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Point:Counterpoint

Point: In health and in a normoxic environment, V̇O2 max is limited primarily
by cardiac output and locomotor muscle blood flow

Starting in the 1950s, a number of experiments provided the
experimental evidence supporting the original concept elabo-
rated on by Hill and Lupton (12): in health, V̇O2 max in nor-
moxia is limited primarily by cardiac output and locomotor
muscle blood flow (17). The main variable accounting for the
difference in V̇O2 max between sedentary subjects and athletes
is maximal cardiac output, such that a linear relationship was
observed between V̇O2 max and maximal cardiac output, show-
ing that 5.9–7.5 l/min of cardiac output is needed per liter of
V̇O2 max (5, 10, 17, 26). Part of the variability in the relationship
between V̇O2 max and cardiac output was attributed to the
variation in hemoglobin concentration, with a smaller contri-
bution of the systemic a-v difference (5, 10, 17, 26). It was also
shown that maximal exercise stroke volume was the main
factor explaining the differences between subjects in maximal
cardiac output (5, 10, 17, 26). A cause and effect relationship
between oxygen delivery and V̇O2 max has been established by
showing that experimental interventions increasing oxygen
delivery are accompanied by an elevation of V̇O2 max and vice
versa (6, 16).

All experimental procedures causing a reduction of maximal
cardiac output are associated with a lower V̇O2 max. Reducing
blood volume is associated with lower maximal cardiac output
and V̇O2 max (16). Bed rest studies showed that the main factor
accounting for the reduction in V̇O2 max was the lower maximal
cardiac output attained after bed rest (27), because maximal
exercise O2 fractional extraction is close to 90% after bed rest.
Treatment with beta-blockers is accompanied by a reduction of
maximal cardiac output and leg blood flow, which accounts for
most of the reduction observed in V̇O2 max (21). The CaO2 may
be reduced by reducing hemoglobin concentration isovolemi-
cally and by carbon monoxide administration. These two
interventions show a reduction in V̇O2 max that is proportional
to the magnitude of the reduction achieved in CaO2 (6, 15,
23, 30).

The influence of locomotor muscle oxygen delivery for
V̇O2 max in trained and untrained muscles was studied in the
1970s (3, 8, 28). With the use of a one-leg training model (in
the cycle ergometer), Gleser (8) reported a 16% improvement
of one-leg peak V̇O2 that was accompanied by a 13% enhance-
ment of the peak cardiac output during incremental exercise
with the trained leg. However, neither V̇O2 max nor maximal
cardiac output was enhanced after one-leg training when the
exercise test was performed with the two legs. Thus the study
by Gleser suggests that the increase in V̇O2 max was brought
about via an enhancement of cardiac output and, likely, leg
blood flow. Clausen et al. (3) reported a 10% greater peak V̇O2

during arm cranking after a period of endurance training with
the legs in the cycle ergometer. The increase in arm V̇O2 was
accompanied by 10 and 12% greater mean arterial pressure and
peak cardiac output, also suggesting that V̇O2peak during exer-
cise with a small muscle mass is limited by locomotor muscle
blood flow. In the study by Saltin et al. (28), the subjects that
performed one-leg endurance training in the cycle ergometer
improved their V̇O2 max by 24% during an incremental exercise
to exhaustion with the trained leg. Interestingly, the contralat-

eral leg that was not submitted to training also improved its
V̇O2 max (6%). However, when the subjects carried out a two-
legged incremental exercise the V̇O2 max was improved only by
11%. Thus the improvement observed during two-leg exercise
was a bit less than expected if the limitation to V̇O2 max had
been only of peripheral origin, suggesting that in that study part
of the limitation to V̇O2 max during two-leg exercise is due to
insufficient perfusion. A subsequent one-leg training study by
Klausen et al. (13) adds further evidence. Their subjects trained
each leg on the cycle ergometer individually. After the training,
peak leg V̇O2 during exercise on the cycle ergometer was 16%
higher during one-leg than during two-leg exercise, due to a
23% higher peak leg blood flow during one-leg maximal
exercise compared with two-leg maximal exercise. In contrast,
before training, peak leg V̇O2 was the same during one-leg
cycling compared with two-leg cycling, despite the fact that leg
blood flow was 8% higher during one-leg exercise. This study
suggests that in the trained state, the dependency of V̇O2 max on
oxygen delivery may be accentuated.

Further evidence for a cause and effect relationship between
V̇O2 max and locomotory muscle oxygen delivery was obtained
by Harms et al. (11). They showed that if the respiratory
muscles are loaded, exercise capacity and locomotory muscle
blood flow and V̇O2 is reduced, suggesting that maneuvers
redistributing part of the blood flow away from the locomotory
muscles reduces exercise capacity and V̇O2 max (11) and vice
versa. A similar conclusion was reached by Gonzalez-Alonso
and Calbet (9). In their study, subjects performed constant
intensity exercise to exhaustion under normothermic and hy-
perthermic conditions. In both conditions, fatigue was pre-
ceded by a reduction of cardiac output and leg blood flow.
Moreover, we recently showed that during whole body upright
exercise the combined maximal muscular vascular conduc-
tances of the limbs outweighs the pumping capacity of the
heart in humans, meaning that V̇O2 max is limited by O2 deliv-
ery. With the use of data from the latter, we estimated that if
the human with well-trained leg and arms muscles was able to
use the full potential for V̇O2 of the four limbs, then their
V̇O2 max could be about 20% higher than actually measured (2).

Although V̇O2 max is a function of locomotor muscle blood
flow, this does not exclude the possibility that other mecha-
nisms marginally contribute to achieve V̇O2 max in normoxia,
as, for example, exercise-induced arterial hypoxemia (4, 19), a
diffusional limitation between the capillaries and the mitochon-
dria of the active muscle fibers (24), and lower O2 extraction
capacity in some muscles (1). However, in all these conditions,
peak V̇O2 is increased if the limitation is somehow overcome
and more O2 is made available to the mitochondria (6, 14, 22,
25). Thus the bulk of the experimental evidence accumulated
during the last 80 years argues in favor of cardiac output and
oxygen delivery setting the limit for maximal oxygen uptake in
normoxia. All these observations also argue against theories
attributing the limitation of V̇O2 max to brain processes as the
“Central Governor Model” during exercise in normoxia carried
out by healthy subjects (20). This model postulates that pro-
cesses arising in the brain itself, triggered or modulated by
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sensory feedback, inhibit somehow the central command, caus-
ing the exercise to terminate (20). This model has revitalized
some ideas brought about more than a century ago, as reviewed
by Gandevia (7). However, experimental evidence obtained
during exercise with hyperthermia (18) and during exercise in
chronic hypoxia (29) demonstrated that, at least during brief
efforts aimed at producing a maximal leg or hand grip volun-
tary contraction, the ability to recruit the motor units is pre-
served even when measured close to exhaustion.

In summary, in healthy humans, V̇O2 max at sea level is
limited by systemic oxygen delivery and especially by O2

delivery to the locomotor muscles. Oxygen delivery, in turn,
depends on the ability of the cardiorespiratory system (i.e.,
lungs, heart, and blood) to transport and distribute appropri-
ately O2 to the active motor units, rather than on the mitochon-
drial oxidative capacity, which in human skeletal muscles
exceeds widely maximal O2 supply in all known exercise
models.
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Counterpoint: In health and in a normoxic environment, V̇O2 max is not limited
primarily by cardiac output and locomotor muscle blood flow

Let’s begin this by being sure of the question we are
addressing, because this topic is notorious for being easy to
spin toward one’s desired position by subtly changing the
question. I would like to clear the deck of spin right from the

start. So I will stipulate that without blood flow, V̇O2 max

would be zero: Saltin 1, Wagner 0. I will also stipulate that
the venerable Fick Principle, taken at its naive simplest,
would tend to support my opponent: V̇O2 � Q̇�[CaO2 �
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