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Background: Secondary criteria to verify VO2max in the absence of a VO2 plateau have not been adequately 
validated by research. Despite this fact, numerous secondary criteria are used in an attempt to validate the 
attainment of a true maximal VO2 value. Methods: We assessed the validity of the secondary criteria to 
differentiate between subjects who did and did not attain a VO2 plateau during each of cycle ergometry (CE) and 
treadmill running (TR) protocols. The secondary criteria were, 1) blood lactate (La) >8 mmol/L, 2) a respiratory 
exchange ratio (RER) >1.15, 3) a rating of perceived exertion (RPE) >17, and 4) measured maximal heart rate 
(HRmax) within ±10 b/min from predicted using 220-age. Subjects (39 male and 25 female), 18-55 years of age, 
and of varied fitness and training status, completed two randomly assigned tests held on separate days for the 
measurement of VO2max during CE and TR. Heart rate (HR) and RPE were obtained at peak exercise intensity, 
and finger-prick blood La samples were taken at 30 s post-exercise. Results: The number of subjects that 
demonstrated a VO2 plateau (∆VO2<50 mL/min during the last 30 s of testing) for CE and TR were 30 (47 %), and 
34 (53 %), respectively. The specificity to detect the existence of a VO2 plateau for RER, HR, RPE and La 
criteria, respectively, was 50, 46, 33, and 50% during CE, and 44, 39, 56, and 43% during TR. Test sensitivity 
was also poor; 47, 38, 42, and 47% for CE, and 53, 50, 55, and 53% for TR, respectively. No meaningful 
explanation of variance in end test VO2 slope was provided from the multiple regression analysis. Only forty-two 
(66%) subjects during CE and 35 (55%) subjects during TR were correctly classified as having or not having a 
VO2 plateau using discriminant function analysis. Conclusions: All secondary VO2max criteria have poor test 
specificity and sensitivity in coinciding with a VO2 plateau at the end of an incremental exercise test. No 
combination of secondary criteria explained the between subjects variability in the VO2 slope during the final 30s 
of each test, and no combination of variables could explain the discrimination of subjects into groups that did or 
did not attain a VO2 plateau. For subjects who do not attain a VO2 plateau, there is currently no valid method to 
discriminate a true VO2max from a peak VO2. 
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INTRODUCTION 
 
In 1924, Hill and Lupton (1) first proposed the concept of an upper limit, or maximal value, for whole 
body oxygen consumption (VO2max), and that this value can be attained during sustained moderate to 
intense exercise.  Since this introduction of the VO2max concept, the attainment of VO2max has been 
shown to occur more frequently using continuous incremental exercise protocols (2-6), and it was not 
until 1955, 31 years later that Taylor et al. (7) defined the VO2 criteria to be used to verify the attainment 
of a VO2max.  Such criteria consisted of a plateau or levelling of VO2 <150 mL/min (or <2.1 mL/kg/min) 
despite continued increases in exercise intensity. Today, the use of VO2max as a measure of 
cardiorespiratory fitness is widespread throughout the fields of exercise physiology, physiology, and 
medicine. 
 
Although testing to quantify VO2max is widely accepted, many studies since 1955 have reported a low 
incidence of a plateau in VO2. This particular problem was highlighted in a review by Howley et al. (4), 
which reported a range in the attainment of a VO2 plateau at VO2max from past research from ~30 to 
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100% of subjects. More critical commentary by Noakes et al. (8-10) has questioned the very existence 
of a truly maximal VO2, and on-going debate has not yet resulted in a consensus on the validity of 
VO2max testing.  Nevertheless, central to this controversy is the inconsistent incidence of a clear VO2 
plateau in research subjects. Several explanations have been offered to explain this variability, such as 
the population studied, criteria used to establish a VO2 plateau, exercise mode, testing protocol (11-13), 
data processing (14) and subject motivation/familiarity with maximal exercise testing (15). 
 
Due to the difficulty in detecting a VO2 plateau in all subjects, secondary criteria have been used to 
verify that a peak VO2 in the absence of a VO2 plateau is likely to be a true VO2max (4,16-22). Such 
secondary criteria include, 1) blood lactate (La) >8 mmol/L, 2) a respiratory exchange ratio (RER) >1.15, 
3) a rating of perceived exertion (RPE) >17, and 4) measured maximal heart rate (HRmax) within ±10 
b/min from predicted using HRmax=220-age. However, due to the lack of a universal acceptance of any 
criteria or specific values for these criteria, there are numerous variations to the values for each of these 
variables. Despite the use of such secondary criteria, none of these variables have been adequately 
assessed for their sensitivity or specificity for coinciding with a VO2 plateau at VO2max (16,19,23). 
 
The only study to date that assessed the sensitivity or specificity of secondary criteria to coincide with a 
VO2 plateau at VO2max was that of Stachenfeld et al. (24). These authors used the following secondary 
criteria; ≥ predicted HRmax, ≥ 85% of predicted HRmax, RERmax >1.1, RERmax >1.15, and blood 
lactate >8 mmol/L. Their results revealed that although each of the HR, RER and blood lactate criteria 
had high sensitivity (>90%), specificity was poor (<20%). In summary, no variable had acceptable 
negative predictive value (<20%), indicating that the secondary criteria could not discriminate between 
those subjects who did and did not attain a true VO2max.  
 
More recently, some researchers have argued that a second (verification) test involving constant load 
exercise at 90% to 115% of peak Watts (cycle ergometry) or running velocity (treadmill) of the 
incremental protocol peak should be done to verify the likelihood of a true VO2max (25,26). While this is 
an additional interesting development, allowing verification of VO2max independent of a VO2 plateau, 
recent research has shown the protocol need for incremental exercise to be between 8 to 12 min in 
duration, and that both longer or shorter duration testing can lower the VO2max measure for both 
cycling and treadmill exercise (12,13). The internal validity of a constant load more intense test to elicit 
VO2max remains unclear, and as such, the use of this approach as a criterion for VO2max is highly 
questionable. 
 
Problem Statement 
Over time, measures that have been thought to coincide with the attainment of a VO2max have been 
stated in support of the validity of a test to reach a VO2max in the absence of a VO2 plateau. Prior 
research (24,27) has revealed that most of these secondary criteria are likely to be invalid because they 
have poor test specificity and sensitivity for coinciding with a VO2 plateau at VO2max. Despite these 
negative findings, use of numerous secondary criteria has continued in research and academia since 
1992. A comprehensive research project was needed to clearly test the specificity and sensitivity of 
these criteria to coincide with a VO2 plateau. 
 
Purpose 
The purpose of this investigation was to determine the sensitivity and specificity of the secondary 
criteria used to verify the attainment of VO2max for males and females for each of cycle ergometry (CE) 
and treadmill running (TR) exercise. In addition, multivariate statistical techniques were used to 
determine if a combination of variables could improve the validity of the secondary criteria (discriminant 
function), or if a combination of variables could explain the between-subjects variability in the slope of 
VO2 at the end of an incremental exercise test (multiple regression). 
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It was hypothesized that after performing the VO2max protocol under both CE and TR modalities, we 
would confirm the results Stachenfeld et al. (24) in revealing the poor specificity of each secondary 
criterion for coinciding with a VO2 plateau. In addition, we hypothesized that multiple regression would 
not reveal a combination of the secondary criteria variables that could explain the between subjects 
variability in VO2 slope at the end of a test. Finally, we also hypothesized that discriminant function 
would not identify secondary criteria that explained the grouping of subjects into those that did and did 
not attain a VO2 plateau at VO2max. 
 
METHODS 
Subject Recruitment and Consent 
The subjects for this study were recruited from the student population of the university, as well as 
community athletic and sports teams. A total of 39 males and 25 females volunteered to participate, and 
all subjects were explained the study purpose, testing procedures and risks and benefits of participating, 
and then read and signed an informed consent approved by the university human subject research 
committee. The training background of the subjects varied from trained triathletes and marathoners, to 
team field-based sports and recreational exercise participants. To be included in the study, all subjects 
completed a health history questionnaire, and according to the guidelines of the American College of 
Sports Medicine (16) had to have no more than one risk factor for cardiovascular disease. Males >45 
years of age, and females >55 years were excluded from participation. In addition, subjects needed to 
be free from musculoskeletal injury, and be active in recreational, exercise or sports activities ≥ 3 
sessions/week. 
 
Research Design 
The study involved 64 subjects and required the use of multivariate design and statistical analyses to 
establish the combination of secondary criteria variables that explained the highest proportion of 
variance in subjects that either did or did not demonstrate a VO2 plateau at VO2max. This analysis was 
performed using discriminant function. A secondary design was to ascertain which combination of 
secondary criteria variables combined to explain the highest proportion of variability in the final VO2-time 
slope of the incremental test to VO2max. 
 
Procedures 
Overview 
The participants that had never completed a test of VO2max (n=37) first attended a single mock trial on 
the first randomly assigned exercise modality for testing familiarization prior to formal testing. Testing 
was otherwise completed in two randomly assigned trials, separated by two to seven days. The two 
trials involved tests of VO2max for cycle ergometry (CE) and treadmill running (TR). 
 
Subjects reported to the laboratory for their first session, and completed measurements for body 
composition, height and weight. The order of exercise testing was determined by coin toss, and while 
the subject completed self-directed stretching exercises, the pertinent testing modality equipment was 
prepared. For CE testing, the subject was instructed to first ride against zero resistance to ascertain 
correct seat height and positioning. 
 
Subjects completed the test to VO2max on the selected mode. Indirect calorimetry data was acquired 
breath-by-breath, and heart rate was acquired continuously using telemetry. Ratings of perceived 
exertion (RPE) were obtained immediately after test termination, and finger prick blood samples were 
obtained 30 s post-exercise. 
Preliminary Procedures 
At the first test session, subjects were initially weighed using an electronic scale (ID1s, Mettler-Toledo 
Inc., OH) and height was measured with a standard laboratory stadiometer. Body fat (BF) was assessed 
in the first session using Harpenden calipers of 3 sites on males (pectoral, abdomen, and mid-thigh), 
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Table 1. Allocation of the ramp protocol for the 
CE test. 
Gender Untrained 

(W/min) 
Trained 
(W/min) 

Elite 
(W/min) 

Male 20 25 30 
Female 15 20 25 
 

and 3 sites on females (tricep, supra-iliac, and mid-thigh). Standard equations were employed for 
converting skinfolds to body density (28), and all body density values were converted to %BF using the 
following equations: [(4.95/Db)-4.50]x100 = %BF for males; [(5.01/Db)-4.57]x100 = %BF for females 
(28). 
 
Tests to VO2max were performed on each of a cycle ergometer (Monark 829E electronic belt-braked 
cycle ergometer, Monark Exercise AB, Sweden) and treadmill (JAS Fitness Systems, TX). The treadmill 
was integrated to a metabolic cart. The treadmill protocol used was subject-specific.  Subjects first ran 
on the treadmill to determine a comfortable running velocity. This also served as further familiarization 
and warm up.  A protocol was then devised to increase velocity to this predetermined value over an 8 
min period, and then increase grade 1.5%/min until fatigue. The cycle ergometer was not interfaced to 
the metabolic cart, but was programmed to a pre-determined ramp protocol (Table 1) based on each 
subject’s anticipated fitness. The CE and TR protocols were designed to cause fatigue and test 
termination in ~12 min. 
 
Heart rate (HR) was measured continuously 
throughout each test by a Polar PE4000 heart rate 
monitor (Polar, Finland), and HR data was 
downloaded to a personal computer after each test. 
 
Prior to testing, subjects were explained the Borg 15 point scale for Ratings of perceived exertion (RPE) 
(29).  Subjects reported their RPE values at VO2max immediately post-exercise. 
Indirect Calorimetry 
Data from expired gas analysis indirect calorimetry was obtained using a commercial metabolic cart 
(Medical Graphics CPX/D, St Paul, MN, USA) and was acquired breath-by-breath. Prior to testing, the 
system was calibrated using a 3 L syringe and commercial gases of known concentration according to 
manufacturer instructions. Calibration log data from the system was closely scrutinized to ensure gas 
analyser (in particular the oxygen sensor cell) performance and a stable response time. Whenever the 
analyser response times exceeded manufacturer recommendations, the oxygen sensor was refreshed, 
or replaced, to ensure correct function prior to additional testing. This occurred once during the testing, 
and where pertinent, subjects repeated a prior test performed with the old oxygen sensor. 
 
Once preliminary test procedures and calibrations were complete, data collection commenced and 
subjects first completed 2 min of rest data to verify correct signal and data values prior to each test.  
Subjects then completed the exercise protocol, and were given vocal encouragement throughout the 
test. At the end of the test, subjects reported their RPE at maximal exertion, and provided reasons for 
test termination. For blood lactate measurements, a finger prick whole blood sample was drawn into a 
30 µl heparin coated capillary tube at 30s post-exercise. This sample was then transferred into 150µl of 
6% perchloric acid, and frozen until subsequent enzymatic assay. 
Data Analysis 
The data used from the Medical Graphics included VO2max, RER at VO2max, VE at VO2max, VCO2 at 
VO2max, VE/VO2 at VO2max, and the VO2 slope during the last 30 s prior to test termination. To derive 
these values, text file data was exported from the Medical Graphics and imported into spreadsheet 
software (Microsoft® Excel 97 SR-2, Microsoft Corporation, WA). Data for VO2 and RER were 
processed using a 3-breath average aligned to the middle breath. HR and RPE data were added to the 
Excel data along with the subjects’ anthropometric and demographic data. 
 
VO2max was detected as the highest 3-breath averaged value, and HRmax was recorded as the 
highest 5 s averaged HR attained during the test. To assess VO2 slope during the last 30 s of the test, 
data were imported into a graphics and curve-fitting program (Prism© v3.02, Graphpad Software, CA).  
A VO2 plateau was defined as a slope of this 30 s block of data ≤50 mL/min. Once the data was 
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Table 3. Mean±SD data for variables at VO2max. 
Subjects CE TR 
VO2 (mL/min) 3480±839 3846±894 
VCO2 (mL/min) 4085±1045 4218±113

6 
RER 1.26±0.07 1.21±0.06 
VE (L/min) 140±31 134±30 
HR (b/min) 181±14 189±13 
RPE 18.2±1.0 18.2±1.1 
Lactate (mmol/L) 11.6±2.6 10.9±2.5 
Protocol Time (min) 12.6±1.6 12.1±1.2 
Statistical results are provided in the MODE x GENDER research 
design breakdown presented in Figure 1a-g. 
 

analysed in Prism, the results were transferred back into Excel to be coded as nominal data for whether 
they attained a VO2 plateau (1=YES, 2=NO) and whether each of the secondary criteria (eg; RERmax, 
HRmax, and RPEmax) had been reached (1=YES, 2=NO). The nominal data of the secondary criteria 
were calculated for their frequency of occurrence within the primary criteria. Measures of sensitivity, 
specificity, positive and negative predictive value were derived from the implementation of Bayes’ 
theorem on the secondary criteria expressed as nominal data (16). 
 
Statistical Analyses 
As described above, Bayes’ theorum was applied to nominal data results for each of the secondary 
verification variables, for each of CE and TR. Data for sensitivity, specificity, and predictive value are 
reported as percentages. Multiple regression was performed on each of the CE and TR data sets using 
VO2 slope (∆VO2) as the dependent variable and HRmax, RERmax, RPEmax, and blood La as 
independent variables. Discriminant function analyses were also performed on the CE and TR data 
sets, where the two groups comprised subjects who did and did not attain a VO2 plateau. The same 
independent variables were used as for the multiple regression analyses. Finally, differences between 
the CE and TR for VO2max, RERmax, RPEmax, VCO2max, VEmax, and blood lactate were analysed 
by 2 way mixed design repeated measures ANOVA, using gender as a grouping factor (2 levels), and 
exercise mode as the second, repeated measures factor (2 levels). All statistical procedures were 
performed on a commercial application for the PC (SPSS v10.0.7, SPSS Inc, IL) (30). Data are 
presented as mean±SD, and statistical significance was accepted at p<0.05. 
 
RESULTS 
Descriptive Data and Variables at VO2max During CE and TR 
The descriptive data of the subjects are presented in Table 2, and data for variables at VO2max for CE 
and TR are presented in Table 3. VO2max, VCO2max, and HRmax were all significantly higher in TR 
compared to CE. Conversely, VEmax, RERmax, VE/VO2max, and La were significantly lower during TM 
compared to CE. The same variables for each gender are presented in Figure 1a-h.  Males had 
significantly higher values than females for both modes for VO2max, VCO2max, VEmax and blood 
lactate. Males reported lower RPE values than females for both modes. HRmax was higher for TR than 
CE for both genders, and blood lactate and RERmax were higher for CE than TR for both genders. 
 
Table 2. Descriptive data of the subjects. 
     CE TR 
Subjects Age 

(years) 
Height 
(cm) 

Mass 
(kg) 

Body Fat 
(%) 

VO2max 
(mL/kg/min) 

VO2max 
(mL/kg/min) 

Male (n=39) 29.6±9.8 176.8±7.3 76.1±9.7 12.1±5.0 53.1±7.4 58.6±7.1 
Female (n=25) 30.5±8.9 164.9±6.8 60.1±6.4 17.7±4.7 44.9±6.0 49.4±5.3 
Total 30.0±9.3 172.0±9.2 69.6±11.6 14.4±5.5 49.9±7.9 55.0±7.9 
 
Analysis of the primary criterion – VO2 
Slope 
Examples of the process of confirming the 
VO2 plateau are presented in Figures 2 and 
3. For the subject of Figure 2, a VO2 plateau 
was evident for TR, but not for CE. For the 
subject of Figure 3, a clear VO2 plateau is 
evident for CE, and an overshoot in VO2 
existed for TR. In each example, the slope 
of the regression (mL/min) for the last 30 s 
of data was used for the primary criterion for 
verifying the presence of a VO2 plateau. 
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Figure 1. Interaction plots for gender (male vs. female) and exercise mode (CE vs. TR) for the variables 
measured at VO2max.  # = main effect for exercise mode; ^= main effect for gender; * = mean difference for 
mode within a gender. 
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Figure 2. The VO2 responses for the last 5 min of the 
CE and TR tests for a select subject.  The dotted line 
represents the line of best fit for the exercise data 
prior to the last minute.  The solid line represents 
the line of best fit the last minute of data. 

 

Figure 3. The VO2 responses for the last 5 min of the 
CE and TR tests for a select subject.  The dotted line 
represents the line of best fit for the exercise data 
prior to the last minute.  The solid line represents the 
line of best fit the last minute of data. 

Table 4. Correlation matrix for secondary variables at VO2max 
during CE. 
 SLOPE RER HR RPE La 
SLOPE 1.000     
RER -0.256 1.000    
HR 0.062 0.169 1.000   
RPE 0.171 -0.059 0.235 1.000  
La -0.062 0.101 -0.105 -0.106 1.000 
 
 

The primary criterion of a secondary VO2 slope < 50 mL/min was found in 31 subjects (48 %) for CE 
and 34 subjects (53 %) for TR. Thirteen subjects (20 %) achieved a VO2 plateau in CE alone, 16 (25 %) 
in TR alone, 18 (28 %) in both CE and TM, and 18 (28 %) did not achieve a plateau in either CE or TM. 
 
Multiple Regression and Discriminant Function Analyses 
The secondary criteria were initially compared against the VO2 slope from the last minute of the 
exercise tests using univariate regression, and results are presented in Tables 4 and 5. As can be seen, 
limited relationships existed between the VO2 slope and any secondary criterion. 
 
Multiple regression analyses for CE 
data revealed that RER significantly 
contributed to explanation of variance 
in VO2 slope, yet explained variance 
was small at only 6.4% (Table 6). For 
TR, the only variable that significantly 
explained variance in VO2 slope was 
RPE, but again the variance 
explanation was small at 7.9% (Table 7). 
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Table 5. Correlation matrix for secondary variables at VO2max 
during TR. 
 SLOPE RER HR RPE La 
SLOPE 1.000     
RER 0.160 1.000    
HR 0.063 0.222 1.000   
RPE -0.282 -0.164 0.109 1.000  
La 0.150 0.244 0.047 -0.306 1.000 
 
 
 
Table 6. Results of multiple regression for the secondary 
variables for CE.  Dependent variable was the VO2 slope for 
the final 30 s of data. 
IV r R2 B t(62) p 
intercept   1003.8 2.26 0.027* 
RER -0.256 0.064 -729.3 -2.08 0.047* 
HR 0.062 0.004 0.92 -0.247 0.806 
RPE 0.171 0.029 34.83 -1.190 0.239 
La 0.062 0.004 -4.82 1.180 0.242 
All independent variables were obtained at VO2max;  r=partial correlation; 
R2 = explanation of variance ; * significant entry (p<0.05) ; data for all non- 
significant IV’s are reported based on single entry 
 
 
 
Table 7. Results of multiple regression for the secondary 
variables for TR.  Dependent variable was the VO2 slope for 
the final 30 s of data. 
IV r R2 B t(62) p 
intercept   868.74 2.51 0.015* 
RPE -0.282 0.079 -43.99 -2.31 0.024* 
RER 0.016 0.000 47.46 0.025 0.980 
HR 0.063 0.004 0.82 -0.274 0.785 
La 0.150 0.023 10.56 -0.467 0.642 
All independent variables were obtained at VO2max;  r=partial correlation; 
R2 = explanation of variance ; * significant entry (p<0.05) ; data for all non- 
significant IV’s are reported based on single entry 
 

Discriminant function analysis (DFA) 
assisted in the analysis of the 
secondary criteria as valid 
determinants of the presence or 
absence of the VO2 plateau. All 
secondary criteria were used as 
independent variables, and variables 
were expressed as continuous data. 
Thus, if one or any combination of 
the secondary criteria could 
discriminate between subjects who 
did or did not attain a VO2 plateau, 
this would be detected in the 
statistical results of DFA. In addition, 
graphical presentation of the 
combined adjusted data (discriminant 
score) should show clear separation 
between the two groups of the 
dependent variable (VO2 slope; 1 vs. 
2) if the secondary criteria were valid 
in being associated with a VO2 
plateau. Figures 4a and b show an 
even spread of data points across 
the range of discriminant scores for 
both groups of VO2 slope, and results 
are similar for CE and TR. Forty-two 
(66%) subjects during CE and 35 
(55%) subjects during TR were 
correctly classified according to case-
wise diagnostics of the data. For CE, 
correct classifications were due to 
the significant entry of RER (Wilks 
Lambda=0.962, p=0.026, T=0.952).  
Nevertheless, as shown in Figure 4a, 
there was minimal separation of 
groups. 

 
Sensitivity, Specificity and Predictive Value 
Primary and secondary criteria were transformed into nominal format and used in Bayes’ theorem as a 
method of estimating the probability of using the secondary criteria to predict the presence of a VO2 
plateau. As such, Bayes’ Theorum provides results for the sensitivity, specificity, and predictive value of 
variables. All variables for both CE and TR had poor to moderate (<55%) specificity and sensitivity 
(Table 8). That is, each variable could not distinguish between subjects that did and did not attain a VO2 
plateau. For TR, positive predictive values (PPV) >80% were evident for RERmax, RPEmax and La, 
with HRmax revealing the worst scores. For CE, RERmax and La scores were high (>90%), with 
HRmax and RPEmax data remaining poor and moderate, respectively. For both CE and TR, the 
negative predictive value (NPV) of each variable was poor. 
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Figure 4. Distributions of the canonical scores 
for a) CE and b) TR.  Data are for the forced 
entry of all secondary criteria (RER, HR, RPE 
and blood La) at VO2max. 
 

 
 
 
 
Table 8. Sensitivity, specificity and predictive value 
of the four secondary criteria for VO2max. 
 RER HR RPE La 
Treadmill (TM) 
TP 29.00 23.00 30.00 30.00 
TN 4.00 7.00 5.00 3.00 
FN 26.00 23.00 25.00 27.00 
FP 5.00 11.00 4.00 4.00 
Sensitivity 52.7% 50.0% 54.5% 52.6% 
Specificity 44.4% 38.9% 55.6% 42.9% 
PPV 85.3% 67.6% 88.2% 88.2% 
NPV 13.3% 23.3% 16.7% 10.0% 
Cycle (CE) 
TP 29.00 11.00 22.00 29.00 
TN 1.00 16.00 4.00 1.00 
FN 33.00 18.00 30.00 33.00 
FP 1.00 19.00 8.00 1.00 
Sensitivity 46.8% 37.9% 42.3% 46.8% 
Specificity 50.0% 45.7% 33.3% 50.0% 
PPV 96.7% 36.7% 73.3% 96.7% 
NPV 2.9% 47.1% 11.8% 2.9% 
TP=true positive; TN=true negative; FN=false negative; 
FP=false positive; PPV=Positive Predictive Value, 
NPV=Negative Predictive Value 
 

 
 

 
DISCUSSION 
Overview of Results 
All of the secondary criteria used in this research failed to achieve meaningful levels of specificity and 
sensitivity for coinciding with the presence of a VO2 plateau at VO2max. No combination of secondary 
criteria were able to discriminate between subjects who did or did not demonstrate a VO2 plateau at 
VO2max, and no combination of the criteria were able to explain a meaningful proportion of variance in 
the final VO2 slope. 
 
VO2 Plateau 
There has been controversy over the definition and detection of VO2max during whole body exercise 
testing (4,15,16,23,26,31-33). A key element of this controversy concerns the presence of a VO2 
plateau near the end of an incremental exercise test to fatigue, which by definition is a primary criterion 
to establish that VO2max had been attained (15). Unfortunately, a plateau in VO2 may not occur for 
reasons including technical or experimental error, the fitness/health status of the subject, the exercise 
protocol (12,13), equipment sensitivity, the time average interval used to process the data (14), and the 
criteria used to detect a VO2 plateau (4,15,16,23,26). 
 
The only guideline for verifying a VO2 plateau has come from research that is more than 50 years old 
(7), being a change in VO2 ≤150 mL/min or <2.1 mL/kg/min during the final minute of the test.  This 
criterion is very liberal, and we felt it was not suitable to research conducted with current technology. 
Consequently, we chose to use the criteria adopted by Astorino et al. (12), which was a change in VO2 
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of <50 mL/min during the final 30 s of the test. This more stringent criteria is needed because of the 
greater sensitivity and temporal resolution obtained from breath-by-breath methodologies in indirect 
calorimetry. In addition, a 150 mL/min increase in VO2 approximates 45% of the VO2 cost for a 30 
Watts/min CE ramp protocol when using the Medbo et al. estimate of 11 mL/min/Watt for the VO2 cost 
of cycling (31). The Taylor et al. (7) criterion is far from adequate for establishing the presence of a VO2 
plateau.  Conversely, the criterion of Astorino et al. (12) represents 15% of the VO2 cost of a 30 
Watt/min ramp protocol, and is therefore closer to the existence of a true VO2 plateau or overshoot 
phenomenon (final VO2 slope ≤0 mL/min). 
 
As shown in Figures 2 and 3, the procedure to detect a VO2 plateau was easy to apply in an objective 
manner. The incidence of a VO2 plateau (CE=47%, TR=53%) was low using the more conservative 
criteria of ∆VO2≤50mL/min. The incidence of a VO2 plateau was higher when the more liberal criterion of 
∆VO2≤150mL/min was applied (CE=61%, TR=70%). Although the frequency of the VO2 plateau based 
on our use of the criterion of Astorino et al. (12) could be considered low, the reported incidence of the 
VO2 plateau has varied between 0-100%, with most studies reporting a range of 30-80% (2,8-
10,15,16,18,31). Our findings remain within the range of detection of the VO2 plateau, and are expected 
to be relatively low given the previously explained over-liberal nature of the ∆VO2≤150mL/min criterion. 
 
Comparison of Variables Between Exercise Modalities 
Although not the focus of our study, our data allow comparisons of measures at VO2max between CE 
and TR and also reveal gender differences in these measures. When all subjects were combined, 
differences between modes of exercise were obvious and significant between maximal values for VO2, 
VCO2, VE/VO2, RER, HR, and La. Each of VO2, VCO2, and HRmax were higher during TR, whereas 
VE/VO2, RERmax and La were higher during CE (Table 3). When concerned with VO2max, CE 
produced a mean value 90.5% of TR. This is consistent to prior research, where lower values for CE 
compared to TR were reported to be 94% (20), 93.2% (34,35), and 92.5% (33). We also showed that 
this difference was similar for both genders, and that it coincided with a lower HRmax in CE (95.8%). 
 
The most plausible explanation for these findings is the smaller working muscle mass during CE 
compared to TR. For example, the higher blood La data during CE, in combination with the higher 
VE/VO2 response, support the concept of a greater localized metabolic acidosis due to the distribution 
of the metabolic stress over a smaller working muscle mass. This explanation is supported by the 
findings of Koyal et al. (21) who showed a greater acidosis and ventilation for a given VO2 during CE 
compared to TR. Furthermore, our RPE findings corroborated subjective reports from subjects that local 
muscle pain and fatigue in the quadriceps was the most common reason for stopping the CE test. 
Conversely, feelings of postural instability, respiratory discomfort and overall exhaustion were common 
reasons for terminating the TM test. 
 
Univariate Regression, Multiple Regression and Discriminant Function 
Univariate correlations between the VO2 slope (dependent variable) and the multiple secondary criteria 
(independent variables) were mostly low and insignificant (Tables 4 and 5). When the secondary criteria 
were incorporated into multiple regression analyses, similar low partial correlations and explanation of 
variance resulted for both CE and TR. These results confirmed the non-predictive nature of the 
secondary criteria. Similar results were also reported by Cummings and Borysyk (18), where no 
secondary variable had significant correlations between each other or VO2. 
 
The ability of the secondary criteria to discriminate between VO2 plateau and non-plateau groups was 
assessed through the application of DFA (Figure 4a and b). The raw secondary criteria could not 
discriminate between groups for both CE and TR, with little better than 50% success in discriminating 
between subjects who did or did not attain the VO2 plateau. 
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Sensitivity, Specificity and Predictive Value 
The sensitivity and specificity for each secondary criterion were computed to further quantify the 
effectiveness of each of the secondary criteria to coincide with a VO2 plateau at VO2max. In this 
application, specificity calculated the percentage of subjects that had a VO2 plateau and met any one of 
the secondary criteria. Sensitivity is the percentage of subjects that did not attain a VO2 plateau and did 
not meet any one of the secondary criteria. These characteristics, especially test sensitivity, are 
important. A secondary criterion that cannot distinguish between subjects that do or do not attain a VO2 
plateau has no value for use to verify VO2max in the absence of a VO2 plateau. A good criterion would 
therefore need to have high values (>80-90 %) for both test specificity and sensitivity. 
 
Ironically, the data from this study show that none of the variables used as secondary criteria to confirm 
VO2max in the absence of a VO2 plateau are valid. Our findings concerning test sensitivity and 
specificity are supported by the earlier research of Stachenfeld et al. (24) who showed that blood lactate 
(> 8 mmol/L) and 85% of age-predicted HRmax criteria could not adequately distinguish between 
subjects who did and did not attain a true VO2max in their first test to maximal exertion. 
 
There has been renewed interest in the use of a constant load bout of exercise to assess the validity of 
a prior test to VO2max (24,26). We state a “renewed interest” because such a procedure, involving a 
single discontinuous exercise stage, was typical of the methods used during the pioneering days of 
exercise physiology that dates back to the early 20th century. In this procedure, researchers have 
subjects exercise at an intensity known to exceed the intensity at volitional exhaustion during 
incremental exercise and therefore demand a VO2 greater than a prior measured peak VO2. 
Presumably, and as was proposed in research pre-1950, if subjects cannot exceed the peak VO2 of the 
prior test in a constant load bout of exercise, then the initial peak VO2 is a true VO2max (7,24,26). 
However, as there is no evidence for the validity of using a single bout of exercise at an intensity above 
the metabolic demand of an incremental exercise peak VO2 to cause a true VO2max, this procedure is 
fraught with error. For example, there is a real risk that a similar VO2 response from both methods could 
equally under-represent the true VO2max. Furthermore, when considering that recent research has 
shown the protocol (exercise time) dependency of a true VO2max value (12,13) and that today’s 
electronic data acquisition methods are far superior than what was used in the era of discontinuous 
exercise testing (14), the return to a method more than 90 years old that has no prior validation should 
be viewed to be of questionable scientific rigor. 
 
Finally, it is worth raising the alternative option of our data interpretation.  Our insignificant findings from 
the discriminate function and multiple regression testing could result from the problem with the concept 
of a VO2 plateau, and not the insensitivity of the secondary criteria. As proposed by Day et al. (26), 
there may be no relevance for VO2max to require the establishment of a VO2 plateau. Nevertheless, this 
invites a circular argument, as how can you verify a maximal value of a physiological measure without 
documenting a diminishing slope during increasing exercise intensity (the definition of a plateau 
phenomenon)? Given that close to 50% of our subjects demonstrated a VO2 plateau, this phenomenon 
requires research investigation. Until most research involving VO2max is completed while adhering to 
standard incremental protocol requirements (duration and ramp function), advanced instrumentation, 
and optimal post-acquisition data processing of breath-by-breath data, it will remain difficult to reach 
consensus of the methods required in the measurement of VO2max. 
 
CONCLUSIONS 
The infrequency of the VO2 plateau (primary criterion) at VO2max has led researchers and clinicians to 
use numerous secondary criteria to verify that the peak VO2 is likely to be sufficiently close to a true 
VO2max. We have shown that no secondary criterion used to verify a true VO2max is valid; having poor 
test sensitivity. Furthermore, no combination of these secondary criteria provide any significant 
prediction of subjects who do or do not attain a VO2 plateau, or provide explanation of the magnitude of 
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the VO2 slope during the final 30 s of a test to VO2max in CE or TR. Based on these results, there are 
two possible interpretations; 1) the only valid criterion for verifying a true VO2max is a VO2 plateau 
(slope ≤0 or the current recommended ∆VO2≤50mL/min), or 2) that the VO2 plateau is not necessary in 
the detection of VO2max. 
 
Given the results of this study, we recommend that researchers should define their procedures for 
identifying a VO2 plateau when testing VO2max. In addition, researchers need to come to a consensus 
on the criteria to use to establish a VO2 plateau. We believe that the criterion of ∆VO2≤50mL/min in the 
final 30 s of a test (using breath-by-breath data) is an adequate criterion, and that the accepted criterion 
of Taylor et al. (7) is too liberal and out-of-date to be suited to contemporary research of VO2max. 
Finally, in the absence of a VO2 plateau, researchers need to reach a consensus on terminology used 
for the peak VO2, and whether added constant load verification testing contributes to affirming a peak 
incremental exercise VO2. 
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