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Aerobic Power
When describing fitness, one of the most common markers of “how fit” and individual is, is
Aerobic Power. However, it is more commonly asked of by, “what’s your Leger Beep Test score”, or
“mile time trial”. Aerobic Power is often overlooked but when it comes to athletic performance, it
is more than just a minor role, but could be considered Best Supporting Actor. It is the maximum
rate of oxygen consumption to complete a sustained or near-continuous work per unit of time.
When one has a greater aerobic power, it allows that participant to do more on the field, court, or
on the job in aerobically based activities (Stolen et al., 2005) and to recover more effectively during
rest breaks from high intensity interval activities (Tomlin et al., 2008).
Aerobic Endurance, on the other hand, is the intensity of exercise (relative to an individual’s
maximal aerobic power) that an individual can maintain for a period of time.
Aerobic Capacity typically refers to how much oxygen can be consumed by a particular group of
muscles for a period of time.
The most common method to quantify maximal aerobic power is maximal oxygen consumption, or
the maximal rate that oxygen can be taken into the body, transported, and utilized to perform
work.
It can be useful to consider VO2 max in terms of a rearrangement of the fick equation.
VO2 = (CO x Ca) - (CO x Cv)
Where,
CO = Cardiac Output
Ca = Oxygen content of arterial blood
Cv = Oxygen content of mixed venous blood.
The fick equation was initially described by physiologist Adolph Fick for use in measuring cardiac
output, or the amount of blood pumped by the heart. A simple rearrangement of this equation
demonstrates that the rate of oxygen consumption is dependent on the amount of blood delivered
(i.e. cardiac output) and the amount of oxygen extracted from the blood (the difference in oxygen
between arterial and venous oxygen content). Therefore, maximal oxygen consumption will be
determined by the maximal amount of blood that can be delivered, and the maximal amount of
oxygen that can be consumed from that arterial blood.
We can further expand the equation to provide additional insight into the factors that can
determine oxygen consumption.
VO2 = Q x a-v O2 difference
Where Q = Heart rate x Stoke Volume
a-v O2 difference = arterial – mixed venous blood O2 difference
For example, as described above Cardiac output is a function of heart rate and stroke volume (the
amount of blood pumped by each beat) and determined by factors such as left ventricle chamber
size, and ventricular compliance.
The arterial-venous difference in oxygen content can be described as the different between the
amount of arterial oxygen, and the amount of oxygen extracted for use by the muscles. Arterial
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oxygen content depends on factors such as the amount of hemoglobin in the arterial blood, and the
degree of oxygen saturation of that hemoglobin. Muscle oxygen extraction depends on factors such
as the number of capillaries that surround the muscle using the oxygen and the amount of oxygen
the muscle can use.

LIMITS TO VO2 MAX
O2 Delivery
Oxygen is transported throughout the body in the blood and an important question to answer is,
how much oxygen can the blood carry? This is known as the oxygen-carrying capacity of blood, and
blood carries oxygen in only two ways:
1) Oxygen is dissolved in the fluid portion of the blood
2) Oxygen is carried by the hemoglobin molecule in the red blood cell.
Oxygen is not readily soluble in blood and under typical body and environmental conditions, the
amount of oxygen in blood would support life for ~4seconds. Luckily, the attraction of hemoglobin
to oxygen greatly increases the amount of oxygen that can be transported by blood. Therefore, the
O2 -carrying capacity of blood is a function of the amount of hemoglobin, and the oxygen-carrying
capacity of hemoglobin. The oxygen-carrying capacity of hemoglobin is relatively fixed so, to
increase the amount of oxygen that can be carried in the blood, one must increase the amount of
hemoglobin present (i.e. increase the # of red blood cells)
Knowing how much oxygen can potentially be carried in the blood, we now ask, how much oxygen
is being carried in the blood? The answer is simply the percent of hemoglobin that is actively
carrying oxygen, which we call ‘arterial oxygen saturation’, or just O2 saturation.
The partial pressure of oxygen in the blood is the main factor that determines the saturation. The
O2 saturation of hemoglobin at various partial pressures of oxygen are due to factors such as
altitude, temperature, and acidity. Importantly, under normal physiological conditions at sea-level,
arterial O2 saturation is maintained at ~98%. So, under typical conditions, O2 saturation is
generally not considered a limitation to VO2 max.
Under normal conditions, deoxygenated blood is pumped into the lungs via the pulmonary artery.
O2 exchange at the level of the alveoli re-oxygenates the blood, which is returned to the heart via
the pulmonary vein for distribution throughout the body. For Oxygen to diffuse from the alveola
into the blood, there must be an adequate pressure differential between the partial pressure of
oxygen in the alveola, and that in the blood. If there is a high partial pressure of O2 in the alveoli
(lots of oxygen in the alveola), and a low partial pressure of O2 in the pulmonary artery (little
oxygen in the blood), there is a large driving force for O2 to diffuse from the alveoli and into the
blood. However, if ventilation is not adequate in response to exercise, the alveoli may not get fresh,
oxygen-rich, air at a fast enough rate. In this case, the driving force of oxygen diffusion from alveoli
to the blood may be reduced to a point where O2 saturation is a limiting factor of VO2 .
Three factors are believed to contribute to inadequate ventilatory responses to exercise. Firstly,
there may be individual differences in sensitivity to the chemical and neural drivers of ventilation
that lead to a blunted response, for example blood lactate and which is a contested concept, but the
central governor theory proposed by Dr. T. Noakes of the University of Cape Town. The second
may also be mechanical constraints in the pulmonary system that limit high ventilation rates. Small
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airway diameters or low respiratory muscle strength may limit how quickly the pulmonary system
can move air. A third factor is a mismatch between the distribution of blood in the lung, and the
distribution of fresh air in the alveoli. Essentially, at the level alveoli of the lung, blood is delivered
to alveoli that are not being adequately ventilated.
It is important to ask: how much of this oxygenated blood can we deliver to the muscle?
Cardiac output refers to the amount of blood pumped by the heart in one minute. It is represented
with the symbol Q-dot (the dot represents that cardiac output is a rate) and the maximal value of
cardiac output reflects the functional capacity of the cardiovascular system. As the heart is
basically a pump, the volume of blood it can pump per minute is dependent on two factors: the rate
at which is pumps (i.e. heart rate, the number of beats per minute) and the amount of fluid moved
per pump cycle (i.e. stroke volume, the amount of blood ejected per beat). Heart rate is largely
controlled by the balance between parasympathetic and sympathetic nervous stimulation. Maximal
heart rate does not appear to be a trainable factor. Stroke volume, however, is largely dependent on
the size of the left ventricle, contraction characteristics of the cardiac muscle, and blood fluid
dynamics. These all can respond to training. Therefore, stroke volume is considered the main
modifiable factor related to maximal blood delivery.

O2 Utilization
For oxygen to be used, it must first be extracted from the blood and transported to the
mitochondria. So, it is important to ask how much oxygen can muscle extract and transport,
referred to as O2 extraction. The movement of oxygen from the blood and into the muscle fiber is
accomplished through diffusion, where the rate of diffusion depends on:
1) The diffusion distance, which is how far the oxygen must diffuse.
2) The surface area across which oxygen diffuses (in other words, the surface area of the
capillary wall). The further oxygen must diffuse, the slower the rate of diffusion. The
smaller the surface area, the lower the rate of diffusion.
Capillarity refers to the number of capillaries present in the muscle; it is often quantified by the
capillary-to-fiber ratio, or the capillary density. Capillarity impacts both factors and increasing the
number of capillaries in the muscle improves the ability of oxygen to diffuse into the muscle fiber.
A third factor related to the rate of diffusion is the concentration gradient of oxygen between the
capillary and the muscle fiber. The greater the difference in oxygen content between the two, the
greater the rates of diffusion, as we learned is a factor at the alveoli as stated above. Once oxygen is
in the muscle, it must be transported to the mitochondria. Various factors may impact this, but
traditionally it is believed to be mainly related to the concentration of myoglobin; the muscle-cell
equivalent of hemoglobin. The greater the myoglobin concentration, the greater the capacity to
transport oxygen within the muscle cell.
A final consideration related to muscle oxygen extraction is the matching between muscle
perfusion and muscle metabolism. This is similar in concept to ventilation-perfusion matching in
the cardio-pulmonary system previously discussed. In essence, appropriate balance at the capillary
and muscle level must occur to direct oxygenated blood to the active muscle fibers that require it
for metabolism.
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Now that oxygen is within the muscle fiber, the amount that can be used is determined by the
degree of development of aerobic metabolic pathways. In brief, as oxygen use in aerobic
metabolism occurs predominantly in the mitochondria, key factors include the number of
mitochondria in the cell, and the efficiency of oxidative enzymes throughout the metabolic
pathway. As metabolic characteristics are related to muscle fiber types, the type of muscle fiber also
impacts oxidative capacity.

A number of other factors influence the VO2max.
Gender
VO2 max is typically 15 to 30% higher in men than in women. The differences are greatest when
considering VO2 max in absolute terms, but they remain even when comparing relative values.
Differences begin to appear at puberty and are mainly due to the structural differences observed
between men and women. Men typically have greater muscle mass and lower amounts of body fat,
so, the absolute capacity for oxygen consumption is higher, and relative values remain higher
because larger proportion body weight requires more oxygen to function. Men also tend to have
higher hemoglobin concentrations than women, so there are also differences in oxygen delivery.
Exercise Mode
As oxygen consumption is directly related to the amount of muscle mass being used, so the mode
of exercise will impact results; higher values will be observed when larger amounts of muscle are
used. Achieving VO2 max requires one to push to absolute maximal exertion. As a result, the
specificity of exercise also matters; cyclists will typically have higher values when tested on a cycle
ergometer than when tested on a running treadmill.
Age
VO2 max has been observed to decline by ~1% per year (or ~10% per decade), starting between 2530 years of age. Much of this decline is because of changes in habitual activity; people tend to
become more sedentary as they age. VO2 max has been maintained for long periods in individuals
who keep up aerobic training regimes. Unfortunately, factors other than physical activity will
impact VO2 max with aging: reductions in maximal heart rate, stroke volume, muscle blood flow
and muscle loss, may all contribute to the reduced oxygen consumption that occurs as we age.
Heredity
While estimates vary, a general claim is that up to 80% of VO2 max is genetically determined.
Training
That said, a person can greatly increase their baseline VO2 max through appropriate aerobic
training. 5-20% improvements can be expected, depending on the initial level of fitness.
Environment
Various factors in the environment will also impact VO2 max. Altitude and pollution limit
pulmonary oxygen uptake, and it is estimated that VO2max decreases ~3% for every 1,000 feet
ascended.
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