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VO2max

• Maximum volume of oxygen muscles consume per 
minute (maximum rate of oxygen consumption).

• Referred to as aerobic power since it’s a measure of 
the rate at which oxygen is consumed. 

• Most often measured variable in exercise physiology.

• Expressed as liters/min or ml/kg/min.

• Although a high VO2max alone is not enough to attain 
elite-level performance, it gains one access into the 
club. An athlete simply cannot attain a high level of 
performance without a high VO2max. 

• Largely genetically determined.

• Males have higher VO2max than females, primarily 
due to differences in cardiac output and blood 
hemoglobin concentration.

VO2max 

• Cardiac output & blood flow       
(central factors)

• Cardiac output dependent on:

• stroke volume

• heart rate

• Stroke volume determined by: 

• venous return

• heart contractility

• amount of pressure in left ventricle (preload) 

• amount of pressure in aorta (afterload)

• size of left ventricle

What Determines VO2max? 

• Blood flow dependent on:
• redistribution of blood away from other tissues & to 

active muscles

• resistance of blood flow through blood vessels

• adequate dilation of blood vessels, which depends on 
interplay between sympathetic & parasympathetic 
nervous systems & associated hormones

• O2 transport capacity of blood, which is determined by 
red blood cell volume & amount of hemoglobin, which 
transports O2 in blood

• amount of myoglobin, which transports O2 in muscles

• density & volume of capillaries that perfuse muscle fibers, 
which determines time available for diffusion into muscle 
mitochondria

What Determines VO2max? 

Transporting oxygen from the heart to the muscles is a complicated matter!

• Extraction & use of O2 by muscles 
(peripheral factors) 

• Dependent on mitochondrial & capillary 
volumes & enzyme activity.

• Reflected by difference in amount of O2

going to muscles through arterial 
circulation & amount coming out through 
venous circulation (a-v O2 difference). 

• a-v O2 difference determined by convection 
of O2 through muscle capillaries and its 
diffusion from capillaries to mitochondria.  

What Determines VO2max? 
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Fick Equation

Central factors

Peripheral factors

VO2 =  SV x HR  x  (a-v O2 difference) 

VO2 =  CO  x  (a-v O2 difference)

VO2max occurs when SV, HR (and therefore cardiac 
output), & a-v O2 difference are at maximum.

• Unfit people seem to be equally limited by central & peripheral 
factors (they lack both high blood flow & abundant metabolic 
machinery)

• Highly trained endurance athletes are more centrally limited. 

• Training causes a shift of limitation on sliding scale—the more fit 
you become, the more you move away from a metabolic 
limitation to VO2max and the closer you move to an O2 supply 
limitation.  

• Progressive increases in mileage improve VO2max by increasing 
muscles’ metabolic capacity. Once you have achieved a high 
level of mileage, intensity of training becomes more important 
to increase cardiac factors responsible for maximizing O2 supply 
to muscles.

Central vs. Peripheral 
Limitation? 

• VO2max of best human endurance athletes = 80-90 
ml/kg/min, which equals that of pigs & rats, about 
half that of horses & dogs, & a third that of foxes. 

• VO2max of thoroughbred race horse = 150 ml/kg/min. So, 
compared to a horse, even an Olympic champion looks like a 
couch potato!

• Among all animals, flying insects have highest 
VO2max relative to their size.  

• VO2 of hummingbird flapping its wings 80 beats/min is 40 
ml/gram/hour which, in human terms, equals 666 ml/kg/min! 

• VO2 of honeybee flapping its wings 250 beats/min is 6 
ml/gram/min, which equals 6,000 ml/kg/min!  

VO2max Values

Acidosis (Lactate) Threshold

• Lactate Threshold (LT)

• Anaerobic threshold (AnT)

• Individual anaerobic threshold (IAT)

• Ventilatory threshold (VT)

• Onset of blood lactate accumulation (OBLA)

• Lactate breakpoint (LB)

• Maximal lactate steady state (MLSS)

• Acidosis threshold (AT)

Many Terms for the Same Thing!
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Acidosis Threshold

• Pace at which aerobic metabolism (Krebs cycle & 
electron transport chain) can’t keep up with 
production of pyruvate from glycolysis.

• Represents transition between running that 
generates energy almost purely aerobically and 
running that includes energy from both aerobic 
and oxygen-independent (anaerobic) metabolism. 
Fastest pace above which lactate production 
begins to exceed its removal.

• Fastest pace above which blood lactate 
concentration begins to increase exponentially. 

• Fastest pace that can be sustained aerobically. There’s a Hole in My Bucket!

Acidosis Threshold

• As speed increases, contribution from fat 
decreases and contribution from carbohydrates 
increases.

• At speeds above AT, only carbohydrates (blood 
glucose & muscle glycogen).

• Training AT increases speed at which lactate 
accumulates and acidosis occurs, enabling you to 
run at higher %VO2max for longer time.

• Increasing AT pace allows you to run faster before you 
fatigue because it allows you to run faster before O2-
independent metabolism begins to play significant role.

• Ability to sustain hard pace for long time is greatly 
influenced by AT.
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Running Economy 

Running Economy

In 1930, David Dill & his colleagues at the 

Harvard Fatigue Laboratory were among 
the first physiologists to suggest that there 
are marked differences in the amount of 
O2 different people use when running at 
the same speeds, and that these 
differences in “economy” of O2 use is a 
major factor explaining differences in 
endurance performance. 
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Running 

Economy

70% VO2max 80% VO2max

Jack
VO2max = 50

Run feels easier for Jack!

running together at 8:00 mile pace 

Jill
VO2max = 50

Oxygen consumption 
(VO2) used to maintain 

a specific running 
speed. 
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Avg. VO2 = 

41 ml/kg/min 

Avg. VO2 = 

49 ml/kg/min 

Avg. VO2 = 

55 ml/kg/min 
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• Biomechanics & motor unit recruitment

• Capillary & mitochondrial density 

• Slow-twitch muscle fibers

• Body weight & leg mass

• Ability of tendons to store & utilize elastic energy 
with each step

• Anything that increases O2 consumption of running:

• Clothing

• Shoe weight

• Wind & air resistance

• Terrain

What Influences Economy?
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