
J Physiol 586.1 (2008) pp 25–34 25

TOPICAL REVIEW

V̇O2,max: what do we know, and what do we still need
to know?

Benjamin D. Levine

Institute For Exercise and Environmental Medicine, Presbyterian Hospital of Dallas, and the University of Texas Southwestern Medical Center at Dallas,

TX, USA

Maximal oxygen uptake (V̇O2,max) is a physiological characteristic bounded by the parametric

limits of the Fick equation: (left ventricular (LV) end-diastolic volume − LV end-systolic

volume) × heart rate × arterio-venous oxygen difference. ‘Classical’ views of V̇O2,max emphasize

its critical dependence on convective oxygen transport to working skeletal muscle, and recent

data are dispositive, proving convincingly that such limits must and do exist. ‘Contemporary’

investigations into the mechanisms underlying peripheral muscle fatigue due to energetic

supply/demand mismatch are clarifying the local mediators of fatigue at the skeletal muscle level,

though the afferent signalling pathways that communicate these environmental conditions to

the brain and the sites of central integration of cardiovascular and neuromotor control are still

being worked out. Elite endurance athletes have a high V̇O2,max due primarily to a high cardiac

output from a large compliant cardiac chamber (including the myocardium and pericardium)

which relaxes quickly and fills to a large end-diastolic volume. This large capacity for LV filling

and ejection allows preservation of blood pressure during extraordinary rates of muscle blood

flow and oxygen transport which support high rates of sustained oxidative metabolism. The

magnitude and mechanisms of cardiac phenotype plasticity remain uncertain and probably

involve underlying genetic factors, as well as the length, duration, type, intensity and age of

initiation of the training stimulus
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All that is gold does not glitter,
Not all those who wander are lost.
The old that is strong does not wither,
Deep roots are not reached by the frost.

(J. R. R. Tolkein, 1955)

Maximal oxygen uptake (V̇O2,max) is one of the most
ubiquitous measurements in all of exercise science. The
concept that there exists a finite rate of maximal oxygen
transport from the environment to the mitochondria
to support oxidative production of ATP to do physical
work began with A.V. Hill (Hill & Lupton, 1923), and
has been used diversely in clinical science as a measure
of exercise performance (Mitchell et al. 1958; Levine &
Stray-Gundersen, 1997; Hoppeler & Weibel, 2000; di
Prampero, 2003), a marker of population-based fitness
and cardiovascular disease (Blair et al. 1996; LaMonte
et al. 2006), and even as a signal that patients with
heart failure are on the verge of decompensation and

should be referred for heart transplantation (Weber et al.
1987).

V̇O2,max; the classical view

The ‘classical’ view of maximal oxygen uptake is that
maximal rates of oxygen utilization (and sustainable rates
of oxidative ATP production) in skeletal muscle are limited
under most circumstances by the ability of the heart to
deliver oxygen to and be accommodated by the working
muscle (Saltin & Strange, 1992; Bassett & Howley, 1997).
In some sense, this construct must be true as V̇O2,max is
easily altered by manipulations that increase ((Ekblom
et al. 1972; Buick et al. 1980; Ekblom & Berglund, 1991) or
decrease (Ekblom et al. 1972; Jilka et al. 1988; Pawelczyk
et al. 1992; Levine et al. 1996) peripheral oxygen delivery
without altering arterial PO2

; and the maximal vasodilatory
capacity of skeletal muscle clearly exceeds the ability of the
heart to deliver blood and still maintain adequate arterial
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perfusion pressure (Secher et al. 1977; Richardson et al.
1999).

Does a true V̇O2,max exist and can we measure it?

Some investigators have contended recently though that
the absence of a clear and consistent plateau in V̇O2

with
increasing running speed in the early Hill experiments
argues that the concept of V̇O2,max is not valid (Noakes,
1997). A number of scholarly reviews and rebuttals have
been written about this issue (Saltin & Strange, 1992;
Bassett & Howley, 1997, 2000; Bergh et al. 2000; Saltin &
Calbet, 2006; Wagner, 2006) and these arguments will not
be repeated here. To help answer this particular question
and avoid the details of the ‘what limits V̇O2,max‘ debate for
the moment, let’s assume that there are ‘upstream’ and
‘downstream’ factors that provide oxygen to exercising
skeletal muscle and then use it for physical work. The
‘upstream’ factors include all the physiological pathways
that transfer O2 from the environment to the blood, pump
it to the periphery, and distribute it to and then inside
the muscle cells. The ‘downstream’ factors include all the
intracellular processes that occur once the O2 molecule is
transferred to the inside of the cell for oxidative production
of ATP, and the neuromotor events that create calcium
influx and muscle contraction.

A large part of the debate instigated by Noakes
hinges on whether downstream factors, predominantly
muscle motor recruitment, alone drive V̇O2,max, or whether
V̇O2,max has upstream limits independent of muscle motor
recruitment. Indeed, Noakes has articulated what he
considers a ‘new model’ of integrated performance physio-
logy, which he has called The Central Governor Model
(Noakes, 1997; Noakes et al. 2001, 2004a; Noakes & St Clair
Gibson, 2004). In this formulation, a ‘central governor’
shuts down the body by putting a brake on muscle motor
recruitment at very high work rates to avoid a ‘disturbance
of homeostasis’. So, during an incremental exercise test,
the highest V̇O2

that is achieved doesn’t really reflect a true
maximal ability to transport oxygen to the tissues and use
it to make ATP to do physical work, because there remains
lots of reserve that subjects don’t ‘choose’ to evoke.

For the purposes of framing the debate, Dr Noakes
frequently likes to place investigators into two camps: those
who believe the brain plays a role in exercise performance,
and those who do not (Noakes et al. 2004b). However
this straw man is specious. No one disputes that ‘the
brain’ is required to recruit motor units – for example,
spinal cord-injured patients can’t run. There is no doubt
that motivation is necessary to achieve V̇O2,max. A subject
can elect to simply stop exercising on the treadmill while
walking slowly because they don’t want to continue; no
mystical ‘central governor’ is required to hypothesize or
predict a V̇O2

below maximal achievable oxygen transport
in this case.

For more than a century, cardiovascular scientists have
appreciated that that ‘central command’ initiates the
cardiovascular response to exercise and plays a critical
role in the exercise pressor reflex (Mitchell et al. 1983;
Mitchell & Victor, 1996; Williamson et al. 2006). This
is especially true for the regulation of heart rate; for
example, when voluntary effort ceases at the end of
exercise, heart rate rapidly returns to normal, even if
metabolic signals are trapped within skeletal muscle by
vascular occlusion (Alam & Smirk, 1937). When skeletal
muscle motor units are inhibited by curare, thus weakening
the muscle contraction, the heart rate response to exercise
is augmented (Leonard et al. 1985; Mitchell et al. 1989)
as a function of increasing central command. Feedback to
the brain from mechanically and metabolically sensitive
skeletal muscle afferents also plays an essential role in
increasing sympathetic nervous system outflow (Mitchell
& Victor, 1996), as well as regulating the augmentation
in cardiac output and the distribution of muscle blood
flow – a response that is extremely tightly regulated with
little effect of age, sex or fitness (McGuire et al. 2001; Fu &
Levine, 2005). Indeed, when such signals are deranged,
the cardiovascular response to exercise is dramatically
altered, for example in patients with muscle metabolic
disorders who may have 3–5 or, in extraordinary cases,
more than 10 times the increase in cardiac output normally
seen for a given increase in oxygen uptake (Lewis et al.
1984; Haller et al. 1991; Taivassalo et al. 2003). There
are hundreds if not thousands of papers on animals
and humans on the topic of cardiovascular regulation
in healthy and patient populations, demonstrating the
intimate connection between skeletal muscle and the CNS.
These were reviewed thoroughly in a recent ‘themed issue’
of Experimental Physiology (Raven, 2006).

So why the ‘controversy’?

One obvious reason is that a clear and unequivocal
‘plateau’ in oxygen uptake with increasing work may
be difficult to demonstrate during incremental tests to
exhaustion in different populations. The classic strategy to
overcome this limitation is to continue to repeat tests using
increasing work rates, even if this requires discontinuous
exercise, until the rise in V̇O2

is smaller by some fraction
than that expected from the change in external work
(Taylor et al. 1955). The most comprehensive study in
this regard was that by Taylor et al. (1955). They studied
over 100 healthy young subjects and repeated exercise
tests near maximal work capacity daily, increasing the
treadmill grade until the increase in V̇O2

was less than
half to one-third that which was observed at submaximal
workrates. Only 7 of 115 subjects failed to achieve this
criterion, thus firmly establishing the concept of V̇O2,max

as a measure of cardiorespiratory performance. However
it must be acknowledged that this actual finite point can
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be challenging to demonstrate with small increments in
external work. This is especially true in subjects with
relatively small anaerobic capacities, who are unable to
sustain the high work rates long enough for oxygen uptake
to stabilize, and for whom the difference between expected
and measured changes in V̇O2

is within the experimental
noise of the technique.

Fortunately this issue was put to rest recently by a
study which provides unequivocal experimental evidence
validating the concept of V̇O2,max – that is, that there
exists a finite rate of oxygen uptake of a given organism
(at a particular fraction of inspired oxygen (FIO2

)
and fitness level), beyond which increasing the work
rate does not lead to more oxygen uptake (Hawkins
et al. 2007). In this study by Hawkins et al. (2007), a
group of well-trained collegiate middle-distance runners
performed an incremental exercise test, followed the
next day by a ‘supramaximal’ test designed to determine
anaerobic capacity from the accumulated oxygen deficit
(Medbo et al. 1988). In this study, which included 156
pairs of incremental and supramaximal tests, the subjects
were able to accomplish and sustain a very large amount
of extra work – more than 30% greater than would
be required to support such work rates oxidatively –
using great motivation (and pain tolerance) and large
amounts of muscle motor recruitment, and making energy
for that work by high rates of glycolysis and substrate
level phosphorylation; yet V̇O2,max was rarely higher, and
never substantively so, than on the incremental test. Most
importantly, it never even came close to the oxidative
requirements of the higher workload, despite the clear
documentation of a levelling off of oxygen uptake in
response to the acute initiation of the very intense work
rate. The central figure from this study is reproduced
as Fig. 1. Thus it cannot be argued that during the
incremental test to V̇O2,max, a ‘central governor’ stopped
the test before an actual V̇O2,max to avoid ischaemia or
other disturbance, because the subjects were quite capable
of exercising on a separate effort at a much higher
external work rate yet no such ischaemia occurred. Others
have reported similar data recently including reasonable
estimates of myocardial work (Brink-Elfegoun et al. 2007).
Finally, it is worth emphasizing that patients with coronary
heart disease are regularly stressed beyond the point of
myocardial ischaemia, which does not prevent them from
continuing to exercise (Chaitman, 2005) – their ‘central
governors’ must fail them all the time!

If V̇O2,max exists, why is it so large in endurance

athletes?

It should be emphasized that V̇O2,max is not equivalent to
sport performance, by which I mean the time it takes to
cover a specific distance under competitive circumstances,
or scoring more points then an opponent in a team

or individual game sport. Rather it is a physiological
characteristic bounded by the parametric limits of the Fick
equation:

left ventricular (LV) end − diastolic volume − LV end−

systolic volume) × heart rate × arteriovenous
oxygen difference.

Some simple calculations help to highlight these
boundaries. First, let’s assume a maximum haemoglobin
concentration for competitive athletes of 17 g dl−1 for
men, the upper limit established by the Federation
Internationale de Ski (FIS) for allowing athletes to begin
a race. If we assume 100% arterial oxygen saturation (i.e.
no diffusion limitation or ventilation/perfusion (V̇

/

Q)
mismatch, certainly an overestimation in competitive
athletes), and the lowest mixed venous oxygen saturations
measured – 14% near the summit of Mount Everest (Sutton
et al. 1988b), then the largest possible arteriovenous (a–v)

Figure 1. Maximal O2 uptake during incremental and

supramaximal excercise (N = 156)

Filled circles connected by lines represent Douglas bags obtained

during the second minute of each 2 min stage run at a fixed speed

with an increase in grade by 2% every 2 min. The last bag at the

highest work rate was occasionally obtained earlier in the stage to

accommodate subject exhaustion. Required work rate (dark abscissa)

calculated directly from treadmill speed and grade. Open bars

represent the last four 45 s Douglas bags collected continuously

during the supramaximal test. The light abscissa reflects the time the

bags were collected during the supramaximal test. Based on running

economy determined individually at this grade (8%), the oxygen

uptake required to perform this amount of work aerobically was

calculated and shown as a solid line with 95% confidence limits

(dashed line). From Hawkins et al. (2007) with permission from

Lippincott Williams & Wilkins.
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O2 difference would be 200 ml l−1 (20 vol percentage).
This value is within 10–20% or so of the values that have
been reported in elite athletes (Ekblom & Hermansen,
1968). Notably, peak a–v O2 differences in non-athletes
are not much below the values observed in elite athletes
(Sutton et al. 1988a, 1992; Hagberg et al. 1985), arguing
that the major factor underlying the large V̇O2,max of
endurance athletes is a large cardiac output. This
contention is buttressed by the observations made by
Mitchell et al. (1958), now half a century ago, that the
levelling off of V̇O2

with increasing workrate at V̇O2,max was
associated with a clear levelling off of cardiac output.

Since maximum heart rate of athletes is, if anything,
lower than that of non-athletes (Rowell, 1986), it follows
that the primary distinguishing feature of athletes is their
large stroke volume. Since end-systolic volume has never
been reported to be smaller in athletes than non-athletes,
the single most important factor allowing this large stroke
volume is a large end-diastolic volume.

Work in our laboratory more than 15 years
ago demonstrated the mechanism for this unique
characteristic (Levine et al. 1991), using direct invasive
techniques. Endurance athletes have a markedly greater
ability to use the Starling mechanism to increase stroke
volume. Contractility was not different between athletes
and non-athletes, so virtually all the difference in
stroke volume was due to a large end-diastolic volume.
Athletes were able to achieve such a large end-diastolic
volume by virtue of markedly enhanced cardiac chamber
compliance (Fig. 2). Both static compliance determined
from pressure (P)–volume (V ) curves, and operational
compliance determined from dV /dP of the P–V curve
were substantially larger in the endurance athletes (Levine
et al. 1991). In these studies, the largest hearts for
male athletes showed an end-diastolic volume in the
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Figure 2. Directly measured cardiac pressure–volume curves for

athletes and non-athletic controls

Note the marked improvement in both static and dynamic compliance

in the endurance athletes. From Levine et al. (1991). Reproduced with

permission.

supine position during volume infusion of around 250 ml,
which generated a stroke volume of around 130–150 ml;
for peak heart rate of 200 beats min−1; this gives a peak
cardiac output of about 30 l; Assuming maximal possible
a–v O2 difference, these characteristics would give a
V̇O2,max of about 6–7 l min−1 as seen in large, elite skiers
or rowers (Ekblom et al. 1968; Jensen et al. 2001). To
the best of my knowledge, the largest published cardiac
output during exercise along with the largest stroke
volume may be those reported in a world-class orienteer
of 42.3 l min−1 and world champion cyclist of 212 ml
(Ekblom et al. 1968) respectively, though anecdotal
unpublished comments have suggested the possibility of
higher values (http://indurain.chez-alice.fr/). The highest
reported V̇O2,max of which I am aware is 7.48 l min−1

in a large, elite skier (Saltin, 1996). Studies in dogs
(Stray-Gundersen et al. 1986) and pigs (Hammond et al.
1992) provide evidence that the pericardium provides
a critical restraint to maximal LV filling. When the
pericardium was removed in these studies, maximal LV
end-diastolic volume was significantly increased, leading
to increased cardiac output and V̇O2,max. Thus the key
distinguishing characteristic of elite endurance athletes is
a large end-diastolic volume due to compliant heart and a
distensible pericardium.

Not only must the heart be compliant, but in order to
fill to these large end-diastolic volumes during maximal
exercise with very high heart rates, it must have very
rapid diastolic relaxation with vigorous suction. Work
by Ferguson et al. (2001) has shown that athletes do
indeed have hearts that fill more rapidly at high levels
of exercise intensity, which allows endurance athletes to
continue to increase stroke volume at all levels of exercise
(Gonzalez-Alonso et al. 2007). Diastolic suction develops
because the remodelling of the athlete’s heart (Pelliccia
et al. 1999) increases the equilibrium volume of the left
ventricle, which is the volume in the heart when transmural
filling pressure is 0 mmHg (Nikolic et al. 1988; Yellin et al.
1990). When the heart contracts below the equilibrium
volume in systole, it engages mechanical restorative forces
which markedly augment the transmitral intraventricular
pressure gradients that literally ‘suck’ blood from the
left atrium across the mitral valve into the apex of the
left ventricle (Yellin et al. 1990). This active process
is particularly important during upright exercise when
gravitational gradients must also be overcome to maximize
venous return (Levine et al. 1997).

The point of going through these calculations is
that there must be finite and fixed limitations to all
the components of the Fick equation, thus providing
absolute upper boundaries on maximum oxygen trans-
port in humans (despite extraordinary rates of voluntary
motor recruitment!). Assuming maximal possible a–v
O2 difference, and the highest reported exercise cardiac
output, this absolute upper limit for V̇O2,max is about
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8 l min−1 (and almost certainly lower due to the low
likelihood of matching maximal possible a–v O2 difference
with maximal cardiac output in the same athlete at the
same time, due at least in part to ventilatory limitations
which are prominent in endurance athletes (Dempsey &
Wagner, 1999). Ultimately then, it is the broad concept of
V̇O2,max that is important for this discussion, not the fine
distinction of the specific limitations which may change
under different circumstances. Moreover, it doesn’t matter
at all whether Hill did or did not actually ‘prove’ a plateau
in V̇O2,max in 1923 – it is the concept that these parametric
limits exist that is important for understanding exercise
performance.

Of course the factors determining oxygen uptake are not
independent, and where the ‘limits’ to V̇O2,max lie depends
on the nuance of how the question is asked (Wagner, 2006).
Thus, increasing cardiac output by itself may increase
diffusion limitation at the lung or at the skeletal muscle and
therefore not buy more oxygen transport; this problem is
especially true at high altitude where the gradients driving
diffusion of oxygen from the alveoli into the pulmonary
capillary are greatly reduced (Johnson, 1967; Wagner,
1993, 1996b). Indeed maximal rates of diffusion in the
periphery are so limited at high altitude that even
increasing oxygen content of the blood by transfusion
(Young et al. 1996) or erythropoietin (Lundby &
Damsgaard, 2006) do not increase V̇O2,max, even though
increasing O2 content by increasing FIO2

– emphasizing
the importance of the pressure gradient from blood to
muscle cell – obviously does (Savard et al. 1995; Boushel
et al. 2001). Many detailed and scholarly discussions of the
limitations to V̇O2,max have been reported by others (Saltin
& Strange, 1992; Wagner, 1996a, 2006; di Prampero, 2003;
Saltin & Calbet, 2006) to name only a few.

So what? What is the relationship between V̇O2,max

and performance?

Although V̇O2,max is not performance, it clearly is one of the
major characteristics that determine performance in end-
urance sport (Peronnet et al. 1991; di Prampero, 2003).
Sometimes this relationship may be obscure when only
elite athletes with similar V̇O2,max values are considered
(Noakes, 1997, 1998; Bergh et al. 2000). However, an
elite athlete with a V̇O2,max of 80 ml kg−1 min−1 can surely
run 5000 m faster than a recreational athlete with a
V̇O2,max of 40 ml kg−1 min−1 can, so this characteristic
is clearly closely tied to endurance performance (Bergh
et al. 2000; di Prampero, 2003). Of course, it depends
on the distance being covered, which determines the rate
of optimal/possible energy utilization and the substrate
used to produce ATP, how much V̇O2,max contributes to
performance (Peronnet et al. 1991; di Prampero, 2003;
Joyner & Coyle, 2007).

Moreover, it has been widely recognized for decades
that V̇O2,max is not the only characteristic that determines
how fast an athlete can travel, especially as the differences
in outcome at a world-class level are measured in
fractions of a second. Other traits such as sport-specific
economy, anaerobic capacity and, for longer distances,
fuel utilization and the speed or oxygen uptake at the
maximal steady state will all contribute to the final count
on the stop watch (Joyner, 1991; Peronnet et al. 1991; di
Prampero, 2003; Joyner & Coyle, 2007). Since maximal
oxygen delivery has little to do with most of these factors,
it should not surprise anyone that athletes can perform
at work rates higher than V̇O2,max for brief periods of
time, even if V̇O2,max is indeed limited by cardiovascular
performance. Every sprinter knows this fact – but no
amount of voluntary motor recruitment can allow an
athlete to run at a rate of 10 m s−1 for the distance of
a marathon. Why is this? Is it because humans do not
have the motivation to sustain such high rates of muscle
contraction for more than 10 s or so? Because a ‘central
governor’ knows that it is dangerous to do so for more
than 100 m? Or is it because human skeletal muscle cannot
produce enough ATP at a high enough rate for a sustained
period of time (or regenerate it on a sustained basis via
oxidative metabolism) to support this kind of external
work? It seems clear that the muscle (not the brain) is
fatiguing over these brief bursts of extremely high levels
of motor recruitment, though of course such local signals
are communicated to the brain and influence the athlete’s
sense of how fast they can continue to run. Such sprint
athletes are able to generate so much force from such
intense motor recruitment that they rip their muscles apart
(Thelen et al. 2006), yet they don’t stop sprinting because
of inadequate central drive or myocardial ischaemia. No
one disputes the fact that motivation and voluntary motor
recruitment influenced by sensations coming from skeletal
muscle (not the vague action of a ‘central governor’) play a
role in exercise performance, and in no way does this reality
violate any tenet of the concept of V̇O2,max and cardio-
vascular performance.

It may be instructive to examine how V̇O2,max changes
with hypoxia at altitude, to demonstrate the tight
relationship between V̇O2,max and performance, even in
athletes with relatively uniform V̇O2,max. It has long been
known that V̇O2,max decreases with high-altitude exposure
or hypoxia (for review, see Fulco et al. 1998), and that
in athletes, this decrease is evident at altitudes as low
as a few hundred metres (Terrados et al. 1985; Lawler
et al. 1988; Gore et al. 1996; Wehrlin & Hallen, 2006).
The mechanism for this reduction is related to diffusion
limitation in the lung, which is exaggerated in athletes with
high pulmonary blood flows (Johnson, 1967; Torre-Bueno
et al. 1985; Levine & Stray-Gundersen, 1999) and who
may develop exercise-induced hypoxaemia even at sea level
(Dempsey & Wagner, 1999) (see Fig. 3).
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Not only does V̇O2,max decrease, but exercise
performance at altitude clearly deteriorates at all
running distances greater than 800 m (events lasting
longer than 2 min (Peronnet et al. 1991). Noakes et al.
(2001) have suggested that this decrease in V̇O2,max and
performance is a function of reduced motor recruitment,
and argue that it provides evidence in support of the
central governor model. However, this speculation has
recently been proved convincingly to be incorrect.

Some insight can be obtained from an early study
by Medbo et al. (1988), who elaborated on the Krogh
and Lindhard concept of the accumulated oxygen deficit
as a measure of anaerobic capacity. In this study the
investigators performed supramaximal exercise on a
treadmill after careful assessment of individual running
economy. During the uphill run, the total energy expended
during the test was divided into aerobic and anaerobic
components, and the anaerobic capacity was defined as
the difference between the predicted cost of the total
work if all energy had been derived from oxidative
sources, and the directly measured accumulated oxygen
uptake. Central to the proof that this measure is truly
representative of anaerobic capacity is the demonstration
that it is independent of oxygen uptake, and unaffected by
hypoxia. Consistent with this hypothesis, the data showed
that there was no difference in the anaerobic capacity
measured under normoxic and hypoxic conditions,
equivalent to an altitude of 3500 m; 100% of the reduction
in performance (slower speed, lower grade) was due to
a reduction in accumulated oxygen uptake. However, in

Figure 3. Effect of different pulmonary blood flows (i.e. cardiac

output) on oxygen saturation at different altitudes

Note that a non-athlete with a peak pulmonary blood flow of

23 l min−1 would be well saturated at sea level and low altitude up to

5000 feet. (1500 m); however, an endurance athlete with a peak

pulmonary blood flow of 35 l min−1 would be barely compensated at

sea level and would have clear desaturation even at low altitude. From

Levine & Stray Gundersen (1999) as modified from Johnson (1967).

Reproduced with permission ( C© Elsevier 1999).

order to keep the duration of the test constant in normoxia
and hypoxia, the speed and grade of the treadmill had to
be reduced.

More recently, Wehrlin & Hallen, (2006) extended this
work by performing repeated supramaximal running tests
in a group of trained athletes at multiple low to moderate
altitudes from 300 m to 2800 m. In order to ensure that
motor recruitment and power output were the same in all
tests, each supramaximal test was performed at exactly the
same speed, at 107% normoxic velocity at V̇O2,max. Despite
keeping the speed absolutely constant at all altitudes,
V̇O2,max was reduced progressively and linearly by 0.6%
per 100 m altitude, in direct proportion to the reduction
in oxygen saturation (SpO2

) (Wehrlin & Hallen, 2006);
performance was reduced by 1.4% per 100 m altitude in
direct proportion to the decrease in V̇O2,max. This study
provides strong evidence that: (a) V̇O2,max is closely tied
to oxygen transport, even when the differences are quite
small, especially in well-trained endurance athletes; and
(b) the reduction in V̇O2,max at altitude is not likely to be
due to decreased motor unit recruitment since running
speed was constant at all altitudes studied.

What next?

So why do athletes stop exercising at V̇O2,max? This is
a complex question that is beyond the scope of this
essay, and the answer unquestionably varies depending
on the circumstances of the exercise effort. Certainly,
oxygen-dependent pathways are involved in energetic
failure (Kindig et al. 2005), though these may be more
important in muscle fibres that are less rather than more
oxidative (Howlett & Hogan, 2007). A very recent series
of ‘mini-reviews’ summarizes the state of the art in this
field (McKenna & Hargreaves, 2007) and emphasizes that
there is a multiplicity of factors responsible for inducing
local muscle fatigue, including failure of sarcoplasmic
reticulum calcium release (Allen et al. 2007), impaired
sodium/potassium pump activity (McKenna et al. 2007),
and slowed cross-bridge cycling (Fitts, 2008) due to a
variety of metabolic mediators including reactive oxygen
species (Ferriera & Reid, 2008). It is also clear that these
muscle factors stimulate a number of neural pathways
(Todd et al. 2007) that ultimately lead to reduced central
motor drive and neural activation (Amann & Calbet, 2007;
Amann et al. 2006). Under certain conditions such as severe
acute hypoxia, central fatigue may be quite prominent
and cause exercise effort to be compromised even before
peripheral fatigue develops (Amann et al. 2007). It is
highly likely that many of these factors are redundant, and
may be more or less prominent in leading to cessation
of effort under different circumstances. Defining the
link between metabolic demand, cardiovascular control
(including the regulation of cardiac output and local
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muscle blood flow), and fatiguing exercise including
the afferent receptors, neural pathways and central
integration will be an important direction for future
research.

Lastly, it is intuitively obvious to anyone who has grown
up on a playground that some individuals are more gifted
athletically than others. Not only are there those that
are bigger, stronger and faster, but also those with more
endurance. Recent evidence suggests that at least some
amount of V̇O2,max is heritable (Bouchard et al. 1998;
Hagberg et al. 2001), though identification of specific
genes has been less convincing. For example, despite the
early enthusiasm for genes that govern the angiotensin
converting enzyme (Myerson et al. 1999; Gayagay et al.
1998), it is quite clear that large numbers of successful
endurance athletes do not have the ‘endurance genotype’
(Gayagay et al. 1998; Woods et al. 2001; Tsianos et al. 2004;
Lucia et al. 2005; Scott et al. 2005). How much does this
have to do with differences in underlying genotype or,
more importantly, gene–environment interactions? What
are the limits of phenotypic plasticity in response to
training? For example, training studies in our lab show
the ability to achieve the same LV mass as elite endurance
athletes with 1 year of training (Morrow et al. 1997, 1998;
Levine et al. 1998). However, LV end-diastolic volume
and compliance remain much lower than we have pre-
viously reported in cross-sectional studies of endurance
athletes (Levine et al. 1991). Is this a function of peri-
cardial constraint which needs more than 1 year to dilate?
Do we just need many more years of training? Or rather
is it more important that training occurs during growth
and development to achieve optimal cardiac size and
compliance (Saltin et al. 1995)?

In conclusion, the key take home messages from this
essay are: (1) V̇O2,max is an important determinant of
endurance performance which represents a true
parametric measure of cardiorespiratory capacity for
an individual at a given degree of fitness and oxygen
availability; (2) the primary distinguishing characteristic
of elite endurance athletes that allows them to run fast
over prolonged periods of time is a large, compliant heart
with a compliant pericardium that can accommodate a
lot of blood, very fast, to take maximal advantage of the
Starling mechanism to generate a large stroke volume;
(3) athletes stop exercising at V̇O2,max because of severe
functional alterations at the local muscle level due to what
is ultimately a limitation in convective oxygen transport,
which activates muscle afferents leading to cessation of
central motor drive and voluntary effort.

References

Alam M & Smirk FH (1937). Observations in man upon a
blood pressure raising reflex arising from the voluntary
muscles. J Physiol 89, 372–383.

Allen DG, Lamb GD & Westerblad H (2007). Impaired calcium
release during fatigue. J Appl Physiol Oct 25, Epub ahead of
print.

Amann M & Calbet JA (2007). Convective oxygen transport
and fatigue. J Appl Physiol Oct 25, Epub ahead of print.

Amann M, Eldridge MW, Lovering AT, Stickland MK, Pegelow
DF & Dempsey JA (2006). Arterial oxygenation influences
central motor output and exercise performance via effects on
peripheral locomotor muscle fatigue in humans. J Physiol
575, 937–952.

Amann M, Romer LM, Subudhi AW, Pegelow DF & Dempsey
JA (2007). Severity of arterial hypoxaemia affects the relative
contributions of peripheral muscle fatigue to exercise
performance in healthy humans. J Physiol 581, 389–403.

Bassett DR Jr & Howley ET (1997). Maximal oxygen uptake:
‘classical’ versus ‘contemporary’ viewpoints. Med Sci Sports
Exerc 29, 591–603.

Bassett DR Jr & Howley ET (2000). Limiting factors for
maximum oxygen uptake and determinants of endurance
performance. Med Sci Sports Exerc 32, 70–84.

Bergh U, Ekblom B & Astrand PO (2000). Maximal oxygen
uptake ‘classical’ versus ‘contemporary’ viewpoints. Med Sci
Sports Exerc 32, 85–88.

Blair SN, Kampert JB, Kohl HW, 3rd Barlow CE, Macera CA,
Paffenbarger RS Jr & Gibbons LW (1996). Influences of
cardiorespiratory fitness and other precursors on
cardiovascular disease and all-cause mortality in men and
women. JAMA 276, 205–210.

Bouchard C, Daw EW, Rice T, Perusse L, Gagnon J, Province
MA, Leon AS, Rao DC, Skinner JS & Wilmore JH (1998).
Familial resemblance for V̇O2,max in the sedentary state: the
HERITAGE family study. Med Sci Sports Exerc 30,
252–258.

Boushel R, Calbet JA, Radegran G, Sondergaard H, Wagner PD
& Saltin B (2001). Parasympathetic neural activity accounts
for the lowering of exercise heart rate at high altitude.
Circulation 104, 1785–1791.

Brink-Elfegoun T, Kaijser L, Gustafsson T & Ekblom B (2007).
Maximal oxygen uptake is not limited by a central nervous
system governor. J Appl Physiol 102, 781–786.

Buick FJ, Gledhill N, Froese AB, Spriet L & Meyers EC (1980).
Effect of induced erythrocythemia on aerobic work capacity.
J Appl Physiol 48, 636–642.

Chaitman B (2005). Exercise Stress Testing. In Braunwald’s
Heart Disease: a Textbook of Cardiovascular Medicine, 7th
edn, ed.Zipes D LP, Bonow R & Braunwald E, pp. 153–185.
Elsevier Saunders, Philadelphia.

Dempsey JA & Wagner PD (1999). Exercise-induced arterial
hypoxemia. J Appl Physiol 87, 1997–2006.

di Prampero PE (2003). Factors limiting maximal performance
in humans. Eur J Appl Physiol 90, 420–429.

Ekblom B, Astrand PO, Saltin B, Stenberg J & Wallstrom B
(1968). Effect of training on circulatory response to exercise.
J Appl Physiol 24, 518–528.

Ekblom B & Berglund B (1991). Effect of erythropoietin
administration on maximal aerobic power. Scand J Med Sci
Sports 1, 88–93.

Ekblom B, Goldbarg AN & Gullbring B (1972). Response to
exercise after blood loss and reinfusion. J Appl Physiol 33,
175–180.

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society

) by guest on November 17, 2011jp.physoc.orgDownloaded from J Physiol (

http://jp.physoc.org/


32 B. D. Levine J Physiol 586.1

Ekblom B & Hermansen L (1968). Cardiac output in athletes.
J Appl Physiol 25, 619–625.

Ferguson S, Gledhill N, Jamnik VK, Wiebe C & Payne N (2001).
Cardiac performance in endurance-trained and moderately
active young women. Med Sci Sports Exerc 33,
1114–1119.

Ferriera L & Reid MB (2008). Redox modulation of muscle
fatigue. J Appl Physiol in press.

Fitts RH (2008). Cross bridge mechanisms of fatigue. J Appl
Physiol in press.

Fu Q & Levine BD (2005). Cardiovascular response to exercise
in women. Med Sci Sports Exerc 37, 1433–1435.

Fulco CS, Rock PB & Cymerman A (1998). Maximal and
submaximal exercise performance at altitude. Aviat Space
Environ Med 69, 793–801.

Gayagay GYuB, Hambly B, Boston T, Hahn A, Celermajer DS &
Trent RJ (1998). Elite endurance athletes and the ACE I allele
– the role of genes in athletic performance. Hum Genet 103,
48–50.

Gonzalez-Alonso J, Warburton DE & Gledhill N (2007). Point:
counterpoint stroke volume does/does not decline during
exercise at maximal effort in healthy individuals. J Appl
Physiol Jun 14, Epub ahead of print.

Gore CJ, Hahn AG, Scroop GC, Watson DB, Norton KI, Wood
RJ, Campbell DP & Emonson DL (1996). Increased arterial
desaturation in trained cyclists during maximal exercise at
580 m altitude. J Appl Physiol 80, 2204–2210.

Hagberg JM, Allen WK, Seals DR, Hurley BF, Ehsani AA &
Holloszy JO (1985). A hemodynamic comparison of young
and older endurance athletes during exercise. J Appl Physiol
58, 2041–2046.

Hagberg JM, Moore GE & Ferrell RE (2001). Specific genetic
markers of endurance performance and V̇O2,max. Exerc Sport
Sci Rev 29, 15–19.

Haller RG, Henriksson KG, Jorfeldt L, Hultman E, Wibom R,
Sahlin K, Areskog NH, Gunder M, Ayyad K, Blomqvist CG &
et al. (1991). Deficiency of skeletal muscle succinate
dehydrogenase and aconitase. Pathophysiology of exercise in
a novel human muscle oxidative defect. J Clin Invest 88,
1197–1206.

Hammond HK, White FC, Bhargava V & Shabetai R (1992).
Heart size and maximal cardiac output are limited by the
pericardium. Am J Physiol Heart Circ Physiol 263,
H1675–H1681.

Hawkins MN, Raven PB, Snell PG, Stray-Gundersen J & Levine
BD (2007). Maximal oxygen uptake as a parametric measure
of cardiorespiratory capacity. Med Sci Sports Exerc 39,
103–107.

Hill AV & Lupton H (1923). Muscular exercise, lactic acid,
and the supply and utilization of oxygen. Q J Med 16,
135–171.

Hoppeler H & Weibel ER (2000). Structural and functional
limits for oxygen supply to muscle. Acta Physiol Scand 168,
445–456.

Howlett RA & Hogan MC (2007). Effect of hypoxia on fatigue
development in rat muscle composed of different fibre types.
Exp Physiol 92, 887–894.

Jensen K, Johansen L & Secher NH (2001). Influence of body
mass on maximal oxygen uptake: effect of sample size.
Eur J Appl Physiol 84, 201–205.

Jilka SM, Joyner MJ, Nittolo JM, Kalis JK, Taylor JA, Lohman
TG & Wilmore JH (1988). Maximal exercise responses to
acute and chronic beta-adrenergic blockade in healthy male
subjects. Med Sci Sports Exerc 20, 570–573.

Johnson RL (1967). Pulmonary diffusion as a limiting factor in
exercise stress. Circ Res 20 (Suppl. 1), S154–S160.

Joyner MJ (1991). Modeling: optimal marathon performance
on the basis of physiological factors. J Appl Physiol 70,
683–687.

Joyner MJ & Coyle EF (2007). Endurance exercise performance:
the physiology of champions. J Physiol Sep 27, Epub ahead of
print.

Kindig CA, Walsh B, Howlett RA, Stary CM & Hogan MC
(2005). Relationship between intracellular PO2 recovery
kinetics and fatigability in isolated single frog myocytes.
J Appl Physiol 98, 2316–2319.

LaMonte MJ, Fitzgerald SJ, Levine BD, Church TS, Kampert JB,
Nichaman MZ, Gibbons LW & Blair SN (2006). Coronary
artery calcium, exercise tolerance, and CHD events in
asymptomatic men. Atherosclerosis 189, 157–162.

Lawler J, Powers SK & Thompson D (1988). Linear relationship
between V̇O2,max and V̇O2,max decrement during exposure to
acute hypoxia. J Appl Physiol 64, 1486–1492.

Leonard B, Mitchell JH, Mizuno M, Rube N, Saltin B & Secher
NH (1985). Partial neuromuscular blockade and
cardiovascular responses to static exercise in man. J Physiol
359, 365–379.

Levine BD, Lane LD, Buckey JC, Friedman DB & Blomqvist CG
(1991). Left ventricular pressure–volume and Frank–Starling
relations in endurance athletes. Implications for orthostatic
tolerance and exercise performance. Circulation 84,
1016–1023.

Levine BD, Lane LD, Watenpaugh DE, Gaffney FA, Buckey
JC & Blomqvist CG (1996). Maximal exercise performance
after adaptation to microgravity. J Appl Physiol 81,
686–694.

Levine BD & Stray-Gundersen J (1997). ‘Living high-training
low’: effect of moderate-altitude acclimatization with
low-altitude training on performance. J Appl Physiol 83,
102–112.

Levine BD & Stray-Gundersen J (1999). Exercise at High
Altitude. In Sports Medicine Secrets, 2nd edn, ed.Mellon MB,
pp. 91–96. Hanley and Belfus, Inc., Philadelphia.

Levine BD, Zuckerman JH & Pawelczyk JA (1997). Cardiac
atrophy after bed-rest deconditioning: a nonneural
mechanism for orthostatic intolerance. Circulation 96,
517–525.

Levine B, Zuckerman J, Zhang R & Morrow M (1998).
Prolonged intensive endurance training improves ventricular
performance via Frank–Starling mechanism. Med Sci Sports
Exerc 30, S27.

Lewis SF, Haller RG & Blomqvist CG (1984). Neuromuscular
diseases as models of cardiovascular regulation during
exercise. Med Sci Sports Exerc 16, 466–471.

Lucia A, Gomez-Gallego F, Chicharro JL, Hoyos J, Celaya
K, Cordova A, Villa G, Alonso JM, Barriopedro M, Perez
M & Earnest CP (2005). Is there an association between
ACE and CKMM polymorphisms and cycling performance
status during 3-week races? Int J Sports Med 26,
442–447.

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society

) by guest on November 17, 2011jp.physoc.orgDownloaded from J Physiol (

http://jp.physoc.org/


J Physiol 586.1 Maximal oxygen uptake 33

Lundby C & Damsgaard R (2006). Exercise performance in
hypoxia after novel erythropoiesis stimulating protein
treatment. Scand J Med Sci Sports 16, 35–40.

McGuire DK, Levine BD, Williamson JW, Snell PG, Blomqvist
CG, Saltin B & Mitchell JH (2001). A 30-year follow-up of
the Dallas Bedrest and Training Study. I. Effect of age on the
cardiovascular response to exercise. Circulation 104,
1350–1357.

McKenna MJ, Bangsbo J & Renaud JM (2007). Muscle K+,
Na+, Cl− disturbances and Na+, K+-pump inactivation:
implications for fatigue. J Appl Physiol Oct 25, Epub ahead of
print.

McKenna MJ & Hargreaves M (2007). Resolving fatigue
mechanisms determining exercise performance: integrative
physiology at its finest! J Appl Physiol Oct 25, Epub ahead of
print.

Medbo JI, Mohn AC, Tabata I, Bahr R, Vaage O & Sejersted OM
(1988). Anaerobic capacity determined by maximal
accumulated O2 deficit [see comments]. J Appl Physiol 64,
50–60.

Mitchell JH, Kaufman MP & Iwamoto GA (1983). The exercise
pressor reflex: its cardiovascular effects, afferent mechanisms,
and central pathways. Annu Rev Physiol 45, 229–242.

Mitchell JH, Reeves DR Jr, Rogers HB, Secher NH & Victor RG
(1989). Autonomic blockade and cardiovascular responses to
static exercise in partially curarized man. J Physiol 413,
433–445.

Mitchell JH, Sproule BJ & Chapman CB (1958). The
physiological meaning of the maximal oxygen intake test.
J Clin Invest 37, 538–547.

Mitchell JH & Victor RG (1996). Neural control of the
cardiovascular system: insights from muscle sympathetic
nerve recordings in humans. Med Sci Sports Exercise 28,
S60–S69.

Morrow MJ, Zuckerman JH, Franco F & Levine BD (1997).
Myocardial hypertrophy is the primary cardiovascular
adaptation to endurance training in sedentary men. Med Sci
Sports Exerc 29, S139.

Morrow M, Zuckerman J, Franco F & Levine B (1998). The
relationship between moderate levels of endurance exercise
training and cardiac mass. Med Sci Sports Exerc 30, S26.

Myerson S, Hemingway H, Budget R, Martin J, Humphries S &
Montgomery H (1999). Human angiotensin I-converting
enzyme gene and endurance performance. J Appl Physiol 87,
1313–1316.

Nikolic S, Yellin EL, Tamura K, Vetter H, Tamura T, Meisner JS
& Frater RW (1988). Passive properties of canine left
ventricle: diastolic stiffness and restoring forces [published
erratum appears in Circ Res 62, preceding 1059]. Circ Res 62,
1210–1222.

Noakes TD (1997). 1996 J.B. Wolffe Memorial Lecture.
Challenging beliefs: ex Africa semper aliquid novi. Med Sci
Sports Exerc 29, 571–590.

Noakes TD (1998). Maximal oxygen uptake: ‘classical’ versus
‘contemporary’ viewpoints: a rebuttal. Med Sci Sports Exerc
30, 1381–1398.

Noakes TD, Calbet JA, Boushel R, Sondergaard H, Radegran G,
Wagner PD & Saltin B (2004a). Central regulation of skeletal
muscle recruitment explains the reduced maximal cardiac
output during exercise in hypoxia. Am J Physiol Regul Integr
Comp Physiol 287, R996–999; author reply R999–1002.

Noakes TD, Peltonen JE & Rusko HK (2001). Evidence that a
central governor regulates exercise performance during acute
hypoxia and hyperoxia. J Exp Biol 204, 3225–3234.

Noakes TD & St Clair Gibson A (2004). Logical limitations to
the ‘catastrophe’ models of fatigue during exercise in
humans. Br J Sports Med 38, 648–649.

Noakes TD, St Clair Gibson A & Lambert EV (2004b). From
catastrophe to complexity: a novel model of integrative
central neural regulation of effort and fatigue during exercise
in humans. Br J Sports Med 38, 511–514.

Pawelczyk JA, Hanel B, Pawelczyk RA, Warberg J & Secher
NH (1992). Leg vasoconstriction during dynamic exercise
with reduced cardiac output. J Appl Physiol 73,
1838–1846.

Pelliccia A, Culasso F, Di Paolo FM & Maron BJ (1999).
Physiologic left ventricular cavity dilatation in elite athletes
[see comments]. Ann Intern Med 130, 23–31.

Peronnet F, Thibault G & Cousineau D (1991). A theoretical
analysis of the effect of altitude on running performance.
J Appl Physiol 70, 399–404.

Raven P (2006). Neural control of the circulation during
exercise: themed issue. Exp Physiol 91, 25–26 (all papers:
27–119).

Richardson RS, Grassi B, Gavin TP, Haseler LJ, Tagore K, Roca
J & Wagner PD (1999). Evidence of O2 supply-dependent
V̇O2,max in the exercise-trained human quadriceps. J Appl
Physiol 86, 1048–1053.

Rowell LB (1986). Circulatory adjustments to dynamic exercise.
In Human Circulation Regulation During Physical Stress, pp.
213–256. Oxford University Press, New York.

Saltin B (1996). The physiology of competitive cross country
skiing across a four decade perspective; with a note on
training induced adaptations and role of training at medium
altitude. In Science and Skiing , eds. Müller E, Schwameder
H, Kornxl E, Raschner C, pp. 435–469. E & FN Spon,
London.

Saltin B & Calbet JA (2006). Point: in health and in a normoxic
environment, V̇O2,max is limited primarily by cardiac output
and locomotor muscle blood flow. J Appl Physiol 100,
744–745.

Saltin B, Larsen H, Terrados N, Bangsbo J, Bak T, Kim CK,
Svedenhag J & Rolf CJ (1995). Aerobic exercise capacity at
sea level and at altitude in Kenyan boys, junior and senior
runners compared with Scandinavian runners. Scand J Med
Sci Sport 5, 209–221.

Saltin B & Strange S (1992). Maximal oxygen uptake: ‘old’ and
‘new’ arguments for a cardiovascular limitation. Med Sci
Sports Exercise 24, 30–37.

Savard GK, Areskog NH & Saltin B (1995). Cardiovascular
response to exercise in humans following acclimatization
to extreme altitude. Acta Physiol Scand 154,
499–509.

Scott RA, Moran C, Wilson RH, Onywera V, Boit MK,
Goodwin WH, Gohlke P, Payne J, Montgomery H &
Pitsiladis YP (2005). No association between angiotensin
converting enzyme (ACE) gene variation and endurance
athlete status in Kenyans. Comp Biochem Physiol A Mol Integr
Physiol 141, 169–175.

Secher NH, Clausen JP, Klausen K, Noer I & Trap-Jensen J
(1977). Central and regional circulatory effects of adding
arm exercise to leg exercise. Acta Physiol Scand 100, 288–297.

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society

) by guest on November 17, 2011jp.physoc.orgDownloaded from J Physiol (

http://jp.physoc.org/


34 B. D. Levine J Physiol 586.1

Stray-Gundersen J, Musch TI, Haidet GC, Swain DP, Ordway
GA & Mitchell JH (1986). The effect of pericardiectomy on
maximal oxygen consumption and maximal cardiac output
in untrained dogs. Circ Res 58, 523–530.

Sutton JR, Reeves JT, Groves BM, Wagner PD, Alexander JK,
Hultgren HN, Cymerman A & Houston CS (1992). Oxygen
transport and cardiovascular function at extreme altitude:
lessons from Operation Everest II. Int J Sports Med 13,
S13–S17.

Sutton JR, Reeves JT, Wagner PD, Groves BM, Cymerman A,
Malconian MK, Rock PB, Young PM, Walter SD & Houston
CS (1988a). Operation Everest II. Oxygen transport during
exercise at extreme simulated altitude. J Appl Physiol 64,
1309–1321.

Sutton JR, Reeves JT, Wagner PD, Groves BM, Cymerman A,
Malconian MK, Rock PB, Young PM, Walter SD & Houston
CS (1988b). Operation Everest II: oxygen transport during
exercise at extreme simulated altitude. J Appl Physiol 64,
1309–1321.

Taivassalo T, Jensen TD, Kennaway N, DiMauro S, Vissing J &
Haller RG (2003). The spectrum of exercise tolerance in
mitochondrial myopathies: a study of 40 patients. Brain 126,
413–423.

Taylor HL, Buskirk E & Henschel A (1955). Maximal oxygen
intake as an objective measure of cardio-respiratory
performance. J Appl Physiol 8, 73–80.

Terrados N, Mizuno M & Andersen H (1985). Reduction in
maximal oxygen uptake at low altitudes. Role of training
status and lung function. Clin Physiol 5, 75–79.

Thelen DG, Chumanov ES, Sherry MA & Heiderscheit BC
(2006). Neuromusculoskeletal models provide insights into
the mechanisms and rehabilitation of hamstring strains.
Exerc Sport Sci Rev 34, 135–141.

Todd G, Taylor JL, Butler JE, Martin PG, Gorman RB &
Gandevia SC (2007). Use of motor cortex stimulation to
measure simultaneously the changes in dynamic muscle
properties and voluntary activation in human muscles.
J Appl Physiol 102, 1756–1766.

Torre-Bueno JR, Wagner PD, Saltzman HA, Gale GE & Moon
RE (1985). Diffusion limitation in normal humans during
exercise at sea level and simulated altitude. J Appl Physiol 58,
989–995.

Tsianos G, Sanders J, Dhamrait S, Humphries S, Grant S &
Montgomery H (2004). The ACE gene insertion/deletion
polymorphism and elite endurance swimming. Eur J Appl
Physiol 92, 360–362.

Wagner PD (1993). Algebraic analysis of the determinants of
V̇O2,max. [published erratum appears in Respir Physiol 95,
238]. Respir Physiol 93, 221–237.

Wagner PD (1996a). Determinants of maximal oxygen
transport and utilization. Annu Rev Physiol 58, 21–50.

Wagner PD (1996b). A theoretical analysis of factors
determining V̇O2,max at sea level and altitude. Respir Physiol
106, 329–343.

Wagner PD (2006). Counterpoint: in health and in normoxic
environment VO2max is limited primarily by cardiac output
and locomotor muscle blood flow. J Appl Physiol 100,
745–747; discussion 747–748.

Weber KT, Janicki JS & McElroy PA (1987). Determination of
aerobic capacity and the severity of chronic cardiac and
circulatory failure. Circulation 76, VI40–145.

Wehrlin JP & Hallen J (2006). Linear decrease in. V̇O2,max and
performance with increasing altitude in endurance athletes.
Eur J Appl Physiol 96, 404–412.

Williamson JW, Fadel PJ & Mitchell JH (2006). New insights
into central cardiovascular control during exercise in
humans: a central command update. Exp Physiol 91, 51–58.

Woods D, Hickman M, Jamshidi Y, Brull D, Vassiliou V, Jones
A, Humphries S & Montgomery H (2001). Elite swimmers
and the D allele of the ACE I/D polymorphism. Hum Genet
108, 230–232.

Yellin EL, Nikolic S & Frater RW (1990). Left ventricular filling
dynamics and diastolic function. Prog Cardiovascular Dis 32,
247–271.

Young AJ, Sawka MN, Muza SR, Boushel R, Lyons T, Rock PB,
Freund BJ, Waters R, Cymerman A, Pandolf KB & Valeri CR
(1996). Effects of erythrocyte infusion on V̇O2,max at high
altitude. J Appl Physiol 81, 252–259.

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society

) by guest on November 17, 2011jp.physoc.orgDownloaded from J Physiol (

http://jp.physoc.org/

