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OK, this is a real controversial topic in exercise 
physiology. I have no real understanding of 
why, except to say that people generally hate 
to accept change, no matter how logical the 
argument for change is, and/or how illogical the 
arguments against change are.  I guess this is 
human nature!  I have been arguing for more 
than a decade for the need improve how 
exercise physiologists process data from 
indirect calorimetry.  Thankfully, I am seeing 
change in how VO2 measurement and data 
processing are performed in the current 
published literature.  I will briefly explain why in this Topic, as well as present my 
recommendations for how to most validly process breath-by-breath VO2 data. 

 
To begin with, it is important to recognize the enormous change that has occurred in 
indirect calorimetry in the last 15 years.  Prior to the 1990’s, most exercise physiologists 
in the university setting were educated and accustomed to time averaged systems of 
indirect calorimetry.  The norm for these systems was data presentation as time 
averages expressed relative to 30 s or 1 min time intervals.  As previously explained, 
the accepted convention was that the variability in VO2 data acquired and averaged 
over shorter intervals was of no added benefit to data analysis.  This resulted in the 1 
min data average being a stoic characteristic of the field of indirect calorimetry.  
Remember that such thinking and application has connections to 1950’s research and 
commentary of VO2 measurement during exercise. 
 
Today, systems used for indirect calorimetry are predominantly suited to breath-by-
breath data collection and subsequent analyses, resulting in the acquisition of several 
hundred data points per test to VO2max.  More importantly, the last min of an 
incremental protocol to VO2max could have more than 60 data points, instead of the 1 
or 2 data points from procedures that date back to the period from 1920 to 1960.  It is 
fair to comment that many exercise physiologists have not adjusted how they process 
data, even though modern technology has totally revolutionized how data is acquired 
during indirect calorimetry data collection during incremental exercise testing. 
 
Let’s look at what is still a fundamental problem in how to analyze breath-by-breath 
data.  Figure 1 presents raw data from breath-by-breath data collection, and the same 
data expressed as a 1 min average.  Clearly, the 1 min data average is a more tidy 
presentation of the data.  Clearly, the breath-by breath data reveals tremendous 
variability.  How much removal of variability is valid?  Does the 1 min data average do 
this effectively, without removing too much physiological signal and risking of causing 
oversimplified data interpretations?  What are the benefits of a smaller time average, or 
another method for decreasing variability? 
 
One misunderstanding of many exercise physiologists is the cause of the breath-by-
breath data variability.  If the cause of the variability was from insensitive and/or 
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Figure 1. Comparison between raw breath-by-breath VO2 

data and 1 min average processed data. 

 
Figure 2. Evidence showing that the variability 
in breath-by-breath ventilation accounts for as 
much as 90% of the variability in breath-by-
breath VO2.  Notice the similar trends in the 

data between VE and VO2. 

unreliable equipment, then a 
larger averaging interval is 
warranted as there would be 
no or minimal loss in true 
physiological trend.  However, 
if the variability is largely 
connected to a physiological 
origin, then retaining a large 
proportion of this variability 
would be required.  The first 
interpretation is clearly seen 
in past writing on this topic, as 
a repeated argument that has 
been used is that to avoid the 
errors of measurement in VO2 
and VCO2, large data 
averages are needed to make 
the data more accurate.  
However, added research and 

commentary, and application of 
knowledge about the method of indirect 
calorimetry, clearly shows that the breath 
by breath variability in data is not caused 
by error of measurement, but by the true 
variability in ventilation on a breath-by-
breath basis.  In fact, it is easy to quantify 
the proportion of the variability that is 
explained by ventilation alone, and such 
explanation approximates 90%.  In other 
words, the variability in ventilation 
explains 90% of the variability in breath-
by-breath VO2 (Figure 2).  Such facts 
require that data be processed to not 
remove this variability, but to decrease the 
variability as much as possible without 
misrepresenting any data trends.  This is 
the real challenge that confronts this topic. 
 
Another excuse for using a 30 s or 1 min 
average has been how such processing 
conforms with the unit expression of VO2 

and VCO2 to 1 min time intervals.  However, if you were consistent with this philosophy, 
then you would have to sample 1 L of blood for blood metabolites such as lactate, when 

convention is to use samples as small as 10 to 25 L!  It would mean that 1 kg of 
muscle would need to be sampled to measure muscle metabolites instead of the 175 
mg muscle biopsy sample, and that each of heart rate and cardiac output 
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Figure 3. Data from incremental exercise comparing 
breath-by-breath to 15 s, 30 s and 1 min time averaged 

data.  The over-processing of the 1 min data is obvious. 

measurements would need to be made from data collected over 1 min, instead of 
current accepted methods requiring as little as 1 to 5 s.  The illogic of this argument is 
obvious!  Finally, the unit of measure should also reflect the time sensitivity of the 
measurement.  For VO2, this measure can change systematically within 1 to 2 breath 
resolutions (< 5 s), as is clear from exercise transitions to higher or lower exercise 
intensities.  Such transitions are studied in the field of research termed VO2 kinetics, 
and this content will be covered in another Topic. 
 
Options for Processing of 
Breath-by-Breath Data 
There are really three options for 
processing breath-by-breath 
data from indirect calorimetry. 
 

1. Time averaging 
2. Breath averaging 
3. Digital filtering 

 
Time Averaging 
I hope it is already clear that you 
should refrain from any time 
average between 30 s to 1 min, 
as such long time averages 
involve tremendous over-
processing of the data (Figure 
3).  Time averages up to 15 s 
provide ample removal of 
variability while retaining data 
trends.  The drawback though is 
an inconsistent breath interval 
for a given time average, as 
during low intensity exercise, a 
15 s average may contain 4 to 8 
breaths, whereas during intense 
exercise there may be 12 to 20 
breaths in this time interval.  This 
is not a consistent method of averaging across an incremental exercise test. 
Breath Averaging 
A breathe average provides a consistent physiological (number of breaths) averaging 
concept to the data set.  The only issue is how many breaths are enough to remove 
variability but not data trends.  I am currently working to obtain and answer to this 
question, and the best breath number range I can give right now is between 7 and 11 
breaths (Figure 4), with the breath averaging done by centering the average.  For 
example, for a 7 breath average, breath 4 is the central breath and would be 
represented by the average of breaths 1 through 7.  This is why breath averaging is 
best done with odd breath numbers. 
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Figure 4. Data from incremental exercise 
comparing breath-by-breath to breathe averaging 

of 5, 11, and 21 breaths. 

 
Figure 5. Graphic presentation of data variability removed 

using a digital filter. 

Digital Filters 
The need for a digital filter is based 
on the presence of one or more 
repeating changes that occur 
consistently at change specific rates, 
or frequencies.  A given signal for a 
variable, such as VO2, could have 
more than one, and most signals do, 
frequencies of change within the 
data.  Such multiple frequencies of 
change in the variability of the data 
can be selectively retained or 
removed through application of digital 
filers.  I have tried to portray these 
concepts in Figure 5. 
 
Figure 6 shows the results of a low 
pass digital filter applied to a VO2 
data set.  Such a filter removes 
variability that occurs at rates greater 
than the cut-off frequency.  
Remember that 1 Hz is a rate equal 
to 1/s, so for most physiological data 
sets, we are concerned with 
frequencies much less then 1 Hz.  
The benefit of a digital filter is that the 

same number of data points 
are retained, so there is no 
loss in temporal resolution.  
However, the more filtered 
the data, the greater is the 
trend distortion.  There is 
currently no consensus on 
what is under-processed or 
over-processed data using 
digital filters. Again, I am 
working on this issue, and 
one resolution is to correct 
the distortion induced by 
the digital filter by simply 
adjusting the filtered data to 
match the line of best fit 
through a linear subset of 
the raw data. 
 
 



How to Analyze Data to Detect VO2max 

 

5 

 

 
Figure 6. Comparison between raw breath-by-breath VO2 

data and application of a 0.08 Hz low pass digital filter. 

Recommendations 
For VO2 data, it becomes 
apparent that a 0.08 Hz low 
pass digital filter gives similar 
data to a 7 breath average, 
which is similar again to a 15 s 
time average.  Given the ease of 
the breath average and the fact 
that there is no trend distortion, 
for now I recommend use of the 
breath average when processing 
breath-by-breath VO2 data. 
 
Once a method for processing 
data is decided, then comment 
can be given to how to detect 
VO2max.  I provide this content 
in the next Topic. 
 

Glossary Words 
 
muscle biopsy is the procedure for cutting a piece of muscle from a patient/animal 
during only local anesthesia. 
 
heart rate is the number of heart beats each minute (beats/min). 
 
cardiac output is the volume of blood pumped by the heart each minute (L/min). 
 
time average is a form of data processing where data are averaged across a specified 
time interval. 
 
breathe average is a form of data processing where data are averaged across a 
specified number of breaths. 
 
digital filter is a computational data processing strategy that removes data fluctuations 
based on their frequency. 
 
trend distortion occurs when applying a digital filter to process data, causing a 
deviation in time alignment of the data.  This time deviation increases with increases in 
over-filtering. 

 
 
 


