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ORIGINAL ARTICLE

Oxygen uptake kinetics as a determinant of sports performance

MARK BURNLEY1 & ANDREW M. JONES2

1Department of Sport and Exercise Science, University of Wales, Aberystwyth, UK and 2School of Sport and Health Sciences,

University of Exeter, Exeter, UK

Abstract
It is well known that physiological variables such as maximal oxygen uptake (V̇O2max), exercise economy, the lactate
threshold, and critical power are highly correlated with endurance exercise performance. In this review, we explore the basis
for these relationships by explaining the influence of these ‘‘traditional’’ variables on the dynamic profiles of the V̇O2

response to exercise of different intensities, and how these differences in V̇O2 dynamics are related to exercise tolerance and
fatigue. The existence of a ‘‘slow component’’ of V̇O2 during exercise above the lactate threshold reduces exercise efficiency
and mandates a greater consumption of endogenous fuel stores (chiefly muscle glycogen) for muscle respiration. For higher
exercise intensities (above critical power), steady states in blood acid�base status and pulmonary gas exchange are not
attainable and V̇O2 will increase with time until V̇O2max is reached. Here, we show that it is the interaction of the V̇O2 slow
component, V̇O2max, and the ‘‘anaerobic capacity’’ that determines the exercise tolerance. Essentially, we take the view that
an appreciation of the various exercise intensity ‘‘domains’’ and their characteristic effects on V̇O2 dynamics can be helpful
in improving our understanding of the determinants of exercise tolerance and the limitations to endurance sports
performance. The reciprocal effects of interventions such as training, prior exercise, and manipulations of muscle oxygen
availability on aspects of V̇O2 kinetics and exercise tolerance are consistent with this view.

Keywords: Lactate threshold, critical power, exercise intensity domains, endurance, maximal O2 uptake, V̇O2 kinetics

Introduction

The physiological determinants of performance in

endurance events (athletic events lasting more than

approximately 5 min and requiring a substantial and

sustained energy transfer from oxidative pathways)

have been investigated extensively (for reviews, see

Bassett & Howley, 2000; Coyle, 1995). The most

common approach to defining the determinants of

performance is to select laboratory-derived para-

meters of physiological function [such as maximal

oxygen uptake (V̇O2max), the lactate threshold, and

efficiency/economy] and perform a series of correla-

tions or multiple regression analysis with a measure

of performance such as time to complete the event or

mean power output (Bassett & Howley, 2000;

Conley & Krahenbuhl, 1980; Coyle, 1995; Coyle,

Coggan, Hopper, & Walters, 1988; Jones & Doust,

1998). A common outcome of these studies is that

the power output or oxygen uptake (V̇O2) at the

lactate threshold (however defined) is very strongly

correlated with endurance performance. What such

analyses do not provide is a reason why, for example,

the power output at the lactate threshold ‘‘deter-

mines’’ endurance performance. This has led some

authors to question the value of these parameters in

determining endurance performance (MacRae,

2006; Noakes, 1998). It is our contention, however,

that none of the aforementioned parameters ‘‘deter-

mines’’ endurance performance, or indeed any other

type of sports performance. Rather, we suggest that

these ‘‘traditional’’ parameters are important be-

cause they determine the character of, and place

constraints upon, the kinetics of V̇O2 during ex-

ercise. The kinetics, in turn, determines the instan-

taneous rate of aerobic and anaerobic energy

transfer, the mixture and amount of substrate

utilized, and the tolerable duration of the exercise.

We suggest that only by appreciating how

the ‘‘traditional’’ parameters of physiological func-

tion interact with the kinetics of V̇O2 can the
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physiological determinants of athletic performance

be truly understood.

In this review, we outline the ‘‘traditional’’ and

contemporary views of the V̇O2 response to exercise,

highlighting the key differences in interpretation. In

doing so, we aim to provide a gentle introduction to

the field of V̇O2 kinetics, which is sometimes viewed

by those not working in it as incomprehensible. We

will then explore the relationship between the tradi-

tional parameters of physiological function and the

V̇O2 kinetics, highlighting how the lactate threshold

and critical power determine the behaviour of the

V̇O2 response, and how V̇O2max and anaerobic

capacity interact to place constraints upon the V̇O2

response and the time to exhaustion during high-

intensity exercise. We provide key examples of how

our thesis can be generalized, using the effects of

training, warm-up exercise, and manipulation of

oxygen delivery on V̇O2 and performance.

Oxygen uptake response to exercise:

Traditional concepts

Since the work of Krogh and Lindhard (1920) and

Hill and Lupton (1923), it has been widely appre-

ciated that sustaining exercise beyond a few seconds

depends upon the appropriate supply and utilization

of oxygen. However, the widespread use of incre-

mental exercise tests on the one hand, and Douglas

bag or mixing chamber analyses in which pulmonary

gas exchange data are averaged over periods of 30�
60 s on the other, has led to the common miscon-

ceptions that: (1) following a ‘‘lag’’ in V̇O2 at the

onset of constant-load exercise (the ‘‘oxygen defi-

cit’’), a steady state is always achieved within about

3 min; and (2) V̇O2 increases linearly as power

output increases to V̇O2max. These ideas are pre-

sented in Figure 1.

Figure 1A shows an idealized V̇O2 response to

exercise performed at 200 W. From a baseline value

of 0.8 l � min�1 (a typical baseline V̇O2 if the

participant is pedalling against no resistance), V̇O2

increases in an exponential fashion, reflecting an

underlying physiological control process, until a

steady state is reached. The V̇O2 in the steady state

in this example is approximately 2.8 l � min�1,

meaning that V̇O2 has increased with a ‘‘gain’’ of �

10 ml � min�1 � W�1 (i.e. (2800-800)/200). The

rapidity with which the steady state is attained

depends upon the ‘‘speed’’ or kinetics of the V̇O2

response to the step increase in external power

output. In Figure 1A, the ‘‘time constant’’ of the

V̇O2 response is 30 s. The time constant is a

parameter estimated by fitting an exponential func-

tion to the data, and it indicates that after four time

constants have elapsed (120 s), the V̇O2 response

has essentially reached its ‘‘target’’. Therefore, after

2 min the steady state is attained with the difference

between the baseline V̇O2 and the steady state V̇O2

(the ‘‘amplitude’’ of the response) being 2.0 l �
min�1. A smaller value for the time constant (e.g.

20 s) would result in the more rapid attainment of a

steady state (in this case, 80 s). This is physiologi-

cally useful because a smaller value for the time

constant means that the lag in V̇O2 (i.e. the oxygen

deficit) would be smaller, and thus the requirement

for ‘‘anaerobic’’ energy provision during the transi-

tion from rest to exercise would be reduced. All else

being equal, a reduction in the oxygen deficit should

be beneficial to exercise performance because it

would reduce the depletion of muscle high-energy

phosphates (chiefly phosphorylcreatine) and glyco-

gen, and blunt the increase in metabolites that have

been associated with the fatigue process and/or

which stimulate glycolysis (i.e. adenosine dipho-

sphate, inorganic phosphate, and hydrogen ions).

Because the ability to generate energy through

substrate-level phosphorylation is considered to be

finite (either in capacity or because of the associated

accumulation of fatigue-related metabolites), then

the exercise tolerance of individuals with very slow

Phase II V̇O2 kinetics, such as those with pulmon-

ary, cardiovascular or metabolic diseases/disorders,

might be severely compromised even at very low

power outputs (Poole, Kindig, & Behnke, 2005). In

contrast, elite endurance athletes have remarkably

fast Phase II V̇O2 kinetics that enables them to

minimize the magnitude of the oxygen deficit

incurred and to limit perturbation to homeostasis

in the transition from a lower to a higher metabolic

rate (Koppo, Bouckaert, & Jones, 2004).

The V̇O2 response to incremental or ramp

exercise can be predicted directly from the above

outline. An incremental test is simply a series of

steps, each of which follows the above description.

A test to determine the lactate threshold directly,

for example, typically involves stages of 3�4 min

duration with small increments (of 20�30 W)

between each stage. A 25-W increment would result

in a �250 ml � min�1 increase in V̇O2 between

each stage, as shown in Figure 1B. A ramp test

would be similar, except that the increase in V̇O2

would lag the increase in power output by a

constant depending on the time constant of the

V̇O2 response. When performing a ramp test,

therefore, adjustment must be made to relate V̇O2

to power output (Whipp, 1987). Figure 1B shows

two other important properties of the V̇O2�power

output relationship. First, mechanical efficiency

will determine the steepness of the relationship

between V̇O2 and power output. If efficiency is

low, then the increase in V̇O2 will be relatively steep

(�11 ml � min�1 � W�1); if the participant’s

efficiency is high, then the increase in V̇O2 will be
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less steep (�9 ml � min�1 � W�1). In addition to

reducing the energy cost of any sub-maximal power

output [which clearly benefits exercise tolerance in

events where the capacity to oxidize carbohydrate is

important to performance outcome (Coyle, Cog-

gan, Hemmert, & Ivy, 1986; Karlsson & Saltin,

1971)], a high mechanical efficiency also increases

the power output at which V̇O2max is reached

(Jones & Carter, 2000). The second important

property of the V̇O2�power output relationship is

that there is an upper limit to the increase in V̇O2

(V̇O2max). The concept of V̇O2max was originally

established using discontinuous constant-load ex-

ercise testing (Åstrand & Saltin, 1961a; Hill &

Lupton, 1923), but it is well known that the peak

V̇O2 observed in the more common ramp test is

identical to V̇O2max measured using constant power

output exercise (Figure 1C; see also Day, Rossiter,

Coats, Skasick, & Whipp, 2003).

Oxygen uptake response to exercise:

Contemporary viewpoint

Before addressing the influence of exercise intensity

on the V̇O2 response, which is itself central to the

role of V̇O2 kinetics as a performance determinant,

there is one additional feature of the V̇O2 response

that has to be mentioned. That is, the pulmonary

V̇O2 response is dependent on the rate of arrival of

blood into the pulmonary capillary network and its

degree of deoxygenation. In this regard, pulmonary

V̇O2 cannot directly reflect muscle oxygen uptake,

because there is a delay of about 10�20 s between

oxygen unloading in the muscle [which can be used
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Figure 1. Traditional concepts of the oxygen uptake and blood lactate responses to exercise. (A) schematic illustration of the V̇O2 response

to cycle exercise performed at 200 W. At the onset of exercise, an oxygen deficit is incurred because the V̇O2 response lags the energy

requirements of the task. A steady-state V̇O2 of �2.80 l � min�1 is achieved within 2�3 min. (B) Schematic illustration of the V̇O2 response

to incremental exercise. Two responses are shown, each yielding the same maximal V̇O2 (V̇O2max). However, the mechanical efficiency of

the two hypothetical individuals is different, leading to a different relationship between power output and V̇O2. The individual with the

higher mechanical efficiency achieves V̇O2max at a higher power output, meaning that they possess a greater scope (in terms of power

output) for aerobic work. (C) Real V̇O2 responses to individual bouts of constant power output, high-intensity exercise in a single individual.

This panel illustrates that the end-point V̇O2 is consistent when high-intensity exercise of a short duration (B15 min) is performed. (D)

The blood lactate profile during an incremental cycling test. Note that blood lactate concentration remains at baseline concentrations until

275 W (the lactate threshold), but is elevated thereafter.
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to determine muscle oxygen uptake using the Fick

principle (Grassi et al ., 1996)] and the arrival of the

same blood in the pulmonary vasculature for gas

exchange. At the onset of exercise, therefore, there

will be a period in which pulmonary V̇O2 will not

reflect muscle oxygen uptake, as was predicted by

Barstow and colleagues (Barstow, Lamarra, &

Whipp, 1990) and confirmed experimentally by

Grassi et al . (1996). As shown in Figure 2, this

period is associated with an abrupt increase in V̇O2,

chiefly as a result of increased venous return via the

muscle pump on the one hand, and increased right

ventricular output elevating pulmonary blood flow

on the other. As a consequence, this phase of the

response (Phase I) has been called the ‘‘cardio-

dynamic’’ phase. As the blood returning to the

lung in this period has not been subject to increased

oxygen extraction by the muscle (having left the

muscle microvasculature before capillary PO2 began

to fall), venous PO2, PCO2, and the respiratory

exchange ratio do not change appreciably from their

baseline values. An abrupt change in these variables,

in addition to an increase in V̇O2 that continues in

an exponential fashion, signals the onset of the next

phase of the V̇O2 response, which ultimately leads to

the attainment of a steady state.

A crucial question, only recently answered, is

whether this second period, variously named the

fundamental, primary, or fast component (Phase

II), reflects the kinetics of muscle oxygen uptake, as

was originally proposed by Whipp and colleagues

(Whipp, Ward, Lamarra, Davis, & Wasserman,

1982) and Barstow et al . (1990)? The answer to

this question, provided by comparing direct [i.e.

Fick principle (Grassi et al ., 1996; Koga et al .,

2005)] or indirect [i.e. 31P-magnetic resonance

spectroscopy (Rossiter et al ., 1999; Figure 2C]

measurements of muscle V̇O2 with simultaneous

measurements of pulmonary V̇O2, is a qualified

‘‘yes’’ � the qualification being that the time

constant of the pulmonary V̇O2 will reflect the

muscle V̇O2 time constant to within 910% (Bar-

stow et al ., 1990). Given the variability in the

measurements used (both at the pulmonary and

muscle levels), this level of agreement is probably

sufficient to use pulmonary V̇O2 to reflect muscle

V̇O2 (but see Hughson, Tschakovsky, & Houston,

2001, for discussion). This relationship is likely to

be more robust at higher power outputs, where

more of the cardiac output is directed to the

exercising muscles, and where the signal-to-noise

ratio for the determination of V̇O2 is higher than at

low power outputs. Therefore, the present under-

standing of the V̇O2 response to (low- to moderate-

intensity) exercise is that it is composed of three

distinct phases: Phase I, the cardio-dynamic com-

ponent; Phase II, the primary or fundamental

component; and Phase III, the steady state. Note

that this view only differs from that presented in

Figure 1A in that Figure 2B contains the cardio-

dynamic delay, whereas Figure 1A does not. Much

debate surrounds the determinants of the primary

V̇O2 time constant, with discussants falling into one

of two camps: those who support the notion that

oxygen delivery plays a key role in setting the V̇O2

time course, and those who suggest that the control

of muscle V̇O2 kinetics has an intracellular origin.

We do not address these issues here, as several

comprehensive reviews are already available (Poole

& Jones, 2005; Tschakovsky & Hughson, 1999;

Whipp & Mahler, 1980).

Figure 2. Simultaneous oxygen uptake and phosphorylcreatine

(PCr) concentration responses to moderate-intensity knee-exten-

sion exercise (from Rossiter et al., 1999). (A) The V̇O2 response

modelled with no delay (Model 1). (B) The same response

modelled with a time delay (Model 2). In (B), the ‘‘cardio-

dynamic component’’ is clearly evident. Moreover, the kinetics of

the V̇O2 response using Model 2 (Phase II) is identical to the

kinetics of PCr degradation at the onset of exercise (shown in

panel C). This figure is reproduced with permission from Rossiter

et al. (1999).
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The influence of exercise intensity on the

pulmonary oxygen uptake response

It is important to appreciate that the scenario out-

lined above only holds true for power outputs below

the the lactate threshold. Above the lactate thresh-

old, a third component of the response appears that,

for reasons explained below, is termed the V̇O2

‘‘slow component’’. It remains a source of frustration

among those working in the field of V̇O2 kinetics

that this important facet of the V̇O2 response is, if

not unknown to the scientific community, inadver-

tently or perhaps even deliberately ignored. The

blame for its lack of acceptance must lay firmly at the

door of textbook writers and teachers of exercise

physiology who, with few exceptions, continue to

insist that V̇O2 rises to achieve a steady state at all

power outputs up to those requiring V̇O2max. Our

frustration stems from the fact that the existence of

the V̇O2 slow component has been evident for at

least 40 years (e.g. Åstrand & Saltin, 1961b; Whipp

& Wasserman, 1972), and its presence during any

bout of exercise has major implications for the

description and assessment of ‘‘exercise intensity’’

and for computation of the oxygen deficit and rates

of substrate utilization (Gaesser & Poole, 1996).

The V̇O2 slow component represents a contin-

ued increase in V̇O2 following the primary phase

(Figure 3). This continued rise in V̇O2 has a

considerably slower time course than the Phase II

V̇O2 kinetics, is only evident during exercise above

the lactate threshold, and causes V̇O2 to increase

above (as opposed to towards) the anticipated

steady-state V̇O2 value. The slow component ap-

pears to be of delayed onset, typically ‘‘emerging’’

90�180 s after the onset of exercise. Interestingly,

although the V̇O2 slow component has been docu-

mented in a variety of activities, its magnitude is less

during treadmill running than during some other

modes of exercise (Jones & Burnley, 2005). It is

common to set a power output half-way between the

lactate threshold and V̇O2max to study the V̇O2 slow

component, since the power output at the lactate

threshold signifies the highest power output that will

not elicit a slow component, and V̇O2max represents

the highest V̇O2 that can be achieved during

exercise. Such a power output would, in V̇O2

kinetics parlance, be termed ‘‘50% delta’’ � a power

output that is calculated as the lactate threshold plus

50% of the difference between the lactate threshold

and V̇O2max. The amplitude of the V̇O2 slow

component during 6�8 min of such exercise typi-

cally represents 10�20% of the total V̇O2 response

to exercise (e.g. 200�400 ml � min�1), although the

precise amplitude will depend on the experimental

conditions, characteristics of the participants, in-

cluding fitness and muscle fibre type (Barstow,

Jones, Nguyen, & Casaburi, 1996; Pringle et al .,

2003), and (most importantly) on the exercise

intensity domain in which the exercise takes place;

amplitudes in excess of 1 l � min�1 have been

observed (Burnley, Doust, & Jones, 2005). Although

the precise determinants of the V̇O2 slow compo-

nent remain obscure, the work of Poole et al . (1991)

demonstrated that about 86% of the V̇O2 slow

component could be accounted for by an increase

in leg oxygen uptake, suggesting that the exercising

muscle is the principal origin of the slow component.

In support of this, muscle phosphorylcreatine con-

centration also demonstrates a slow component-like

response during heavy exercise (Haseler, Kindig,

Richardson, & Hogan, 2004; Rossiter et al ., 2002).

In view of these findings, the intensity- and time-

dependent recruitment of muscle fibre types with

different metabolic properties has been suggested to

one of the most likely mechanisms for the V̇O2 slow

component (for reviews, see Gaesser & Poole, 1996;

Poole & Jones, 2005; Whipp, Ward, & Rossiter,

2005), and this is a working hypothesis of the present

review.

Exercise intensity domains

Exercise intensity is often defined by using a single

parameter of physiological function, such as V̇O2max

(i.e.%V̇O2max). This practice, although widespread,

is totally inadequate if the goal of exercise testing is

to normalize the physiological responses to exercise

with respect to the gas exchange and blood acid�
base profiles. This is because it is well known that

the %V̇O2max at the lactate threshold varies widely

even in a population homogeneous with respect to

V̇O2max, such as trained cyclists (Coyle et al ., 1988).

Thus, studying physiological responses to exercise at
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Figure 3. The V̇O2 response to heavy-intensity exercise in a

healthy individual. The V̇O2 response is modelled with an

exponential function applied from 20 to 120 s to characterize

the primary (‘‘fast’’) V̇O2 component. Note that V̇O2 continues to

increase beyond the primary phase, leading to an end-exercise

V̇O2 that is �500 ml � min�1 higher than expected.
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70% V̇O2max, for example, might well result in some

participants exercising below the lactate threshold

and others above it. The V̇O2 slow component

would, therefore, be present in some participants

but not others, confounding interpretation of

the results (Whipp, 1994; Whipp et al ., 2005). As

a result, the dynamic behaviour of pulmonary gas

exchange (and especially V̇O2) and blood acid�base

status (which is conveniently tracked using measure-

ments of blood lactate concentration) during con-

stant-load exercise has been used to define three

exercise intensity domains, namely moderate, heavy,

and severe (Table I). A fourth exercise intensity

domain, extreme exercise, has been suggested to

account for power outputs at which exhaustion

occurs before V̇O2max is attained (Hill, Poole, &

Smith, 2002). The present review will concentrate

on the exercise intensity spectrum encompassing

moderate, heavy, and severe exercise, since the vast

majority of experimental work has been conducted at

these intensities.

Moderate exercise includes all power outputs

below the lactate threshold. In this domain, there is

no change or only a transient increase in blood

lactate concentration, and V̇O2 attains a steady state

following the primary V̇O2 response (Figure 2B).

Heavy exercise is used to describe power outputs

above the lactate threshold, in which blood lactate is

elevated but stable over time and a V̇O2 slow

component is evident, leading to an elevated V̇O2

response. In the heavy domain, V̇O2 stabilizes at a

sub-maximal value after approximately 10�20 min.

Heavy exercise is often used as a ‘‘catch-all’’ term for

sub-maximal exercise performed above the lactate

threshold. In reality, however, there is a third

exercise intensity domain, termed ‘‘severe’’, in which

blood lactate concentration is elevated and continues

to increase with time, and the V̇O2 slow component

also fails to stabilize. If exercise is continued for long

enough, V̇O2 will reach its maximum value and the

individual will fatigue soon thereafter (Figure 4).

The severe-intensity domain is demarcated by

the power output associated with the maximal

lactate steady state and/or the critical power (the

asymptote of the power�duration curve). Table I

presents the definitions of these exercise intensity

domains, the parameters demarcating their bound-

aries, and the physiological responses and the likely

cause of fatigue in each domain.

Exercise intensity domains and fatigue

mechanisms: The power�duration relationship

Hill (1927) and later Monod and Scherrer (1965),

Moritani and colleagues (Moritani, Nagata, deVries,

& Muro, 1981), and Whipp and colleagues (Whipp,

Huntsman, Stoner, Lamarra, & Wasserman, 1981)

described the hyperbolic relationship between force

or power output and the tolerable duration of

exercise in humans, and it is interesting to note

that a similar speed�time relationship is evident

across the animal kingdom: horses (Lauderdale &

Hinchcliff, 1999), mice (Billat, Mouisel, Roblot, &

Melki, 2005), ghost crabs (Full & Herreid, 1983),

and lungless salamanders (Full, 1986). The pattern

shown in Figure 5 therefore appears to be a funda-

mental property of the physiology of exercise. It is

surprising that relatively little direct effort has been

expended to understand its physiological basis. The

shape of this relationship is thought to be related to

Table I. Exercise intensity domains

Domain Boundaries V̇O2 kinetic responses Endurance time Likely fatigue

mechanisms

Moderate Upper: LT Two components; steady state

achieved within 3 min in healthy

individuals

�4 h Hyperthermia (in the heat),

reduced central drive/

motivation (‘‘central fatigue’’),

muscle damage (running)

Heavy Lower: LT Upper: CP Three components; slow

component evident after primary

phase; steady state delayed by

10�20 min; elevated V̇O2

Up to �3�4 h Glycogen depletion,

hyperthermia

Severe Lower: CP Upper:

highest power that elicits

V̇O2max before fatigue

Two/three components; slow

component evident that develops

continuously if power below

V̇O2max; no steady state; V̇O2max

attained if sustained

Up to �30�45 min Depletion of finite energy store

represented by W ? or the

oxygen deficit and/or

accumulation of fatiguing

metabolites (e.g. H�, H2PO4
�)

Extreme Lower: highest power

eliciting V̇O2max

Two components; no slow

component evident;V̇O2max not

attained

B120 s As for severe�excitation�
contraction coupling failure

Note : LT�lactate threshold; CP�critical power.
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the properties of the aerobic and anaerobic energy

systems: the aerobic system providing a sustained,

but limited, power and having almost unlimited

capacity; the anaerobic system providing a power

limited only by the force�velocity characteristics of

the muscle groups engaged but being limited in

capacity. In this scheme, the aerobic system deter-

mines the maximum sustainable power output for

longer-term exercise, while the anaerobic (non-

oxidative) pathways ‘‘shape’’ the curve above the

sustained power output (for a recent review, see

Morton, 2006). It is well known that the power

output at the lactate threshold is strongly correlated

with performance in events lasting 30�60 min

(Coyle, 1995). Therefore, an obvious candidate for

the maximum sustainable power output would be

the lactate threshold. However, athletes are capable

of completing a marathon at speeds similar to or in

excess of the lactate threshold (Jones, 2006). Simi-

larly, 10-km and half-marathon races can be per-

formed considerably above the lactate threshold

without significant duress. Theoretically, however,

it is the critical power that represents the maximal

sustainable power output defined above, and this

parameter has therefore been suggested to represent

the boundary between the heavy and severe exercise

intensity domains (Poole, Ward, Gardner, & Whipp,

1988). The critical power is notionally equivalent to

the power output at the so-called ‘‘maximal lactate

steady state’’ (for discussion, see Pringle & Jones,

2002; Smith & Jones, 2001).

The above outline poses two important questions:

First, why does the lactate threshold correlate with

endurance performance, even though athletes con-

sistently exceed the threshold during races? Second,

what role does V̇O2 kinetics play in establishing the

power�duration relationship? We believe the answer

to the second question also provides the answer to

the first, and leads to a novel view of the role of V̇O2

kinetics as a determinant of sports performance. The

key to the answer resides in the existence of the V̇O2

slow component. During heavy-intensity exercise,

where exercise can be sustained for a considerable

period of time, the V̇O2 slow component represents

an additional oxygen cost that drains the body of its

fuel stores more rapidly than if it were not present.

Moreover, the slow component will result in a

greater rate of heat accumulation during exercise,

leading to the earlier attainment of hyperthermia

and/or a greater degree of dehydration if the

environmental conditions favour uncompensat-

able heat storage. During severe-intensity exercise,

where the V̇O2 slow component continues to in-

crease until V̇O2max is attained, the attainment of

V̇O2max signals the imminent termination of exer-

cise. Thus, the V̇O2 slow component may be at the

centre of the fatigue process in both the heavy and

severe exercise intensity domains. The importance of

the lactate threshold is then obvious: it represents the

highest power output at which a V̇O2 slow compo-

nent will not develop. Therefore, the longer an

athlete wishes their endogenous fuel supplies to

last, the closer to the lactate threshold they must

exercise. Thus, whether a runner ‘‘hits the wall’’ or

not during a marathon could depend, in part, on the

presence or absence of the V̇O2 slow component. A

hypothetical example of this is presented in Table II.

In this example, it is assumed that all runners are of

the same mass, have a similar running economy, and

that each attempts to run the marathon at 16 km �
h�1. Taking the two most extreme examples, runner

1 runs at the lactate threshold and incurs no slow

component. As a result, the runner will expend �12

MJ of energy in completing the race. Runner 5, in

contrast, must run 2 km � h�1 above their lactate
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Figure 5. Hyperbolic relationship of running speed to time-to-

exhaustion in Paula Radcliffe MBE, the present World record

holder for the women’s marathon, based upon her personal best

times for 800 m, 1500 m, 3000 m, and 5000 m. Using these data,

Radcliffe’s critical velocity is 5.85 m � s�1 (21.1 km � h�1), which

helps to explain some of her exemplary distance running

performances.
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Figure 4. The V̇O2 responses to heavy- (black circles) and severe-

intensity (white circles, black triangles) exercise. Note that the

V̇O2 response reaches an elevated steady state during heavy

exercise, whereas V̇O2 rises until V̇O2max is attained during

severe-intensity exercise.
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threshold to sustain the same running speed, result-

ing in a large V̇O2 slow component that results in an

energy requirement of �13.3 MJ. Because it is

thought that the completion of such an event is

dependent, in part, upon the finite muscle glycogen

stores (either directly or indirectly) and/or the

achievement of a high body temperature, the higher

energy requirement of runner 5 is more likely to be

associated with premature fatigue and a slowing of

the runner’s pace late in exercise. In this context,

therefore, the lactate threshold determines endur-

ance performance indirectly by determining the

highest pace that can be set before the V̇O2 slow

component develops with its negative energetic

consequences. It is not surprising, therefore, that

marathon runners self-select a running speed that is

very close to their lactate threshold during perfor-

mance (Joyner, 1991).

The influence of the V̇O2 slow component is even

more obvious in the severe-intensity domain, where

V̇O2 rises continuously until V̇O2max is attained.

The rapidity with which the V̇O2 slow component

increases is dependent on the proximity of the power

output to the critical power or maximal lactate

steady state. The greater the difference between

the power output generated during the exercise

task and the critical power, the larger the V̇O2 slow

component and the shorter the tolerable duration of

the work (Figure 6). (Note, however, that the

amplitude of the V̇O2 slow component would be

truncated at V̇O2max; in practice, the greatest V̇O2

slow component amplitudes occur when exercise just

above the critical power is continued to fatigue.) The

hyperbolic relationship between power output and

time to exhaustion is given by the following equa-

tion:

t�W ?= (P�CP) (1)

where t is time to exhaustion, W ? is a fixed amount

of work that can be performed above the critical

power (CP), and P is the power output of the task.

Hence, if W ? is 16 kJ, CP is 250 W, and P is 300 W,

then the tolerable duration of the work will be t�
16,000/50�320 s, with exhaustion occurring when

the participant has accumulated 16 kJ of work above

the critical power. During severe exercise, V̇O2 will

Table II. Effects of the V̇O2 slow component on marathon performance for a group of runners attempting to run at a pace of 16 km � h�1

Runner LT speed

(km �h�1)

Performance V̇O2

(l � min�1)

Energy requirement

(kJ � min�1)

Total energy

expended

in race (MJ)

Time to expend

12 MJ (min)

Distance covered

once 12 MJ

expended (km)

1 16 3.60 75.6 11.96 158:44 42.3

2 15.5 3.70 77.7 12.30 154:26 41.2

3 15 3.80 79.8 12.63 150:23 40.1

4 14.5 3.90 81.9 12.96 146:31 39.1

5 14 4.00 84 13.29 142:51 38.1

Note : Performance V̇O2�mean V̇O2 for the duration of the race, being the sum of resting (baseline) V̇O2, the primary component and the

V̇O2 slow component (if present). Energy requirement calculated assuming that the consumption of 1 litre of oxygen yields 21 kJ of energy.

It is assumed that all participants had the same initial running economy. Note that runner 1 is running at the lactate threshold (LT) and

does not, therefore, evidence a V̇O2 slow component, whereas runners 2�5 possess V̇O2 slow components that systematically increase in

magnitude (up to 0.4 l � min�1 in runner 5). In this example, even a small V̇O2 slow component (runner 2) increases the energy cost of

marathon running by a substantial amount (340 kJ).
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Figure 6. Derivation of the power�duration relationship from

bouts of severe-intensity exercise. The upper panel shows the V̇O2

responses to exercise at 275, 297, 322, and 337 W (85�100%

V̇O2max), with the end-point V̇O2 being equal to V̇O2max in each

case. The power outputs are plotted against time to exhaustion in

the lower panel to illustrate the hyperbolic character of the power�
duration relationship. These responses resulted in a critical power

of 247 W and a W? (‘‘anaerobic work capacity’’) of 19.3 kJ. See

text for further details.
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rise to its maximum value and exhaustion will occur

soon thereafter (Hill et al ., 2002; Poole et al ., 1988).

Therefore, the tolerable duration of exercise in the

severe domain depends upon the interaction of

three parameters: the anaerobic capacity [thought

to be one, if not the, major determinant of W ?
(Miura, Kino, Kajitani, Sato, & Fukuba, 1999;

Miura, Sato, Sato, Fukuba, & Whipp, 2000)],

V̇O2max, and the V̇O2 slow component. Increasing

V̇O2max and keeping the other parameters constant

would have the effect of increasing the scope for the

V̇O2 slow component to develop, which should

extend the time to exhaustion. Similarly, increasing

the anaerobic capacity would increase time to

exhaustion by increasing the amount of non-oxida-

tive energy available throughout exercise and cer-

tainly once V̇O2max has been attained (this would be

equivalent to an increased W ?). Furthermore, de-

creasing the rate at which the V̇O2 slow component

develops would extend the time required before

V̇O2max is reached. Once again, therefore, the V̇O2

slow component is central to exercise tolerance, this

time not because of its influence on the total energy

expenditure, but because its behaviour in relation to

other physiological parameters determines the toler-

able duration of exercise. Given the above, it is not

surprising that the critical power and/or maximal

lactate steady state (which demarcate the severe

domain from the heavy domain) have been reported

to be highly correlated with endurance exercise

performance, albeit in a surprisingly small number

of studies (Jones & Doust, 1998; Kolbe, Dennis,

Selley, Noakes, & Lambert, 1995). Similarly, the

V̇O2max (the highest rate at which adenosine tripho-

sphate can be re-synthesized through oxidative

processes) will be highly correlated with endurance

performance, as attested to by a wealth of studies

(e.g. Bassett & Howley, 2000; Karlsson & Saltin,

1971), at least in part because it will dictate the

power output and/or time at which a continuation of

exercise depends entirely on the (limited) anaerobic

capacity.

To summarize the above as succinctly as possible,

we are suggesting that exercise tolerance is directly or

indirectly determined by the kinetics of V̇O2 across a

wide variety of exercise durations (i.e. all exercise

tasks performed at power outputs above the

lactate threshold). In this context, the proximity of

the power output to the lactate threshold determines

whether or not a V̇O2 slow component occurs. If the

power output is above the lactate threshold, then the

proximity of the power output to the critical power

determines the behaviour of the V̇O2 slow compo-

nent (i.e. whether or not it will stabilize). If the

power output is above the critical power, then

V̇O2max interacts with the trajectory of the V̇O2

slow component and the magnitude of the anaerobic

capacity to determine the tolerable duration of the

task (and by extension the W ?). The long-established

correlations between each of the lactate threshold,

critical power/maximal lactate steady state, and

V̇O2max with endurance performance might there-

fore be viewed as a direct consequence of these

parameters influencing the behaviour of the V̇O2

response and its corollaries. This model is presented

in Figure 7. Note that in this model the V̇O2 kinetics

serves as the ‘‘conduit’’ linking the traditional para-

meters of aerobic fitness to exercise tolerance, by

determining the rate of carbohydrate oxidation

Rate of CHO
oxidation

Economy/
efficiency

Critical
power

Maximal
O2 uptake

Oxygen uptake
kinetics

Rate of AC
utilisation

Rate of metabolite
accumulation

Exercise
tolerance

Performance
determinants

Traditional
parameters

Rate of heat
storage

Lactate
threshold

Figure 7. The role of V̇O2 kinetics in heavy- and severe-intensity

exercise tolerance. In this model, the ‘‘traditional parameters’’ of

physiological function (exercise economy/efficiency, lactate

threshold, critical power, and V̇O2max) combine to determine

the character of the V̇O2 response to exercise. That is, exercise

performed above the lactate threshold results in the V̇O2 slow

component emerging, the proximity of the imposed power output

to critical power determines if the V̇O2 slow component will

stabilize, and V̇O2max provides both the maximum ‘‘amplitude’’ of

the primary V̇O2 response, and determines the extent to which the

V̇O2 slow component can develop. The oxygen uptake kinetics

determines exercise tolerance by determining the rate of carbohy-

drate (CHO) oxidation and/or the rate of heat storage during

heavy-intensity exercise. Manipulating fuel stores (glycogen load-

ing/depletion) or the capacity for heat storage (pre-heating/cool-

ing, hypohydration) will influence exercise tolerance by

determining when the rate of carbohydrate oxidation or heat

storage can no longer be maintained. During severe-intensity

exercise, the kinetics determines the rate of anaerobic capacity

(AC) utilization, and the related rate of metabolite accumulation.

Altering the oxygen uptake kinetics can be achieved directly

(using, for example, prior exercise or a pacing strategy) or

indirectly (by manipulating the ‘‘traditional parameters’’ through

training or altered oxygen transport), resulting in predictable

effects on exercise tolerance. Lastly, exercise tolerance could also

be influenced by manipulating the anaerobic capacity (creatine

monohydrate supplementation, severe prior exercise) or rate of

metabolite accumulation (sodium bicarbonate ingestion).
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(in heavy exercise, above the lactate threshold) or the

rate of anaerobic capacity utilization/metabolite

accumulation (in severe exercise, above the critical

power). It must be stressed that the model presented

is intended to broadly illustrate the above concepts,

rather than to be statistically or mathematically

defensible in its current form. However, because

V̇O2 kinetics is a field of study whose basis is in

control systems theory, it should be possible to

formulate a mathematical model with the appropri-

ate structure in terms of variables, constants, and

parameters to achieve the latter aim, though to

attempt to do so is beyond the scope of the present

review. Below we address some important experi-

mental findings that provide the essential evidence to

support our conceptual model.

Responses to training

The physiological responses to endurance training

have been well studied (for a review, see Jones &

Carter, 2000) and it is known that an appropriate

combination of training session duration, intensity,

and frequency, when carried out for a sufficient

length of time, leads to an enhancement of the

parameters of aerobic function including V̇O2max,

exercise economy or efficiency, lactate threshold,

critical power, and V̇O2 kinetics. As will be con-

sidered below, each of these improvements can be

considered to enhance exercise tolerance through the

model outlined in Figure 7.

A characteristic feature of the physiological adap-

tation to endurance training is a rightward shift in

the blood lactate concentration�V̇O2 relationship

with a commensurate increase in the V̇O2 (and

power output) at the lactate threshold (Davis, Frank,

Whipp, & Wasserman, 1979; Denis, Fouquet, Poty,

Geyssant, & Lacour, 1982; Jones, 2006; Jones &

Carter, 2000). The mechanistic basis for this effect

need not detain us. However, the functional con-

sequence of the enhanced lactate threshold, in

relation to V̇O2 kinetics, is that it extends the range

of power outputs that can be described as ‘‘moder-

ate’’ � that is, post training, higher power outputs

can be sustained without the occurrence of a V̇O2

slow component. For reasons outlined earlier, this

should be associated with enhanced exercise toler-

ance. Endurance training also increases the critical

power (Jenkins & Quigley, 1992; Poole, Ward, &

Whipp, 1990) and an important effect of this is to

increase the range of power outputs that might be

termed ‘‘heavy’’ rather than ‘‘severe’’. In other

words, an increased critical power will allow higher

power outputs to be sustained that enable the

(eventual) attainment of steady states in pulmonary

gas exchange and blood acid�base status. Because

exercise at power outputs above the critical power

leads to predictable but relatively limited (i.e.B30�
45 min) times to exhaustion, an increased critical

power with endurance training can have a profound

impact on exercise tolerance and hence sports

performance. This is clearly seen when the ampli-

tude of the V̇O2 slow component is compared at the

same power output or running speed before and

after a period of endurance training (Figure 8).

Several studies have shown that the V̇O2 slow

component is significantly attenuated after only a

few weeks of training (Berger, Tolfrey, Williams, &

Jones, 2006c; Carter et al ., 2000; Casaburi, Storer,

Ben-Dov, & Wasserman, 1987; Womack et al .,

1995). An increased lactate threshold and critical

power with training might mean that a power output

that could be classified as severe before training

commenced might only be characterized as heavy or

even moderate after training (with commensurate

effects on the V̇O2 and acid�base response profiles).

Even if the power output remains in the severe

domain after training, a delayed or more slowly

developing V̇O2 slow component should be asso-

ciated with enhanced exercise tolerance because it

would take longer for V̇O2max to be attained.

Sodium bicarbonate ingestion appears to have simi-

lar qualitative, but smaller absolute, effects on the

development of the V̇O2 slow component (Berger,

MacNaughton, Keatley, Wilkerson, & Jones, 2006b;

Kolkhorst, Rezende, Levy, & Buono, 2004). Pre-

sumably, greater extrusion of H� ions from the

muscle with an enhanced blood buffering capacity

reduces muscle fatigue and delays or reduces the

requirement for higher-order, less-efficient muscle

fibres to be recruited with time as exercise proceeds.

A delayed V̇O2 slow component response and a

greater anaerobic capacity (related to enhanced

Figure 8. Influence of 6 weeks of endurance running training on

V̇O2 kinetics during heavy-intensity treadmill running in a

representative individual. Note the similar primary component

response but the marked attenuation of the V̇O2 slow component.

This effect could bey related to the effects of endurance training

on the lactate threshold and critical power and would be expected

to result in an enhanced exercise tolerance. See text for further

information. Reproduced with permission from Carter et al.

(2000).

72 M. Burnley & A. M. Jones

D
ow

nl
oa

de
d 

by
 [

18
8.

37
.2

35
.5

6]
 a

t 2
0:

00
 0

3 
Ja

nu
ar

y 
20

15
 



buffering capacity) with sodium bicarbonate inges-

tion would be expected to extend time to exhaustion

during severe-intensity exercise, although this hy-

pothesis remains to be tested directly. Consistent

with this notion, however, is evidence that an

increased W ? brought about by a period of high-

intensity interval training enables a prolongation of

the time to fatigue at a fixed supra-critical power

output (Jenkins & Quigley, 1993).

An increased V̇O2max with endurance training

would increase the highest power output that could

be sustained within the severe exercise intensity

domain. Furthermore, an increased V̇O2max, assum-

ing no change in critical power, would increase the

time to exhaustion during exercise in the severe

domain because there would be ‘‘more room’’ for a

V̇O2 slow component to develop before V̇O2max was

attained � that is, the point at which the continua-

tion of exercise becomes wholly dependent on the

finite anaerobic energy reserves would be delayed.

This latter scenario is perhaps more likely to occur in

the early stages of a training programme in pre-

viously sedentary individuals; with long-term train-

ing, the V̇O2max appears to be more resistant to

change and improved exercise tolerance occurs

through continued effects on sub-maximal factors

such as the lactate threshold and critical power

(Jones, 2006; Jones & Carter, 2000). Another effect

of longer-term endurance training is to enhance

exercise economy or efficiency � that is, reduce the

V̇O2 requirement for exercising at a particular

running speed or power output (Coyle, 2005; Jones,

2006). It should be noted here that, owing to the

V̇O2 slow component, economy and efficiency

measurements can only be considered valid for

exercise performed below the lactate threshold. An

improvement in economy or efficiency will not, in

itself, alter the metabolic rate at which the lactate

threshold or critical power occur, but will enable

higher running speeds or power outputs to be

sustained at those metabolic rates. Again, this will

extend the range of power outputs in the ‘‘moderate’’

and ‘‘heavy’’ exercise intensity domains with pre-

dictable, and positive, consequences for exercise

tolerance.

The changes in the lactate threshold, critical

power, V̇O2max, and exercise economy with endur-

ance training alluded to above collectively increase

the highest power outputs that can be attained

within the moderate, heavy, and severe exercise

intensity domains with important effects on V̇O2

slow component behaviour and thus exercise toler-

ance. However, endurance training also has impor-

tant effects on the fundamental component of the

V̇O2 kinetics. A reduction in the amplitude of this

response would signify an improved exercise econ-

omy/efficiency, but effects on the time constant of

the response are even more profound. Studies have

shown that the Phase II V̇O2 time constant can be

reduced by up to 50% even after only 4�6 weeks of

endurance training (Berger et al ., 2006c; Fukuoka

et al ., 2002; Phillips, Green, MacDonald, & Hugh-

son, 1995). A 50% speeding of the Phase II V̇O2

kinetics means that, for the same increase in meta-

bolic rate above baseline, the magnitude of the

oxygen deficit would be halved. This effect, in itself,

might be expected to enhance exercise tolerance at

any power output because a reduced oxygen deficit

would be associated with a reduction both in

substrate-level phosphorylation and in the accumu-

lation of metabolites that have been linked to the

fatigue process (e.g. inorganic phosphate and H�).

This effect might be particularly important during

exercise above the critical power, since a sparing of

the finite W ? would be predicted to extend the time

to exhaustion. From the above discussion, therefore,

it appears that the enhanced exercise tolerance that

attends endurance training is fundamentally linked

to changes in both the ‘‘fast’’ and ‘‘slow’’ compo-

nents of the V̇O2 kinetics.

‘‘Warm-up’’ exercise and pacing strategies:

Influence on oxygen uptake kinetics and

performance

The performance of prior ‘‘warm-up’’ exercise is

common in sport, and prior exercise has been used

extensively as a means of altering the physiological

responses to subsequent exercise. Recently, it has

become clear that prior exercise can profoundly alter

the V̇O2 kinetic response to subsequent exercise.

Moreover, careful design of the exercise protocol, in

terms of prior exercise intensity, recovery duration,

and the intensity of the subsequent or ‘‘criterion’’

bout, can result in predictable changes in exercise

tolerance. In short, prior exercise represents an

intervention in which the V̇O2 kinetics or the

anaerobic capacity, or both, can be altered � with

predictable consequences for performance.

The early work of Pendergast and colleagues

(Pendergast, Leibowitz, Wilson, & Cerretelli, 1983)

demonstrated that the V̇O2 response to exercise

could be altered by prior exercise. Gerbino and

colleagues (Gerbino, Ward, & Whipp, 1996) pre-

sented similar findings using a protocol that has been

adopted and adapted in most subsequent studies

into the effect of prior exercise on V̇O2 kinetics. It

involved 6 min of prior exercise (of either moderate

or heavy intensity) followed by 6 min of recovery and

a further 6-min bout of exercise (again, of either

moderate or heavy intensity). These authors demon-

strated that prior heavy exercise ‘‘speeded’’ the V̇O2

kinetics during the subsequent heavy exercise bout,

but that prior moderate and prior heavy exercise had
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no effect on the V̇O2 kinetics during subsequent

moderate exercise (for a review, see Jones, Koppo, &

Burnley, 2003a). The overall ‘‘speeding’’ of the

response has been demonstrated to be caused by

an elevation of the primary component amplitude

and a reduction of the V̇O2 slow component

amplitude (Figure 9). In other words, the V̇O2

response is significantly increased early in the second

bout of heavy exercise, and the amplitude (or

trajectory) of the V̇O2 slow component significantly

reduced, a response suggested to be related to

altered motor unit recruitment patterns (Burnley,

Doust, Ball, & Jones, 2002). It is important to stress,

however, that the precise physiological mechanism

for the effects of prior exercise on the V̇O2 kinetics is

unclear. Nevertheless, reasonable predictions about

the effects of prior exercise on exercise tolerance can

be made given the known physiology.

Using the model presented in Figure 7, a V̇O2

response profile that was closer to mono-exponential

with a blunted V̇O2 slow component would be

considered to be beneficial providing that there was

no change in V̇O2max or the anaerobic capacity,

because it should increase the time taken to attain

V̇O2max. Alternatively, for exercise performed above

V̇O2max, the increased primary V̇O2 response would

increase the oxidative metabolic contribution early in

exercise. Both of these response profiles would be

expected to spare the finite anaerobic capacity and

hence extend the time to exhaustion. The work of

Jones and colleagues (Jones, Wilkerson, Burnley, &

Koppo, 2003b) seems to be consistent with this

scenario: time to exhaustion during exercise per-

formed at 100�120% V̇O2max was significantly

increased when preceded by a bout of heavy exercise.

The enhancement of V̇O2 early in exercise is also

evident in the study of Burnley et al . (2005), who

showed that prior moderate and prior heavy exercise

increased subsequent performance (measured as

mean power output during a 7-min ‘‘performance

trial’’) by 2�3%.

Although the ergogenic effects of prior exercise are

now well documented, it is important to note that

both Jones et al . (2003b) and Burnley et al . (2005)

used the same priming exercise (6 min at 50% delta)

and the same recovery duration between the priming

bout and the criterion exercise (10 min). Other

studies that have used prior severe exercise (Carter

et al ., 2005; Koppo & Bouckaert, 2002) or prior

sprint exercise (Wilkerson, Koppo, Barstow, &

Jones, 2004) have shown no change, or a decrement,

in time to exhaustion, respectively. Burnley et al .

(2005) showed that prior sprint exercise led to a

non-significant 1.8% reduction in performance

using the same performance trial described above.

Interestingly, all studies (positive, negative, and

neutral with respect to performance effects) showed

that the V̇O2 kinetics was altered in a similar way.

This is good evidence that if altered V̇O2 kinetics can

indeed influence performance, then it must do so by

interacting with other physiological parameters.

Prior exercise may result in a small increase in

V̇O2max (Jones and Carter, 2004), or increase the

peak V̇O2 achieved at exhaustion without altering

V̇O2max (Jones et al ., 2003b), suggesting that

changes in this parameter are unlikely to account

for the disparate results (only a reduction in V̇O2max

could explain poorer exercise tolerance). More

likely, severe or sprint exercise probably reduces

the anaerobic capacity so that even if V̇O2 kinetics is

altered in a way that would predispose to an

extended time to exhaustion, the capacity for anae-

robic exercise is expended too soon for the benefit to

be realized. In contrast, prior exercise performed

below the critical power (i.e. moderate and heavy

exercise) should not significantly alter the anaerobic

capacity, and so changes in V̇O2 kinetics (if ob-

served) would be likely to enhance time to exhaus-

tion or performance. Whether priming exercise

improves performance, therefore, could depend

upon striking a balance between the effect of priming

on the V̇O2 kinetics on the one hand, and the extent

to which the anaerobic capacity has been depleted on

the other.

The possible influence on exercise tolerance of

differences in the manner in which power output is

imposed and an individual’s energetic resources are

utilized (i.e. the pacing strategy) has received limited

research attention. However, some research appears

to suggest that ‘‘fast-start’’ or ‘‘all-out’’ strategies

have the potential to enhance exercise performance
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Figure 9. Oxygen uptake responses to two identical 6-min bouts

of severe-intensity exercise separated by 20 min of passive

recovery. Note that as a consequence of the performance of the

first bout (solid circles) the V̇O2 response to the second (open

circles) is increased early in exercise (primary phase) and the

trajectory (and amplitude) of the slow component is reduced.

The response profile in bout 2 would be expected to increase the

tolerable duration of exercise providing that the prior exercise does

not reduce the anaerobic capacity.
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(Bishop et al ., 2002). A fast-start pacing strategy,

relative to the mean power output that can be

sustained for a given distance or duration, would

increase the ‘‘error signal’’ between the instanta-

neously ‘‘required’’ V̇O2 and the actual V̇O2, and

might be predicted to result in a more rapid absolute

increase in V̇O2 following the onset of exercise

(Whipp & Mahler, 1980). As outlined earlier, faster

V̇O2 kinetics could predispose to enhance exercise

tolerance by reducing the magnitude of the oxygen

deficit incurred across the transient, assuming that

the anaerobic capacity is not prematurely expended.

In a recent study, Jones et al . (in press) examined this

possibility by having participants perform exercise

bouts to fatigue at a mean power output that was

predicted, from the pre-determined power�time

relationship, to result in exhaustion in 120 s

(�145% critical power). On one occasion, this

power output was set constant from the onset of

exercise (even-pace); on one occasion, the power

output was increased from 10% below to 10% above

the mean power output over 120 s (slow-start); and

on the one other occasion, the power output was

reduced from 10% above to 10% below the mean

power output over 120 s (fast-start). As would be

predicted from the critical power concept, the

participants’ time to exhaustion was not significantly

different from 120 s for either the even-pace or slow-

start strategies. However, time to exhaustion with

the fast-start strategy was significantly increased (to

174 s, on average). Importantly, the work rate at the

termination of exercise in the fast-start condition

remained substantially above the critical power, and

so the results cannot be explained simply by the

continually falling work rate beyond 120 s. The fast-

start strategy was also associated with a reduced

mean response time for V̇O2 (i.e. V̇O2max was

reached more rapidly) but V̇O2 and blood lactate

concentration measured at the end of exercise

were not different between the three conditions.

Interestingly, the energy equivalent of the additional

oxygen consumption that occurred in the first 120 s

of exercise with the fast-start strategy was not

significantly different from the additional work

done above the critical power in this condition

compared to the other conditions. We interpret these

data to indicate that a fast-start pacing strategy

might facilitate the oxidative contribution to energy

metabolism early in the transition to high-intensity

exercise, thus sparing the finite anaerobic capacity

and enabling exercise to be sustained for longer.

This example serves to illustrate further how under-

standing the interaction between V̇O2 kinetics,

V̇O2max, and the anaerobic capacity can provide

insight into the limitations to exercise performance.

However, we stress that additional research into the

influence of pacing strategy on V̇O2 kinetics and

exercise performance is required before firm conclu-

sions can be drawn.

Effect of manipulating muscle oxygen delivery

on oxygen uptake and performance

In recent studies, we have used several interventions

in an attempt to either enhance or impair the

potential for oxygen delivery to muscle (Berger,

Campbell, Wilkerson, & Jones, 2006a; Burnley,

Roberts, Thatcher, Doust, & Jones, 2006; Wilk-

erson, Berger, & Jones, 2006; Wilkerson, Rittweger,

Berger, Naish, & Jones, 2005). The results of these

studies support our proposed model relating V̇O2

kinetics to exercise tolerance. In the study of

Burnley et al . (2006), the withdrawal of 450 ml of

whole blood reduced both haemoglobin concentra-

tion and V̇O2max by �5%. During a step test to a

severe-intensity power output, blood withdrawal did

not alter either the amplitude or the time constant of

the fundamental V̇O2 response. However, the am-

plitude of the V̇O2 component was significantly

reduced and the magnitude of the reduction (�0.14

l � min�1) was proportional to the reduction in

V̇O2max caused by the intervention. Time to ex-

haustion was reduced by 14%. It would appear that

the reduction in V̇O2max resulting from the blood

withdrawal limited the extent to which V̇O2 could

rise in the slow component phase of the response;

and because V̇O2 increased at approximately the

same rate during the slow component region of the

response both before and after the intervention,

V̇O2max was reached more rapidly following blood

withdrawal and the time to exhaustion was reduced.

On the other hand, interventions that increase

V̇O2max, such as the administration of recombinant

human erythropoietin (Wilkerson et al ., 2005),

inspiration of hyperoxic gas (Wilkerson et al .,

2006), or acute expansion of the plasma volume

(Berger et al ., 2006a), enable an extended time to

exhaustion during high-intensity exercise, for the

reasons outlined earlier. For example, Berger et al .

(2006a) reported that acute expansion of the plasma

volume did not significantly affect V̇O2 kinetics but

caused a 6% increase in V̇O2max and a 16% increase

in time to exhaustion during severe exercise (Figure

10). Strikingly, these results are almost a ‘‘mirror

image’’ of those of Burnley et al . (2006) for blood

donation.

Practical implications and conclusions

A key implication of the above model for the

interpretation of the relationship between power

output and the tolerable duration of exercise is that

the curvature constant parameter W ?, so often

referred to as the ‘‘anaerobic work capacity’’, may
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be nothing of the sort. Although it is true that

interventions such as creatine loading, glycogen

depletion, and endurance or high-intensity interval

training have predictable effects on the parameters of

the power�duration relationship (Jenkins & Quigley,

1992, 1993; Miura et al ., 1999, 2000; Poole et al .,

1990), it is much harder to explain the influence of

prior exercise and pacing on W ? if one accepts the

assumption that W ? represents the anaerobic work

capacity. We would argue that, while contributing by

far the most significant component of W ?, the

anaerobic work capacity is not its only determinant.

Rather, our admittedly limited evidence suggests

that W ? is a parameter that depends upon the

anaerobic capacity, the conditions at the onset of

exercise (whether the oxidative machinery is primed

or not primed), the V̇O2max, and the pattern of

power output imposition (i.e. pacing). We suggest

that changing any one of these will result in

predictable changes in W ? provided, of course, that

the critical power is not changed also. The most

basic definition of W ? (the amount of work that can

be done above the critical power) is clearly mathe-

matically consistent and, given the above, concep-

tually accurate. We therefore suggest that labelling

this parameter the ‘‘anaerobic work capacity’’ should

be abandoned.

In summary, it is our contention that the ‘‘tradi-

tional’’ parameters of aerobic function (V̇O2max,

exercise economy, lactate threshold, critical power)

are strongly related to endurance exercise perfor-

mance, in part because they collectively delineate the

power outputs surrounding the various exercise

intensity domains and hence determine the beha-

viour of V̇O2. The determinants of exercise toler-

ance and the limitations to sports performance can
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Figure 10. Representative oxygen uptake responses to severe-intensity exercise in the studies of Burnley et al. (2006) (panels A and B) and

Berger et al. (2006a) (panels C and D). In (A), a participant performed a bout of cycle exercise at 80% delta to exhaustion, and in (B)

completed the same task 24 h after the removal of 1 unit (450 ml) of whole blood. The V̇O2 kinetics in the primary adaptive phase was

unchanged, but peak V̇O2 was reduced. With ‘‘less room’’ for the V̇O2 slow component to develop, the time to exhaustion was reduced by

�24%. In (C), a participant performed a bout of cycle exercise to exhaustion at 70% delta, and in (D) performed the same task 10 min after

acute plasma volume expansion. The V̇O2 kinetics in the primary phase was also unaffected in this condition, but the V̇O2 peak was

increased. This provided the V̇O2 slow component with a greater scope to increase, and time to exhaustion was increased by �50%. In

other words, blood donation and plasma volume expansion had directly opposite effects on V̇O2 peak and time to exhaustion. See text for

details.
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therefore be better understood through an apprecia-

tion of the physiological significance of the fast and

slow components of the dynamic V̇O2 response to

exercise.
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