 10-min self-paced protocol despite
the prevalence of a Vo, plateau in most of the conven-
tional tests.

In the present study, we sampled surface EMG from the
m. vastus lateralis and found that at end-exercise, iEMG
was ~40-43 % of iIEMG,,,, for RAMP1, RAMP2 and
SPT. It should be noted, however, that this figure represents
the mean of a 10 s sample as a proportion of the highest 1 s
value recorded during an initial 5 s sprint cycling bout.
This is similar to what has been reported previously for
similar protocols (Scheuermann et al. 2002). While the use
of iIEMG to infer motor unit activation (i.e., recruitment
andfor rate coding) is complex, these results suggest that
increasing subject autonomy, either by allowing cadence to
vary for the same increment in power output (RAMP2) or
by allowing subjects to control the power output increment
according to RPE (SPT), had little effect on central motor
command during incremental exercise tests of the same
duration. Importantly, however, completing an all-out
3-min sprint test, which presumably results in near-maximal
motor unit recruitment from the onset of exercise (mean
iIEMG over the first 30 s of exercise was ~71 % of
IEMGi,.,), does not result in a peak ‘f}og that is higher than
%wm (present study; Burnley et al. 2006; Vanhatalo et al.
2007). Moreover, the end-exercise iEMG in the constant-
power-output verification test tended to be higher than the
end-exercise iEMG in the incremental tests (~51 wvs.
~40-43 %) but l}gmm was not significantly different.
This suggests that although muscle activation might not be
‘maximal” at the termination of incremental cycle exercise,
a ‘true’ Vo, is still attained. Overall, the present study
indicates that the same Vg, is attained for a variety of
high-intensity cycle exercise protocols (all-out, constant-
power-output, and different types of incremental exercise),
irrespective of differences in motor unit activation profiles
and the degree of central motor drive, provided that the
subject exercises to volitional exhaustion.

The CP model of human bioenergetics proposes that two
endogenous energy supply components (CP and W)
interact to dictate the limit of tolerance during high-
intensity exercise (Monod and Schemer 1965; Jones et al.
2010). According to this model, if an individual exercises
at a power output that is less than CP, energetic demands
can be met principally by aerobic means such that exercise
can continue for a considerable period of time. When
power output exceeds CP, however, the rate of aerobic
energy supply is insufficient to meet demand and the
resultant shortfall must be satisfied using the capacity-
limited W', In the present study, we calculated the work
that subjects had performed above their CP (W._cp) at the
point of exhaustion during the incremental tests. It is
known that for constant-power-output exercise >CP,
13'02,[,_“ is attained at or just before the limit of tolerance
(Poole et al. 1988). We have suggested that the depletion of
the W’ and the development of the Vo, ‘slow component’
that sets Vo, on a trajectory to Vo, during >CP exercise
may be related (Bumley and Jones 2007; Vanhatalo et al.
2010). Therefore, in the present study, we were interested
in whether possible differences in the W._p might explain
possible differences in Vp,u. between the incremental
protocols we investigated. The results indicate that neither
the V’Dg[[m. nor the Wocp (~13-15 kJ) were significantly
different across the three incremental protocols. Moreover,
the W.cp values measured in the incremental tests were not
different from the work done above end-test power during
the 3-min all-out sprint test or the Wecp during the con-
stant-power-output verification test, both of which pro-
duced very similar Vg, values. The striking similarity of
W-cp across ramp incremental tests performed at different
cadences, and with different levels of subject autonomy
with respect to power output increment, is consistent with
recent studies which have confirmed the applicability of the
CP concept during high-intensity exercise in which power
output varies as a function of time (e.g., ramp, intermittent
and all-out exercise) (Morton et al. 1997; Burnley et al.
2006; Vanhatalo et al. 2007: Chidnok et al. 2012).
Importantly, these results support the notion that the
depletion of a finite capacity for Wocp (W) and the
achievement of a reproducible i’og,m occur consistently
when exhaustion ensues across different types of high-
intensity (=>CP) exercise protocols (Jones et al. 2010).
These cvents appear to coincide with the attainment of
some critical level of high-energy phosphate depletion and/
or metabolite accumulation (Poole et al. 1988; Jones et al.
2008; Vanhatalo et al. 2010). Interestingly, there is evi-
dence that exercise above the intensity corresponding to the
CP is associated with increasing recruitment of highly
glycolytic muscle fibres in the rat (Copp et al. 2010) and
may coincide with a blunted increase in O, delivery to the
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it & well cstablished that the limit of tolerance duning

high-intensity constant work rate (CWER) exercee con-

forms to o hvperbolic work miteime functn (26,27}
{for a review, sce Jones et al. [16]). For example, duning
evele exercee ol a power owlput (F) sbove what has besn
termed the *critical power™ (CP; Le., the asymptote of the
powettime hypetbolu), time © exhavstion {720 can be pre-
dicted as follows:

T.=WJ{P-CP) 1]

where W represents the hyperbolas curvature consant,
This constancy of W for sepra-CP work mates predicts that
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T, dunng high-intensity exercise will comeide with the de-
pletion of a fixed capucity for work obove CP (W.pp)
(F2016,26), Recent research indicotes that the same mode]
applics to exhaustive excreise where work rate is not held
constant, for example, “ramp” mcremental cyclmg (INC)
where work rate is increased as a lincar function of time
(. | Woevery 25} (2830, For this type of exercise, Ty 18
predicted by o modified version of equation |:

T, = OIS 4 sqr{ 20" /5) ]

where 8 represents the mmp slope (eg, 0.5 Ws™') (18)
This mdicaes that regondless of how an cxercise bowt i%
configured, the time spent working above CP {eg., from
exercise ensct for CWR and once CP is surpassed during
ramp INC) & limited by the same finite encrgefic neserve,
The CP maoxked olso predics T, dunng mtemitient cyeling
where bouis of high-imensty exercise are interspersed with
recovery migrvals ol reduced work mites (6),

Unlike the aforementioned testing protocols where strue-
tured work rate forcing functions are applicd by an invest-
gidor (1., pace 18 enforced), athletes 0 sports competinons
have the opportunity for seli-pacing, and this is kmown @
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have imporant implications for performance (1,29.11)
Pacing strvlegies vary peconding o event dumtion and an
thlete's level of expenence bul are believed o reffect an
uttempt to optimize performance without incurning preni-
ture or infolersble challenges 1o homeostass (35), Inferest-
ingly, there i evidence to swpoest that self-pacing reduces
the metabolic siress associated with a given performeance.
For example, i hus been shown that allowing sebpects 1o
scli-pace at a fixed RPE enabied them to complete a 3000-m
rowing bowt in the same amount of trme, bt with les phys-
wlogical perturbanon, compared with enforeed-pace CWR
cxcrcise where the same mean power owtput was maintzined
(21}, Given that CWR exercise above CP 13 theordieally ter-
mimated when the B is filly used and V05 reaches s maxs-
e vabee (4,16.33), it may e speculated that self-pacing
increases the W andior the VO, but this possibility has
nit been myestizated,

In addition 1o exhoestive high-mtensity CWE and INC,
all-out sprint exercise reselis in the atiuinment of Wik sy 85
bong as 1t = munimned for @ sufficient perod (13}, For ex-
wmple, when subjects cycle all out agmnnst 2 fixed resistance
fivr & mim, the peak V0. {typically attained ~60 5 into the
test and mimtamed from that point enwards) s oot diffenent
from the Vi, measured during exhaustive TNC or CWR
exerezse 10 the severe-milensity domadn (3,400, Inemsbngly,
although power output (which 15 solely a function of ¢
dence within this paradigm) declines precipitously through-
ot e mitial stages of this test, it ulimately reschis a nadic
(ie., end-test power, EP) that is not significantly different
from the CP derived from conventional festing proceduns
(33738, [t has also been shown that the total work
performed -above EP during this 3-min AQT (WEP) ap-
proximates ' (37 38), Although it has been reported that
the EP and the WEP can be used to accurately predict T,
during CWR (40, 5015 presently not clear if the same 15 e
for T, dumng INC (e, v@ equations | ond 23 Also, ol-
though it kas been reporied that the CP is significantly cor-
related with cveling time trinl perfommance {34, the degree
to which EP and WEP can together predict perfonmance
during self-paced high-intensity exercise is not known.

The primary purpase of thes mvestigation was o diter-
mine whether exhaustion during high-intensity exercise co-
meides with completion of the sime W cp and attnment of
fhe same peak VO- {ie., 2 repmoducible # and VO,
rezpectively ) during enforced-pace CWR, sclf-paced 3-min
cyching time rial (SPT) at a similier mean power output,
INC, and all-put sprint eycling. We hypothesized that sub-
jects would schieve the same peak V0 und complete the
same amount of work in excess of CP at the point at which
cierciee was tenmirated irmespective of the st protocal. A
secondary pupose was b examine how well panmmeters
derived from a 3-min all-out cyclimg test (ADT) can predict
perfomance durmg exhapstive exercise lests using diffenent
work e forcing functions, Specifically, we hypothesized
that EP and WEP could be wsed 1o aceurstely predict T, for
CWER and INC and performance during SPT,
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METHODS

Subjects. Eght make subgects (mean = S0; age =1 =2
4 yr, stature = 175 0.11 m, body mass = 764 = 10.0 kg)
volumiteered pnd gave willen tnformed consent to parbcipate
in this study, which had been approved by the University of
Execicr Rescarch Ethics Committee. The subjects were all
recreationilly active and were familiar with the experimental
procedures used in the study. On fest days, subjects were
instricied W report to the lboratory 1o rested ste, laving
completed no strensous exercise within the previous 24 h
and having abstained fom food, glcobol, and caffeme for
the preceding X h, Testing wis conducted at the same fime of
day (22 ) for cach subject and laboratory visits were scpa-
rated by at beast 48 b

Experimental overview, All wstmg wos completed ol
sea level in an air-conditioned laboratory at a temperaume of
217, The subjects vissted the laboratory on six occasions for
a 3-wk persed to perform exercise tests on an clectronscally
broked evele erpometer (Lode Excalibur Sport; Lode BY,
Gronmyen, the Nethedondsh and a Compuiraner oycke ergo-
metry system (Raceomate Computrainer, Scartie, WA). Both
ergometers were calibraled using a Lode Cabbrator 2000 { Lode
BY). On the first visit, subjects completed a ramp increimental
cxerise test w determine V0., and pas cxchange thres-
hold (GET) During the second visit, subjects completed
a familianzation 3-min AOT, which was not used in data
anlvas, This tes wos repeated dunmng the third laborsory
vizit to detemiine EP and WEP. On the fourth visii, subjects
performed a 3-min self-paced familianization trial, which wis
i tesed ity s, Afler these profmanoey tests, subjects
completed two cycling tests. One test comprised mioreed-pace
CWR at o power outpul predicted o result m exhmston in
3 min accordimg to EP and WEP measured in the 3-min
AOT (see equation 3 bedow). The other test was a 3-min el
paced trml, These tests wene presented 10 subgects on sepa-
re days in a counterhatanced order.

Exercise tests. The ramp incremental exercise best
{INC) consisted of 3 man of pedaling at O W, followed by o
continuous Tamped increase in work rate of 30 Wmin '
uniil the subject wos unable o continee. The subjects were
instructed to maintain their prefemed cadence (80 mm, & = 5,
o0 mpmy mo= 3, and bests were terminated epon volitonal
exhaustion or when e required pedal rate could no longer
be maintained (ie., fell by =10 mm). T, and peak power
ountpiet | P ) were reconded, and V0, wies defined as the
highest 30-5 mean value achieved. The GET was detenmined
a5 the first disproportionte nerease i carbon dwxade out-
put (VCOy) from visunl mspection of individual plots of
VC0, versus VO, (41), The power output halfivay between
P wd Py, (e, 50% A) wis calelated, tiking into
account the kg fme for VO, relative to power output during
incremental exercme, w previously described (38400

The Famin AQT comprised 3 mm of "unloaded™ (e,
{1 W) haseline pedaling at the subject's prefemred cadence
foflovasd by the Samin oll-out effort. The resistance on the
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predals durmg all-out cveling was se wsing e linear mode
of the Lode Excalibur Sport ergometer such that the subject
would attain @ power oulpul comesponding to 30% A on
reachmg ther prefered cadence (linear factor = power!
preferved cadence”). Strong verbal encoursgement was pro-
vided throughout the fest, but no informabon was given
regardmg ehpsed time W0 prevent pumg Bubists were
mstructed to aceclerate their eadence to approximately 110-
120 rpim awvier thee last % s of the baseline perod and 1o stinin
their peak power output & quickly as possible after the stan
of the test, They were told 10 mmmtain their codence ws hgh
s possible ol all tdmes Fom i point enwands,

EF during AOT ways defined a5 the mean power output
over the final 30 s of the test. WEP was calulued us the
power-time integral above EP. The power output that would
bee predicted to kad 10 exhaustion in ¥ min (P31, the work
rale thit subjects would muintin dunimge CWR) wos then
cakculated from the algchraically oguivalemt version of
equeateon |

P= (W70 +CP 3

where T, i the predacted time to exhaustion (e, 180 spand
EP and WEP are substituted for CP and W7, respectively, We
also ised EP amd WEP from the 3-min AOT in place of CF
und I (38) in equation 2 1o predict T for the momp test that
the subjects had already completed {5 = (1.3 W "\ This
pllowed for o companson of sctual versus predicied T,
to assess the depree o which parameters denved from the
J-min AOT can be used to predict T, dunng INC. Afier
relurmng b e laboratory on the fourth vasal for Bamiler-
zation o self-paced cycling on the Compuirainer, subjects
completed CWR s SPT m counterbalanced onder (four
subjects dad CWR first and the other four did SPT First) om
visits 5 and 6.

CWE {performed on the Lode Excalbur Sport) began
with 3 mm of 0-W baseline cveling afier which work rae
was abruptly increased to Py Subjects were msmocted io
continue for os long ws posstble wl (he prescnbed codence
(soe previows paragraphs), and T, was recorded to the
ricarest second wath exhaustion definsd os o fll in cadence
=10 rpm, Subjects were not infonmed of the work e,
clapsed time, or expected time @ exhatston during this test.
SPT wis performed on the Computmner, which provides a
relisbke measure of power output when gerdelines regarding
temiperature and calibration arc folkswed {8). This ergometer
wig used for SPT because, onbke the Lode where seli-
pucing & difficult becuese the Imear factor s fixed for the
duration of the test, the Computrainer permits the subjoct
W chonge pears dunng exercise; Before cach tes, the
Computramer wis colibrated m accordamce. with monsfae-
turer recommendations, Denmg each test, & computer sereen
that displayed the Computramer software program wis
placed in front of subjects; allowing them o view o
computer-projecicd simulation of themsclves and tho dis-
tarice they had cycled, The test begin with 3 min of (W
bascline cyeling afier which subjects were asked & perfom
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as much work as possible within 3 mn wsmg o sell-selected
pacing strlegy, Stromg verbal encouragement was peovided
duning CWE and 5PT.

Before performmg AT, CWR, and SPT, ihe maximuim
iIEMG of subjects” mght museulus vastus lateralis (IEMG )
during cycling was determined, The leg was initmlly shaved
ani cleaned with sleobol arsund the belly of the muescle, and
graphite snap electrodes (Unilect; Unomedical Led,, LK)
weere adbered 0 the prepared area m o bipolar arangemen
{mtcrclectrode distance: 40 mm). To secure clectrodes -and
wires in place and o minimize movement durmg cycling, an
elastic bundape was wrapped around the subject’s g Pen
marks were made ground the electrodes 10 enable the re-
production of the placernent in swbsequent tests, For the
IEMG,,,., tssessmid, the test began with 3 min of unloaded
bascline pedaling st each subject’s preferred cadence,
followed by o S5 allodt sprind with ihe ressstance on the
pedaks set using the linear mode of the Lade Excalibur Sport
ergometer {linear factor = 0,035 Wrmm ")), Once this
assemsment wis completed, 5 min of rest was allowed before
beginning the subsequent bout. IEMG valses recorded dur-
g ADT, CWR, and SPT were nomilieed & the i(EMG
that preceded the bout.

Measurements. Durmg all cyelng tests, pulmonary
s exchange was measured breath by breath with subjects
wearing a nose ¢lip and breathing throwgh & low dead space,
low-ressstance mouthpiece, ol impeller turbine assembly
{Jacger Triple V, Jacger, Hocchberg, Germany | The inspired
and exprred gas volume and s concentmtion signals were
contmuous]y sampled at 100 He, the ktier using parmagnetic
{VO4} and infrared (VOO,} analyzers (Jacger Oxycon Pro;
Jaggerh via o capllary boe comnected 1o the mouthprece
These analyzers were calibmted before each et with gases of
known concentration, and the turbme volume trinsducer was
citlibrated usng a 3-L syrmge (Hams Rudolph, Kansas Ciiy,
K.5). The vohmme and concentraion signals were time aligned
by sccoumbing for e delay m copillary 2o transst and ana-
Iyzer rise fime relative to the volume signal. VO,, VOO, and
g were displayed breath by breath. HR was measured every
5 % dunng ol tests umng shor-rmge mdiotekmetry (Polar
S610; Polar Electro Ok, Kempele, Fmland),

The neuromusenlar activity of (e msculus  vosiis
laterals of the right beg was measured using hipolar surface
ekectronmyogmaphy. The electrontyographic signal was recorded
wang in MEMDOPE Muscle Tester (Mepa Eledronics Lid,
Kuopio, Finland) al a sampling fequency of 1000 He The
bl sagnul wis amphifed (amphfier nput impedance = 1
MIY), and data were collected onling in raw form and stored
on 3 perspoal compoter usimg MegaWin software (Mega
Eledromies), The raw ekctmmyopmphic data were subse-
quently exported a5 an ASCH fike and digitally filtered using
Labview 8.2 (Mattonal Instroments, Newbury, UKL mivally,
the signals were filiersd with a 20-Hz high-pass, second-order
Butterworth filter to remov e contamination from movement
artifacts, A lmear evebope was then producal vin reciifiation
and bow-pass (300 Hz) filicring s smooth high-frequency
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penks (e, senals m the extemal emvonment defected by
the ehecirodes).

During all éxercise lests, 2 blood sample from a fingeriip
was collected mio g capillary twbe over the final 20 5 of
baseline cycling and immediatcly upon wrmimation of ex-
ercise, These samplis were subsequently anabyzed to deter-
mitne buseline ond end-exemase blood [lactate] (YSI 1500
Yellow Springs Instruments, Yeliow Springs, OH). Blood
lagtote accumulaion (& blood [Tactate]) was calculated as
the difference between blood [lactste] at end exercise and
blood [loctote] ol baseline,

Data analysis procedures. To assess the amoumnt of
work performed above OF (B expressed in kilojoules)
durmg CWE, we wad the followmg aquation;

Wicp = [Py 3 T} = (CF = F0]/ 1000 4

where T, & the measured ime to exhaustion, The ioal work
performed in the SPT wis caleuled o

W= |CF x 1Ela) + W' 14

To assess W.pp duning 5PT, we caleulated the power-
tme mtegral durmg the 3-min sell-paced cvelng bout and
subtracted the work performed below CP (e, CF = 130 5],
To pssess Wpp durmg TNG, we coloulwied the power-tme
inteeral for all of the daa before exhaustion and subtracted
the work performed below CF (ic.. all work performed be-
fore CF wus resched ).

For CWR, SPT, and AOT, bascline VO was defined as
the mesin VO measured over the fnal 90 5 of eveling before
the onset of exereise, whereas peak VO, was defined s the
highest 30-3 mecan value recorded during the test. The fime-
t-attain VO, in the ADT was determined for each mdi-
vidual as the time required for the 5 s rolling-averaged VO
10 rise b a value that was within | 8D of the VO, (using
the cntenon established in the ramp meremental 1est) (20,
Bascline and end-cuercise HR were defined as the mean HR
miasured over the fnal 15 5 of buseline cyclmg and exer-
cize, mspoctively,

Mean 1EMG wis cakulaied for 15 mtervals during the
Sg sprmt cyehing asssssment, and 1EMG,, was defined as
the highest |-5 value, Mean iEMO was calculsied for [0-4
intervils throwghout both the baselime and the exenise pe-
niods of AQT, CWR, and SPT, and these values were nor-
malized 1o the IEMG,,,., that preceded the boot, Baseline
IEMG was defined as the mean 1IEMG during the 90-s pre-
ceding the onset of exemise, and end-exercise iEMG was
defined s the mean 1EMG durmg the final 105 of exercse,
We also cakoulated peak (EMG, which was defined a5 the
highest Ds value recorded dunng the test, Fmally, we
culculated menn (EMG for 30-5 time bing for each expen-
mental condition (i.e., mean = 1-30, 31-60, 61-90, 91-120,
{20150, and 151180 ) to assess the extent 1o which IEMG
clanged as exercise proceaded for the three different protocols.

Statistical analysis. A onc-way repeated-measurcs
ANOVA was wed o detenming the differences betwien
trials i rebevant physiological and performance vanables.,
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Where the anulvsis revealed o sigmificant difference, indi-
vidoal paired ~tests were used o detenmine the origin of
such effects. Paired Hests were also used to identify sig-
nificani differences between 1EMG at 305 and 1EMG at
180+5 for cach condition. Paited r-iests and intraclass come-
lation cocfficients were wsed o exwmine the telationshp
biztween actual mmd predicted T, for INC and CWE and ac-
fual and predicted perforeance for SFT. The cocfficient of
varision {CV) was caloulated for each mdividual s the
standard deviation of the predicted and actual measure rel-
ative 1o the mesn of the predicied and sotual mesur wmd
expressed as o percentage, All data are présenied s mean £
S0, Statistical significance wes accepted when P < 005

RESULTS

The Vs, for INC was 4.24 = 069 Lmin ' with GET
oceurring at 180 = 0.3 Lmin ™, Py and Prgy were 376 +
57 and 117 £ 38 W_ respectively. EP and WEP from the
AQT were 260 < 60 W oand 165 £ 4.0 k), respectively, Py
e, the work rate for CWR estmated via equation 3) was
345 2 58 W The actual T, for CWE was 185 £ 24 5 {mnge =
145217 5), which wis not simifcanty different from 180 5
(i.c., the predicted value), end the actual and the predicted T,
for CWR were significantly comelated (¢ = 0.9, P < 001 L
The CV between predicted and sctual T, m the CWER was
&% 2 5%, The sewial T, for INC (733 £ 121; range = 623
039 5h was ot signifeantly different from the predicted 7,
(754 £ 122 2 range = 605-943 ), snd these values were also

highly comclated (r = 0.92, P < 0.01; see Fig. ). The CV ED

between preducted and actual T, m the INC was 3% = 3%,
The actuial total work perfonmed in SPT (63,1 £ 1006 kX was
nol sigmificantly different from the predicied totl work
performed (626 = 104 KTy, and the acteal and predicted
values were significantly correlated (7= 0.94, = 0.01), The

Aucimal time (x)

Tl i) ) 0 e 1000
Predicted timeds)

FIGURE 1—Actoal sersus predicisd T, Toe INC {r= 092 for o= 8,
I <001, Prediciion wos mode using perameters deris o fram g Smin
ALK (L., EP snd WEPL
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CV between prisdicted ond actual word performed m the
SPT was 3% £ 3%

W gp values for CWER and 3PT {166 £ 74 and 153 £ 5.6
kl, respectively b were nol different from one another or from
WEP for AOT {165 £ 4.0 kI, P= 0.05), Furthermaore, these
values were mol different {7 = 0.05) from Wepp for INC
(164 = 4.0 kI, The CV for B omong conditkns wis
19% + 19% between AQT and INC, 17% + 25% between
AOT and CWE, and 12% = 11% between AOT and SPT,
Thiz similarity of the capacity to perform work above CP for
four differemt protocols & depicted for a representitive sub-
Jeet in Figure 2. A schemutic representition of the differeni
ways in which this capacity was deploied along with the
associnied power profiles s provided i Figure 3,

Table 1 presents physiokogical responscs o AOT, CWR,
and SPT. The peak YOs valuss for these three profocols
were not different from one another or from VO, for INC
(P = 0.035), The CV for V0, among conditions was 5% +
4% between INC and AOT, 4% = 2% between INC and
CWR, nd 3% £ 1% between INC and SPT. However, the
fime to achieve the peak WOk was shorter for AQT com-
pared with the other two conditions, which dsd not differ
{Table 1} Group mean VO, respomse profiles for ADT,
CWR, und SPT are shown i Figure 4. There was o sig-
nificant difference in end-cxercise blood (lactate) or cnd-
exercise IEMG berween conditions; however, IEMG profiles
dhermg the bouts were different, Specifically, peak 1EMG
was arester for AOT and {EMG decreased by 44% from the
inrteil i the fined 30 5 of the test. In contmest, 1EMG increased

a Wy 129K)
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From thee amstinl do thee Fmad 305 of CWE and SFT by 195 i
15%, respectivedy; Tabde 1) Croup mesn iIEMG response
profiles are shown in Figure 5.

DISCUSSION

The mesults of this mvestgation indicate that the soal
wrntent of work that cam be performed before the i of
tolerance during excrcise cxceeding the CP (ie, Hioop) is
stmalar seross different hgh-intensity exercise protocols that
expend the W o different rtes. Specifically, m agreement
with our first hypothesis, regandiess of whether it was pro-
duced by enforced-pace exercize (either TNC or CWR) or 2
protocal where subjocts were allowed to choose their own
pacing strategy (SPT, the termination of exercee coineided
with a similar .. This 15 consistent with the CF model
of human bioenergetics, which proposes that the power-
duration relutionship for high-miensity exercise 15 defined
by rwo constants: a power asvimpiote (CP) and a curvature
constant (W), with the latter (expressed in joules) rep-
resentmg the finite capacily for W The W across SPT,
CWER, and [NC was similar o the totad amount of work that
subjects could complete ubove EP during the 3emin AQT,
Together, the CPand W estimated using the ADT cnabled
the prediction of the T, during CWR with moderate accuracy
(EV =84} and the predicton of 7, duning INC and the total
work performed during SPT with good accuracy (CV ~3%
for both),

WEF = 14.00k]
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FIGURE I—Fower profile Toda reproseutative subiject dwring IO QAL ACT (B, OWR @03, aod SPT (0% The horisanial e supserimpeed om vich
el indicares tlse subjects CF e os stimaed by EP from ACT: eg- 323 W for this sehjecth, anid the seriped orea represents the work the subjee
perfermeid alsove thot power suipnt for cach profesol. Motlee the similarity «f this capaeity lir B Bor Tour distnetly different protocobs
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FIGURE 3—A, The power profiles Tor AOT {open circles), CWH
It s witle graye ), Al SPT defovad circles widh Sk [0} B, &
schematk representation of depdetion of the copaciy for W for the
snmi thres conditlons. These depletins rellect granp mean dotn fir
warch perfornied ol 18 imlervals thranghout the exercise haois, Error
bars have lseen eveluded for clurite. Notlee s the end of caerche
valnelibes with enmpleie dopletlon'use of & Nnlte capaciey far work re-
warilless of the gosver profile, See sl e Buether details,

The precise determinants of W (ie., the factors that dictate
the capacity For B ph are not yet wel| umderstood. Acconding
W the classical micrpretation, it represents an “anacrobic
work capacity™; that is o is linked 1o the ahility to derive
energy from high-energy phosphate hydrolyas and anserobic
glycolysts with & small contribution from arvoglobin- and
hiemoglobin-bound V0 stoves (10.25-27). However, this is

g E 8§ 8 8 &

VO, [ml-min-)
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-0 L E L # LELI
Time {8}

FIGUBE 4 Graup mean VO response profiles Tor ACFT (upen ol
ales), CWH iclosedd clroles with gray (). and SPT jefesad cireles wirk
ek L Dk hareontal line inBcales T“m; Trom IS, Maticy
that despdie the different protocnk thot were wed, ¥k reschisd s pesk
valuwe thnt was wot different fron Vi,

now umderstond to be an oversmmplification {16), An aller-
native view is that I is related to the attinment of some
eritical level of metabolite accummlation fe.g.. [H'] andior [F]
and'or [ADP] (702070830, Interestingly, CP represemis
the highest extemal power outpat that can be maintained
without & contmued rmse in VO 1o the VO, (1633)
Therefone, another feature of CWR and INC performed above
CP is that a reproducible Wi, should be attained when the
W has b expended,

In the present study, we used the parameters of the power—
duration relutionship for high-intensity exercise o prsdict the
CWHR that subpects could sustmn for 3 mm (see equation 3)
and the totzl work that could be performed in the SPT. We
abers predicied in refrospect the amount of fme subpects could
sustain an INC test at a given ramp glope (e, 0.5 W ! see
equation 23 However, instead of denving these parameters
in the comventional manner (e, constructmg (he power
duration hyperbole by plotimg T, from nuliple CWR bowts
performed 10 exhaustion ab different work rates), we esti-
mated them from the data obtained doring a single 3-min
ADT, We have noted previously that in some individoals,
the abiliy of the AOT pammelers to predict T, dunng
CWR exercise may be less accurate at higher compared with
lower severe-intensity work rates (390, This may be partly

TARLE 1. Physinlopical marameters {or 3-min ADT, CWR test weih predicied duration o 3min ond 5-men seli-paced tme il 59T |

ADT W] 2]
Bagaling HR (b min ™) 10 BT el
End-srrise MA (Beats-min ') e d 1774 L
Baseling W) [Lmin " .0 106+ 03 £16 £ 0
Peak W, iLmin ™) 410+ 078 LALRE ] 42 =0
Time I gk WOk dah LR LY 140+ 2 13-24
Basfing Dloed (RCIEIE) (i) 16+ 04 21104 1508
End-percise blond o lactale) {mid} Br:1l TE:18 B2eur
4 Bleod Mlaciate) dmid) T1:z14 fE+18 i3=22
Bazaiing (EMG. % MG 1 LR RS ] T+T
End-ponrise iIBdG % EMDyw. Beh 48+ 12 ek
Peak iEWY (% (B Emax) b2 8 1419 i

*Bredganty differanl ram CWE and ST [P =< 0058
“Snilcanly diferent fom 5T (P < 105),
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FIGURE —Mean iEMG response exprosss] relative to iEMG L, For
VT funpew gTrode), CW R {olimed virclo will prop i, angd SPT {oined
etratoy with black g ). Novkee how ([EMG reaches s bpher pesk b
sulmegquent by deereaws during all-oul exerdive compared with thi s
grease in iENG witl Goe that iy obsorod Tor the other tws produals,
Nntler akn chat che IEMG profile bs similor iooibe CWER enforesdpacep
and 3T {self-paced) tests Values represent 1 menn valses ciprossed
wop perevidage of the higksest -5 iEME mensoral dhiding o proceding
£ wprinc

due o relatively poor test-retest reliability of B compared
with CP whether cstablshed wsing conventional or all-out
protocols (3,141 5.36) a5 well as the grepter nelative contri-
bution of W to iotal work performed in shorter exercise
bouts, In the present study, the aceuracy of the predicied 7.
in CWE, which was pedformed ot approximotely 90%4, was
moderately good (CV = ~8%), wheress the predictions of T,
and performunce in INC and SPT were quile precise (CV of
~3%), This largely confirms our zecond hypothesis and
provides further support e the notion that the EF and WEP
durmg 3 min of all-out eveling can be used to esimate CP
and W, respectively (3,37,38).

Our ability to we estimdes of CP and B o predict 7.
durmg CWER and INC and performance during $PT & con-
sistent with previous rescarch, which shows that W i
simmlir regardless of the chosen work ners) above CP or
the forcing function by which the work rates) is applicd.
For exarmple, 11 has been established that W.op & smmilar
tor CWHR excreise, INC exercise, and exercise, where siep-
wise vanations of power owtpet above OP are present
6,12, 14,2829, However, of &8 important to note thal pacing
was enforced durng these previous invesiigations; that i,
the investigator controlled the extemal power satputis) th
the subgect wus expected o produce throughout the test,
Thiz 5 unfike athletic competition where the pacing strategy
i5 selected by the subred o achieve the optinal performance
{33). This point is relevant when inyestigating F.p bocause
it his been suggested that alteratons in power output th
eccur dunng self-paced exercise are established through
central newral control. Specifically, it has been suggested
that the brain regulates muscle achivation in response o
feedback infomution from peripheral receptors and feed-

64

forwand sohicipation of ongomg events (20,24.31,32), Thas
“eentral govemor” would presumably be related osome
way 1o the cascade of events that perain al the limit of 1ol-
etumce (i, VO, failing 10 continue o rise to a higher value
and the mability o accumulate further Waeph If e, it s
puossable it affording subjects greater autonomy over puc-
ing stralegy during high-intensity exercize might reduce the
sensations of fatigne and allow performance to be enhanced
(23, Imtgrestingly, self-pocing durng the SH0-m mowing
time trials bas been shown to result in similar performance
is a0 enforced-pace protocol whik producing less bomes-
static disturbamce de.e, less blood [Tactate] aceamulation and
temperature elevation) (21),

In the present study, we asked the subjscrs o eyl us fur
& peszible in 3 min on an ergometer that provided feedback
on detance covered. This allowed us o compare Woop
during u self-poced exhanestive 3amin bout of high-intensity
cycling {SPT) with W..p during an enforced-pace approxi-
mitely Jomin (1e., 185 = 24 5) CWR test. Consmtent with
our fimt hypothesis, W.ep during 3PT was not significantly
different from W during CWR. Furthermore, this value
was akso symikar i Fop-p dunng INC and the W EP measured
daring the ACT, Cur study design also allowed us to com-
pire the consisteney of the pek YOn across the different
excrcise protoeols. The peak Wi, during SPT was not sig-
nificanily different from the peak VO, during CWR, and this
vatlie waes abso sinubar o the VO, from INC and the peak
V0. measured during ADT. These latter results are consis-
tenl with our previows study (3 o which we reporied that
there was no difference in the peak V05 attained during INC
when subjects were allowed to self-pace compared with
when the work rake increment was Iinear and controlled
externally. The findings of the present study mdicate that the
fumctional lmk between the depletion of o reproducible g
pacity for H.p, the atainment of a reproducible Vs peak,
and, ultimately, the factors that lead to the termination of
exercise dunng high-antensity exenise 15 not affected when
subjects are alkbowed 1o selfpace.

Although the couselz) of Tetipue dunng supra-CP exercise
ety wlemmantiely be the same, the putern of pacmg sekected m
SPT (i, greater than mean power cutput at the beginning
andd end of exercesed resulted m a different profile of F.op
expenditure compared with CWE, as illistrated in Figure 3.
In CWER, the Bocp expendifune was hinear throughout exer-
ciae, wherens i SPT, it fdl more steeply over the first up-
presimatcly 100 s and then less steeply for most of the
remuining approximately B0 8. IEis possible thot this self-
selected pacing srategy allows subjects o feel more com-
fortable vver o greater persod of the exercise inal (e,
more of the total avaslable W 15 remaimng from ~ 100 to
=170 21, while sull permiting & sinilar #op o0 be ac-
complished, Thes muy explain the kwer RPE but similar
performance reported by Lander et al, {21) doring & self-
paced compared with an enforced-pace 3000 m rowing time
tmal, A relanvely higher power output at the beginning of
high-intensity exercise (i.c., a fast-start pacing srategy) ako
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Chapter 6: Effects of pacing strategy on work performed above critical power during

high intensity exercise.

speeds VO, kinetics (see Fiir. 4) and muy benefit performance
(1,2.19). Intcrestingly, although the Wy was not ssgnifi-
cantly different between any of the protocols investigated in
the present study, it was lowest for SPT (153 k) compared
with ~ 16.5 kJ for the other tests. [t is possable that this was
i fumetion of the subjecs” relatrve back of familienty with the
SPT protecol because they completed only one familsanzaton
frial. It & known that pacing sirategy ean be optimized with
pdihtional expenence of the exercise sk (22,24,

We used (EMG t assess muscle activation during the
different protocels in the present study, Then: are lmitations
b inferrmg muscle achvation from (EMOG dunng evcling
(especially when cadence k= not constant; ¢.g., during ACQT )
Moreover, the 1IEMG results an Fagure 5 represent the meun
of a |{-5 sample as @ proportion of the highest 1-5 value
recomdid durmog an il 5-5 spont cyelmg bout, Therefore,
il is omly possible (o mke gqualilefive comparisons between
the iEMG profiles recorded in the different protocols. End-
exercee (EMG wis not sigmsficantly different for AQT,
CWHR, and SPT. However, iIEMG reached an early peak
during AQT, after which it declined, whereas CWR and SPT
wire charactenzed by a progressive incrense m i EMG until
the termination of exercise. The muscke activation profile
m ADT would wllow Woop to be expended rapadly (s
Fig. 3B}, and power output would fall precipitously to reach
its nadir omee W was exhausted (see Fig, 3A) Conversely,
during CWE and SPT, W.pp 15 expended at n slower me
{Fig. 3B}, and maescle actovation increazes (Fig, 5) io mamiain
the same external power owipul in the face of moonting -
tigue. [mportantly, the similanty of the IEMG profile for
CWER and SPT {Fig. 5 and Tahle 1) sugeests that affording
subpects (e autonomy to pace their exercise efforts does it
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fo chimge the sequence of evenls thit defines perfonmance
capaciy during hgh-ivtensity excrese (soe Figs, 20, 3. and 4).
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of o “fined” copacity for W (Le., W) and the associared
increase in V05 o a reproducible peak VO, (e, VO
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we have shown that high-intensity eveling that involves
different profibes of externol power production will cause
Wopp, (EMG, and V0 o change ot different rates; ulfi-
mately, bowever, performance in all these conditions 15 as-
secinted with o “complete”™ dephetion of B, as indicaled by
similar .- across all exercise wiaks, Although affording
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quently, thiz single test can be vsed to determine the three
physiological pamameters (i.c., CP, W, and VO,.,.) that
fogrether determing high-intensity exercise tolermee,
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Vanhudalo A, Jomes AN Muscle metabolic determinamts of exercise
talerance folbowing exhaustion: relationship io the “critical power”. J
Appl Pirgsiol 185: D0-0000 2003, First published Way 220013
dai: L1 | 52 applphysiol 00334, 208 3. —We lested the bypathesis that
pisl: gh-energy phosphaie compounds sid metabodites relaisd D
the forlgue process would be recovered nffer exhaustion during recov-
ey engrciss performed bebow bur pon above erilbcal power (CF and
that these changss woull (nffuesce the eapociny o continme s,
Eighi male subjects completed single-lep. knee-¢uiensinm cacrciies o
exhausion (for — 180 ) on three accosioms, folkowed by & work-rade
reduction o severe-imtemsity exercise {=CF) heavy-inlersity excroise
{=CPy or o 10-min passive recovery peniod, in mndom ander. The
muscle metabolic responses ko prercise were assessed using M'P
magnelic resonance spectroscapy, There was a significant difference
between the susizinahle exercise duration duripg the recovery from
exhastive exsrele between the <CPand =CP conditkin (af lcost 1)
wmin and 39 = 3 s, respectivelys P < (005 Duting passive recovery
andd <P pecovery excrciss, mustle phosphocreatine concenirmtion
(P [§ inereased rapldly afier the exhosion poim, reaching —96%
i =M% af haseline values, respeetively, after 100 min (F < 0,
Morcover, pH Incrensed abrupaly, réaghing 7.0 T il and 7.0 £ G,
respectively, after B0 min reeovery (P < 008), However, during =CP
recovery exercise, meither muscle [PCr] mor pH recovered, reaching
=37 of the intfial baseliee and 6.6 = 0L nespectively. These resulls
inificaic that the mescle metabalic dynamics i recovery from exhoos-
tive 2P differ according o whether the recovery exercise is per-
formed below or above the CP. These findings confirm the imporance
ol the CP as an intrammscular metbalic threshold that dictates the
necumialation of funigue-related nwtabaliies aad the capacity 1o wler-
ae high-iniensity execiee.

eritical power; W, enereise iolerance; comiant work rale: faigue

TRIE PHYSIGLERGHCAL BESIHINSES during constant work-rate (CWR)
exercise are highly predictable depending on ithe exercise-
intensity demain in which an individual is exescising {12, 21,
29. 300, The asymptote of the hyperbolie relationship bevween
power ouiput (P} and the time w exhawstion (7)) durmng
high-intensity exercise |ertical power (CPH] marks the bound-
ary bepween the heavy (<CP) and severe {>CPliniemsiy
exercise domaing [see (13) for review, [T, 18] The CP there-
fose represents an important physiclogical theeshold that ap-
proximates the so-called maximal loctate steady state (22, 24)

Adddress for reprint requests sad other corespandence: A, M. bomes. College
of Life nnd Environmentl Sciences, Univ, of Exeler, 52 Luke's Compuos,
Exeter, Devan, EX1 2L UK de-mmil: o.m jones@enelernouk);

gt gappl.ofg

and s considesed w0 represent the lighest sustainable e of
oxidative metabolism 013, 191 Durng sustained =CF, a
slowly developing onygen consumption (Wi} “slow compo-
nent” will eventually result in the attainment of maxmal Yo,
1 Vil with the Ty aitwned shortly thereafier (9, 12, 21,
30, In the =CP, iokerance can be closely predicied based on
the hyperbalic relbonstip between P oand Tym 013, 17, 181
The curveture consiant of the power-durstion hyperbola (W)
represents a feied amoant of work that cin be performed ohove
CP {13, 17, 18 This consiancy of W for ihe entire mange of
sippra-CP wonk raies means that T, during any high-mtensity
exercise, coincides with the complete depletion of a4 fxed
capacity for work above CP{W ... (5. 8, 13, IT), the phys-
iological determinants of whicl are unceriain {8, 13a, 26),
Consistently, bow values of muscle phosphocheatine concen-
tratean ([PCr]) and pH lave been repored ab the limie of
elerance dusing CWHR excrecise ahove CP (14, 26).

It bns boen suggested that opce the W' has been exhousted
nod the Ty nitamed dunng supra-CP exervise, the work maie
must be: reduced below the CP for W' o be reconstituied and
for exercise to be confinued {7 ), Coats and cownrkers (1) asked
subjects o compleie severe-inlensity CWR 1o Ty, dattaimed m
~f min) wnd then mmediately reduced the work rle 1o 505
af the gus exchangs threshold (GET), ¥0% CP, or 1105 CF,
the suhjecis then stiempted o complete 20 min of exercise, 1
wis reported that all six sabjects completed e 20-min argel
timi at 805 GET, only two subjects completed the 2-min
target tme at W CP, wheseas poie of the subjects completsd
the 20-min targes tme ar 110 CP (mean = 5D exencise rime:
30 = 12 gk The awthoss interpreted these findings o sugges
theat the W' recovers i an mdensity-dependent mannce follow-
ing supra-CP exercise with important iniplications for exercise
ioderance (7) Conmizstent with this, we have reporied thal
recovery intervids between repesled severe-intensity  work
bouts enable the finite W' to be restored, with the mognitude of
this reconsitution relaied o the intensity of the recovery
infervnl 161, Specifically, recovery work mtes below CP allow
for a purtil recharge of W', wherens “reeoveny” work mies
abowe CP continne to depletz W', albeit at o shower rate than is
aihserved during the work interval (6, 233 However, the imitra-
musclar bases for this ivensity-dependent W' recovery have
yet to be imvestigaied,

Therefore, the purpose of the present - siudy was o ose
HP-magnetic resonance spectroscopy O P-MRS) o investigate
the mechamisne bases for e imensigy-dependent changes in
the peconstitution of the W' and exercise tolerance immediately
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2 Metabolic Recovery from Exercise i Relution i CP + Chidnok W ef al

following exhapstive =CP. We did this by assessing the
responses of intramusenlar phosphones-linked metabolites and
pH during recovery excseise performed m different intensifics
[ollowing severe-intensity CWR (o exhaustion, We hypothe-
sized thit recovery exereise <CP would b sustainable for n
appresinble duration (at lesst 10 min} without signilicant Ta-
figue developrient afier the exlaustive exercise and that mus-
che [PCr] and pH would be secovered significanly. We also
Iypodhesied that exercise toberakes would be severely limited
during recovery exercise =CP o o consequence of an wmabdlity
tiov pecovet [PCr| and pH.

SMETHO S

Subjeces, Blght mnle subjecrs (mean = S0 age 23+ 5 vemrs,
st | TH = 03 m, body nase TET * 8.2 kgh voluitesied sid
e vwriten, nfodined consent i participale o this oy, which has
heen approved by 1he University of Exeter Research Ethics Coommil-
iee. The subgects were all recreaiionally active and were familiar with
the experimenial procedures wsed in the stody, O test days, suljects
were instrocted to repor (o the labormbory i 2 resied abe, having
compleied no strenuous exercise within the previous 24 b and having
ahstabned from food, aleohiol, and caffelee for the preceding 3 b,
Testing was coadiscied al the same time of day (22 h) for gach
s, amd labwsalory visise wirs separscd by al leasd 48 b

Exprertmental ierview, The sinly wis eonducted bn twe parts, The
power-duration rebatbonship was first established dn the labommry
dluging the single-leg, knse-cxtension casrerse for gach subject fron
fower separade exercise bouls, From this relationship, the CF and W
were estimmied. Subsequently, with the mse of the same ergometer.
subjects performed the single-leg, knee-extension exencise b exhans-
tion within a magnetic resonance scanner. Muscle hiph-energy phos-
phate compounds and melsbolites [PCr, ATF, inorganic phosphale
P wad pH] were pesessed contbmausly atn seviese-inpensity CWER,
estimtesd g pesuile in exhaustion i 3 e (P 26 = 3 W, 1339 of
CPh lmmediniedy Following exhaption, sibsjects underwent o O-min
asabve recovery pedied, of the work mbe was redueed i0a =CP 21 2
A Wror <CROL3 = 5 W single-leg, knee-exiension exerciie. Those
soeditlons were presentad in mndom onder

FPart I: derveation of the power-dermlion relotionship gad exfima-
fiow of OF aed W, The sshiects imitially completed four severe-
intensity CWR single-leg, knee-extension exercise houts ai oifferent
work raies io determine the hyperbodic power-Tj, relationship. The
work rabes far the trials were szlected 1o vielkd a range of Ty, varving
i —2 ik For the shostesat trial o =12 pln for e boges wal (26),
The enencese boaits were completed o separate days and pressntad in
o et Subjects weie pliced D a prone position and secred 1o
thee rgrometer bed witl Veloro sraps o the thigh, butocke, and lowes
Bk 1o wiinize extraneods moveinenl dudng the exsickss protocol,
The exgoneter consisted of o avlon frane secared on top of the bed
close 1o the subject’s et and o hase umit placed at the distal end of the
hed. The subject’s rght fool was comnecled 1o a rope running along
the top of the frame o the base umit, on whach o mounted pulley
gyslem permitted brss-weight plales 1o be lifted and lowered. Exer-
cisz wis performed al the rate of 40 contractions/min, with the subject
lefiing amd lowering the weight over a distamee of ~022 m, in
sccordascs with s viswal cue presesied on @ monitor and an audible
cug timed o b boom of the down saroke, A shall encoder ype
BO-00; Busimer, Swindon, LK) was fitted within the pulbey sysiem
fiv mecinil the distanee travebsd by the loml, alsngeide @ poamagnetic
lowaad el (ivpe F250; Movaech Measurements, 5 Leoneads On Sea,
East Sussex, UK} o reoord applicd force, which alowed the calow-
lation of work raie.

Diuring all exencise tests, the subjects were verbally encourmged o
continue exercising for as long & possthbe. The Tem, which was
recarded 1o the nearest secomd, wits defined as the time af which the

subject could no Jonger keep pace with the required rate of P. Subjecis
wers ol [nfeemed of the wirk raees of thelr performanee antll the
enthie peoject bad been completed, Todividusl CP and W' estimates
were derived from the predicibon winl by leass-squages. finlag of the
filliwing regression madels: nonliness P ve thme (T)

T=W/(P-CP) (h
limzar work [W) ve. time model

W=CP T+ W (2)
limear P vs. [ Aime model

P={1:T)- W + (P £l

The parameetzr estimates from Eqs J-3 were compared 1o gnsure
gondiesss of i, and the medel with the lowest sandard v of the
catlivate (SEES wae ehosen for fuscher onalysls (10 The 95% condi-
denee imervale for (e edimation of CP were Used o calcalats the
work panes thal were just Below and jist above tie CP, W peasoed
that this approach wiould provide reasanable sesurance that the work
mtes were truly below and shove the CF for afl subjects,

Pari Il: “P-MRS assexsment of muscle meiabolic respoares fo
Righ-imiennin exercise. After completion of the predictive trials for
extimation of the CF and W', the subjects meponed o ihe MRS
Latwoestngy ot the Penlmsula Mognene Resonamcs Ressnch Unit (Ex-
cler, UK o thres separiie sessions, Exhaustivg =CF was perfonmie]
swith. slimubiansies mesursment of musele metabolle reponsss by
MEMRS sing 4 15 T superoonducting mognsthe reseaance sconner
il Philkps, Amsierdan, the Netherlasdsd and using the same
ergometer s for it £ Toocollect he ™ P dats during the sxercks:
protocal within the scanser, o 6-cm ' P imnsmitfreceive surface ooil
wars placed within the ergometer bed, and the subject was posilioned
such that the coil was centered over the quadriceps muscle of the ight
leg. Initially, fast-ficld echo images were acguined to delerming
cornect positionang of the muscle relative to the coil. Placement of
gonl-lved ol copsibes. whlch viedd laghe-miensiny signnl pols within
the bmage mijacenn o fhe ool aliowed it atentation rebative o the
mmuscle vodume enider examination o be ssssed, A nimber of
pr-mcquibsal o sleps wieee earried oof b oplimiae the signal from the
ensile wnder investigmion, Tuning and matching of the ol were
perfomied 1 masimize carpy wensler between the coll and the
muscle. An salomalic shimming protoced was then underiaken within
1 volume that defined the quadriceps masche io oplimize homogeneity
of the local mapmetic fickd. thereby leading to maximal sigeal collee-
ticn,

Hubjects were required bo exercise io T @ a sevene-inbensily
CWR, peediceed to reenlt b Pa [t the gse of the CP and W' derived
froin puart 4L P = [WTjm af 180 ¢ (Tyad] + CP. Immediately
fllerwing exhiistion, subjects éither 1) continsed o perforin exer-
che ar i shove CF (>CP) or below CF (<CPy work e, sith
enciciee conlipaed for PO min or as long as posslble, or ) ceansd
encrciie completely for n |0min perbod, The theee lests were uisder-
takem on sepamte doys i rndom ornder. During the entire exercise and
recovery periods, *'P dats were acquired avery 1.5 s with a spectral
width of 1.500 He Phase cycling with Fear phase cycles was used,
beading io 2 spectnem zcquired every & 5. The subsequent spectra were
guantified by peak Miting with the asswmplion of pridr keowledze,
using the advanced method for socurmle, robus, and efficient spectral
(AMARES) fining lgarithm in the JMRUE {version 3} seftware
package. Spectra were ftied with the assmption that P, PCr, ATE,
anel phophodiester peaks were present, 1o all cases, pelative amphi-
tuibes wiere gorrected for pariial samratim diss o b reperiton tine
rebative w0 T1 reloxation tme, The T1 smurmbon wos corrected vio o
specimim consistiing of 48 individwally acqoired spectra thal were
acguired with o long reloxation time before the beginning of datn
acguisition

Intracellular pH was caloulated wsing the chemical shifi of the Fy
specira relative 1o the PCr peak (25). The [PCr and Py concentm-
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Metibiric Bewovery Trom Exercia an Belation 16 TP« Chigond Wer al 3

Tabbe 1. Wowk rases and limit of toderance dwrirg exhamtive
severe-intensity constant work-rate {CWR) exercise amd
siihsequent Fesfing or exercising [heavy- and severe-infeniiy
critival peover sxercise (0P gnd = CF, respeciively)]
Ry

Fassing P L

CWER csavrcas boul, W x3 hxl o]
T dhing CWR o5 hnistive

PRI, & =2 182 = 16 =23
Woopp diirmng CWR cxfamsting

egcine, kl 144 =053 1552060 §4%2 055
Recovery WE. W 0=l 13+ 5 il |
Tiss deving CWR meanery

EXETISE & Ml = 0 e e

Thate are mwans = A0, Taa timee (0 axhagarion;, Wece, Work abovg CF.
Rignificanily differont from aesring atd <CP (< 005

tien [[P]) were expressed ns percentage change relotive 1o resfing
Traseling, which was sssumed to represcal 1% Besting ol eibd-
exenclae values of [PCr), [B] and pH wese calculaed over the last
05 of the restoor the kst 18 s of the sxercse perlod, The ADP
coneentration ((ADP] was colowlared a8 described by Kemp gt ol,
(160, assuming o baseline ATP concentration (| ATF|) of 8.2 mM
Tolal creating was sssumed to be the sum of PCr and free creatine,
where the latter was determined based oo the sioichiomeiry of free
creatineg and P

Staticical aurtvsis. Oac-way ANOVA was used o compare CP
with W' among the three models. Two-way, repeatod-measures
ANOVA were i=ed to delermine differences smsang Lhe ' P-MRES dola
APCL. [P [ADP], el pH) amd the T for the restbng, <CP, and
FOP recovery comlitlons, Wheee the anilysss revealed o gignifican
dliffesemce, individual paired Fests were wsad with kast slgnifican
il e corrscthon 1o dersrming the origin of sch sffects, All data
e presensed ax mean * S0, Suistical sigalilcnes wos gecspied
when P < (05,

RESULTS

Al subjeets suceessfully completed Tour CWE excroise
iriats for the cstmation of the CP and W', There was no
significont difference in the parameter estimales denved from
the three models for CP(IT =4, 17 = 4, and 17 = 4'W for
mosdels 1, 2, and 3, mespectively; P = 0051 or WhILGD = 051,
152 % 0. awd 152 = (0053 KD for medfeds 1, 2, and 3,
pespectively: P2 005 The coefficients of variation wene
lowest for miodel 3 06 = 5 and 10 = 4% for CP and W',
peapectively), and the CP and W' from siodel 3 were therefone
wsed o calculate the work rates to be used i the main
experiment

Subgects exercised at 36 = 2 W for the CWR exercize boul
(1.2 Ps). The Ty dunng the initial exhaustive exercize bouls
were |71 = 325 162 = 265 and 173 = 23 5 for the resting,
<CP, ol =CP conditions, respectively, The Ty for these
theee protocods were ol diffesent Trom obe anotler o from the
predicted Tyy (P = 005) In addition, there was no significan
difference in Wip acsoss the theee conditions during the
initial exhaustive exercise bouts (feting = [d44 = 053 k1)
<CP = .55 £ D6l kI =>CP = 145 = (.55 kJ). and the
W were not significantly different From the subjects” W', a5
estimatesd from the power—duration relationship (1,52 = (L33
kl; P o= 0650 The subsequent recovery WR for the two
experimental condiiions (<CPand =CPlwas 13 = 5and 21 =
4 W, respeciively, There was a significant difference beiween

the cxercise duration sustamed dunng the recovery periods
following the sitial ataimment of Ty, for the <.CP and =CP
vomditions (P < 005), During <<CP recovery exercize, all
sulijects were ahle o complete the taegeted 10-min secovery
exercide period withoat difficulty, However, when e secovery
widk rage was =CP, exercise was sustained for only 39 £ 31
5 heyond the point of initial exhoustion (Table 1), Thes duration
of continned exercase requiresd 0,07 = LR k) of sdditonal
Worp, which was significantly greater (P < 0.05) than the
Worpof 0004 = 002 kI, theoretically available if the subjects
had repched the predicied Tow, The amount of additional
Woopp wias also significantly greates (P = 0U05) than the SEE
foe W' 015 = 001 kD) and was nod significantly corelated
with the T mecorded in e initial exhaustive exercise boul
(¥ = =067, P = (05N

Table 2 presents the muscle metabolic responses during the
CWR exercise with different recovery mtensitics, The muscle
high-energy phosphate and metabolite concentrations wene ot
significantly different st the peant of exhaston among condi-
tions (Table 21, The musche [PCr| decreased mpadly with Ty
in all conditions (approximately 3% - 4046 of the mitnl kaseline
value], Moreaver, musele [ATP] fell by approximately 15-
17% aver the course of the exhaustive exercise boul, and [F)
and [ADF)] pose imumediately sfler the onset of exercise and
increased wah] exbuustion (appeoaimetely 524 -586% and ap-
proximaiely 51-55 pM above the il baseline, respec-
tively)l, Muzcle pH fzll prcipiionsly o reach ~67 ol the
termination of exhaustive exercise.

During resting und =< CP recovery exercise, muscle [PCr|
increased signifieantdy und rupadty after the exhaustion point by
36 = 0% and 36 = 14%, respectively (P < (03, see Fig, 1 and
Table 21 Moareover, pH increased significantly and aboeptly
(regching 7.0 = (.0and 7.0 = 0.2 after [0 qund, and [P ] and
[ADP] fell significantly after exlaustion (P < 0.05). However,

Table 2, Miscle medalollc regposses ditring severe-intensity
CWR exerclie ind subseguent recevery al difforent odensities

Bersetirme Ereh-CWE Exprose End-Recovory Perind

[FCr], %

Rest RS Al = g Og = 4=¢

<CP 100 A 4 =7 o = P

=P i) =6 EEH
PH

Risl T =10k 7 =0T T4 = nos

<P TO &Lk &7 = (LI =0l

=P T0 0 &7 =03* [ T VR
[Pl %

Fast 00+ 585 = 1059 6 =211

=P 100 =0 b 1 Bl | "8 £ 105+

=CP 100+ 5 = |05 515 = (Mg
| AP M

Resi b | 5] = |3 = 3=y

<[P T4 b e AN

¥ 7] §52 140 51+ I0egE
[ATFL %

Resl =0 K =5 Rl

=CP [erest! e BT = 6®

=[P 100 4 RS- LBt

Dhaca s s = S, (PO phosphosresting concimatioe: (), inorpase
phisphaie conconrition. [ADP] and [ATP). ADP w8 ATP Concsnlration,
risgectively. “Sipnifcanly EMesl Tom Basling. taigniteanly Jifemn)
Freetn Enil esereist Seapmieantiy diffenea fom Bosr Ssignteamly el
o <CF

A A Mool « i 10, 152Gl aiol 06334 201 3 - waw Jappl airg



Chapter 7: Muscle metabolic determinants of exercise tolerance following exhaustion:
70

relationship to the ‘critical power’.

4 Metabolic Recovery from Exercise in Relotion 0 CF « Chidnod W et al

118

‘Hl&

a0 -
Fig. 1. Muscle phosphocrenting conoentrmtion (|PCrli g0
mespomses {0 constast work-nie (CWR) severe-inies- PO AL A
sty erilical power exercise (=CPi and subseuent T
recovery exercme for resiing (hinck circles), Bewvy- E
iniegsily CFF exidcise (<O gy cinglesy, and =CF = B0
(o cingles conditions, Hodizoniol ereof ars show ._-'j
s S0 tee N exheetin (T o O il L "
i ive atedCise bodil (EXH and (s =CP rcovey 1
conidita, amd vl ey Tirs show misn = 50 " o,
|PCTT ol oid OF exhinstive ex0ociso and subsginl 1 ! [,_'
“pevovery” engicise, *End-fecnvery mische [PCr) was | 71 5P
significastly less for =CP and <CP recovery com- 304 W #
pared with resting (F < (061, EEnd-recovery mscle !
[PCr) was significantly less for =CP recovery com- ELE
pared with nesting mnd < CP recovery (# < (.05

G
j\ Exprclsa | Recovary
t T iy e ——————— oy
480 B0 VI OEXH &0 130 180 40 100 1@ 43 430 B40 EM

during =CP recovery exercise, muscle [PCr| and [ATP] re-
maimed stahle with time until exercise was ermnsted (~37%
and T9% of the initial baseling, respectively; P = (L05), There
was no further change in [P,] and [ADP] between the exhaus-
fion peint of the initial exleustive bout and the end of recovery
exercize (~545% amd --51 pM. respectively; P2 (LO5) and
the muscle pH was oot significantly different from the value
reached at the initial Thm (6.6 = 020 P> (05)

In the recovery perod, the muoscle [PCr], [ATP). [P
[ADP], und pH were significantly dafferent smong conditions
{Table 25, End-recovery muscle [PCrl, |ADP], and [P] were
significanily Jess for =CP recovery compared wath restmg and
<P reeovery and for <CP recovery compared with resting
ecovery conditions (P < 003 In addition, thee wa a

729

Fig. I, Minsche pH vt 60 CWE >CF i siilse-
il rerovery eagrcise for reshog (hlwk Sicksl
ST gy cirelies, and =CT fofen decles) comitims,
T it e ecovery o P is depondent on th i of
[PCr] recovory Dsar Fig. 11 Hoviacatal érne hars show
mean + 50 Ty, for the initinl exhaustve exercixe o
and the =UF mwoovery condition, and vericsl ermor hars
show mens = 50 pH & end of exhoustive exercise amd
stbvequent recovery exerche, *Ead-recovery. mmsce
pH was significatly less for >CP recovery omganed
wigh resting (# < 08). ¥Ead-recovery musche pH was
sigmiicaly Jess for =T pgoviry compiged wilh
fesling and <CP feoovery (F 2 005

Time (s)

signtheant difference i end-recovery exercise [ATP] and pH
for =CP recovery compared with resting and </CP recovery
0P % Table 2. The group mean musche metabolic
response profiles are depicted in Figs, 1-4

DESCUSSHYN

The princapal, novel finding of this investigotion was that (e
muscle metbolic response profile (28 assessed by "'P-MRS)
il T differed sigiifcantly when the exercize inensity usod
ifn the recovery T cxhaustive pxercise was positicned in
differend intepsity domaing (< CP and =CP). The results of the
study wese consistent with ot lypedheses and indicate that
<P recovery exercise can be sustained Tor an appreciable

E'.w:iu| i Hacowary
' et/ —_— i B S
S0 8 93 Eod 8 130 180 248 306 360 430 &R0 R40 600
Tima (s}
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Ml iaeddic Regovery from Eiaas i
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" 0 =cP
Ty =CP

1]
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Relatsi o CT - g Wt i

Fig. X Miscte ADP compoeniatos ¢ ADF]§ redponses i
CWR P amd subsoquenl mecovery exercise for fsa-
ing Mk cirghes), <CP{gray strcles), and =CP ook
circles) comditsans. Honzoninl eror bars show mean +
S0 Tias dor e initinl exhastive exercise boot and (he
=P recovery condition. s vertical emor bars shiw
mean = SO [ATH al ead of echustive exercie mmd
subsequent recovery exerise. *Esd-necovery muscle
[ADR] ws signitbcumly high for = CP und <CF recoy.
gy compaed Wil peting (F << 005 3Ed-rotoery
miech JADP] was s nifical 1y gh e >CF feioviry
el wilh gesling sl <CP moowery OF < 005,

1

10 18
Time (8)

duration without significant Tatigue development after initial
exleaustive exercise, with muscle [PCr] and pH inckeasing
significantly in the recovery period, However. excrcize toler-
ance was severely Imited during =CP recovery exereise, s
there wis o recovery m intramuscular high-cnergy phosphate
compounds. or metibofites untl exercise was ferminied. The
results medicuted that replenishment of the W' following the
limit of iolerance necessituted that work e be redueed <CP
to allow some of the faigue-relaed, high-eneroy plosphale
compounds o metabolites w be resynthesized (e.g.. ATP and
PCr) or cleared from the muiscle [e.g, hydrogen on (H ],
thereby delaying the atainment of a “limiting” intrmoscils
enviroument {1, 14, 26).

There was no significam difference in W .cp across the theee
condifions dusing the initial exhaustive exedcise bouts {appror-
ivately | =155 k1Y, and thise Woop wine ol significantly
dilferent from the subjests” W (152 kI, This 5 consisient
with previous studies that have reported that We.op equals W
at the Himit of telemaee during =CP and confirms the notion
that 10 this demain, the Dt of folerance 15 mached when
sibjects expend the fintie work capacity available shove CF;
e, the W' (8 921, 30). Hiswrcally, the W' has been
considerad fo represent & fnite amount of energy available
frenn oxypen stores (g, in blood and fissee), the high-enegy
pleosphates, and a source related o amaerobic glycolyses that
may beoexpended sbowve the CP (17, 18k An alternative

700 W @
B50
B0 @ Rusting
850 ;g,.—- O =P
500 o =cp P 4. Mashe inoighs phosphse conieniraniog
% ([P0 pespases o CWR =0T aid subsegienl -
L CONTY aierer o resling (Bhek giicles), <CP
f-_. 400 (gray wirelesd, and =CP jogen circks) condiloss
—_ Fai@ominl ermey Bars show dan = SO T Fof e
B g ; initiad exbaustive exercess binn and te =CF eeav-
ery conditnn, and vermml ermor hars show mean +
a0 SO [P m end of exbhanstive exercise and Srbsagquent
recovery exeries. *Endrecovery musche [P was
250 A sigmificumly high for =CP and <CP recovery com-
200 A puared with resting (F < 0U05), EEnd-recovery mus-
[':_'( cle [Py] wus signifcamly high for =CP recovery
150 rompared awh resting ond <P recovery (P <
(L5
i
\\|Eumm| 2 Recovery
iIr
SE B 30 EXH 8 M W0 Me 34 M 40 M8 340 oo

Time {s)
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perspective 15 that the W' i orelated to the secwrmulabon or
depletion of one of more meiabolites or substrates thar ane
linked i the process of muscle faigue until scne “eritcal”
comentrstion s attained, beyond which, the same work rate
cannol be tolersted (7, 8, 134, 14, 26). Consistent with this and
with the previous study of Yanhatalo et al. (26), the peesent
study shorws thid T, duning a-series of severe CWR exercize
bouts, was associated with the sitimmen of consistently bow
values of musche [PCr] and pH and consistently high valwes of
musche [P and [ADP], We have proposed proviosly thot
changes in muscle [PCr], [ADP], [P], and H™ concentration
(IH* |0 are linked o the use of the W during =CP, with these
perurbations i the miscle metabolic miliey also driving the
vetinued developrment of the Vou slow comporent (3, 13, 28]
In this way, exercise intolerance during =CP i3 asociated wath
the complate vse of the W', the ataimment of some critical
combinntion of muscle high-energy  phosphate  compound
ancior metabolite concenirntions {(of whech [PCr], [ATP,
[ADPY [Pil. and [H | may net divectly or serve s proxies), and
the achievement of ¥omma (3, 5, 13, 30,21, 25

T oair knowledge. the present study is the first o mvestigate
the muscle metabofic responees o peeovery exercise petfommed
in differont exercise-intensaty domains (ic., bebow and above
CPy following exhaostive excrcise. Durng resiing recovery, o
steady stale i el metabolites was achieved selatively
rapidly. Foe example, muscle [PCr] and | ATP] had recovered,
on avernge, 1o ~965% and ~93% of their mespective bascline
valuez, und pH had mereased o the resting value within 1)
min. Followimg 10 min of recovery exerciss; performesd at o
wirk muie that was below CP, muscle [PCr] and [ATP] had
recovered, on avernge, 1o - T6%: ond —87% of their respeative
baseling values, aod pH had incressed by 0.2 U from the valwe
recorded at exhanstion In all cases, the subjects were able o
complete 10 min of <CP secovery exercise. The musele
mctabolic reaponse 10 recovery exercise pétformed above CP
after exlaustive CWER exercise was markedly diffesent from
the response ohserved below the CPand in resting conditions.
During =CP recovery exevise, despiie o [9% reduction in
work rate, [PCr] ond [ATP] remained stable at ~37% and
=T%% of their respective baseline values o8 the end of -the
recovery work rate (Fig, 1) Morover, there wis no furtber
change in the muscle pH, (B, and [ADP] berween the exhans-
tion point and the end of secovery exercise. These nesulis
support te notion tal recwmatiiucon of inramscular metal-
oflites following T, secossitates that the work rte be reduced
below CP (& 7. 8 19,

Our resulls are consisiend with the stody of Cools et al. (7}
These. suthors asked subjecis fo perform zevers CWER cycle
exercise 10 T, (attained 10 6 mink and then reduced the work
rate 1o BO% GET, 90% CP, or 1105 CP. The results suggesicd
that replenishment of the W' following Ty necessitited that
wiork rate be reduced < CP (Th, The results of the peesent study
s alao consistent with owr previons suady (68, in which we
reporied that recovery mntervals betwiéen severe-iniensiry wark
bouts enable the Aoite W' 10 be restored. witl the magnimde of
this reconstitution rebated 1o the imensity of the recovery
interval. That the W* is expended during work bouts =CP apd
reconstituted durmg recovery inlervals <CP may be under-
stowsd with reference 1o the stedy of Jones ot ol (143, With the
use of "'P-MRS, these authors showed that when CWR exer-
cise was perfonmed shightly above CP, [PCr] and pH contimued

i decresse, ond [Pe) continued o merense anbl Ty was
reached, Dunng exercise performed just below the CF, how-
evit, slable valoes for [PCr), pH. and [P were stiained within
Fomin of e start of exercize, suggesting significant metabolic
reserve (14) The results of the present investigation confinm
that <CP pecovery afler exbastive =>CP allows: some of the
Fatigue-relnted, high-energy phosphate compoands and metah-
alites i be reeovered (e.g, ATP and PCr o cheared from the
musele (e, H ), thereby delaying the attainment of a limiting
intramesgular environment (11, 14, 26,

In the present study, the tolerable duration for =CP recovery
excrcise afier the initizl exhaustion was ~39 &, which would
have sequired the expendinge of a fumber 0,17 kI of Wopp.
Theoretically, there was ne opporunity for W i be reconsi-
iied between the work bouts, given that the work mabe ne-
imaiied above the CP (8% The abality of the subjects o susiain
exercise for nny durtson 15 therefore surprsing. [t should be
considered that this sdditionnl Woip might be related 1o
wanability in-the estimation of W' or o a less than complete
wse of the W m the initinl exhoustive exercise boul, However,
the addditonal Woep was significanily grenter than the standard
ermor associated with the estimation of W', significantly grealer
than the ~0id kI of the W', theoretically lefi “unexpendad™
after the initial exhisustive cxeseise boutl (due o the Ty, of
=173 2 being slighly shorter than the predicted Ty, and wol
sigmificantly correlated with the vanability in the Ty, for the
initinl exhavstive exercise bout, That all the subjects m the
present study were nhle to coptinue for some period of fime
uning =CP recovery followimg miial exhoustion suggests thal
this 15 a “renl” phenomenon that connot be explamed by
experimental zeror, 15 of mterest that this Bading is consisten
with the study of Coats et al. (73, 18 which cycle crercise al &
lower aevere-intensity work rate could be continsed for 30 =
[T & following initia] exhaustion.

Thee explanatien for' this ability of subjects o continue 1o
excrcize for some (albei mited) dursnon following s reduc-
tion of work rue wilhin the scvere domain 15 unclear, [ is
poszible that alihough the subjects were unable to muintain the
regured work mte ot the point of exhaustion i the inital CWE
excreise boud, the small reduction in the targel work mie
allowed a small, further reserve of W' 1o be used, (hus
gxtending the net-tolerable duratson of =CP exercise. In other
wards. fatigue impactid the maximal eate ab which e W'
could be expended durng the imtial CWR exercise bout, and
ihe decrease af the work rate at the point of exhausgion redusced
thaz pate of W expenditure required and enabled a further smad|
reserve of W' i be expended, Whereas a constant W' 1z an
mpdient assumgpion i the conventional iwo-paramster hyper-
bolic CP model that is derived from several CWR excreise
bowis performed to the imat of tolerance, it 15 possible thai
different rules apply in odher tvpes of exervise losts andfor
when work rate is manipulsied close w e limin of wherance
{when W' tends toward zere). Consistent with this, pepeated
maximal voluniary contractions result in & progressive redue-
tion in peiman woogue untl the “critical ioague” is stiained
(2. 4}, indicating that Tatigue impacts on maximal force gen-
eratmg capacity, Also, dunng a 3-mun, all-oul cycling =pring,
the P iand therefore, the maximum mie of W' expenditure)
dechnes with time, 55 [wipee sccumulates. antil the CF is
attnined (27, 28], These studies indicote that the maximal rte
of W' expenditure falls 05 fatigue develops bul that W' con-
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timues o be used (nlbeit of o progressively slower rate) uninl it
15 exhausted completely, at which pant, (he susiainable P =
CP. Ini this weodel, prioe latiguing sprint exercise simultane-
ously reduces both the W' and the peak Pihiat con be achioved
during a subsequent 3-min, all-out test (27), funher suggesting
thiat tere may be a link between the absolure W' amd the peak
rale al which it can be expended.

In light of these findings, the classical definition of W' & a
wink capacity that is nol rate limated (87-19, 21) might require
reconsideration. W' may instead be more sccurately described
= 3 fimitz work capacity above CP, whose maximum mte of
expenditure 15 reduced progressively us the sixe of W' remnining
decreases with contimued exercise CP. Theoretically, W' might
be, o lead 1o some cxlend, proiocol dependenl, with the W'
estimatesd from n senes of CWR tosts shightly less than the WY,
which may be available of work mic s reduced (within ihe severs
doman) us exhausiion approaches, Another lactor that may
ceniribute io the subgects’ ability W cominoe W exercise for a
short time =CP following initial exhaostion is that the reduc-
tion i wirk rate aliesed muscle iension apd may have rediuced
afferent signaling and peshaps the perception of effon, at least
temporaly. thereby facilitating an extension of exercise (1)1
However, it is notewonly thal intramuscular high-caergy
phosphate and metabolite concentrations were not altered sig-
nificantdy during recovery exercise =CP, such that afferent
traffic muy not have been reduced substantially

In conchusion, the results of ihs swdy indieste that the
muscle metmbolic responses and exercise Wwlerinee duning
recovery from exhanstive exercise can be undersiood with
reference o the CP concepl. The dynamics of the muscle
metabolic response (o meovery exercise following exhaustive
2CP can be differentiated ncgording to whether the recovery
exercise 15 parformed below or ahove the CP. Specifically, the
<CP mecovery exercise can be susiained for an sppreciable
duration without significam fatgie development after the ex-
haustive exercise, with, for example, muscle [PCr] and” pH
increasing significantly and rapidly after the inital point of
exhaustion. However, exercise tolerance i imited dusing =CP
recovery exercise, whensin intramuscilar, high-energy phaos-
phiate compound amd metabolite conceiintions romained e
ble with ime wntil exercise wos terminated, This. provides
further evidence for the importance of the CF in determining
the abality t0 maintsn inimmoscular homeostasis and the
capuciy 1o iolerle high-imlenstly exercise
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Abstract

Purpose: To investigate the responses of intramuscular phosphate-linked metabolites
and pH (as assessed by 3'P-MRS) during intermittent severe-intensity exercise protocols
performed with different recovery-interval durations. Methods: Following estimation
of the parameters of the power-duration relationship (i.e., CP and W') for severe
constant-work-rate exercise, nine male subjects completed three intermittent exercise
protocols to exhaustion where periods of high-intensity exercise (60 s) were separated
by different durations of passive recovery (18 s, 30 s and 48 s). Results: The tolerable
duration of exercise was 304 + 68 s, 516 + 142 s and 847 + 240 s for the 18-s, 30-s and
48-s recovery protocols, respectively (P<0.05). The work done >CP (Wscp) was
significantly greater for all intermittent protocols compared to the subjects’ W’
(estimated from constant-work-rate exercise trials) and this augmentation became
progressively greater as recovery-interval duration was increased. Similarly, the
amplitude of [PCr] restoration during recovery was greatest, intermediate and least for
48-s, 30-s and 18-s of recovery, respectively (P<0.05). Conclusion: During high-
intensity interval training, recovery intervals allow intramuscular homeostasis to be
restored, with the degree of restoration related to the duration of the recovery interval.
Consequently, the ability to perform Wcp and, ultimately, limit of tolerance during this
type of exercise increases in a predictable manner when recovery-interval duration is

extended.

Key Words: Critical power, W', exercise tolerance, interval training, fatigue
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Introduction

Physiological responses during constant work rate exercise are highly predictable
depending upon the intensity domain in which an individual is exercising (24, 33). For
example, unlike moderate-intensity exercise where a steady-state rate of O,
consumption (¥"0,) is achieved rapidly (e.g., in 2-3 minutes in healthy, young adults),
during heavy exercise, steady state is delayed (e.g., for up to 15 minutes) due to the
emergence of a 'O, slow component, which elevates the 1"O, cost of work (i.e., the 'O,
‘gain’) above that which is present in the moderate domain (e.g., 9-11 ml-min”-W™)
(32). The V'O, slow component also characterizes severe-intensity exercise; however,
in this case, a steady state can not be achieved because "Oomax 1S attained after which

exhaustion is imminent (14, 24).

The power output that corresponds to the boundary between the heavy and severe
domains is called the critical power (CP). Accordingly, CP is equivalent to the
asymptote of the hyperbolic relationship between power output (P) and limit of exercise
tolerance (7},) while the curvature constant of this hyperbola (W') represents a fixed
amount of work that can be performed above CP (9, 15, 21, 22). The physiological
determinant(s) of W' are presently uncertain; however, it is apparent that exhaustion of
this provision and development of the 17O, slow component occur concomitantly such
that Ty, ultimately depends upon the interaction between the finite capacity for W’ and
the magnitude and trajectory of the 17O, slow component, in addition to the ‘ceiling’

imposed by VOomax (2, 13, 30).

It has been shown that high-intensity interval training (HIIT; i.e., repeat repetitions of
relatively brief bouts of exercise performed with ‘all-out’ effort or at an intensity close

to that which elicits 7O,y interspersed with periods of rest or recovery exercise) is an
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effective way to improve endurance performance by athletes and also has potential
applicability in the clinical setting (6, 10, 19, 20). However, the specific paradigm to
employ in order to achieve maximum benefit from HIIT (e.g., number and duration of
‘work’ intervals, high-intensity work rate, duration of and activity pattern during
recovery intervals, etc.) remains to be determined. There is a growing body of research
which suggests that the critical power concept also applies to intermittent exercise (3,
23). Consequently, potential physiological determinant(s) of W’ would be important to

consider when prescribing HIIT variables.

It has been reported that if work is performed immediately after Tyn (e.g., during an
‘active’ recovery interval following an all-out work interval performed to exhaustion),
the recovery work rate must be <CP in order for exercise to be continued (5).
Furthermore, we have found that 30 s of recovery at a work rate <CP interspersed
between repeat 60-s severe-intensity cycling bouts enables W' restoration (and,
therefore, prolongation of Tjiy, for the repeat series) compared to 30 s of recovery work
at a work rate >CP, which continues to exhaust the provision, albeit at a slower rate (3).
Furthermore, the magnitude of W' restoration when <CP recovery work is allowed is
inversely related to the intensity of the recovery work. For example, using group mean
data, W' reconstitution during moderate recovery was ~50% greater compared to heavy
recovery (i.e., ~3 kJ per 30-s interval vs. ~2 kJ), which allowed ~200 s of additional
intermittent exercise to be performed prior to 7y, (3). However, in addition to this
intensity dependency during recovery work, magnitude of W' restoration should also

depend on recovery-interval duration and this has yet to be investigated.

Muscle metabolic responses during recovery from severe-intensity exercise can be

assessed via >'P-magnetic resonance spectroscopy (°'P-MRS). For example, we have
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recently confirmed an intramuscular basis for the aforementioned intensity dependency
by showing that <CP recovery allows muscle phosphocreatine concentration ([PCr])
and pH to increase and inorganic phosphate concentration ([P;]) and ADP concentration
([ADP]) to decrease following exhaustion whereas >CP work rates are characterized by
constancy of all of these variables (4). These results are consistent with the notion that
replenishment of W' following Ty, requires a work rate that allows some resynthesis
and/or clearance of fatigue-related substrates and/or metabolites to assuage a limitation
or limitations imposed within the intramuscular environment (16, 29). However, the

degree to which these intramuscular effects are duration dependent is unclear.

The purpose of this investigation was to determine the responses of intramuscular
phosphate-linked variables ([PCr], [P;] and [ADP]) and pH during intermittent severe-
intensity exercise protocols performed with recovery intervals (passive rest) of different
duration. We hypothesised that, during an exhaustive intermittent knee-extension
exercise protocol in which severe 60-s work intervals were separated by either 18-s, 30-
s or 48-s recovery intervals, the total amount of work performed above CP (Wxcp)
would be greater than W' estimated from a series of constant work rate bouts.
Furthermore, we hypothesized that W.cp and Tjy, for the protocol would be
greatest/longest, intermediate and least/shortest for the protocols that employed the 48-
s, 30-s and 18-s recovery intervals, respectively. Finally, we hypothesized that, despite
the ability to continue the intermittent protocol for a longer period of time when longer

recovery intervals were allowed, similar values for 3'P-MRS variables ([PCr], [Pi],

[ADP] and pH) would be present at exhaustion for all three conditions.

Methods
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Subjects

Nine male subjects (mean + SD: age 22 + 3 years, stature 1.75 + 0.04 m, body mass 76
+ 10 kg) volunteered and gave written informed consent to participate in this study,
which had been approved by the University of Exeter Research Ethics Committee. The
subjects were all recreationally active and were familiar with the experimental
procedures used in the study. On test days, subjects were instructed to report to the
laboratory in a rested state, having completed no strenuous exercise or consumed
alcohol within the previous 24 hours, and having abstained from food and caffeine for
the preceding 3 hours. Testing was conducted at the same time of day (+2 hours) for

each subject and laboratory visits were separated by at least 48 hours.

Experimental Overview

This study was conducted in two parts. The power-duration relationship for single-leg
knee-extension exercise was first established for each subject from four separate
exercise bouts. From this relationship, the CP and W' were estimated. The subjects
then performed a single-leg knee-extension intermittent exercise protocol to exhaustion
within a magnetic resonance scanner. Muscle metabolites ([PCr], [P;], [ADP]) and pH
were assessed continuously during the protocol where intervals of high-intensity
exercise (60 s) were separated by three different durations of passive-recovery intervals.
Recovery-interval durations were 18 s, 30 s and 48 s and these three conditions were

presented to subjects in a randomised order.

Part I: Estimation of CP and W’
The subjects initially completed four severe-intensity constant work rate prediction
trials at different work rates in order to determine the hyperbolic power — Tiin

relationship. The work rates for the trials were selected in order to yield a range of Tjim



Chapter 8: Muscle metabolic responses during recovery intervals of high-intensity
intermittent exercise. 81

varying from ~2 min for the shortest trial to ~12 min for the longest trial (29). The
single-leg knee-extension exercise bouts were completed on separate days and
presented in randomised order. Subjects were placed in a prone position and secured to
the ergometer bed with Velcro straps at the thigh, buttocks and lower back to minimize
extraneous movement during the exercise protocol. The ergometer consisted of a nylon
frame secured on top of the bed close to the subject’s feet and a base unit placed at the
distal end of the bed. The subject’s right foot was connected to a rope running along the
top of the frame to the base unit, on which a mounted pulley system permitted brass
weight plates to be lifted and lowered. Exercise was performed at the rate of 40
contractions'min”, with the subject lifting and lowering the weight over a distance of
~0.22 m in accordance with a visual cue presented on a monitor and an audible cue
timed to the bottom of the down stroke. A shaft encoder (type BDK-06, Baumer
Electrics, Swindon, UK) was fitted within the pulley system to record the distance
travelled by the load, alongside a non-magnetic load cell (type F250, Novatech
Measurements, St Leonards-On-Sea, UK) to record applied force, which was then used

to calculated the work rate.

During all exhaustive tests, the subjects were verbally encouraged to continue
exercising for as long as possible. The T, which was defined as the time at which the
subject could no longer keep pace with the required rate of muscle contraction, was
recorded to the nearest second. Subjects were not informed of the work rates or their
performance until the entire project had been completed. Individual CP and W’
estimates were derived from the prediction-trial data by least squares fitting of the
following regression models:

(1) Non-linear power (P) versus time (T):

T=W'/(P-CP) (1)
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(2) Linear work (W) versus time model:

W=CPxT+W (2)
(3) Linear Power (P) versus 1/time model:

P=(1/T)x W' + CP 3)
The parameter estimates from equations (1), (2) and (3) were compared to ensure
goodness of fit, and the model with the lowest standard error of the estimate (SEE) was

chosen for further analysis.

Part II: *'P-MRS assessment of muscle metabolic responses to high-intensity
intermittent exercise

After completion of the prediction trials for estimation of the CP and W’, the subjects
reported to the MRS laboratory at the Peninsula Magnetic Resonance Research Unit
(Exeter, UK) on three separate sessions. Exhaustive intermittent protocols were
performed with simultaneous measurement of muscle metabolic responses by *'P-MRS
using a 1.5 T superconducting magnetic resonance scanner (Intera, Philips, Amsterdam,
the Netherlands) and employing the same ergometer as for Part I. In order to collect the
*'P-MRS data during the protocol, a 6 cm °'P transmit/receive surface coil was placed
within the ergometer bed, and the subject was positioned such that the coil was centred
under the quadriceps muscle of the right leg. Initially, fast field echo images were
acquired to determine correct positioning of the muscle relative to the coil. Placement
of cod liver oil capsules, which yield high-intensity signal points within the image,
adjacent to the coil, allowed its orientation relative to the muscle volume under
examination to be assessed. A number of pre-acquisition steps were carried out to
optimize the signal from the muscle under investigation. Tuning and matching of the
coil was performed to maximize energy transfer between the coil and the muscle. An

automatic shimming protocol was then undertaken within a volume that defined the
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quadriceps muscle to optimize homogeneity of the local magnetic field, thereby leading

to maximal signal collection.

Subjects were required to perform single-leg knee-extension exercise using three
intermittent protocols where periods of high-intensity exercise (60 s) were separated by
different durations of passive recovery intervals. Recovery-interval durations for the
three conditions were 18 s, 30 s and 48 s and all bouts were continued to 7jn, which
was defined and recorded as it was for Part I (see above). The high-intensity work rate
for the work intervals of these protocols was calculated using the CP and W' estimates
from Part I according to the intermittent CP model (i.e., Egn. 4; 23) in order to provide a
work rate that was predicted to elicit exhaustion after 4, 6 and 8 completed
work/recovery cycles (i.e., after 312 s, 540 s and 864 s of intermittent exercise) for the

18-s, 30-s and 48-s recovery conditions, respectively.

Tiim = n(ty+tt)+[W-n{(Py—CP)ty—(CP-Py)t}]/(Py-CP) 4)
where Tjip, is total protocol time, 7 is the number of completed work/recovery cycles, ¢,
and ¢ are the durations and P, and P; are the power outputs of the work and recovery
intervals, respectively. The three protocols were undertaken on separate days in random

order.

During the entire exercise and recovery periods, >'P-MRS data were acquired every 1.5
s with a spectral width of 1500 Hz and 1000 data points. Phase cycling with four phase
cycles was employed, leading to a spectrum being acquired every 6 s. The subsequent
spectra were quantified by peak fitting, with the assumption of prior knowledge, using
the AMARES fitting algorithm in the jJMRUI (version 3) software package. Spectra
were fit with the assumption that P;, PCr, ATP and phosphodiester peaks were present.

In all cases, relative amplitudes were corrected for partial saturation due to the
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repetition time relative to T1 relaxation time. The T1 saturation was corrected via a
spectrum of 48 individually acquired spectra that were acquired with a long relaxation

time prior to the beginning of data acquisition.

Intracellular pH was calculated using the chemical shift of the P; spectra relative to the
PCr peak (27). The [PCr] and [P;] were expressed as percentage change relative to

resting baseline (i.e., prior to initiation of the protocol), which was assumed to represent

100%. The [ADP] was calculated as described by Kemp et al. (18).

Data Analysis Procedures
To estimate the work done above CP (W-cp; expressed in kJ) during the intermittent

exercise protocols, we used the following equation:

Wecp = [(Py X £y) - (CP X £,)]/1000 (5)

where Py, is the high-intensity work rate, #,, is the cumulative time spent at P,, during the

intermittent protocol and CP is the critical power.

Pre-protocol (i.e., “Baseline”) values for [PCr], [P;], [ADP] and pH were defined as the
mean values measured over the final 120 s of rest (i.e., prior to initiation of the first
high-intensity work interval) while end-protocol (i.e., “End-exercise”) values for these
variables were defined as the mean values measured over the final 18 s of exercise. The
changes in [PCr], [Pi], [ADP] and pH across the protocol (A[PCr], A[P;], AlTADP], ApH)

were then calculated as the difference between end-protocol and pre-protocol values.

For each recovery interval, the pre-recovery [PCr] ([PCr]y) was defined as the value
measured during the final 6 s of the preceding work interval and the post-recovery [PCr]

(PCrpost) was defined as the value measured during the final 6 s of that specific recovery
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interval. The amplitude of [PCr] restoration during each recovery interval was then
calculated as the difference between [PCrl,ose and [PCr]p.. These values were
calculated for all completed intervals and averaged across each intermittent protocol to

provide one average [PCr] restoration amplitude for each condition.

In addition to calculating the magnitude of [PCr] restoration for each protocol, we were
also interested in comparing the time course of [PCr] restoration across both protocol
(e.g., for the 48-s recovery interval compared to the 18-s recovery interval) and time
(e.g., for the final recovery interval compared to the initial recovery interval). However,
quantifying the response by fitting it with the higher-order model that would likely be
necessary under these conditions (8) was impossible due to sparsity of data points (e.g.,
only four points available in the 18-s recovery condition). Consequently, we
determined a [PCr] restoration mean response time for the initial and final recovery
interval (i.e., MRTi and MRTTY, respectively) of each protocol by fitting the first four
data points collected during the recovery interval with a single exponential function
with the amplitude term fixed based on the assumption that full restoration (i.e.,
restoration to the pre-protocol baseline value of 100%; see above) would take place.
Consequently, the first four [PCr] data points during the initial and final recovery

interval for each protocol were fit with an exponential function of the form:
[PCr], = [PCr]pre + [PCr]a(1 - exp!™/M*D) (6)

where [PCr];, 1s the [PCr] at any given time ¢ during the recovery interval, [PCr],. is the
[PCr] prior to initiating the recovery interval, [PCr], is the [PCr] amplitude that would
be required for full restoration (i.e., 100 - [PCr],) and MRT is the [PCr] mean response
time (i.e., the time required to achieve 63% complete restoration with no distinction

made for various phases of the response).
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Statistical Analysis

One-way ANOVA was employed to compare CP and W' between the three models.
One-way repeated-measures ANOVAs were employed to determine differences
between the three intermittent protocols for the *'P-MRS data ([PCr], [P;], [ADP] and
pH), Tiim and W-cp. A two-way repeated-measures ANOVA was used to assess
differences in [PCr] MRT between the first and last recovery intervals across the three
intermittent protocols. Where the analysis revealed a significant difference, simple
contrasts with Fisher’s LSD were used to determine the origin of such effects. All data

are presented as mean + SD. Statistical significance was accepted when P<0.05.

Results

All subjects successfully completed the four constant work rate exercise trials for the
estimation of the CP and W' (i.e., Part I; see above). There were no significant
differences between models for the CP estimates (16 =4 W, 17 £4 W and 15 +4 W for
models 1, 2, and 3, respectively, P > 0.05) or for the W’ estimates (1.90 = 0.67 kJ, 1.83
+ 0.64 kJ and 2.16 + 0.74 kJ for models 1, 2, and 3, respectively, P > 0.05). Using these
estimates, the high-intensity work rate for the work intervals of the intermittent

protocols (i.e., Py derived via Egn. 4; see above) was 33 +7 W.

Table 1 presents the values for i, and W-cp, and the 3'p_MRS data for the three high-
intensity intermittent exercise protocols. Tji, was significantly different between the
three protocols. Specifically, Tim was 304 £ 68 s for the high-intensity intermittent
protocol that employed the 18-s recovery intervals, 516 £ 142 s (i.e., ~69% longer) for
the one that employed the 30-s recovery intervals (P<0.05) and 847 £ 240 s (i.e., ~179%

longer) for the one that employed the 48-s recovery intervals (P<0.05). Similarly, W-cp



Chapter 8: Muscle metabolic responses during recovery intervals of high-intensity
intermittent exercise. 87

and [PCr] restoration amplitude also became progressively greater as recovery-interval
duration was increased with all three values significantly different from one another
(Table 1). Furthermore, Wxcp for all three intermittent protocols was greater than the
W' estimated from the conventional constant work rate trials (see above; P<0.05).
Conversely, the [PCr] MRT was not significantly different across conditions for either
the initial or final recovery interval. However, two-way ANOVA revealed a significant
main effect by time indicating that across protocols, the [PCr] MRT was lengthened
(i.e., [PCr] restoration kinetics were slower) during the final compared to initial
recovery interval (F=14.1, P=0.006, effect size=0.64). Finally, there was no significant
difference between baseline, end-exercise or A values for any of the intramuscular
variables measured via *'P-MRS. For example, [PCr] at Tjn was ~40% of the pre-
protocol value and pH was ~6.6 (i.e., a A across the protocol of ~60% and ~0.4 for
[PCr] and pH, respectively) regardless of recovery-interval duration that was allowed

(see Figures 1, 2 and 3).

Discussion

The principal original finding of this investigation was that the W.cp became
progressively greater and limit of tolerance became progressively longer as recovery-
interval duration was increased during an intermittent single-leg knee-extension
exhaustive exercise protocol. However, at exhaustion, similar values for SIP-MRS
intramuscular variables (i.e., [PCr], [P;], [ADP] and pH) were observed. These results
are consistent with our hypotheses and indicate that longer recovery intervals during
high-intensity intermittent exercise delay the attainment of the limiting intramuscular

environment that ultimately determines limit of tolerance (16).
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The present findings are consistent with the critical power model of bioenergetics,
which describes a two-component system comprising an oxidative component that is
limited in rate, but unlimited in capacity (CP), and a supplementary component (W)
that reflects a finite capacity to perform work above CP (15). Within this schema, while
W' can be expended at different rates, a consistent feature for all constant work rate
exercise above CP is that limit of tolerance will coincide with complete depletion of W'.
Furthermore, we have previously confirmed that this highly-predictable nature of the
ability to perform supra-CP work also applies when intervals of recovery are
interspersed between severe-intensity ‘work’ intervals (e.g., during high-intensity
interval training; HIIT) (3). Specifically, W-cp can be increased and Tj,, prolonged if
recovery intervals are performed at work rates that allow some degree of W' recharge
(i.e., work rates below CP) (3, 26). In the present study, we employed recovery
intervals of passive rest to maximize W' repletion; however, we provided only relatively
short periods of time (i.e., 18 s, 30 s and 48 s) before asking subjects to initiate the
subsequent 60-s work interval (i.e., work/recovery ratios of 3.3:1, 2:1 and 1.25:1 for the
18-s, 30-s and 48-s recovery conditions, respectively). Nevertheless, in all three
conditions, the W-cp was greater than the W' estimated from the constant work rate

trials suggesting that some degree of W' repletion had occurred during the protocol.

In the present study, we used >'P-MRS to measure intramuscular metabolic responses
during the exhaustive protocols and found that regardless of recovery-interval duration,
the values for intramuscular variables were similar at exhaustion. For example, [PCr]
had decreased to ~40% of its pre-exercise value, pH had dropped from ~7.0 to ~6.6 and
P; had increased more than 5-fold. These findings are consistent with the notion that W’

is related to the accumulation or depletion of one or more metabolites or substrates
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linked to the process of muscle fatigue (15, 16). In this regard, we have previously
shown that recovery of these intramuscular variables following exhaustive severe-
intensity exercise depends on whether the recovery period involves exercise below or
above the CP (4). Specifically, [PCr] and pH increased significantly and [P;] and
[ADP] fell significantly during 10 minutes immediately following exhaustive exercise
when either passive rest was allowed or exercise <CP was performed (4). However,
these variables could not recover when >CP exercise was attempted and, consequently,
exercise tolerance in that case was severely limited (e.g., only an additional ~39 s of
exercise could be performed) (4). In the present study, the 48-s recovery interval
provided the greatest opportunity for partial recovery of these variables, which explains
why the greatest augmentation of Wxcp (and, therefore, 7in,) was observed for this

condition.

In the present study, the average amplitude of [PCr] restoration during 48-s recovery
intervals was approximately twice that which occurred when 18-second periods of
recovery were allowed. Interestingly, W-cp during the entire protocol employing the
48-s recovery intervals was also approximately doubled (see Table 1). While the
precise physiological determinants of W' remain to be determined, this finding is
consistent with prior ones which indicate that [PCr] plays a significant role. For
example, another consistent feature of supra-CP exercise is that V'O, rises inexorably
(due to the presence of a 7O, ‘slow component’) such that once Ty, is attained (and,
therefore, W' is exhausted), V"Oamax Will have been reached (11). The kinetics of
pulmonary V70, have been shown to be similar to those of muscle [PCr] (16, 25), which
supports the notion that the maximum rate of O, consumption corresponds with the

maximum rate of [PCr] depletion. Furthermore, the link between [PCr] and V'O, is
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believed to reflect feedback control of oxidative phosphorylation through one or more
of the reactants and/or products of high-energy phosphate hydrolysis. Specifically,
[ADP] is believed to play an important role (1). However, the degree to which [ADP]
can rise during high-intensity exercise is limited by increased [H'] due to greater
activation of glycolysis (6, 17). Consequently, the only way to continue performing
supra-CP exercise long enough for 'O, to rise to VOomax (i€., to achieve the
‘maximum’ V'O, slow component; 30) would be by reducing [PCr] to offset the fall in
pH. This explains how restrictions imposed by the ability of [PCr] to continue to fall
might ultimately limit the ability for O, to continue to rise and, therefore, work rate to

be continued to be maintained such that W' ultimately reflects this capacity.

In addition to assessing the magnitude of [PCr] restoration during the recovery intervals
employed in the present study, we also characterized the [PCr] restoration time course.
Unfortunately, in this regard, our methodology involved relatively short periods of
recovery, which means we had limited data points available for modelling the response.
Consequently, we could not use the higher-order model that would likely be required
for this type of exercise (e.g., see 8) and our results should, therefore, be interpreted
with caution. However, as would be expected, we did find that the [PCr] MRT (i.e., the
time taken to achieve 63% of the overall response amplitude assuming a single
exponential response profile that allowed for full restoration) was not significantly
different between conditions, but did become longer for all conditions as the high-
intensity protocol preceded (i.e., for the final recovery interval compared to the initial
one). For example, for the 48-s recovery protocol, the [PCr] restoration MRT increased
by ~16 s, which means that ‘complete’ restoration (from a functional standpoint,

considered to have occurred after MRT x 4 s; 31) would have required an additional 64
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s (i.e., 312 s v. 248 s). This slowing of PCr restoration as the intermittent protocol
continued (likely a consequence of the progressive decline in pH; 12, 28) is important to
consider when prescribing HIIT recovery-interval variables because if the goal is to
provide for a consistent degree of restoration prior to initiating a subsequent work
interval, recovery-interval duration should be progressively lengthened over the course

of the bout.

In conclusion, the results of this study indicate that the muscle metabolic responses and
exercise tolerance during high-intensity intermittent exercise protocols utilizing
recovery intervals of different durations can be explained in accordance with the CP
model of bioenergetics. Specifically, when an interval of passive rest (e.g., for 18 s) is
interspersed between 60-s intervals of high-intensity single-leg knee-extension exercise,
W.cp is enhanced compared to the W' measured for constant work rate exercise.
Furthermore, when recovery-interval duration is extended during the same protocol
(e.g., to 30 s and 48 s), the augmentation of W-cp is also progressively increased, which
allows Tim to be extended (e.g., by ~550 s for the 48-s compared to 18-s recovery
condition). However, regardless of recovery-interval duration, similar values for 'P-
MRS variables (i.e., [PCr], [P;], [ADP] and pH) were present at exhaustion. Our
findings also suggest that the degree of [PCr] restoration is a likely contributor to the
enhanced capacity for W-cp under these circumstances as the average [PCr] restoration
amplitude during recovery intervals of the 48-s protocol was ~2-times greater than that
for the 18-s recovery condition. However, for all conditions, the [PCr] restoration time
course became slower as the high-intensity protocol progressed. This lengthening of
recovery kinetics during progressive rest intervals of high-intensity intermittent exercise

is important to consider when prescribing a high-intensity interval training program.
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Figure 1: Muscle [PCr] and pH responses during high-intensity intermittent exercise

with 18 s recovery intervals.
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Figure 2: Muscle [PCr] and pH responses during high-intensity intermittent exercise

with 30 s recovery intervals.
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Figure 3: Muscle [PCr] and pH responses during high-intensity intermittent exercise

with 48 s recovery intervals.
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Table 1: Selected muscle metabolite values and limit of tolerance during intermittent

high-intensity exercise protocols with different recovery durations.

18s 30s 48 s
Baseline [PCr] (%) 1000 100£0 100 £0
End-exercise [PCr] (%) 40£10 40+ 8 44 £ 10
A[PCr] (%) 60+ 10 60 +38 56+ 11
Baseline [P;] (%) 1000 100 £0 100 £0
End-exercise [P;] (%) 592 £285 519+ 218 555 +£236
A[Pi] (%) 492 + 285 419+218 455+ 236
Baseline [ADP] (uM) 6+3 6+2 5+2
End-exercise [ADP] (uM) 65+ 24 72 £52 69 + 37
A[ADP] (uM) 58 £ 23 66+ 51 64 + 37
Baseline pH 7.0+ 0 7.0+0 70+0
End-exercise pH 6.6+0.2 6.6+0.2 6.6+0.2
ApH 04+0.1 04+0.2 04+0.2
[PCr] restoration amplitude (%) 13£5 21 +4a 27+ 7ab
[PCr] restoration MRT; (s) 67 + 30 60 £ 16 62+ 16
[PCr] restoration MRT¢ (s) 71 +26 62+ 8 78 £26
Tiim (5) 304 + 68 516 £ 142a 847 + 240a,b
W-cp (kJ) 3.8£1.0 5.6+ 1.8a 7.9+3.1ab

a: significantly different from 18 s (P<0.05); b: significantly different from 30 s (P<0.05).
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Chapter 9 Discussion

The relationship between external work/power and time has been extensively
investigated. It is now well established that, during CWR exercise, the relationship
between external power output and the time to fatigue is hyperbolic (Carnevale and
Gaesser, 1991; Gaesser et al., 1995; Hill, 2004; Hill et al., 2002; Hill and Smith, 1999)
and is defined by two parameters: an asymptote (critical power; CP) reflecting the
highest sustainable rate of oxidative metabolism, and a curvature constant (W'), which
indicates the fixed amount of work that can be completed above CP (W-cp) (Jones et al.,
2010). These two parameters form the basis for the CP model of human bioenergetics
which proposes that two endogenous energy supply components (CP and W') interact to
dictate the limit of tolerance during severe-intensity exercise (Jones et al., 2008, 2010;
Poole et al., 1988). Specifically, the CP model proposes that W' utilisation is obligatory
during severe-intensity exercise (>CP) with exhaustion occurring when W' is expended.
Indeed, it has been reported that W-cp equals W' at the limit of tolerance during severe-
intensity CWR exercise (Fukuba, 2003; Hill, 2002; Poole et al., 1988). It has been
further suggested that the tolerable duration of CWR exercise within the severe-
intensity domain is dependent upon the interaction between W', the Vo, slow
component and the Voymax since the development of the Vo, slow component parallels
the depletion of W’ such that Voyn. attainment and complete W' utilisation occur in
unison (Burnley and Jones, 2007; Jones et al., 2011). Although its mechanistic bases
have yet to be completely defined, W' appears to be linked to ATP turnover through
PCr hydrolysis and anaerobic glycolysis, and the attendant accumulation of intra-
muscular (H', ADP and Pi) and extra-muscular (potassium [K']) metabolites (Fukuba et
al., 2003; Jones et al., 2008; Monod and Scherrer, 1965; Moritani et al., 1981; Poole et
al., 1988; Vanhatalo et al., 2010). Therefore, the termination of severe-intensity CWR

exercise coincides with the complete depletion of W', which occurs in concert with the
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attainment of the Vooma and a critically low level of anaerobic substrate (PCr and
glycogen) availability and/or critically high levels metabolite accumulation (H", ADP,
P; and K") within the muscle, at least during CWR exercise (Jones et al., 2008; Poole et

al., 1988; Vanhatalo et al., 2010).

The extent to which the CP model can explain the degree of metabolic perturbation and
performance during exercise tests using different methods of work rate imposition is
less clear. Recently, it has been proposed that the CP model might be able to predict
exercise tolerance in incremental and intermittent exercise tests. However, empirical
evidence to support the efficacy of the CP model in these settings is currently lacking.
It is also unclear whether the CP model can explain performance during an exercise
performance trial where participants are able to freely regulate their own pace. If the
CP model can help predict metabolic perturbation and exercise performance in tests
where the work is not held constant, this will have important practical applications in
physical activity and competitive sports. Moreover, resolving the mechanistic bases of
W’ will improve our understanding of fatigue during high-intensity exercise. Therefore,
the overriding purpose of this thesis was to assess the effectiveness of the CP model to
predict metabolic perturbation and performance across exercise tests employing a range
of different work rate forcing functions. This thesis was also concerned with further
exploring the mechanistic bases for W’ using *'P-MRS and its role in dictating the

tolerable duration of intermittent exercise performance.
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9.1 Research Questions Addressed

To investigate the extent to which performance could be explained by the CP model

during variable work rate exercise, this thesis set about answering the following

questions in the five experimental chapters:

1)

2)

3)

4)

S)

Can exercise tolerance during intermittent high-intensity exercise with recovery
intervals at different exercise intensities be explained by the CP model?

Does incremental cycling to exhaustion that is paced according to the RPE
permit a higher V" oymax and increased W-cp compared to a conventional ramp
incremental protocol when test duration is matched?

Does self-paced exercise influence the work completed above CP (W-cp) and
the peak V0, attained during high-intensity cycling compared to a bout of
duration-matched high-intensity CWR cycling?

How do muscle [PCr], [ADP], [Pi] and pH respond after exhaustive exercise
during recovery exercise performed above and below CP?

How do muscle [PCr], [ADP], [P;i] and pH respond during intermittent severe-

intensity exercise bouts separated by recovery bouts of different durations?
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9.2 Summary of the Main Findings

Critical power concept during intermittent high-intensity exercise

The W-cp and limit of tolerance during intermittent exercise differed significantly when
the recovery intervals were positioned in different intensity domains (<CP). During
constant-work-rate or intermittent exercise performed exclusively in the severe domain,
the W-cp was not significantly different from the subjects’ W', as estimated from the 3-
min all-out test. This confirms and extends the notion that, in this domain, the limit of
tolerance is reached when subjects expend the finite work capacity available above CP,
1.e. the W'. When intermittent exercise involving work bouts in the severe domain and
recovery intervals in lower intensity domains was performed, however, the limit of
tolerance (and the W-cp) was extended, being greatest for S-L, intermediate for S-M,
and least for S-H. The slopes describing the increases in 1’0, and iIEMG with time
during intermittent exercise were reduced when the recovery intervals were completed
at progressively lower intensities. The results of this study indicate that physiological
responses and exercise tolerance during intermittent exercise can be understood in terms
of the CP concept. Recovery intervals between severe work bouts enable the finite W’
to be restored, with the magnitude of this reconstitution being related to the intensity
and duration of the recovery interval. This study showed that the reconstitution of W’
during the recovery intervals between repeated bouts of intense exercise results in a
reduced rate of change of both iEMG and Vo, as exercise proceeds and influenced the

tolerable duration of exercise consistent with the CP model of bioenergetics.

Link between Vopmax and W’ during incremental exercise
An incremental cycling protocol that allowed subjects to self pace their power output
according to a prescribed RPE did not result in higher Voomax values compared to

conventional incremental protocols where the ramp rate was computer-controlled and
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applied in a strictly linear fashion. Furthermore, Voamax Was not different during the
conventional tests in which cycling cadence was held constant (at the subject’s own
preferred cadence) or allowed to fluctuate throughout the test according to subject
preference. The relative constancy of the highest Vo, achieved across the various
protocols studied herein supports the long-standing interpretation that, for a specific
mode of exercise, there is a reproducible Vo, that cannot be exceeded (i.e., a Voomax)-
The results of this study indicate that incremental cycling to exhaustion is characterized
by a similar peak Vo, response regardless of whether the power output is applied
linearly by the experimenter or regulated by the subject’s own perception of effort. The
peak Vo, values measured across an array of protocols (i.e., a continuous-graded
protocol that was self-paced according to a prescribed RPE, a ramp incremental
protocol with cadence allowed to fluctuate according to subject preference, a ramp
incremental protocol with fixed cadence, a high-intensity constant-power-output test to
the limit of tolerance, and a 3-min all-out test during which power output declined
precipitously over time) were strikingly similar (within 1%). There was no also no
significant difference in W-cp across the protocols. These consistent Vormax and Wscp
values were attained in the five different exercise tests despite clear differences in
muscle activation profiles, whereas increasing subject autonomy did not appreciably
alter the degree of muscle activation at end-exercise during the three iso-duration
incremental protocols. These results are consistent with the CP model of bioenergetics
and suggest that Voomax is attained when the W' is fully expended during exhaustive

>CP exercise.

The ability to self-pace does not increase Vopmax and W’ during high-intensity exercise

The total amount of work that could be performed prior to the limit of tolerance during

exercise exceeding the CP (i.e., W-cp) was similar across different high-intensity
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exercise protocols that expended this capacity (W') at different rates. Specifically,
regardless of whether it was produced by enforced-pace exercise (either INT or CWR)
or a protocol where subjects were allowed to choose their own pacing strategy (SPT),
the termination of exercise coincided with a similar W-cp and Voomax. Together, the CP
and W’ estimated using the AOT enabled the prediction of the T, during CWR with
moderate accuracy (CV ~8%), and the prediction of Tj, during INC and the total work
done during SPT with good accuracy (CV ~3% for both). The results of this study
indicate that utilization of a ‘fixed’ capacity for W-cp (i.e., W') and the associated
increase in 1o, to a reproducible peak 170, (i.e., V"0may) are consistently associated with
attainment of the limit of tolerance during high-intensity (>CP) exercise irrespective of
the work-rate forcing function. These findings support the use of the CP model to
predict the amount of supra-CP work that can be completed before exercise termination

even if the subject has autonomy over their pacing strategy.

Mechanistic bases for W' recovery after exhaustive exercise

The muscle metabolic response profile (as assessed by *'P-MRS) and Ty, differed
significantly in the recovery from exhaustive exercise when the recovery exercise was
positioned in different exercise intensity domains (<CP and >CP). Specifically when
the work rate in the recovery bout was <CP, exercise was sustained for an appreciable
duration (at least 10 min), muscle [PCr] and pH increased and muscle [P;] and [ADP]
declined significantly in the recovery period. However exercise tolerance was severely
limited during >CP recovery exercise (39 + 31 s), with there being no recovery in
intramuscular metabolites until exercise was terminated. The results of this study
indicate that the muscle metabolic responses and exercise tolerance during recovery
from exhaustive exercise can be understood in terms of the CP concept. Indeed, the

dynamics of the muscle metabolic response in recovery exercise completed immediately



Chapter 9: General Discussion. 108

after exhaustive severe intensity exercise can be differentiated according to whether the
recovery exercise is performed below or above the CP. This provides further evidence
to support the importance of the CP concept in determining the degree of muscle
metabolic perturbation and the capacity to tolerate high-intensity exercise, and supports
the notion that the capacity for W-cp (i.e., W') is linked to the degree of anaerobic

substrate availability and muscle metabolite accumulation.

Mechanistic bases for W' recovery during high-intensity intermittent exercise

The muscle metabolic response profile (as assessed by 3'P-MRS) and Tiin during high-
intensity intermittent exercise bouts were a function of the recovery interval duration.
Indeed, during intermittent exercise involving work bouts in the severe-intensity
domain and resting recovery intervals, muscle PCr reconstitution and metabolite
clearance in the recovery interval, W-cp and Ty, were greatest for the 48 s recovery
trial, intermediate for the 30 s recovery, and least for the 18 s recovery bout. Similar to
the results presented in chapter 4, this study indicated that physiological responses and
exercise tolerance during intermittent exercise can be understood in terms of the CP
concept. Recovery intervals between severe work bouts enabled the finite W' to be
restored, with the magnitude of this reconstitution being related to the duration of the
recovery interval. This study also showed that the greater increase in W' as recovery
duration was extended was accompanied by enhanced PCr reconstitution in the
recovery interval such that the attainment of a ‘critical’ muscle PCr was delayed and the
tolerable duration of exercise was enhanced. The attainment of critical levels of muscle
pH, [Pi] and [ADP] was also delayed as the recovery duration increased. These data
suggest that the increased W-cp (W'), and therefore Ty, as the recovery interval is
extended during severe-intensity intermittent exercise is linked to changes in the muscle

metabolic milieu, consistent with the CP model of bioenergetics.
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The thesis set out to address two fundamental questions:

1) To what extent can the CP concept (CP and W') explain fatigue during different

types of high-intensity exercise?

2) What are the physiological bases for the W’ during different types of high-intensity

exercise?

The following sections will discuss how the studies of this thesis have improved our
understanding of these important questions. Potential applications of the findings and

areas for further research will also be highlighted.

9.3 Exercise performance and the critical power model of bioenergetics

The CP model of bioenergetics proposes that during exercise completed above CP (the
maximal sustainable rate of oxidative metabolism), the capacity limited W’ is utilized
until W' is depleted and severe-intensity exercise is terminated (Jones et al., 2010).
Several studies have shown that the work completed above CP (Wxcp) during severe-
intensity CWR  exercise is not significantly different from the W' derived from
conventional testing procedures (Fukuba, 2003; Hill, 2002; Poole et al., 1988) or the
work done above end-test power in the 3 min all-out test (Vanhatalo et al., 2011), which
is equivalent to W' (Vanhatalo et al., 2007). Consistent with these findings, data
presented in Chapters 4-6 showed that W.cp during CWR exercise was not significantly
different from the work above end-test power in the 3 min all-out test, while data
presented in Chapter 7 showed that Wxcp during CWR exercise was not significantly
different from the W' determined from 4 CWR tests to 7ji,. However, an important

aspect of this thesis was to determine whether the CP concept could help explain
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performance in exercise tasks where the work rate was not held constant, which is more
characteristic of work rate patterns that occur during everyday locomotion and sporting

competitions.

In Chapter 5 it was shown that W-cp was not significantly different across incremental
exercise tests that imposed a continuous-graded protocol that was self-paced according
to a prescribed RPE, a ramp incremental protocol with cadence allowed to fluctuate
according to subject preference, and a ramp incremental protocol with fixed cadence.
Moreover, these Wxcp values were not significantly different from W-cp during the 3
min all-out test or a CWR trial completed to exhaustion. These results support the
findings of Morton et al. (1997) who demonstrated that W-cp was not significantly
different between CWR and four different rates of ramp incremental exercise.
However, these data conflict with Mauger and Sculthorpe (2012) who reported that a
graded incremental test that was self-paced according to perception of exertion
permitted the attainment of a greater peak power compared to a traditional incremental
test which applied linear increments in work rate. The increased peak power achieved
in the protocol of Mauger and Sculthorpe (2012) might be expected to reflect an
increased W-cp. Mauger and Sculthorpe (2012) suggested that their protocol provided
subjects with the ability to vary their power output for a given RPE, enabling better
management of afferent signallers (which may include the accumulation of fatigue-
related muscle metabolites, and changes in motor unit recruitment, core temperature and
pulmonary ventilation) and thereby reducing the perception of pain and discomfort.
However, a potential confounding factor in that study was test duration, which was
different between the self-paced test (~10 min) and the conventional incremental test
(~13 min). It is known that the duration of an incremental test can influence the

measured peak work rate (Astorino, 2004; Yoon, 2007). To address this concern,
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Chapter 5 administered a self-paced perceptually regulated incremental test based on the
methods of Mauger and Sculthorpe (2012), but matched the test duration to that attained
in a preliminary ramp incremental test. ~When the duration of the self-paced
perceptually regulated incremental test was matched to the ramp incremental test, there
was no difference in W-cp across the protocols. Moreover, the W-cp was also not
different compared to a ramp incremental protocol with cadence allowed to fluctuate
according to subject preference, a high-intensity constant-power-output test to the limit
of tolerance and a 3-min all-out test. This supports the CP model by demonstrating that
a fixed W-cp can be completed prior to exhaustion during continuous exercise, and

suggests that the CP model also has application in exhaustion incremental exercise.

Since self-paced exercise has been reported to reduce metabolic stress compared to
CWR exercise (Lander et al., 2009), self paced exercise might be expected to increase
W-.cp. This was investigated in Chapter 6 where it was shown that W.cp was not
significantly different during a 3 min all-out cycling test, a constant work rate bout
predicted to lead to exhaustion in 3 min and a self-paced 3 min work-trial. Therefore,
irrespective of the method of work rate imposition, and thus the rate at which W' was
depleted, W-cp was not significantly different across the exercise tests at end-exercise.
It has been shown previously that W.cp is similar in duration-matched all-out exercise
and CWR exercise (Vanhatalo et al., 2011), but the data presented in Chapter 6 extend
this by showing that W-cp is also consistent across duration-matched CWR, all-out and
self-paced exercise. Taken together with the findings from Chapter 5, these data
suggest that the W-cp during continuous exercise is fixed, being similar across CWR,
all-out, self-paced and incremental exercise. These data support the critical power
concept as a model to explain fatigue during exercise across a variety of work rate

forcing functions.
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While the data presented in Chapters 5 and 6 suggest that the CP model can explain
exercise performance during continuous exercise (a fixed W-cp is completed at end-
exercise), the extent to which the CP model can explain performance during intermittent
exercise is complicated by the potential for W' recharge in the recovery intervals. In an
attempt to account for this W' resynthesis, Morton and Billat (2004) adapted the two-
parameter CP model for intermittent exercise by including four independent variables
(P and ¢ during both work and recovery phases) during intermittent exercise (see
Equation 7). Consistent with the findings of Morton and Billat (2004), the findings in
Chapter 4 showed that the W’ was increased and CP was reduced during intermittent
exercise compared to the 3 min all-out test. The greater W' is likely reflective of W'
resynthesis in the recovery intervals during the intermittent exercise and it was shown
that rate of W' resynthesis, and thus the potential to tolerate supra-CP work, was greater
as the intensity of the recovery interval was lowered. Importantly, when both the work
and recovery intervals of the intermittent exercise protocol were in the severe-intensity
exercise domain Wxcp was not significantly different from W-cp in the severe-intensity
CWR test to Tj, or the W' measured in the 3 min all-out test. In the context of the CP
model these results demonstrate that, while W' is fixed and completely expended at the
point of fatigue during severe-intensity CWR exercise or intermittent exercise
conducted exclusively within the severe-intensity exercise domain, W' can be
resynthesised in an intensity-dependent manner when the recovery work rate falls below
CP and this dictates the tolerable duration of intermittent exercise. This is supported by
the results presented in Chapter 7 where the capacity to complete W-cp immediately
after exhaustive severe-intensity exercise was very limited (39 = 31 s) when the
recovery work rate was set above CP, but was appreciable (all subjects could exercise

for at least 10 min) when the recovery work rate was set below CP. Therefore, the CP
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concept can also help explain the tolerable duration of intermittent exercise when

different recovery exercise intensities are applied.

As well as the exercise intensity of the recovery interval during intermittent exercise,
the recovery duration would be expected to influence the rate of W' reconstitution and,
therefore, the tolerable duration of intermittent exercise. This was addressed in Chapter
8 of the thesis. Here, it was shown that W' increased as the recovery interval was
extended and exercise tolerance was enhanced in line with the increase in W'. Taken
together, the findings from Chapters 4 and 7-8 indicate that the CP concept can also
help explain the tolerable duration of intermittent exercise as exercise tolerance during
intermittent appears to be linked to the extent of W' recharge in the recovery intervals

and therefore, the potential to complete W-cp in the work intervals.

9.4 Mechanistic bases for the W'

The results from this thesis have shown that regardless of how work rate is
administered, W' is closely linked to fatigue during high-intensity exercise, consistent
with the CP model of bioenergetics. However, while the utilisation of W' is an
important determinant of exercise performance, the mechanistic bases of W' are not
completely understood and it is also unclear whether the physiological corollaries of W'
depletion are similar across fatiguing exercise applying different work rate forcing
functions. To explore the mechanistic bases for W', pulmonary gas exchange was
measured to provide a non-invasive measure of muscle Vo, (Krustrup et al., 2009),
iEMG was measured to provide an indication of muscle activation and *'P-MRS was

utilised to assess intramuscular phosphorous metabolites and pH.
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In Chapter 5 it was shown that W.cp was not significantly different during a
continuous-graded protocol that was self-paced according to a prescribed RPE, a ramp
incremental protocol with cadence allowed to fluctuate according to subject preference,
a ramp incremental protocol with fixed cadence, a high-intensity constant-power-output
test to the limit of tolerance, and a 3-min all-out test during which power output
declined precipitously over time. Similarly, oxn.x Was not significantly different
across these exercise tests. While this conflicts with the recent findings of Mauger and
Sculthorpe (2012) who reported that ¥70yma could be increased during a self-paced
perceptually-regulated exercise test, it supports the longstanding view that V0,max for a
given mode of exercise cannot be exceeded (Hill and Lupton, 1923; Bassett and
Howley, 2000; Wagner, 2000; Gonzalez-Alonso and Calbet, 2003; Saltin and Calbet,
2006; Hawkins et al., 2007). As outlined earlier, the fact that test duration was not
matched in the self-paced (~10 min) and the conventional incremental (~13 min) test
might account for the higher Voym.x in the self-paced test used by Mauger and
Sculthorpe (2012) as the peak power output that can be elicited might be lower as the
test duration is extended leading to the attainment of a submaximal rather than a
maximal Vo, (Astorino, 2004; Yoon, 2007). The W-cp and V0omax Were also not
significantly different during a 3 min all-out cycling test, a constant work rate bout
predicted to lead to exhaustion in 3 min and a self-paced 3 min work-trial, as reported in
Chapter 6. While it has been reported that W' depletion and the attainment of the
17 02max OCcur simultaneously during severe-intensity CWR exercise (Burnley and Jones,
2007; Ferguson et al., 2007; Jones et al., 2010; Murgatroyd et al., 2011; Vanhatalo et
al., 2011), the findings presented in Chapters 5 and 6 extend this by showing that
complete depletion of W' and the attainment of V0ymax are also concomitant during

incremental and self paced exercise.
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During the intermittent exercise protocols employed in Chapter 4, end-exercise V"0, was
not significantly different from the V0omax attained a ramp incremental test and the
severe-intensity CWR bout continued until the limit of tolerance despite the fact that W’
was increased as exercise intensity in the recovery intervals was lowered. It is likely
that total W' was increased as the intensity of the recovery interval was lowered because
W' recovered at a rate dependent on the intensity of the recovery bouts. In turn, the
enhanced W' resynthesis as the intensity of the recovery interval was lowered delayed
the complete depletion of W' (see Figure 4, Chapter 4). Simultaneously, the V"0, slope
was progressively lowered as the recovery work rate declined below CP leading to a
delayed attainment of V02max. Therefore while complete W' depletion and attainment of
Voomax is progressively delayed during intermittent exercise as the intensity of the
recovery interval is lowered, W' and V0, reach their capacity concomitantly during

intermittent exercise as well as CWR, incremental and self paced exercise.

The blunted rate of W' depletion and lower V0, slope was accompanied by a blunted
increase in muscle activation as evidence by the lower iIEMG slope. This suggests that
the volume of muscle engaged or the firing frequency of the recruited muscle fibres
might be linked to W’ depletion and the attainment of the 1 0omax. Previous studies have
also shown that iEMG measures are linked to the development of the Vo, slow
component (Shinohara and Moritani, 1996; Saunders et al., 2000; Borrani et al., 2001,
Perry et al., 2001; Burnley et al., 2002; Osborne and Schneider, 2006; DiMenna et al.,
2008; Layec et al., 2009; DiMenna et al., 2010) and the degree of muscle metabolic
perturbation (Bailey et al., 2010). To further explore the mechanistic bases for W’
depletion we used *'P-MRS in Chapter 7 to investigate the muscle metabolic response
when work rate was lowered to the heavy-intensity (<CP) or to a lower work rate in the

severe-intensity (>CP) domain immediately following the completion of a severe-
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intensity work rate predicted to elicit 7}, in 3 min. It was shown that muscle [PCr], pH,
[ADP] and [P;] remained at the levels reached in the initial exhaustive exercise bout and
the capacity for W-cp was severely restricted when the recovery work rate was in the
severe-intensity exercise domain. However when the recovery work rate was lowered
below CP, muscle [PCr], pH, [ADP] and [P;] returned towards baseline values and
exercise could be tolerated for at least 10 min. These results are consistent with the
study of Coats et al. (2003). These authors asked subjects to perform severe CWR
cycle exercise to Tjip (attained in around 6 min) and then reduced the work rate to 80 %
GET, 90 % CP, or 110 % CP. The results suggested that replenishment of the W’
following Tji, necessitated that work rate be reduced <CP. The data presented in
Chapter 7 support the findings of Coats et al. (2003), but extend these results by
showing that Ty, following exhaustive exercise is critically dependent on whether

muscle metabolic homeostasis can be restored or not.

The muscle metabolic responses were investigated during intermittent exercise
comprising severe-intensity work bouts interspersed with resting recovery bouts of
different durations (18, 30 and 48 s) in Chapter 8. It was shown that Tj;,, and W-cp were
progressively increased as the recovery duration was extended in association with a
delayed attainment of critical levels of muscle [PCr], pH, [ADP] and [P;]. Therefore the
mechanistic studies conducted in Chapters 7 and 8 revealed that the metabolic milieu
within the muscle influences the capacity for W-cp with consistently low [PCr] and pH,
and consistently high [ADP] and [P;] attained at the point of complete W’ depletion and

task failure.

When the data across the 5 experimental Chapters are considered together it appears

that, irrespective of the work rate forcing function, fatigue during high-intensity
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exercise occurs when W' is completely depleted, 1" 0omax 1 attained and critical levels of
intramuscular [PCr], pH, [ADP] and [P;] are achieved. These findings support previous
results regarding the mechanistic bases for the W’ (Jones et al., 2010), but extend these
findings by showing that the mechanistic bases for the W' are consistent across exercise
protocols that use different work rate forcing functions. From the results presented in
this thesis and published elsewhere, it appears that intense exercise leads to a
progressive decline in muscle PCr and a significant increase in muscle ADP and P,
which are important stimuli for activating oxidative metabolism in the mitochondria
(Chance and Williams, 1955; Brown, 1992; Bose et al., 2003). Indeed, the changes in
PCr, ADP and P; are temporally aligned with the development of the "0, slow
component during intense exercise (Bailey et al., 2010; DiMenna et al., 2010; Rossiter
et al., 2001, 2002). As severe-intensity exercise is continued, further increases in
muscle ADP and P; and a continued decline in PCr amplify the signal for oxidative
metabolism augmenting the V0, slow component. Eventually, muscle [ADP], [Pi],
[PCr] and pH reach critical levels that might compromise muscle contraction (Allen et
al., 2008). At this point, the metabolic stimulus for oxidative metabolism is maximal
such that V0omax is attained and W' is completely expended. Therefore, the results
presented in this thesis offer important mechanistic insights into the physiological bases
for W' and suggest that W' depletion and the attainment of 1" 0omax and critical levels of
muscle [ADP], [Pi], [PCr] and pH are inter-related and occur concomitantly. This
sequence of events leads to additional W-cp becoming untenable, consistent with the CP
model of bioenergetics, and task failure occurs irrespective of the method of work rate

imposition.
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9.5 Applications

The original findings from this thesis suggest that the degree of metabolic perturbation
and performance across a range of exercise tasks can be explained by the CP model of
bioenergetics. Therefore, the CP model might be able to aid the construction of
effective interval training programs (i.e. intensity and duration of the work bouts and
recovery intervals) for the enhancement of fitness, functional capacity or cardiovascular
and metabolic health (Earnest, 2009; Gibala and McGee, 2008; Laursen and Jenkins,
2002). This information might also help athletes to select pacing strategy that optimise
the use of W' and therefore performances during endurance exercise (Skiba et al.,
2012). The data presented in this thesis provide strong support for the use of the CP
model to predict exercise performance in humans. The ability to use CP and W' to
accurately Ty during different types of exercise is very useful to sports scientist doing

laboratory or field studies.

9.6 Topics for Further Research

Elderly and clinical populations

Most studies investigating the CP model have shown it to be an effective predictor of
metabolic perturbation and exercise tolerance in healthy adult humans. It is well
documented that ageing and various metabolic, cardiovascular and respiratory diseases
lead to exercise intolerance, but it is unclear whether these changes in exercise tolerance
can be explained by the CP model. This information might be useful for the
development of therapeutic interventions to improve exercise tolerance and therefore

quality of life in these populations.
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Mechanistic bases for W’

While this thesis has extended our understanding of the factors that contribute to W' by
showing that depletion of the W' is accompanied by attainment of the V o2max and critical
intramuscular levels of [PCr], pH, [Pi] and [ADP] and coincides with the termination of
high-intensity exercise tests when different patterns of work rate imposition are
imposed, additional research is required to increase this understanding further. For
example, other muscle metabolites including potassium, calcium, ammonia and reactive
oxygen species have also been linked to the process of muscle fatigue (Allen et al.,
2008; Amann, 2011), but it is unclear whether changes in these metabolites differ <CP

compared to >CP.

9.7 Conclusion

The tolerable duration of severe-intensity CWR exercise can be predicted using the CP
model of bioenergetics. Based on the CP model, W' is utilised when exercising at a
CWR above CP until W' is completely depleted and exercise is terminated (e.g.,
Vanhatalo et al., 2011). Coincident with the depletion of W', ¥ 0ymax is attained and a
critical level of muscle metabolic perturbation is reached (Jones et al., 2008; Poole et
al., 1988; Vanhatalo et al., 2010). The findings of this thesis extend our understanding
of the CP model by showing that it can help explain metabolic perturbation and
performance across a variety of exercise tests using different work rate forcing
functions. In addition, the results presented in this thesis support the notion that W’
depletion occurs in concert with the increased Vo,, the depletion of the finite anaerobic
reserves and the attainment of critical levels of intramuscular metabolites, as evidenced
by the attainment of V'oymay, critically low muscle [PCr] and pH, and critically high [P;]
and [ADP] at Ty, during high-intensity exercise, irrespective of the work rate

distribution during exercise.
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It was shown that a ramp incremental test at a fixed cadence, a ramp incremental test
where the subject could self-select cadence and a step incremental test where subjects
selected power output according to prescribed increments in ratings of perceived
exertion resulted in consistent ¥"oymax and Wscp values. Similarly, Voymax and Wscp
were not significantly different between a 3 min all-out cycling test, a constant work
rate bout predicted to lead to exhaustion in 3 min and a self-paced 3 min work-trial.
Taken together, these data indicate that a consistent Voomax and Wscp are achieved at
exhaustion during severe-intensity exercise irrespective of the method of work rate
imposition. These findings are consistent with the CP model of bioenergetics and with

the reciprocal relationship between W’ and the V"o, slow component.

While the W-cp was not significantly different from the W’ determined in the 3 min all-
out test when the work and recovery components of an intermittent exercise protocol
were >CP, W.cp was increased above W' and Ty, was improved in an intensity-
dependent manner when the recovery work rate was reduced below CP. The
progressive increase in Wscp as recovery intensity was lowered below CP was
accompanied by blunted rates of V"o, and iEMG increase across the intermittent exercise
bouts. When the dynamics of muscle metabolic responses were assessed in vivo using
3'P-MRS, muscle [PCr], pH, [P;] and [ADP] remained at critical levels and exercise
tolerance was significantly impaired following exhaustive exercise when ‘recovery’
exercise was completed in the severe-intensity domain (>CP); however, muscle [PCr],
pH, [P;] and [ADP] were restored towards baseline values and the tolerable duration of
exercise was extended to at least 10 min when the recovery work rate resided in the
heavy-intensity domain (<CP). It was also shown that, during severe-intensity
intermittent exercise with variable recovery durations, W-cp and T, were increased as

the duration of the recovery interval was extended and this was accompanied by a delay
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in the attainment of critical intramuscular metabolites ([PCr], pH, [ADP] and [P;]).
These data suggest that W' can be recovered at a rate that is dependent on the intensity
and duration of the recovery interval during intermittent exercise and these influences
the tolerable duration of exercise and the rate at which Voymax and critical levels of

muscle [PCr], pH, [ADP] and [P;] are attained.

In summary, this thesis has extended understanding of the CP concept by showing that
the CP model can also help explain exercise performance during methods of work rate
imposition other than CWR exercise. It has been shown that task failure during
incremental, CWR and self-paced exercise occurs at a consistent W-cp (W') and ¥ opmax.
The W-cp completed during intermittent exercise tests is associated with the tolerable
duration of exercise with Wscp increased as the intensity of the recovery interval is
lowered or the recovery duration is increased. The rate at which V0omax 1S attained and
muscle [PCr], pH, [ADP] and [P;] reach levels that perturb the muscle milieu is also a
function of the intensity and duration of the recovery interval during intermittent
exercise. These data support the association between W' depletion and the degree of
metabolic perturbation. Therefore, the findings presented in this thesis suggest that
fatigue across a diverse range of exercise tests occurs when W' is depleted, Vopmax iS
attained and critical levels of intramuscular [PCr], pH, [ADP] and [P;] are reached,
consistent with the CP model of human bioenergetics. It is recommended that the CP
model be applied more widely in basic and applied studies of exercise physiology and
its implications communicated to coaches and athletes for the purposes of informing

training prescription.
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