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Figure 1. Data for the change in a) expired 
ventilation (VE), b) oxygen consumption (VO2), 
and c) heart rate for an exercise increment from 
unloaded cycling to 210 Watts. 

 

The ventilatory response to exercise is incredibly quick to increase from resting values 
close to 6 L/min, to in excess of 100 L/min.  Think about this for a bit.  Our air passages 
and lungs can accommodate near immediate increases from 
6 to 100 L/min for ventilation.  You now know that to allow 
effective gas exchange, there has to be adequate matching 
between alveoli inflation and regional pulmonary capillary 
perfusion.  A rapid change in ventilation has to coincide with 
rapid changes in pulmonary vascular regulation.  Indeed, the 
vascular tissue of the lung is highly auto-regulated, where 
ventilation of alveoli trigger vascular smooth muscle 
vasodilation for those alveoli.  This is an intricate but highly 
effective system.  So, when we exercise, the increasing 
ventilation is tightly linked through neural regulation directly, 
and indirectly via the chemoreceptors of the lower brain and 
central arteries (see Topic on control of ventilation).  The net 
result of this is that blood PO2 and PCO2 remain remarkably 
stable during these exercise transitions, which is compelling evidence for the 
effectiveness of this pulmonary regulation. 

 
The ventilation response to exercise is highly 
dependent on the protocol and fitness of the 
subject.  Thus, it is best to present the 
ventilatory responses to exercise organized by 
classic exercise modes and intensity/duration 
differences. 
 
Rest To Steady State 
Figure 1 presents data for a moderately 
endurance trained subject for the rest to 
exercise transition (Figure 1a), along with data 
for oxygen consumption (VO2) (Figure 1b) and 
heart rate (Figure 1c) so that you can compare 
the ventilation response to key cardiovascular 
and metabolic variables.  It is obvious that 
ventilation tracks changes in metabolic demand 
similarly to VO2, with similar responsiveness but 
with added increasing drift for heart rate.  Thus, 
there are similar kinetic responses between 
ventilation and whole body VO2 during an 
exercise increment, reaching steady state 
values in approximately 2 min. 
 
When steady state ventilation from multiple 



Ventilation During Exercise 

 

2 

 

 
Figure 2. Data for steady state expired ventilation (VE) 
from 5 different conditions of cycle ergometry to 
steady state; unloaded cycling, 84, 126, 168, 210 and 
252 Watts, respectively.  The response in highly linear; 
R

2
=0.998; p<0.0001. 

 

bouts of exercise increments (to 
different absolute exercise 
intensities) is graphed to exercise 
intensity (Figure 2), a linear 
relationship is seen with a slope 
of ~0.2 L/Watt, and a y- intercept 
(unloaded cycling) of ~ 9 L/min.  
Thus, steady state ventilation 
responds in a similar manner 
(linear function) to steady state 
whole body oxygen consumption 
(VO2) from exercise increments 
spanning low to moderate 
intensity.  The same linear 
response profile also occurs for 
cardiac output. 
 
Be aware that a similarity in 
cardiovascular and pulmonary 

responses to exercise makes sense given that exercise invokes a need to increase 
oxygen intake into the body (ventilation and external respiration) as well as a need to 
deliver blood oxygen to contracting muscle so that it can be consumed to support ATP 
regeneration via oxidative phosphorylation.  If these systems (cardiovascular, 
pulmonary and metabolism) were not intertwined with similar rate functions, then only 
one disconnected system would be the weak link in the systemic response to exercise, 
resulting in severely reduced exercise tolerance.  One just has to observe the reduced 
exercise capacity of an individual with a damaged heart, or damaged lungs, or specific 
muscle enzyme deficiencies, to observe the impact that just one dysfunctional system 
has on exercise capacity. 
 
Incremental Exercise 
Figure 3 presents the ventilation response to incremental exercise for a relatively 
untrained (Figure 3a) vs. highly trained subject (Figure 3b) during cycle ergometry ramp 
incremental exercise.  Now, let me state emphatically here that the ventilation 
response to incremental exercise is both protocol and subject specific.  Thus, be aware 
that the two protocols are different for these subjects.  The less trained subject 
completed a 25 Watt/min ramp protocol, while the trained subject completed a 35 
Watt/min protocol.   
 
Depending on your visual bias, you may see a linear increase in ventilation early in 
each protocol, followed by a clear nonlinear increased function during the last 2 to 3 min 
of the protocol.  Alternatively, you may observe that both subjects have a clear non-
linear ventilation response throughout the entire protocol.  Thus, the ventilation 
response to incremental exercise is complex and requires explanation. 
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Figure 3. The expired ventilation (VE) response to 
incremental exercise for a) a relatively untrained 
subject and b) a highly trained endurance cyclist. 

 

As shown for the ventilation response 
to the rest to steady state exercise 
transition, ventilation remains stable 
and proportional to exercise intensity 
during low to moderate intensity 
exercise.  Thus, one should expect the 
ventilation response to incremental 
exercise to begin linear, and then at a 
given intensity there is a transition to a 
more complex nonlinear function.  
Such issues are dealt with in more 
detail in the Topic “Explaining the 
Ventilation Threshold”.  For now, it is 
clear from the data of Figure 3 a and b 
that there is a clear deviation from a 
close to linear VE response in the 
middle section of each protocol.  This 
change occurs close to 10 min in each 
subject.  Nevertheless, the VE 
response to incremental exercise is far 
from a simple linear, or mono-
exponential response. 
 
Short Term Intense Exercise 
As previously explained, the increase 
in ventilation during exercise is 
incredibly rapid.  There is no better 
exercise scenario to show this than 
short term intense exercise to 
fatigue.  Figure 4a,b and c show the ventilation response to 3 min (254 Watts = 110% 
of Watts at VT) of intense exercise to volitional exhaustion. 
 
The data of Figure 4 reveal a steady increase in expired ventilation (Figure 4b), similar 
to oxygen consumption (Figure 4a) until volitional exhaustion.  Once exercise has 
ceased, there is a rapid decrease in ventilation until other control mechanisms dominate 
ventilation, which for this subject occurred at approximately 15 s into recovery at a 
ventilation rate of ~ 80 L/min.  This added control of ventilation is likely the profound 
systemic acidosis caused by the intense exercise.  Such systemic acidosis and the 
resulting hyperventilation gradually decreases throughout recovery, but the VE/VO2 
data of Figure 4c reveal that the ventilation remains excessive (a hyperventilation) 
throughout the 10 min of recovery.  There is a lack of research on the recovery from 
intense exercise, but it would be interesting to compare endurance trained vs. sprint 
trained vs. untrained subjects for the ventilation and blood acid-base responses to 
intense exercise.  The ventilation and oxygen consumption are almost identical to peak 
data seen for maximal exercise testing for this subject, and this is to be expected and 
has been shown by numerous research studies comparing incremental exercise to 
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Figure 4. The changes in a) oxygen consumption (VO2) and carbon dioxide production 
(VCO2), b) expired ventilation (VE) and c) the ventilatory equivalent for oxygen (VE/VO2) during 
2 min of rest, 3 min of intense exercise, and 10 min of passive recovery. 
 

single bout intense exercise.  However, the recovery data clearly show that for intense 
exercise, ventilation plays a major role in blood acid-base regulation, and is therefore 
more than just a means to re-oxygenate arterial blood. 
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Figure 5. The changes in a) oxygen 
consumption (VO2), b) tidal volume and c) 
ventilation rate during incremental exercise. 

 
Changes in Tidal Volume and 
Breathing Frequency During Exercise 
One of the initial important questions 
asked concerning the ventilatory 
response to exercise was how does 
tidal volume and breathing frequency 
change with increasing ventilation 
during exercise?  A similar question is 
which is more important to the increase 
in ventilation, tidal volume or frequency, 
and does this response change with 
continued increases in exercise intensity 
and ventilation? 
 
Figure 5 clearly shows that the main 
cause of the increased exercise 
ventilation from rest through to 
moderate to intense exercise is an 
increasing tidal volume.  Note that for 
this representative subject, breathing 
frequency remained stable until 
approximately 8 minutes (150 Watts).  
Conversely, continued increases in 
ventilation during intense exercise are 
caused by increased rates of breathing.  
In fact, during this subject’s highest 
rates of ventilation, tidal volume actually 
decreased, but was more than 
accounted for by the rapid increase in 
breathing frequency, causing ventilation 
to continue to increase. 
 
Added research also shows that there is 
a near immediate change in breathing 
from rest to exercise, where resting 
breathing occurs mostly through the 
nose (nasal breathing), but exercise 
ventilation occurs predominantly (not totally) through the mouth (oral breathing).  This 
makes sense, as the nasal air passages are small in diameter causing high resistance 
to air flow.  Oral breathing causes less resistance to air flow, and prevents large 
increases in the work of breathing during exercise. 
 
The Work of Breathing During Exercise 
I have collaborated with two of my past graduate students in research of the work of 
breathing during exercise.  This is an important topic to exercise physiology for two 
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main reasons.  The first is that increasing the work of breathing redirects a larger 
portion of the cardiac output to the muscles of ventilation, which by definition decreases 
blood flow available to the working skeletal muscles.  Secondly, if resistance to air flow 
during ventilation was to increase, then the high rates of ventilation during intense 
exercise could quickly out tax the metabolic and contractile force capacity of the 
muscles of ventilation, thereby causing profound ventilatory limitations to exercise 
performance.  In fact, this is seen in individuals with asthma or chronic obstructive 
pulmonary disease. 
 
When the work of breathing is expressed as a VO2, the muscles of ventilation can 
require as much as 1.25 L/min of VO2 during near maximal ventilation.  For more typical 
ventilation values ranging between 40 to 80 L/min, the oxygen cost of ventilation ranges 
from 0.5 to 0.75 L/min.  When expressed relative to each liter of ventilation, the oxygen 
cost of ventilation from light to intense exercise ranges from 2 to 5 mL VO2/L/min VE.  
Such data is from healthy individuals with normal lung function.  Such oxygen costs for 
ventilation would be far higher for individuals with chronic lung conditions, such as 
asthma or emphysema. 
 

Glossary Words 
 
steady state is the exercise condition where select physiological measures have 
reached a state of a new dynamic equilibrium, where values (on average) remain stable 
over time. 
 
y-intercept is where a line of best fit to a data set crosses the y-axis. 
 
external respiration is the term for gas exchange in the lung. 
 
oxidative phosphorylation refers to mitochondrial respiration, which the net sum of all 
reactions of the mitochondria connected to the consumption of oxygen. 
 
ramp incremental exercise is a type of incremental exercise characterized by a near 
continuous increase in intensity per unit time.  In being near continuous, the ramp 
function provides frequent small increments in intensity and therefore requires frequent 
small increments in physiological demand. 
 
linear relationship is one that provides a constant increase in a variable per unit time, 
causing a straight line of best fit. 
 
mono-exponential is a non-linear relationship consisting of a single exponential 
function. 
 
intense exercise refers to exercise that cannot be performed at steady state, which by 
definition is also exercise above maximal steady state. 
 
fatigue is a broad term used to label a decreased capacity to perform or sustain work or 
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power.  When concerned with exercise physiology, fatigue is often defined as a 
condition causing a decrease in muscle force production despite sustained effort. 
 
volitional exhaustion occurs when a subject chooses to end exercise effort due to real 
or perceived fatigue. 
 
systemic acidosis is the condition of lowered blood pH and can be caused by cellular 
metabolic acidosis (with a lowered blood bicarbonate (HCO3

- and a stable or lowered 
PaCO2), or a hypoventilation (pulmonary acidosis) (with a raised blood bicarbonate 
(HCO3

-) and PaCO2). 
 
hyperventilation is the term for an excessively high ventilation for a given metabolic 
demand. 
 
work of breathing refers to metabolic cost for the contraction of the muscles of 
ventilation. 
 
asthma is a medical condition caused by a hyper-reactivity of tissue surrounding the 
small airways of the lung, causing smooth muscle contraction and small airway 
consitrction. 
 
chronic obstructive pulmonary disease is the broad term given to degenerative 
diseases of the lung, such as emphysema. 
 
emphysema is a constrictive disease of the lung caused by damage to small airways 
resulting in reduced compliance and consequently an increased work of breathing. 
 

 


