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Figure 1. Light micrograph of red blood 
cells. 

Now, you may not be aware at this time, but this content is perhaps the most central 
knowledge to grasping the essence of the demands of exercise and altitude to human 
performance.  Now, do not over-interpret this statement.  Yes, oxygen is essential for 

life, and as such it is obvious that we 
need it to exercise.  However, there are 
also other determinants to exercise 
performance, such as the function and 
limitation of the central nervous system.  
Yet, we are at the topic of blood oxygen 
transport, and there is a wealth of 
research to show the sensitivity of muscle 
metabolism and exercise tolerance to 
blood O2 content.  Let’s face it, if raising 
blood O2 content was not so positively 
related to improved endurance 
performance, then there would be no 

temptation to abuse erythropoietin, to blood dope, or to train at altitude.  Such is the 
power of blood O2 transport to the athlete, mountaineer, or weekend warrior! 

 
The red blood cell, or erythrocyte (Figure 1), 
contains molecules of hemoglobin (Figure 2) on 
and within the cell. Hemoglobin is a protein that 
contains four heme prosthetic groups (Figure 
3), where oxygen binds to the iron (Fe) element 
of each heme group.  The total oxygen binding 
capacity of hemoglobin is 1.34 mL/g.  Oxygen to 
hemoglobin (oxy-hemoglobin) binding is 
influenced by the partial pressure of oxygen, 
which as you now know approximates 100 
mmHg at sea level in arterial blood (PaO2=100 
mmHg).  There is minimal oxygen dissolved in 
blood plasma, as oxygen has poor water 
solubility.  Therefore, the amount of oxygen 
dissolved in plasma is extremely low and can be 
approximated by the constant 0.003 mL/100 mL 
blood/mmHg PaO2, or 0.3 mL/100 mL at sea 
level.  Consequently, oxygen binding to 
hemoglobin is essential for meaningful blood 
oxygen transport and life itself.  The relationship 
between oxygen binding to hemoglobin and 
PaO2 is called the oxy-hemoglobin dissociation curve, and is presented in Figure 4. 
 
The oxy-hemoglobin dissociation curve is crucial to understanding pulmonary 
physiology and blood oxygen transport.  This knowledge, in turn, is essential for you to 
appreciate the role of cardio-pulmonary physiology in the body’s capacity to perform 
prolonged exercise. 
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Figure 2. A three-dimensional model 
of hemoglobin.  The central iron atom 
of each of the 4 green heme 

prosthetic groups binds oxygen. 

 
Figure 3. The chemical structure of the heme 

prosthetic group of hemoglobin and myoglobin. 

 
Figure 4. The oxy-hemoglobin dissociation curve.  The 

dissociation curve for myoglobin is also shown. 

 
The key use and interpretation 
of the oxy-hemoglobin 
dissociation curve concerns 
retrieving a value for % oxy-
hemoglobin saturation.    For 
sea level, this approximates 
98%.  It is not 100% due to 
two venous shunts that drain 
venous blood into oxygenated 
blood downstream of the lung.  
One shunt occurs in the lung 
from the blood circulation that 
supplies the lung tissue with 
oxygen.  The second is within 
the heart, where venous blood 
from the myocardium drains 
into the left ventricle.  As 
altitude increases, and 
barometric and alveolar gas 
pressures decrease, there is a decrease in PAO2, causing a decrease in PaO2, which in 
turn decreases oxy-hemoglobin saturation as defined by the oxy-hemoglobin 
dissociation curve.  Note that minor decreases in PAO2 to about 90 mmHg cause very 
small, almost negligible changes in oxy-hemoglobin saturation.  However, as PaO2 falls 
below 90 mmHg the fall in oxy-hemoglobin saturation becomes more and more 
pronounced such that at an altitude of 1,610 m (1 mile), PaO2 approximates 85 mmHg. 
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Calculating Blood Oxygen Content 
Once the oxy-hemoglobin fraction is known, the arterial blood oxygen content (CaO2) 
can be calculated as expressed in Equation 1. 
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 Equation 1 
 
Note the 1.34 mL/g constant for maximal oxygen binding to hemoglobin.  Thus, for a 
SaO2 of 100% (1.0 fraction) there is 1.34 mL O2/g hemoglobin.  Make sure all units are 
constant (mL for volumes and grams for mass).  The result will be mL O2/L, which can 
be divided by 1,000 to get L O2/L.  Equation 2 provides a calculation example for CaO2. 
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          Equation 2 

 
Some textbooks express CaO2 as mL/100 mL of blood, which simply requires dividing 
the mL/L answer by 10.  For Equation 2, this produces the value of 19.7 mL/100 mL. 
 
The oxy-hemoglobin curve can also be used to understand whole body oxygen 
extraction by comparing arterial to mixed venous blood oxygen content.  A typical 
resting value for mixed venous oxygen PO2 (PvO2) is 40 mmHg.  This gives an arterial 
to mixed venous PO2 difference as expressed in Equation 3 of 48 mL/L. 
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          Equation 3 

 
The arterial to mixed venous PO2 difference can then be applied to the Fick equation, 
as shown in Equation 4 to calculate either of VO2 or cardiac output, depending on which 
of he two is measured. 
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 Equation 4 
 
Notice that 240 mL/min is close to the textbook value for resting VO2 of 250 mL/min.  
Now, what about exercise?  Research is clear in showing that the mixed venous PO2 for 
intense exercise at sea level does not drop below 50 mL/L, making the peak arterial to 
mixed venous PO2 difference possible in my examples to be 197 - 50 = 147 mL/L.  For 
a cardiac output at VO2max of 32 L/min, this would be associated with a VO2max of 
5.145 L/min, or 68.6 mL/kg/min for a 75 kg person. 
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Let me give one major note of caution in how you interpret the mixed venous PO2.  
Remember that this is for mixed venous blood, which is blood that has been sampled 
from the right side of the heart.  It represents the average venous PO2 of the entire 
body, including active muscle, inactive muscle, skin, internal organs, bone, etc.  We 
know that intense exercise can lower intramuscular PO2 to < 2 mmHg, which means 
that in contracting muscle, there is close to complete oxygen extraction from blood.  
Once again, this is good evidence of an oxygen delivery limitation to contracting skeletal 
muscle. 
 

Glossary Words 
 
erythrocyte is a red blood cell. 
 
heme prosthetic groups are the chemical groups containing iron that bind oxygen. 
 
oxy-hemoglobin refers to hemoglobin when bound with oxygen. 
 
venous shunts are special microvascular circuits that drain directly to the arterial 
circulation. 
 
CaO2 is the abbreviation for the content of oxygen in arterial blood. 
 
SaO2 is the abbreviation for the relative saturation (%) of oxygen binding to hemoglobin.  
For example, hemoglobin has a maximal binding capacity for oxygen of 1.34 mL/g. 
 

 
 


