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At the onset of moderate intensity exercise (below the ventilatory threshold) VO2 

increases in a mono-exponential fashion.  The precision with which the parameters of 

this response (tau and amplitude) are estimated may be improved by using data from 

repeated identical exercise tests and/or by smoothing the breath-by-breath (B X B) 

data.  Fourteen subjects performed six 3-min cycle ergometer tests.  B X B VO2, 3-b, 5-

b, and 7-b rolling averages were fit to a mono-exponential model.  Smoothing did not 

affect parameter estimates but improved the precision of the estimates.  Combining 7-b 

data from five identical tests reduced the standard errors of tau and amplitude; 

therefore, using five tests with 7-b rolling averages is optimal.  
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INTRODUCTION 

During moderate intensity exercise, intensities at or below the ventilatory 

threshold (VT), pulmonary oxygen uptake (VO2) increases because of the increase in 

adenosine triphosphate turn over in the active muscles.  The response in moderate 

intensity exercise is mono-exponential with a time constant of about 20-30 s (Koppo, 

Bouckaert, & Jones, 2004).  The VO2 increases rapidly and then levels off at a steady-

state after two or three minutes (Bohnert, Ward, & Whipp, 1998; Caputo, Mello, & 

Denadai, 2003; Koppo et al., 2004; Koppo, Wilkerson et al., 2004; Scheuermann & 

Barstow, 2003).   

Characteristics of the response can be described mathematically using different 

models to quantify the characteristics of the VO2 response profile.  The accuracy with 

which the VO2 response profile can be quantified is increased by increasing the signal to 

noise ratio (Lamarra, Whipp, Ward, & Wasserman, 1987).   

Until quite recently, VO2 measurements were limited to discrete time intervals.  

Expired air was collected for a fixed duration of time, usually 60 s, in neoprene bags or 

meteorological balloons or Douglas bags.  Because of the constraints of the inability to 

measure each breath individually, VO2 response profile could not be quantified 

precisely.  Now, with modern technology, researchers measure or calculate VO2 on a 

breath by breath (B X B) basis.  Although VO2 measurements can be separated by each 

breath, there are still limitations to quantifying the VO2 response profile.   

Measured VO2 responses rarely demonstrate a smooth profile.  There is breath to 

breath variability, which may blur the underlying physiological response and may result 
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in data points that fall well outside the range of surrounding data.  These outliers, along 

with the general “noise” associated with real measured responses, hinder the precision 

with which the parameters of the VO2 response can be estimated.  Therefore, 

researchers have tried to improve the signal to noise ratio. Techniques have included 

using: rolling breath averages, moving time averages, discrete and ensemble averaging, 

interpolation, and multiple tests. 

 For rolling breath averages, also known as moving averages, each data point 

collected is substituted with the average of itself and a predetermined number of points 

preceding and following it.  For instance, a 3-breath rolling average replaces the second 

breath of the dataset with the average breaths of 1, 2, and 3; and the third breath with 

the average breaths of 2, 3, and 4.  This trend continues until the final data point is 

obtained, which is the average of the last three breaths during the exercise (Hill, 

Stephens, Blumoff-Ross, Poole, & Smith, 2003; Robergs & Burnett, 2003).  This 

technique has been used to generate 3-, 5-, 15-, and 30-breath averages (Hill et al., 

2003), 5-breath averages (Bearden & Moffat, 2001a), 11-breath averages (Robergs & 

Burnett, 2003).   

Another method to improve the signal to noise ratio is the use of moving time 

averages.  The data are averaged over a pre-determined time duration.  For example, if 

a 5-s moving average is used, the data from seconds 1 through 5 are averaged.  Then 

data from seconds 2 through 6 are averaged, and so on until the end of the exercise.   
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This technique has been used in a number of studies in which 5-s moving time 

averages were used (Caputo, Mello, & Denadai, 2003; Koga et al., 2001; Perrey, 

Cleuziou, Lecoq, Courteix, & Obert, 2005), and in another study in which 15-s moving 

time averages were calculated (Draper & Wood, 2005). Other studies calculated 30-s 

moving time averages (Hill, Davey, & Stevens, 2002; Hill, Poole, & Smith, 2002; Hill & 

Stevens, 2001). 

Data points may also be averaged over discrete time intervals.  For example, if 

the discrete time interval is 5 s, data from seconds 1 through 5 are averaged.  Then 

data from seconds 6 through 10 are averaged, and so on until the end of the exercise.  

Different time intervals used are 5 s (Barstow, Jones, Nguyen, & Casaburi, 2000; 

Borrelli et al., 2003; Demarle et al., 2001; Grassi et al., 2003), 10 s (Jones, Wilkerson, 

& Campbell, 2004; Mallory et al., 2002; Puente-Maestu et al., 2001; Rossiter, Ward, 

Howe et al., 2002; Spencer & Gastin, 2001), 12 s (Perrey, Tschakovsky, & Hughson, 

2001), 15 s (Bearden & Moffatt, 2000; Billat et al., 2000; Calbet et al., 2003), 20 s 

(Bearden & Moffatt, 2001b; Rossiter et al., 2000; Warburton et al., 2004), and 30 s 

(Bernard, Alata, & Francaux, 2006; Draper, Wood, & Fallowfield, 2003; Hoogeveen, 

2000; Pringle, Doust, Carter, Tolfrey, & Jones, 2003; Puente-Maestu et al., 2002).  

 Interpolation is a common method used to reduce noise.  This method involves 

inserting data points so that each second in time during a test has its own VO2 data 

point.  Some studies used interpolation as the only form of smoothing (Tordi, Perrey, 

Harvey, & Hughson, 2002; Wilkerson, Campbell, & Jones, 2004; Wilkerson, Koppo, 

Barstow, & Jones, 2004). 
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Interpolation can also be used with data from repeated identical exercise tests.  

For example, all data points from the multiple tests for the first second are averaged; all 

data points for the next second are averaged, and so on.  Therefore, there will only be 

one dataset to analyze rather than several.  The order of smoothing varies. Some 

combine datasets before interpolating, and then use ensemble averaging (Bell, 

Paterson, Kowalchuk, Padilla, & Cunningham, 2001; Berger, Tolfrey, Williams, & Jones, 

2006; Cleziou et al., 2005; Koppo et al., 2004; Koppo, Jones, & Bouckaert, 2003; 

Koppo, Wilkerson et al., 2004; Pringle, Carter, Doust, & Jones, 2002; Scheuermann & 

Barstow, 2003; Scheuermann, Bell, Paterson, Barstow, & Kowalchuk, 2002).   Others 

interpolate the data before combining datasets to be averaged (Brittain, Rossiter, 

Kowalchuk, & Whipp, 2001; Burnley, Doust, Ball, & Jones, 2002; Burnley, Doust, Carter, 

& Jones, 2001; Burnley, Jones, Carter, & Doust, 2000; Carter et al., 2000a, 2000b; 

Carter, Pringle, Boobis, Jones, & Doust, 2004; Carter, Pringle, Jones, & Doust, 2002; 

Cleuziou et al., 2003, 2004; Hughson, O’Leary, Betik, & Hebestreit, 2000; Jones, Carter, 

Pringle, & Campbell, 2002; Jones, Wilkerson, Koppo, Wilmshurst, & Campbell, 2003; 

Jones, Wilkerson, Wilmshurst, & Campbell, 2004; Koppo & Bouckaert, 2001; Perrey, 

Betik, Candau, Rouillon, & Hughson, 2001; Pringle, Doust, Carter, Tolfrey, & Jones, 

2003; Scheuermann, Hoelting, Noble, & Barstow, 2001; Williams, Carter, Jones, & 

Doust, 2001).   Three studies used ensemble averaging, but did not interpolate the raw 

data beforehand (Cunningham, St. Croix, Özyener, & Whipp, 2000; Endo et al., 2004; 

Koppo & Bouckaert, 2002).   
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Other studies used interpolation of data from multiple tests, and then calculated 

averages over discrete time intervals.  Two studies (Rossiter et al., 2001; Rossiter, 

Ward, Kowalchuk et al., 2002) averaged over 10-s intervals.  Two other studies 

(Özyener, Rossiter, Ward, & Whipp, 2001; Rossiter, Ward, Howe et al., 2003) used 

interpolation combined with ensemble averaging to determine data points to be used in 

discrete time intervals.   

Smoothing is not always done in studies for different reasons.  Some researchers 

have their participants perform only one test and estimate the amplitude of the 

difference in VO2 between the end VO2 and the third min VO2 (Koppo & Bouckaert, 

2000; Koppo, Jones, Bossche, & Bouckaert, 2002).  Others fit the raw data right to 

different mathematical models.  Cautero, Beltrami, Prampero, and Capelli (2002) fit 

their raw data to a bi-exponential model, while others fit their raw data to a model with 

three exponential terms (Hill, Halcomb, & Stevens, 2003; Hill & Stevens, 2005). 

 Methods of increasing the signal to noise ratio in the 74 studies involving 

quantification of VO2 kinetics that were published in the English language from 2000 to 

2005 are presented in Table 1. 
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Table 1 

Percent of Each Method Used 

Methods 
Number of 

studies using 
each method 

Percent of 
total studies

Interpolation & discrete average 2 2.7 

Interpolation, ensemble average, then discrete average 2 2.7 

Interpolation only 3 4.1 

Rolling breath average 3 4.1 

No use of smoothing 5 6.6 

Moving time average 7 9.5 

Discrete average only 21 28.4 

Ensemble average only 31 41.9 

 

As can be seen, many researchers elect to combine more that one technique to 

increase the signal to noise ratio.  The choice of techniques appears to be independent 

of different intensity levels (e.g., moderate, heavy, and severe) or subject population 

(e. g., untrained or trained men or women).   

 Although there are a myriad of methods of improving the signal to noise ratio, 

only one study (Lamarra et al., 1987) has attempted to quantify the effects on precision 

by using smoothing and/or multiple trials.  Hughson and Inman (1986) had five 

subjects perform six 50W·min-1 ramp cycle ergometer tests.  Individual test data were 

averaged over 5-s periods throughout the tests.  For each test, the data were fit to a 

mono-exponential model with a time delay and time constraint.   
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They reported considerable within-subject between-test variability (e. g., for the five 

subjects, the mean response time LMRT = time delay and time constant) of 28.3 s, and 

the average individual SD (standard deviation) was 7.5 s.  Thus, for the five subjects, 

the average coefficient of variation was 27%.  They concluded that single repetitions of 

ramp work rate test should not be used to estimate the kinetics of the VO2 response.  It 

is noted that this test-to-test variability was high even though the data were smoothed 

by the use of discrete 5-s averages.   

Lamarra et al. (1987) assumed that breath to breath variability (“noise”) would 

reduce the precision with which parameter estimates were obtained.  At that time, they 

noted that, “the influence of breath-to-breath fluctuations in…VO2 in characterization of 

their underlying kinetic responses during exercise has not been systematically 

addressed.”  They characterized the VO2 response to the transition from 5 min of 

unloaded pedaling to 5 min of pedaling at 100W at ~60 revolutions·min-1 (rev·min-1), 

which was below the anaerobic threshold for all five participants.  After discarding the 

first 25 s of data, the data were interpolated to 1-s intervals.  It was argued that “any 

interpolation error produced by this technique should have a negligible effect,” since the 

smoothing blurs across 3-4 s (assuming a respiratory rate of 15-20 B·min-1), and the 

magnitude of the time constant is about 10-fold greater. 

Based on the data from five subjects, along with the results of a simulation 

study, the authors calculated that the time constant could be obtained with a 95% 

confidence interval of ±2 s using three tests for a subject with low breath to breath 

variability and using eight tests for a subject with high breath to breath variability.   
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They concluded that using breath to breath variability, which can be determined 

prior to any square-wave testing using steady-state VO2 over an appropriate duration 

(100 breaths or more).  The number of tests necessary can be calculated on an 

individual basis.  It appears that since their paper was published, in 1987, their rather 

complicated methodology has never been used, neither by any of these four authors 

nor any other researchers.  Thus, the purpose of this study was to identify the optimal 

number of tests to be performed and the optimal number of breaths to be included in 

the rolling breath averages, as well as the best combination of the two methods, which 

should be completed in order to be used to quantify the VO2 response profile. 

 The hypotheses were: 1) using up to six identical tests would produce parameter 

estimates with improved precision 2) using 3-b, 5-b, and 7-b rolling breath averages 

would produce parameter estimates with improved precision, and 3) there would be an 

optimal combination of number of tests used and number of breaths included in the 

rolling breath averages to produce parameter estimates with improved precision.   
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METHODS 

Participants 

Fourteen kinesiology students, nine men (age, 24 ± 2 yr; height, 179 ± 6 cm; 

and weight, 77 ± 5 kg) and five women, (age, 21 ± 1 yr; height, 165 ± 5 cm; and 

weight, 63 ± 7 kg) volunteered to participate in this study.  The participants gave 

voluntary written informed consent to participate in this study, which had been 

approved by the Institutional Review Board for the Protection of Human Subjects at the 

University of North Texas. 

Overview 

Each participant performed seven tests.  The first was an incremental test to 

determine VO2max and VT.  The remaining six trials were 3-min constant-power tests at 

moderate intensities (i.e., below the VT; Gaesser & Poole, 1996).  Tests were separated 

by a minimum of 24 h, and were completed in seven weeks or less.  Participants were 

directed to abstain from caffeine for 4 h prior to each test and from alcohol and heavy 

exercise for 24 h prior to each test.  Adherence was verified verbally prior to each test. 

Materials 

Both the incremental and constant power tests were performed on a Monark 

Ergomedic 828E cycle ergometer (Varberg, Sweden).  Each participant selected his/her 

preferred seat and handlebar height on the first day, and these were recorded and kept 

constant for the remaining testing days.   

In all tests, expired gases were collected and analyzed during each test on a 

breath-by-breath basis using a MedGraphics Express metabolic cart (St. Paul, MN, USA).  
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The cart was calibrated before and after each test according to the manufacturer’s 

instructions using a 3-L syringe and precision-analyzed gases that spanned the range of 

expected O2 and CO2 concentrations.  

Incremental Test Protocol 

The incremental tests began with three minutes of rest to allow the subject to 

become acclimated to the mouthpiece.  After three minutes, the participant began 

pedaling at a pedal cadence of 80 rev·min-1 at a pre-determined resistance (80 W for 

men and 40 W for women).  Resistance was increased 20 W per minute until volitional 

fatigue.  Participants were verbally encouraged to continue as long as possible.  Tests 

were terminated when the participants were unable to maintain a pedal cadence of at 

least 75 rev·min-1, despite strong verbal encouragement. 

Breath by breath data were reduced to discrete 15-s averages.  VO2max was 

determined as the highest average of two consecutive 15-s averages. 

VT was determined as the intensity above which there was a consistent increase 

in VE/VO2 with no increase in VE/VCO2 (Caiozzo et al., 1982).  VT was reported as a 

work rate and as a VO2. 

Constant-Power Test Protocol 

Constant power tests began with a 3-min rest period.  Immediately following the 

rest period, participants performed a 3-min bout of moderate intensity exercise at a 

pedal cadence of 80 rev·min-1.  Three minutes was selected as the duration because a 

steady-state VO2 should be attained within this time frame (Whipp, 1994).   
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For example, if the time constant of a mono-exponential response is 25 s, a steady-

state should be achieved in ~120 s. 

The work rate was 40 W for women and at 60 W for men.  In all cases, this work 

rate was less than, or equal to, the work rate associated with VT that was determined 

in the incremental test.  This same procedure was used for all six constant-power tests. 

Data Reduction 

For each test, the data were recorded and used to determine 3-b, 5-b, and 7-b 

rolling averages.  These values were then used to create six datasets per participant.  

The first dataset contained the B X B and rolling breath averages from the first test 

only; the second dataset contained time-aligned data from the first two tests.  Similarly, 

the four datasets contained time-aligned data from the first three, first four, first five, 

and all six tests, respectively.  Using each of the six datasets, B X B, 3-b, 5-b, and 7-b 

values were fitted to a mono-exponential model of the VO2 response profile using 

nonlinear regression techniques on KaleidaGraph 3.50 (Reading, PA, USA).   

Mono-exponential Model 

The mono-exponential model was: 

VO2(t) = Abaseline + (A · (1 – e – t / tau))        (1), 

where VO2(t) is the value for VO2 at time = t; Abaseline is the VO2 measured during the 

last minute of the 3-min rest period that preceded the exercise; A is the asymptotic 

amplitude of the response; and tau is the time constant of the response.  Values were 

generated for two parameters, A and tau.   
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The actual attained amplitude (A’), that is, the increase in VO2 above the 

baseline value at the end of the exercise bout (e. g., at t = 180 s) was calculated as: 

A’ = A · (1 – e – (180 / tau))          (2). 

Each mono-exponential model generated five variables: A, standard error of the 

estimate (SEE) of A, tau, SEE of tau, and R2.  The sixth variable, A’, was computed. 

Statistical Analysis 

 For each participant there were 24 sets of values of variables describing the VO2 

response profile.  These 24 sets of values were obtained from the six sources of data 

(one test, two tests, three tests, four tests, five tests, and six tests) with four methods 

of smoothing (B X B, 3-b, 5-b, 7-b) applied to each.  Each of the 24 sets contained six 

variables describing the mono-exponential response.   

Values for each variable were compared using a two-way (Number of Tests X 

Type of Smoothing) repeated-measures analysis of variance (ANOVA).  Analyses were 

carried out using SPSS 12.0 (Chicago, IL, USA).  All results are reported as mean ± 

standard deviation (SD).  Statistical significance was accepted at p < 0.05.  When the 

two-way ANOVA revealed a significant Tests X Smoothing interaction effect, one-way 

ANOVAs were used to test for the significance of type of smoothing within each level of 

the six levels of number of tests used and for number of tests used within each of the 

four levels of type of smoothing.  Whenever a significant effect was detected, means 

were compared using post hoc pairwise comparisons, which were interpreted using a 

Bonferroni correction.  Because there was no reason to believe that gender would play 

a role in the effect of number of tests or the effects of type of smoothing on the 
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description of the VO2 response profile, gender was not included as a factor in any 

analyses.  However, for descriptive characteristics of participants (age, height, and 

weight), separate mean values for men and women were calculated in order to present 

a clear picture of the population. 
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RESULTS 

Data from a representative participant, presented in Figure 1, reflect that there 

are relatively fewer outliers (e. g., there is a greater signal to noise ratio) when six tests 

are performed. 

 

 

 

 

 

 

 

 

 

Figure 1.  B X B, one test versus B X B, six tests. 
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Data from a representative participant, presented in Figure 2, reflect that there 

are relatively fewer outliers when 7-b rolling averages are used.  

 

 

 

 

 

 

 

 

 

 

Figure 2.  B X B, one test versus 7-b rolling averages, one test. 
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Data from a representative participant, presented in Figure 3, reflect that there 

are the fewest number of outliers when 7-b rolling averages are used with six tests.  

 

 

 

 

 

 

 

 

 

 

Figure 3.  B X B, one test versus 7-b rolling averages, six tests. 
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Results of the ANOVA revealed significant main effects on A for number of tests 

(F5,65 = 10.63, p = 0.001) and type of smoothing (F3,39 = 4.77, p = 0.042), but the 

results did not show a significant Tests X Smoothing interaction effect (F15,195 = 1.06,  

p = 0.351).  Also, results showed a significant negative linear trend for number of tests 

and a significant positive linear trend for number of breaths included in the rolling 

average.  Means are shown in Table 2.  The correlations between values for A obtained 

from data using six tests with values for A obtained using data from one, two, three, 

four, or five tests, for each method of smoothing are shown in Table 3.  The 

correlations between values for A obtained from data using 7-b rolling averages with 

values for A obtained using B X B, 3-b, 5-b rolling averages, for each number of tests 

are shown in Table 4. 

 

 

 

 

 

 

 

 

 



 18

Table 2  

   Mean Values for A 

Number of Tests Method of 
Smoothing 

1 2 3 4 5 6 

Smoothing 
means 

B X B 969 ± 180 935 ± 153 918 ± 152 905 ± 154 894 ± 149 883 ± 146 a918 ± 153 

3-b 969 ± 181 937 ± 154 920 ± 153 907 ± 154 896 ± 150 885 ± 147 a919 ± 154 

5-b 972 ± 184 939 ± 156 921 ± 154 908 ± 154 897 ± 150 885 ± 147 a920 ± 154 

7-b 975 ± 186 941 ± 156 922 ± 154 909 ± 154 898 ± 150 886 ± 148 a922 ± 155 

Test 
means 971 ± 183a 938 ± 155ab 920 ± 153abc 907 ± 154bc 896 ± 150abc 885 ± 147c 920 ± 154 

Note.  Values are expressed as mean ± SD, in ml·min-1.  There was a significant main effect for number of tests and type of smoothing.  Results of 
pairwise comparisons for test means are shown in the bottom row.  Means that were not different were given the same subscript.  Results of 
pairwise comparisons for smoothing means are shown in the far right column.  Despite the significance of the ANOVA, post hoc comparisons 
interpreted with the conservative Bonferroni correction did not identify any pairwise differences that were significant.  Therefore, all superscripts are 
the same.  The grand mean is shown in the bottom right-hand cell. 
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Table 3  

Correlations for A (6 Tests versus 1, 2, 3, 4, or 5 Tests for Each Method of Smoothing) 

Number of Tests 
Method of 
Smoothing 

1 2 3 4 5 

B X B 0.90 0.93 0.97 0.98 0.99 

3-b 0.89 0.94 0.97 0.98 0.99 

5-b 0.89 0.94 0.97 0.98 0.99 

7-b 0.88 0.94 0.97 0.98 0.99 

Note.  The correlations between values for A obtained from data using six tests with values for A obtained 
using data from one, two, three, four, or five tests, for each method of smoothing. 

 

Table 4  

Correlations for A (7-b versus B X B, 3-b, or 5-b for Each Number of Tests) 

Number of Tests Method of 
Smoothing 1 2 3 4 5 6 

B X B 0.99 0.99 0.99 0.99 0.99 0.99 

3-b 0.99 1.00 1.00 1.00 1.00 1.00 

5-b 1.00 1.00 1.00 1.00 1.00 1.00 

Note.  The correlations between values for A obtained from data using 7-b rolling averages with values for 
A obtained using data from B X B, 3-b, or 5-b rolling averages, for each number of tests. 
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Results of the ANOVA revealed significant main effects for number of tests and 

type of smoothing, as well as a significant Tests X Smoothing interaction effect on the 

SEE of A.  In addition, the results of the ANOVA revealed significant negative linear 

trends for both number of tests and number of breaths included in the rolling breath 

average.  Mean values are presented in Table 5.  Results of the two-way ANOVA and 

follow-up post hoc tests are presented in Table 6. 
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Table 5 

Mean Values for SEE of A   

 

Number of Tests 

Method of 
Smoothing 

1 2 3 4 5 6 

Smoothing 
means 

B X B a55.3 ± 39.3a 
a35.1 ± 22.9b 

a27.1 ± 16.0c 
a22.7 ± 12.1c 

a19.8 ± 11.0d 
a18.8 ± 10.1d 

a29.8 ± 18.0 

3-b b28.9 ± 18.1a 
b18.8 ± 9.9b 

b15.2 ± 6.8b 
b13.4 ± 6.3b 

b11.7 ± 5.4c 
b11.0 ± 4.9c 

b16.5 ± 7.9 

5-b c20.6 ± 10.7a 
c14.3 ± 6.5b 

c11.8 ± 4.6b 
c10.0 ± 3.4c 

c8.9 ± 3.0d 
c8.5 ± 3.2d 

c12.4 ± 4.8 

7-b d17.0 ± 8.4a 
d12.5 ± 5.6ab 

d10.3 ± 4.0b 
d8.9 ± 3.0c 

d8.0 ± 2.8d 
d7.6 ± 2.9d 

d10.7 ± 4.0 

Test means 30.4 ± 18.8a 20.2 ± 11.1b 16.1 ± 7.6c 13.7 ± 6.0d 12.1 ± 5.4e 11.5 ± 5.1e 17.3 ± 8.6 

Note.  Values are expressed as mean ± SD, in ml·min-1.  There was a significant main effect for number of tests and type of smoothing.  Results 
of pairwise comparisons for test means are shown in the bottom row, and the smoothing means are shown in the far right column.  Means that 
were not different were given the same subscript or superscript.  There also was a significant Tests X Smoothing interaction.  Therefore, one-way 
ANOVAs were used to test for significance of type of smoothing within level of the number of test used and for the number of tests used within 
each level of type of smoothing.  The grand mean is shown in the bottom right-hand cell. 
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Table 6 

Results of the ANOVA for SEE of A  

Data Effect F  ratio 

All Tests F5,65 = 19.22, p < 0.001 

All Smoothing F3,39 = 23.47, p < 0.001 

All Interaction F15,195 = 14.99, p = 0.001

1 Test Type of Smoothing F5,65 = 19.45, p = 0.001 

2 Tests Type of Smoothing F5,65 = 21.67, p < 0.001 

3 Tests Type of Smoothing F5,65 = 23.32, p < 0.001 

4 Tests Type of Smoothing F5,65 = 26.87, p < 0.001 

5 Tests Type of Smoothing F5,65 = 24.52, p < 0.001 

6 Tests Type of Smoothing F5,65 = 27.63, p < 0.001 

B X B Number of Tests F3,39 = 18.17, p = 0.001 

3-b Number of Tests F3,39 = 16.34, p = 0.001 

5-b Number of Tests F3,39 = 20.11, p < 0.001 

7-b Number of Tests F3,39 = 18.83, p < 0.001 

Note.  The first three rows give results of the two-way ANOVA.  The next six rows give the results of the 
one-way ANOVA for the effect of smoothing on each set of tests.  The last four rows give results of the 
one-way ANOVA for the effect of number of tests on each type of smoothing method. 
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Results of the ANOVA revealed significant main effects on A’ for number of tests 

(F5,65 = 10.63, p = 0.001) and type of smoothing (F3,39 = 4.75, p = 0.042), but the 

results did not show a significant Tests X Smoothing interaction effect (F15,195 = 1.06,       

p = 0.351).  Also, results showed a significant negative linear trend for number of tests 

and a significant positive linear trend for number of breaths included in the rolling 

average.  Means are shown in Table 7.  The correlations between values for A’ obtained 

from data using six tests with values for A’ obtained using data from one, two, three, 

four, or five tests, for each method of smoothing are shown in Table 8.  The 

correlations between values for A’ obtained from data using 7-b rolling averages with 

values for A’ obtained using B X B, 3-b, 5-b rolling averages, for each number of tests 

are shown in Table 9. 
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Table 7 

Mean Values for A’ 

Number of Tests Method of 
Smoothing 1 2 3 4 5 6 

Smoothing 
means 

B X B 969 ± 180 935 ± 153 918 ± 152 905 ± 154 894 ± 149 883 ± 146 a918 ± 153 

3-b 969 ± 181 937 ± 154 920 ± 153 907 ± 154 896 ± 150 885 ± 147 a919 ± 154 

5-b 972 ± 184 940 ± 156 921 ± 154 908 ± 154 897 ± 150 885 ± 147 a920 ± 154 

7-b 975 ± 186 941 ± 156 922 ± 154 909 ± 154 898 ± 150 886 ± 148 a922 ± 155 

Test 
means 971 ± 183a 938± 155ab 920 ± 153abc 907 ± 154bc 896 ± 150abc 885 ± 147c 920 ± 154 

Note.  Values are expressed as mean ± SD, in ml·min-1.  There was a significant main effect for number of tests and type of smoothing.  Results 
of pairwise comparisons for test means are shown in the bottom row.  Means that were not different were given the same subscript.  Results of 
pairwise comparisons for smoothing means are shown in the far right column.  Despite the significance of the ANOVA, post hoc comparisons 
interpreted with the conservative Bonferroni correction did not identify any pairwise differences that were significant.  Therefore, all superscripts 
are the same.  The grand mean is shown in the bottom right-hand cell. 
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Table 8 

Correlations for A’ (6 Tests versus 1, 2, 3, 4, or 5 Tests for Each Method of Smoothing) 

Number of Tests Method of 
Smoothing 

1 2 3 4 5 

B X B 0.90 0.93 0.97 0.98 0.99 

3-b 0.89 0.94 0.97 0.98 0.99 

5-b 0.89 0.94 0.97 0.98 0.99 

7-b 0.89 0.94 0.97 0.98 0.99 

Note.  The correlations between values for A’ obtained from data using six tests with values for A’ obtained 
using data from one, two, three, four, or five tests, for each method of smoothing. 

 

Table 9  

Correlations for A’ (7-b versus B X B, 3-b, or 5-b for Each Number of Tests) 

 

Number of Tests Method of 
Smoothing 

1 2 3 4 5 6 

B X B 0.99 0.99 0.99 0.99 0.99 0.99 

3-b 0.99 1.00 1.00 1.00 1.00 1.00 

5-b 1.00 1.00 1.00 1.00 1.00 1.00 

Note.  The correlations between values for A’ obtained from data using 7-b rolling averages with values for 
A’  obtained using data from B X B, 3-b, or 5-b rolling averages, for each number of tests. 

 

 

Results of the ANOVA on tau revealed no significant main effects for number of 

tests (F5,65 = 3.26, p = 0.074), and no significant Tests X Smoothing interaction effect 

(F15,195 = 3.46, p = 0.238).  Results did show a significant main effect for type of 
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smoothing (F3,39 = 5.45, p = 0.034).  There was a significant positive linear trend for 

number of breaths included in the rolling average.  Although there was no significant 

interaction effect, mean values for tau for all 24 combinations of Number of Tests X 

Type of Smoothing are presented in Table 10.  Thus, the format of this table is 

consistent with the format in Tables 2, 5, and 7.  The correlations between values for 

tau obtained from data using six tests with values for tau obtained using data from one, 

two, three, four, or five tests, for each method of smoothing are shown in Table 11.  

The correlations between values for tau obtained from data using 7-b rolling averages 

with values for tau obtained using B X B, 3-b, 5-b rolling averages, for each number of 

tests are shown in Table 12. 
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Table 10 

Mean Values for Tau 

Number of Tests Method of  
Smoothing 

1 2 3 4 5 6 
Smoothing means 

B X B 31.5 ± 12.1 29.1 ± 8.2 29.0 ± 7.2 27.8 ± 6.8 27.0 ± 6.3 27.1 ± 6.1 a28.6 ± 7.3 

3-b 31.7 ± 12.3 29.6 ± 8.2 29.4 ± 7.1 28.2 ± 6.6 27.4 ± 6.1 27.5 ± 6.2 a28.9 ± 7.2 

5-b 32.6 ± 11.6 30.1 ± 8.1 29.8 ± 6.9 28.6 ± 6.3 27.8 ± 5.9 27.7 ± 6.0 a29.4 ± 6.9 

7-b 33.4 ± 11.0 30.8 ± 8.0 30.3 ± 6.8 29.1 ± 6.2 28.3 ± 5.8 28.2 ± 6.0 a30.0 ± 6.8 

Test 
means 32.3 ± 11.7 29.9 ± 8.1 29.6 ± 7.0 28.4 ± 6.4 27.6 ± 6.0 27.6 ± 6.1 29.2 ± 7.0 

Note.  Values are expressed as mean ± SD, in s.  There was a significant main effect for type of smoothing.  Results of pairwise comparisons for 
smoothing means are shown in the far right column.  Despite the significance of the ANOVA, post hoc comparisons interpreted with the 
conservative Bonferroni correction did not identify any pairwise differences that were significant.  Therefore, all superscripts are the same.  The 
grand mean is shown in the bottom right-hand cell. 
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Table 11 

Correlations for Tau (6 Tests versus 1, 2, 3, 4, or 5 Tests for Each Method of Smoothing) 

Number of Tests Method of 
Smoothing 

1 2 3 4 5 

B X B 0.66 0.85 0.92 0.92 0.95 

3-b 0.63 0.85 0.91 0.93 0.95 

5-b 0.63 0.85 0.91 0.93 0.96 

7-b 0.65 0.83 0.91 0.93 0.97 

Note.  The correlations between values for tau obtained from data using six tests with values for tau 
obtained using data from one, two, three, four, or five tests, for each method of smoothing. 

 

Table 12  

Correlations for Tau (7-b versus B X B, 3-b, or 5-b for Each Number of Tests) 

Number of Tests Method of 
Smoothing 

1 2 3 4 5 6 

B X B  0.95 0.96 0.96 0.95 0.95 0.97 

3-b 0.96 0.98 0.98 0.98 0.98 0.99 

5-b 0.99 0.99 0.99 0.99 0.99 0.99 

Note.  The correlations between values for tau obtained from data using 7-b rolling averages with values 
for tau obtained using data from B X B, 3-b, or 5-b rolling averages, for each number of tests. 

 

Results of the ANOVA revealed significant main effects for number of tests and 

type of smoothing, as well as a significant Tests X Smoothing interaction effect on the 

SEE of tau.  In addition, the results of the ANOVA revealed a significant negative linear 

trend for number of tests and a significant positive linear trend for number of breaths 
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included in the rolling average.  Mean values are presented in Table 13.  Results of the 

two-way ANOVA and follow-up post hoc tests are presented in Table 14. 
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Table 13  

Mean Values for SEE of Tau   

Number of Tests Method of 
Smoothing 

1 2 3 4 5 6 

Smoothing means 

B X B a7.4 ± 5.1a 
a4.9 ± 3.4b 

a3.9 ± 2.3b 
a2.7 ± 1.4abc 

a 2.8 ± 1.5c 
a2.7 ± 1.4c 

a7.4 ± 3.8 

3-b b3.9 ± 2.4a 
b2.7 ± 1.5bc 

b2.2 ± 1.0b 
a1.9 ± 0.8b 

b1.7 ± 0.7cd 
b1.6 ± 0.6d 

b4.4 ± 2.1 

5-b c2.9 ± 1.4a 
c2.1 ± 1.0bc 

c1.7 ± 0.7b 
b1.4 ± 0.5c 

c1.3 ± 0.4d 
c1.2 ± 0.4d 

c3.4 ± 1.5 

7-b d2.4 ± 1.1a 
d1.8 ± 0.8abc 

d1.5 ± 0.6b 
c1.3 ± 0.4cd 

d1.1 ± 0.4e 
d1.0 ± 0.5de 

d3.0 ± 1.3 

Test means 4.1 ± 2.4a 2.9 ± 1.7bc 2.3 ± 1.1bc 1.8 ± 0.6bcd 1.7 ± 0.7cd 1.6 ± 0.7d 2.4 ± 1.1 

Note.  Values are expressed as mean ± SD, in s.  There was a significant main effect for number of tests and type of smoothing.  Results of 
pairwise comparisons for test means are shown in the bottom row, and the smoothing means are shown in the far right column.  Means that were 
not different were given the same subscript or superscript.  There also was a significant Tests X Smoothing interaction.  Therefore, one-way 
ANOVAs were used test for significance of type of smoothing within level of the number of test used and for the number of tests used within each 
level of type of smoothing.  The grand mean is shown in the bottom right-hand cell. 
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Table 14 

Results of the ANOVA for SEE of Tau 

Data Effect F ratio 

All Tests F5,65 = 15.93, p = 0.001 

All Smoothing F3,39 = 29.03, p < 0.001 

All Interaction F15,195 = 8.32,  p = 0.001

1 Test Type of Smoothing F5,65 = 18.88, p = 0.001 

2 Tests Type of Smoothing F5,65 = 19.10, p = 0.001 

3 Tests Type of Smoothing F5,65 = 22.72, p < 0.001 

4 Tests Type of Smoothing F5,65 = 12.66, p = 0.001 

5 Tests Type of Smoothing F5,65 = 25.28, p < 0.001 

6 Tests Type of Smoothing F5,65 = 29.12, p < 0.001 

B X B Number of Tests F3,39 = 12.13, p < 0.001 

3-b Number of Tests F3,39 =14.41, p = 0.001 

5-b Number of Tests F3,39 = 19.77, p < 0.001 

7-b Number of Tests F3,39 = 18.00, p < 0.001 

Note.  The first three rows give results of the two-way ANOVA.  The next six rows give the results of the 
one-way ANOVA for the effect of smoothing on each set of tests.  The last four rows give results of the 
one-way ANOVA for the effect of number of tests on each type of smoothing method. 
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Results of the ANOVA on R² revealed no significant main effects for number of 

tests (F5,65 = 0.05, p = 0.079), and no significant Tests X Smoothing interaction  

(F15,195 = 0.001, p = 0.664).  Results did show a significant main effect for type of 

smoothing (F3,39 = 111.69, p = 0.00).  There was a significant positive linear trend for 

number of breaths included in the rolling average.  Although there was no significant 

interaction effect, mean values for R² for all 24 combinations of Number of Tests X 

Type of Smoothing are presented in Table 15.  Thus, the format of this table is 

consistent with the format in Tables 2, 5, 7, 10, and 13. 



 33

Table 15 

Mean values for R2 

Number of Tests Method of 

Smoothing 1 2 3 4 5 6 Smoothing means 

B X B  0.67 ± 0.15 0.65 ± 0.12 0.65 ± 0.10 0.65 ± 0.09 0.64 ± 0.10 0.62 ± 0.10 a0.65 ± 0.10 

3-b 0.84 ± 0.10 0.84 ± 0.07 0.83 ± 0.06 0.81 ± 0.06 0.80 ± 0.07 0.79 ± 0.06 b0.82 ± 0.06 

5-b 0.90 ± 0.09 0.89 ± 0.05 0.88 ± 0.04 0.88 ± 0.05 0.87 ± 0.04 0.86 ± 0.04 c0.88 ± 0.04 

7-b 0.93 ± 0.05 0.92 ± 0.04 0.91 ± 0.04 0.90 ± 0.04 0.89 ± 0.04 0.88 ± 0.04 d0.91 ± 0.03 

Test means 0.83 ± 0.09 0.83 ± 0.07 0.82 ± 0.05 0.81 ± 0.05 0.80 ± 0.06 0.79 ± 0.05 0.81 ± 0.06 

Note.  Values are expressed as mean ± SD.  There was a significant main effect for type of smoothing.  Results of pairwise comparisons for 
smoothing means are shown in the far right column.  Means that were not different were given the same superscript.  The grand mean is shown 
in the bottom right-hand cell.   
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DISCUSSION AND CONCLUSIONS 
 

As noted in the introduction, many methods are used to increase the precision 

with which the VO2 response profile can be quantified by increasing the signal to noise 

ratio.  However, no study has evaluated the effect of smoothing data on the precision 

of estimates.  One study (Hughson & Inman, 1986) reported that there is considerable 

test-to-test variability in parameter estimates, and concluded that data from a single 

test should not be used to estimate the kinetics of the VO2 response.  However, they 

did not attempt to determine how many tests should be used.  Lamarra and colleagues 

(1987) presented a method of predicting, on an individual basis, how many tests should 

be performed in order to obtain parameter estimates with a specified level of precision.  

The method, which requires the assumption that breath to breath variability in steady-

state exercise is predictive of variability in the dynamic response at the onset of 

exercise, was not validated.  No one, including the authors of the study, has ever used 

this complicated method.  Thus, there was a need for a study to identify the ideal 

number of tests to be performed, the ideal number of breaths to be included in the 

rolling breath averages, as well as the best combination of the two methods to be used, 

in order to accurately quantify the VO2 response profile characteristics with the highest 

possible level of precision.   

The rationale of this study was that both methods, used alone or in combination, 

would increase the signal to noise ratio and, thereby, improve the precision with which 

the parameters of the mono-exponential VO2 response could be estimated.  The 

hypothesis was that the SEE of the various parameters of the mono-exponential model 
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would be significantly decreased and the R2 would be significantly increased by 

increasing the number of tests, to a point, and by increasing the number of breaths in 

the rolling breath averages.  Furthermore, it was expected that there might be an 

optimal combination of number of tests and number of breaths.  This study was limited 

to appending results from up to six tests and to using 3-b, 5-b, and 7-b rolling averages 

to smooth the data.  The study did not evaluate the commonly used method of 

interpolation of B X B data prior to ensemble averaging. 

One hypothesis was that smoothing would produce parameter estimates with 

improved precision.  Based on the fact that the parameter estimates obtained using     

B X B, and 3-b, 5-b, and 7-b rolling averages correlated very highly with each other, it 

was concluded that there is no advantage to smoothing as regards to the accuracy of 

the parameter estimates.  However, the results consistently revealed that the use of   

7-breath rolling averages produced the accurate measures of the VO2 response profile 

with the greatest precision.  Therefore, the use of 7-b rolling averages is recommended 

for quantification of the VO2 response profile in moderate intensity exercise. 

Thus, the remaining focus is on the optimal number of tests to use.  Results of 

analyses revealed that five tests are necessary to obtain the most precise, accurate 

measures of the VO2 response profile.  However, this may not always be practical.  The 

recommended number of tests, five, delivers accurate parameter estimates with the 

highest possible precision, meaning that the value and precision are not affected by the 

use of additional tests.  From a practical standpoint, the optimal number of tests may 

be established based on diminishing returns.  That is, the use of more tests causes a 
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small improvement in precision; but the amount of improvement does not warrant the 

extra time and effort involved in performing the extra test(s).  

By examining Tables 3-5 and Tables 11-13, researchers can make individual 

decisions about how many tests to use, based on what constitutes as an acceptable 

level for them.  The level is influenced by many factors, such as, sample size, 

characteristics of the participants, and the importance of quantifying the VO2 profile to 

the overall purpose of this study.   

In conclusion, if a researcher wants to only use B X B data, five tests are 

recommended for maximal precision and accuracy.  If a researcher is limited to only 

one test per participant, the use of 7-b rolling averages is recommended.  This would 

provide a fairly valid measure for the group, if not for all of the individual participants, 

with the best possible precision.  For the best combination of accuracy and precision, 

five tests and 7-b rolling averages are recommended.     
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