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Abstract
Purpose  To test whether the oxygen uptake ( V̇O

2
 ) plateau at V̇O

2max
 is simply a calculation artifact caused by the variability 

of V̇O
2
 or a clearly identifiable physiological event.

Methods  Forty-six male participants performed an incremental ramp and a V̇O
2max

 verification test. Variability of the dif-
ference between adjacent sampling intervals (difference) and of the slope of the V̇O

2
–workload relationship (slope) in the 

submaximal intensity domain were calculated. Workload defined sampling intervals used for the calculation of the difference 
and slope were systematically increased from 20 to 100 W until the expected risk of false plateau diagnoses based on the 
Gaussian distribution function was lower than 5%. Overall, more than 1500 differences and slopes were analyzed. Subse-
quently, frequencies of plateau diagnoses in the submaximal and maximal intensity domains were compared.
Results  Variability of the difference and slope decreased with increasing sampling interval (p < 0.001). At a sampling inter-
val of 50 W, the predefined acceptable risk of false plateau diagnoses (≤ 5%) was achieved. At this sampling interval, the 
actual frequency (1.4%) of false-positive plateau diagnoses did not differ from the expected frequency in the submaximal 
intensity domain (1.6%; p = 0.491). In contrast, the actual frequency at maximal intensity (35.7%) was significantly higher 
compared to the submaximal intensity domain (p < 0.001) and even higher than the expected frequency of false-positive 
diagnoses (p < 0.001).
Conclusion  The V̇O

2
 plateau at V̇O

2max
 represents a physiological event and no calculation artifact caused by V̇O

2
 variability. 

However, detecting a V̇O
2
 plateau with sufficient certainty requires large sampling intervals.

Keywords  V̇O
2
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2max
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Abbreviations
BLCmax	� Maximal blood lactate concentration
Difference	� Difference between the upper and lower half 

of a sampling interval
GET	� Gas exchange threshold
MRT	� Mean response time of ramp test oxygen 

uptake kinetics
PGET	� Workload at gas exchange threshold
Pmax	� Maximum workload
RERmax	� Maximal respiratory exchange ratio
RPEmax	� Maximal rating of perceived exertion
SDIND	� Standard deviation of the intra-individual 

variability of the plateau criteria

SDGROUP	� Standard deviation of the inter-individual 
variability of the plateau criteria

Slope	� Slope of the V̇O
2
–workload relationship as a 

plateau criteria
V̇O

2
	� Oxygen uptake

V̇O
2max

	� Maximal oxygen uptake

Introduction

The oxygen uptake ( V̇O
2
 ) plateau is defined as a flattening 

of the V̇O
2
-power- or V̇O

2
–velocity relationship at the end of 

a continuous or between the final stages of a discontinuous 
maximal exercise test (Howley et al. 1995). The V̇O

2
 plateau 

is considered as the only valid indicator that the maximum 
oxygen uptake ( V̇O

2max
 ) has been achieved (Poole and Jones 

2017). Usually, the V̇O
2
 plateau is determined by calculat-

ing the difference between two adjacent sampling intervals 
(e.g., the last and the next-to-last 30 s) or the slope of the 
V̇O

2
–workload relationship at the end of an incremental load 
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test (Gordon et al. 2011, 2012; Taylor et al. 1955; Vella et al. 
2006; Yoon et al. 2007). If the difference or slope is less 
than a previously defined cutoff value, it is believed that a 
V̇O

2
 plateau occurs (Howley et al. 1995). The most com-

mon cutoff values are an increase in V̇O
2
 < 2.1 ml kg−1 min−1 

for running exercise or < 150 ml min−1 for cycling exercise 
(Midgley et al. 2007). However, most studies did not con-
sider that these cutoff values were validated using a discon-
tinuous exercise test, which induced an increase in V̇O

2
 of 

about 4.2 ml kg−1 min−1 or 300 ml min−1 between subse-
quent stages in the submaximal intensity domain (Taylor 
et al. 1955). Instead arbitrary time intervals (also called 
sampling intervals) were used to check whether the differ-
ence between the lower and upper half or slope of the V̇O

2

–workload relationship during this time interval is less than 
the chosen cutoff value (Astorino et al. 2005; Astorino 2009; 
Edvardsen et al. 2014; Gordon et al. 2011, 2012; Vella et al. 
2006; Yoon et al. 2007). A common time interval for the 
diagnoses of a V̇O

2
 plateau is the final minute of an incre-

mental ramp test (Astorino et  al. 2005; Astorino 2009; 
Edvardsen et al. 2014; Gordon et al. 2011, 2012). For exam-
ple, in an incremental ramp test with a workload increment 
of 30 W min−1 the average difference in workload between 
the upper and lower half (i.e., the difference between the last 
and next-to-last 30 s) of a 60 s time interval amounts exactly 
to 15 W. Based on an increase in V̇O

2
 per increase in work-

load of about ~ 10 ml min−1 W−1 (Boone and Bourgois 2012) 
it can be calculated that the average difference between adja-
cent 30 s intervals is only 150 ml min−1 in the submaximal 
intensity domain. If the cutoff of Taylor et al. (1955) is used 
in this case, a plateau will be diagnosed despite no flatten-
ing of the V̇O

2
–workload relationship occurs. Based on this 

example, it becomes clear that a fixed cutoff that is applied 
to an arbitrary sampling-interval leads to a high risk of false-
plateau diagnoses (Beltrami et al. 2014; Marsh 2019).

Therefore, cutoff values which consider the test-specific 
increase in V̇O

2
 depending on ramp slope or increments 

(relative cutoffs) are strongly recommended (Midgley 
et al. 2007, 2009; Marsh 2019). Nevertheless, even when 
a relative cutoff value of 50% of the expected V̇O

2
 increase 

was applied, several false-positive plateau diagnoses were 
detected by Beltrami et al. (2014). The authors concluded 
that the V̇O

2
 plateau “is a calculation artifact rather than an 

indicator of true physiological events”. However, like many 
others, Beltrami et al. (2014) also did not take into account 
that a relative cutoff value is just a necessary, but not per se 
a sufficient requirement for a valid V̇O

2
-plateau definition. A 

valid V̇O
2
-plateau definition should allow detecting a plateau 

with low risks of false-positive and false-negative diagnoses 
(Howley et al. 1995). A false-negative plateau diagnosis is 
thereby defined as a no plateau diagnosis despite a plateau 
occurring. A false-positive plateau diagnosis is defined as 
the diagnosis of a plateau despite no plateau occurring. 

Plateaus detected in the submaximal intensity domain are 
per see false-positive diagnoses (Beltrami et al. 2014).

Breath-by-breath measured V̇O
2
 shows substantial vari-

ability (Lamarra et al. 1987; Myers et al. 1990) which is 
mainly caused by irregularities in the rate and depth of ven-
tilation (Myers et al. 1990; Robergs et al. 2010). This may 
cause false V̇O

2
-plateau diagnoses (Beltrami et al. 2014; 

Myers et al. 1990). To discriminate between plateaus that 
are simply caused by the variability of ventilation (false pla-
teaus) and those which are caused by the limitation of the 
body to transport or utilize V̇O

2
 (real plateaus), plateaus at 

V̇O
2max

 must be more pronounced than plateaus occurring in 
the submaximal intensity domain. Interestingly, it has never 
been checked whether plateaus at V̇O

2max
 exist which are of 

larger magnitude than plateaus in the submaximal intensity 
domain. Therefore, the existence of a real plateau (at least 
in continuous incremental tests) is still unclear.

Since the V̇O
2
 plateau is defined as a flattening of the 

V̇O
2
–workload relationship, the magnitude of a plateau is 

given by the degree of deflection and the size of the work-
load interval during which the deflection occurs. Therefore, 
the risk of false-positive plateau diagnoses can be reduced 
by either using more restrictive cutoffs or larger workload 
defined sampling intervals. The first approach has been cho-
sen by several studies (Astorino et al. 2005; Gordon et al. 
2011; Mitchell et al. 1958; Yoon et al. 2007). However, even 
if the cutoff will be set at a slope or difference equal to zero, 
false-positive plateau diagnoses cannot be excluded as long 
as the workload defined sampling interval is of insufficient 
magnitude. For example, Myers et al. (1990) found nega-
tive V̇O

2
–workload slopes in several participants in the sub-

maximal intensity domain during an incremental ramp test 
using 30 breath sampling intervals. Additionally, the use of 
restrictive cutoffs leads to higher risks of false-negative pla-
teau diagnoses (Howley et al. 1995). The variability of V̇O

2
 

data reflects a Gaussian distribution curve (Lamarra et al. 
1987; Myers et al. 1990). Consequently, the cutoff must be 
set at 50% of the average increase in V̇O

2
 in the submaximal 

intensity domain to enable an equal risk of false-positive and 
false-negative plateau diagnoses. Therefore, the only option 
to reduce both false-positive and false-negative diagnoses 
is to use larger workload defined sampling intervals for the 
diagnoses of a V̇O

2
 plateau.

The aims of the present study were

1.	 To test whether the V̇O
2
 plateau at V̇O

2max
 is simply a 

calculation artifact caused by the variability of V̇O
2
 or a 

clearly identifiable physiological event.
2.	 To establish a valid V̇O

2
-plateau definition for continu-

ous cycling tests.

For these purposes, the workload defined sampling 
interval, which is used for the calculation of the difference 
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between its upper and lower half, as well as the correspond-
ing slope of the V̇O

2
–workload relationship should be gradu-

ally increased in a continuous ramp test until an acceptable 
probability of false plateau diagnoses has been achieved (see 
Fig. 1). In inference based statistics, a commonly accepted 
level of erroneous decisions is 5% (p value). Therefore, we 
set the intended risk of false plateau diagnoses at this value. 
Assuming a Gaussian distributed variability of both plateau 
criteria, the cutoff should differ more than two standard devi-
ations from the mean increase or slope and even more than 
two standard deviations from zero (the assumed increase 
in V̇O

2
 when a plateau occurs) to enable a risk of false pla-

teau diagnoses below 5%. Therefore, the workload defined 
sampling interval will be gradually increased until the aver-
age induced difference or slope of V̇O

2
 in the submaximal 

intensity domain is higher than four of its corresponding 
standard deviations (i.e., the coefficient of variation (CV) is 
less than 25%). Since the variability of V̇O

2
 differs consid-

erably between participants (Myers et al. 1989), this should 
be performed based on group and individual approaches. 

Furthermore, both common plateau criteria (difference and 
slope) will be compared.

We tested the following hypotheses:

1.	 The variability of the plateau criteria and, therefore, 
the frequencies of plateau diagnoses in the submaximal 
intensity domain (false-positive diagnoses) decreases 
with increasing workload defined sampling intervals.

2.	 The variability at a given workload defined sampling 
interval in the submaximal intensity domain differs 
between the two plateau criteria (difference and slope).

3.	 The frequencies of plateau diagnoses in the maximal 
intensity domain are higher than the frequencies in the 
submaximal intensity domain and even higher than the 
expected frequencies of false-positive plateau diagnoses 
due to the Gaussian distributed variability of V̇O

2
.

4.	 A plateau definition that is based on the individual 
mean slope or difference as well their corresponding 
individual standard deviations results in a lower risk of 
false plateau diagnoses compared to a definition that is 

Fig. 1   Determination of the slope and difference in the submaximal 
intensity domain using workload defined sampling intervals of 30, 40 
and 50 W shown for a representative V̇O

2
 ramp test response. Note 

that the workload defined sampling intervals were shifted in 10  W 
steps from 200 to 60  W below maximum workload to get several 
slopes and differences per participant. The slopes were calculated 

from linear regressions that were fitted into the whole workload 
defined sampling intervals. The differences were calculated by sub-
tracting the mean V̇O

2
 of the lower from the upper half of a given 

workload defined sampling interval (the half is represented by the 
dashed line in small figures)
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based on the means and standard deviations of the whole 
group.

Methods

Participants

Forty-six male, recreationally active participants (age 
25.6 ± 3.0  years; height 181.2 ± 6.2  cm; body mass 
78.9 ± 8.0 kg) volunteered to participate in the study. After 
being thoroughly informed about potential risks and discom-
fort, they gave written consent before each testing day. The 
participants were instructed to refrain from alcohol, caffeine 
and exercise 24 h before the tests. The study was approved 
by the ethics committee of Philipps University Marburg, 
Department of Education Science (FB-21-AZ1-12-15) and 
adhered to the Declaration of Helsinki.

Study design

The study comprised two tests per participant on a cycle 
ergometer (Cyclus-2, RBM elektronik-automation GmbH, 
Germany) at pedaling rates of 80 ± 2 rpm. On the first test-
ing day, the participants performed an incremental ramp test. 
After a 3 min warm up at 50 W, the workload was continu-
ously increased at a rate of 30 W min−1 until exhaustion. 
The second test was a square wave V̇O

2max
 verification test. 

In accordance with other studies (Day et al. 2004; Sedgeman 
et al. 2013) and to allow for a minimum time to exhaustion 
of at least 2 min for each participant, the workload of the 
verification bout was set at 90% of the maximum workload 
(Pmax) of the ramp test. The verification bout was preceded 
by a warm-up at moderate and severe constant load exer-
cises of 6 min duration each. The workloads of the moderate 
and severe intensity steps were set at the workload at the 
gas exchange threshold (PGET) and at 50% of the difference 
between PGET and Pmax of the ramp test, respectively. PGET 
was previously determined from ramp test raw data using the 
V-slope method (Beaver et al. 1986). Between the warm-up 
and the verification bout, a 10-min active recovery at 50 W 
was performed. The warm-up was performed to induce a 
speeding of V̇O

2
 kinetics and to prolong time to exhaus-

tion of the verification bout (Bailey et al. 2009). The ramp 
and verification tests were performed at the same time of 
day ± 1 h to avoid circadian effects on V̇O

2max
 (Knaier et al. 

2019).

Measurements

Breathing gases were continuously measured during both 
tests using a breath-by-breath device (MetaMax 3b, Cortex 
Biophysik GmbH, Germany). The device was calibrated 

before each test with a 3 l syringe and a known gas mixture 
(15% O2, 5% CO2, and 80% N). Blood samples (20 μl) were 
collected from hyperaemic earlobes at the end of ramp and 
verification tests as well as at minute 1, 3, 5, and 7 of the 
post-exercise phases to determine the maximal blood lactate 
concentration (BLCmax). The blood samples were analyzed 
with an enzymatic–amperometric device (Biosen C-Line, 
EKF-diagnostic GmbH, Germany). Rating of perceived 
exertion (RPE) was assessed at the end of the ramp test with 
a Borg scale ranging from 6 to 20.

Data analysis

First, all outlining V̇O
2
 values that differed more than three 

standard deviations from a previously fitted non-linear func-
tion were removed using the 99% prediction bands (Lamarra 
et al. 1987; Keir et al. 2014). V̇O

2max
 and maximal respira-

tory exchange ratio (RERmax) were calculated from the 30 s 
interval with the highest values during the ramp and verifica-
tion test, respectively. If the V̇O

2max
 from the verification test 

was more than 5% higher than the highest 30 s—V̇O
2
 at ramp 

test termination, the ramp test was classified as not maximal, 
which excluded four participants from further analysis.

Second, the mean differences and slopes of the V̇O
2
–work-

load relationship and their corresponding standard deviations 
were calculated for varying workload defined sampling inter-
vals in the submaximal intensity domain. As shown in Fig. 1, 
for each workload interval the slope of the V̇O

2
–workload 

relationship was approximated via linear least-squares method 
regression analysis. Additionally, each workload defined sam-
pling interval was divided into a lower and upper half and the 
mean of the lower half was subtracted from the mean of the 
upper half for the calculation of the corresponding difference. 
As can be seen in Fig. 1, we started with workload defined 
sampling intervals of 30 W, equivalent to time intervals of 
60 s, which is a frequently used time interval for the diagnosis 
of a V̇O

2
 plateau (Gordon et al. 2011, 2012). With respect 

to the group-based coefficient of variation (CV) of the 30 W 
workload interval, subsequently workload intervals of 40 and 
50 W were analyzed by increasing the corresponding time 
interval to 80 and 100 s, respectively. To get sufficient num-
bers of slopes and differences, the workload defined sampling 
intervals were shifted in 10 W steps between 200 and 60 W 
below Pmax. An equal number of slopes and differences for 
every participant independent of their Pmax could be guaran-
teed by this approach, and the potential effects of non-linear 
dynamics of the ramp test V̇O

2
 , caused by the mean response 

time (MRT) at the beginning of a ramp test or a potential V̇O
2
 

plateau at the end of the ramp test, were eliminated. In prac-
tice, this means that if a participant had a Pmax of 350 W, the 
first 30 W workload defined sampling interval ranged from 
150 up to 180 W, the second from 160 to 190 W and so on, up 
to 260 to 290 W. At workload defined sampling intervals of 
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30, 40 and 50 W, this procedure provides 12, 11 and 10 slopes 
and differences per participant and a total of 504, 462 and 420 
slopes and differences, respectively.

Based on the 504, 462 and 420 slopes and differences, we 
calculated the corresponding means, standard deviations, and 
CV of the whole group. These were used to determine group-
based workload defined sampling intervals and cutoffs, which 
achieves a risk of false plateau diagnoses below 5%. As writ-
ten in “Introduction”, this value was chosen because it is a 
commonly accepted level of erroneous decisions in interfer-
ence statistics. The group-based cutoffs were set at 50% of the 
mean slopes and difference of these average values to guaran-
tee an equal risk of false-positive and false-negative plateau 
diagnoses.

Since the variability of the plateau criteria differs substan-
tially between participants, the CV was calculated additionally 
for each set of 12, 11 and 10 slopes and differences per par-
ticipant at workload defined sampling intervals of 30, 40 and 
50 W, respectively. In cases where the individual CV of the 
30 W workload defined sampling intervals was less than 25%, 
the slopes and differences were determined at workload defined 
sampling intervals of 20 W too. If the individual CVs of the 
50 W workload defined sampling intervals were higher than 
25%, the slopes and differences were determined additionally 
for 10 W larger workload intervals (= 60 W). This was extended 
until the individual CV was less than 25% for each participant, 
meaning that in some participants with a high variability of 
the plateau criteria workload defined sampling intervals of 60, 
70, 80, 90 and 100 W were analyzed. The individual workload 
defined sampling interval, which enables a risk of false plateau 
diagnoses < 5%, was defined as the lowest workload defined 
sampling interval at which the individual CV was less than 25%. 
The individual cutoff was set at 50% of the mean slope and dif-
ference of the individual workload defined sampling interval.

In the next step, the individual and group-based cutoffs 
were used to detect the frequencies of plateau diagnoses in the 
submaximal and maximal intensity domain. If the slope or the 
difference was less than 50% of the mean slope or difference of 
the corresponding workload defined sampling interval, a pla-
teau was accepted. V̇O

2
 plateaus occurring in the submaximal 

intensity domain were classified as false positive. Frequencies 
of plateau diagnoses in the submaximal and maximal intensity 
domain were compared with the expected frequencies of false 
plateau diagnoses. The expected frequencies were calculated 
based on the Gaussian distribution function (Eq. 1) using 
Microsoft Excel:

where μ and SD are the mean and the standard deviation of 
the plateau criteria and b is equal to the cutoff calculated as 

(1)F(x) =
1

SD

√

2�

b

∫
−∞

e
−

1

2

�

x−�

SD

�2

dx

50% of the corresponding mean. The area under the Gauss-
ian distribution function and to the left of the cutoff (dotted 
vertical line) represents the expected probability of false-
positive plateau diagnoses (see Fig. 3). To calculate the 
expected probability of false-negative plateau diagnoses, it 
was assumed that the plateau criteria show a similar vari-
ability in the maximal compared to the submaximal intensity 
domain and that the mean slope or difference in case of a 
V̇O

2
 plateau is equal to zero. Thus, another Gaussian distri-

bution function with the same standard deviation, but with a 
mean slope or difference equal to zero, was plotted (see the 
dashed Gaussian distribution function in Fig. 3). The area 
under this Gaussian distribution function and to the right of 
the cutoff represents the probability of false-negative plateau 
diagnoses (see Fig. 3).

Statistics

Descriptive data were calculated as means and standard 
deviations, as well as absolute and relative frequencies. 
The effect of the workload defined sampling interval on the 
means and standard deviations of both plateau criteria was 
tested with analyses of variance with repeated measurements 
and Bonferroni correction. The same approach was used to 
compare the CVs of the slopes and differences. Normal dis-
tributions of plateau criteria at different workload defined 
sampling intervals were tested via Shapiro–Wilk tests. Fur-
thermore, the distributions were visualized with probability 
density plots. The frequencies of plateau diagnoses in the 
submaximal and maximal intensity domain were compared 
with χ2 tests. If the expected frequency of plateau diagnoses 
was less than 5 in more than 20% of the observed cells, we 
used Fisher’s exact test. For comparison of observed and 
expected frequencies of false-positive plateau diagnoses 
we used binomial tests. The level of significance was set 
at p = 0.05.

Results

Four out of the 46 participants attained a more than 5% 
higher V̇O

2max
 in the verification test than in the incre-

mental ramp test and were excluded from the subse-
quent analyses. The remaining 42 participants achieved 
a PGET, Pmax, V̇O

2max
 , RERmax, BLCmax, and RPEmax of 

148.6 ± 22.0  W, 365.0 ± 39.3  W, 4.01 ± 0.47  l  min−1, 
1.22 ± 0.06, 13.55 ± 1.65 mmol l−1 and 18.7 ± 1.5 in the 
ramp test. V̇O

2max
 , RERmax, BLCmax, and RPEmax of the 

verification bout were 3.95 ± 0.51  l min−1, 1.13 ± 0.07, 
14.08 ± 2.47 mmol l−1 and 19.2 ± 1.2, respectively.

Table 1 presents the means and standard deviations of 
the plateau criteria (slope and difference), which were 



236	 European Journal of Applied Physiology (2020) 120:231–242

1 3

calculated in the submaximal intensity domain using work-
load defined sampling intervals of 30, 40 and 50 W. The 
mean slope of the V̇O

2
–workload relationship did not differ 

between the workload defined sampling intervals, as indi-
cated by the lack of a main effect [F(1.12, 45.79) = 0.57, 
p = 0.471, η2 = 0.014]. However, the intra-individual vari-
ability of the slope, which is represented by the individual 
standard deviation (SDIND), decreased when larger work-
load defined sampling intervals were used to calculate the 
slope [F(1.21, 49.60) = 203.1, p < 0.001, η2 = 0.832]. The 
group-based standard deviation (SDGROUP) also decreased 
with increasing size of workload defined sampling inter-
vals but was about 0.2 ml min−1 W−1 higher than the 
SDIND.

The mean difference between the upper and lower half 
of the workload defined sampling intervals increased with 
increasing size of workload defined sampling intervals, as 
indicated by significant main effect [F(1.64, 67.1) = 1364.8, 
p < 0.001, η2 = 0.971]. In contrast, the intra-individual 
(SDIND) and the group-based (SDGROUP) variability of 
the difference decreased with increasing size of workload 
defined sampling intervals [F(1.95, 79.9) = 19.74, p < 0.001, 
η2 = 0.325]. The SDGROUP was about 1.6–6.4  ml  min−1 
higher than the SDIND.

As shown in Fig. 2, the CVs of the plateau criteria, cal-
culated from the means and standard deviations in the sub-
maximal intensity domain, decreased with increasing size of 
workload defined sampling intervals [F(1.35, 55.17) = 172.6, 
p < 0.001, η2 = 0.808]. At 50 W the individual, and group-
based CVs of the slope were lower than 25%, which was 
previously defined as the cutoff for a valid V̇O

2
-plateau defi-

nition. The individual CV of the difference was also below 
25% at a workload defined sampling interval of 50 W. In 
contrast, the group-based CV of the difference was slightly 
higher than 25% at the 50 W workload defined sampling 
interval.

The variability of the slopes was significantly lower at 
all workload defined sampling intervals than the variability 

of the difference [F(1, 41) = 84.87, p < 0.001, η2 = 0.674]. 
However, the differences between the plateau criteria (slope 
vs. difference) decreased with increasing size of workload 
defined sampling intervals, as indicated by an interac-
tion effect between the size of workload defined sampling 
intervals and the plateau criterion [F(1.63, 66.69) = 5.14, 
p = 0.013, η2 = 0.111].

When using the slope as a plateau criterion, 3, 11, 17, 6, 
3, and 1 out of the 42 participants attained a CV ≤ 25% at 
workload intervals of 30, 40, 50, 60, 70, and 100 W, respec-
tively. When using the difference as a plateau criterion, 1, 
13, 12, 12, 1, 1, and 2 out of the 42 participants attained a 
CV ≤ 25% at workload intervals of 30, 40, 50, 60, 70, 80, 
and 90 W, respectively.

As shown in the frequency distribution plots in Fig. 2, 
the variabilities of the slopes and differences were approxi-
mately Gaussian distributed at all workload intervals. This 
was confirmed by the results of the Shapiro–Wilk test 
(slope 30 W: p = 0.329; slope 40 W: p = 0.716; slope 50 W: 
p = 0.824; difference 30 W: p = 0.433; difference 50 W: 
p = 0.152), except for the difference at the 40 W workload 
interval (p = 0.018).

Table 2 presents the frequencies of V̇O
2
 plateau diagnoses 

of the plateau criteria in the submaximal and maximal inten-
sity domain at different workload defined sampling intervals. 
There was a reduction of the frequency of plateau diagnoses 
in the submaximal intensity domain (false-positive diagno-
ses) when larger workload intervals were analyzed (slope: 
χ2 = 71.66; p < 0.001; difference: χ2 = 91.99; p < 0.001). 
The frequencies of plateau diagnoses of both plateau cri-
teria at the end of the ramp test also showed a reduction 
with increasing magnitude of the workload defined sampling 
intervals (slope: χ2 = 9.14; p = 0.024; difference: χ2 = 10.40; 
p = 0.015).

The frequencies of plateau diagnoses at the end of the 
ramp test (maximal intensity domain) were significantly 
higher compared to the submaximal intensity domain at all 
workload defined sampling intervals (slope 30 W: p < 0.001; 

Table 1   Descriptive data 
(mean ± SD) of the V̇O

2
-plateau 

criteria at workload defined 
sampling intervals of 30, 40 and 
50 W

Slope slope of the V̇O
2
–workload relationship, Difference difference in V̇O

2
 between the upper and lower 

half of the workload defined sampling interval, SDIND individual standard deviations, SDGROUP group-based 
standard deviations
§ Significantly different from 30 W
† Significantly different from 40 W

Criterion 30 W 40 W 50 W

Slope (ml min−1 W−1) Mean 10.35 ± 1.19 10.30 ± 1.07 10.28 ± 1.06
SDIND 4.39 ± 1.31 2.86 ± 1.00§ 2.15 ± 0.77§,†

SDGROUP 4.54 3.07 2.41
Difference (ml min−1) Mean 156.3 ± 18.4 204.4 ± 22.0§ 258.5 ± 27.6§,†

SDIND 74.9 ± 20.3 67.3 ± 24.7§ 60.5 ± 22.0§,†

SDGROUP 76.5 71.7 66.9
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Fig. 2   Coefficient of variation of the individual and group-based vari-
ability of the V̇O

2
-plateau criteria (slope and difference) at workload 

defined sampling intervals of 30, 40 and 50  W. Slope individual: 
mean CV of the slope of the V̇O

2
–workload relationship within every 

single participant, slope group: mean CV of the slope of the V̇O
2
–

workload relationship of the whole group, Difference individual: 
mean CV of the difference between the lower and upper half of work-

load defined sampling intervals within every single participant, differ-
ence group: mean CV of the difference between the lower and upper 
half of workload defined sampling intervals of the whole group; §sig-
nificantly different from 30  W, †significantly different from 40  W, 
*significant differences between slope and difference; the dashed line 
marks the predefined cutoff for a valid V̇O

2
-plateau definition (coef-

ficient of variation ≤ 25%)

Table 2   Frequencies and percentages of V̇O
2
-plateau diagnoses in the submaximal and maximal intensity domain using both plateau criteria at 

different workload defined sampling intervals

Data are absolute (n) and relative frequencies (%) of V̇O
2
 plateau diagnoses in the submaximal and maximal intensity domain. Difference: differ-

ence between the upper and lower half of the corresponding workload defined sampling interval as a plateau criterion
Slope slope of the V̇O

2
–workload relationship of the corresponding workload defined sampling interval as a plateau criterion, exp. n expected 

absolute frequency of false-positive plateau diagnoses, exp. % expected relative frequency of false-positive plateau diagnoses
* Significantly different from the expected frequency of false-positive plateau diagnoses
# Significantly different from the submaximal intensity domain
§ Significantly different from the 30 W workload defined sampling interval
† Significantly different from the 40 W workload defined sampling interval

Criterion Workload defined 
sampling interval

Submaximal Maximal

n total exp. n n exp. % % n total exp. n N exp. % %

Slope 30 504 64.1 53 12.7 10.5 42 5.3 21*,# 12.7 50.0*,#

40 462 20.7 19§ 4.7 4.1§ 42 2.0 19*,# 4.7 45.2*,#

50 420 6.8 6§,† 1.6 1.4§,† 42 0.7 15*,# 1.6 35.7*,#

Individual 423 3.7 1§,† 0.9 0.2§,† 42 0.4 16*,# 0.9 38.1*,#

Difference 30 504 77.4 68 15.4 13.5 42 6.5 22*,# 15.4 52.4*,#

40 462 35.6 25§,* 7.7 5.4§,* 42 3.2 17*,# 7.7 40.5*,#

50 420 11.2 9§,† 2.7 2.1§,† 42 1.1 13*,#,§ 2.7 31.0*,#,§

Individual 410 3.7 0§†,* 0.9 0.0§,†,* 42 0.4 17*,# 0.9 40.5*,#
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slope 40 W: p < 0.001; slope 50 W: p < 0.001; slope individ-
ual: p < 0.001; difference 30 W: p < 0.001; difference 40 W: 

p < 0.001; difference 50 W: p < 0.001; difference individual: 
p < 0.001).

(a) (b)

(c) (d)

(e) (f)
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Furthermore, the frequencies of plateau diagnoses at 
the end of the ramp test were also significantly higher 
compared to the expected frequency of false-positive pla-
teau diagnoses, which were calculated from the Gauss-
ian distribution function (slope 30 W: p < 0.001; slope 
40 W: p < 0.001; slope 50 W: p < 0.001; slope individual: 
p < 0.001; difference 30 W: p < 0.001; difference 40 W: 
p < 0.001; difference 50 W: p < 0.001; difference indi-
vidual: p < 0.001).

In the submaximal intensity domain, the observed 
frequencies of plateau diagnoses did not differ from the 
expected frequencies, except for the difference at 40 W 
and the difference at the individual workload defined 
sampling interval (slope 30 W: p = 0.077; slope 40 W: 
p = 0.322; slope 50  W: p = 0.491; slope individual: 
p = 0.106; difference 30 W: p = 0.129; difference 40 W: 
p = 0.034; difference 50 W: p = 0.302; difference indi-
vidual: p = 0.025).

Discussion

The main findings of the present study are: (1) that a 
workload defined sampling interval of at least 50 W is 
required to reduce the risk of false plateau diagnoses 
below 5%; (2) that the slope has a lower CV at a given 
workload defined sampling interval than the difference 
and is, therefore, more suitable for the diagnosis of a V̇O

2
 

plateau; (3) that the V̇O
2
-plateau incidences at the end of 

ramp tests are higher than the plateau incidences in the 
submaximal intensity domain and even higher than the 
expected frequencies of false-positive plateau diagnoses, 
indicating that the V̇O

2
 plateau in continuous ramp tests 

is not a calculation artifact; (4) that a V̇O
2
-plateau defini-

tion which is based on the individual slope or difference 
and their corresponding variabilities’ results in an almost 
similar plateau incidence compared to a definition which 
is based on the mean and standard deviation of a whole 
group.

Effect of workload defined sampling interval 
on the variability of the plateau criteria

We found a reduction of the CV of both plateau criteria 
with increasing magnitude of workload defined sampling 
intervals, which is consistent with our first hypothesis. At 
a workload defined sampling interval of 50 W, the CV of 
the slope is lower than the previously defined threshold of 
25%. Since the variability of the plateau criteria is Gauss-
ian distributed (see Fig. 3), the expected frequencies of 
false-positive and false-negative plateau diagnoses at a CV 
of ≤ 25% are ≤ 2.5% each, resulting in a combined total 
of ≤ 5%. This indicates that a workload defined sampling 
interval of at least 50 W is required to achieve a suffi-
ciently low risk of false plateau diagnoses. A workload 
defined sampling interval of 50 W is much higher than 
most previously chosen workload defined sampling inter-
vals (Edvardsen et al. 2014; Gordon et al. 2012; Poole 
et al. 2008; Rivera-Brown et al. 2001; Vella et al. 2006; 
Yoon et al. 2007). In these studies, the V̇O

2
 plateau was 

calculated from the difference between the last and the 
next-to-last 15 or 30 s periods of an incremental load test. 
Since the workload increments were usually ≤ 30 W min−1, 
there is a high probability that the findings of these studies 
are strongly affected by several false plateau diagnoses. 
Our finding that rather large workload defined sampling 
intervals are required for a valid V̇O

2
-plateau diagnosis is 

also contrary to the recommendations of previous stud-
ies (Astorino et al. 2005, Astorino 2009; Thomson et al. 
2015). These studies simply checked at which sampling-
interval durations the highest plateau incidences at the end 
of incremental tests occurred. Based on these analyses, 
they recommend very short sampling intervals (15 s or 15 
breaths) for the diagnosis of a V̇O

2
 plateau. However, they 

did not consider the variability of V̇O
2
 , which is mainly 

caused by irregularities in the rate and depth of ventila-
tion (Myers et al. 1990; Robergs et al. 2010). Because of 
the lower number of breaths that were averaged, shorter 
sampling intervals showed a substantial higher variability 
than longer ones (Myers et al. 1990). Additionally, they 
used fixed cutoffs and did not consider that the differ-
ence in workload between adjacent sampling intervals in 
continuous ramp tests decreased when shorter sampling-
interval durations are used, as explained in “Introduc-
tion”. The extremely high plateau incidences (91–100%) 
which have been reported when using 15 s or 15 breath 
sampling-intervals (Astorino et al. 2005, Astorino 2009; 
Thomson et al. 2015) are, therefore, very likely caused 
by several false-positive plateau diagnoses. The common 
use of time intervals instead of workload intervals for 
the diagnoses of a V̇O

2
 plateau is the main reason for the 

above-explained mismatch between the increase in V̇O
2
 

and the applied cutoff in several studies. Therefore, we 

Fig. 3   Probability density plots of the plateau criteria at varying 
workload defined sampling intervals; a slope at 30  W, b difference 
at 30 W, c slope at 40 W, d difference at 40 W, e slope at 50 W, f dif-
ference at 50 W. The solid line represents the Gaussian distribution 
function of the corresponding plateau criteria and workload defined 
sampling interval in the submaximal intensity domain. The dashed 
line represents the assumed Gaussian distribution function of the cor-
responding plateau criteria and workload defined sampling interval in 
case of a V̇O

2
 plateau. The dotted vertical line represents the cutoff, 

which is set at 50% of the mean slope/difference. Note that the area 
under the intersection point of the Gaussian distribution functions 
represents the expected probability of false-positive (left to the dot-
ted vertical line) and false-negative (right to the dotted vertical line) 
plateau diagnoses

◂
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decided to report workload defined sampling intervals 
instead of time intervals to establish a valid V̇O

2
-plateau 

definition. Since workload is linear function of time in 
incremental ramp tests, the number of breaths that are 
averaged during a given workload interval changes when 
ramp tests with higher or lower incremental rates are used. 
At a first glance, this seems to limit the transferability of 
the provided plateau definition to other incremental tests. 
However, the effect of sampling interval duration on the 
variability of adjacent sampling intervals decreases in an 
exponential fashion (Myers et al. 1990) and the sampling 
interval duration at the 50 W workload defined sampling 
interval is already rather long (50 s for the upper and lower 
half of the whole workload interval). Therefore, small 
changes in the incremental rate (±10 W) will have only 
minor effects on the validity of our provided definition.

Slope or difference?

Based on the classical plateau definition by Taylor et al. 
(1955), the difference between two adjacent sampling 
intervals at the end of an incremental load test has been 
used to identify a V̇O

2
 plateau in most studies (Edvardsen 

et al. 2014; Gordon et al. 2011, 2012; Rivera-Brown et al. 
2001; Vella et al. 2006). However, as shown in Fig. 2, 
the slope had a lower CV at a given workload defined 
sampling interval than the difference. Based on this obser-
vation, we recommend using the slope to detect a V̇O

2
 

plateau at incremental ramp tests.
However, the slope of the V̇O

2
–workload relationship 

cannot be calculated for stepwise or discontinuous incre-
mental load tests. The mean workload difference of the 
upper and lower half of a given workload interval in a 
ramp test amounts exactly to one half of the workload 
interval. As a consequence, the mean difference between 
the upper and lower half of the 50 W workload interval 
is 25 W. This indicates that the difference between con-
secutive stages at stepwise incremental or discontinuous 
exercise tests should be > 25 W to detect a V̇O

2
 plateau 

with sufficient probability. It also needs to be taken into 
account that the sampling interval durations which were 
used to calculate the difference between adjacent sampling 
intervals increased with increasing magnitude of workload 
defined sampling intervals in the present study. The dura-
tions of the upper and lower halves of workload defined 
sampling intervals were each 30, 40 and 50 s at workload 
intervals of 30, 40 and 50 W, respectively. As described in 
“Introduction”, the variability between adjacent samples 
of breath-by-breath measured V̇O

2
 decreases with increas-

ing sampling interval duration (Myers et al. 1990). Thus, 
sampling interval durations of > 50 s combined with work-
load steps of > 25 W should be used to apply the findings 

of the present study to stepwise incremental or discontinu-
ous exercise tests properly.

Calculation artifact or physiological reality?

Based on a high occurrence of false-positive plateau diag-
noses, Beltrami et al. (2014) concluded that the V̇O

2
 pla-

teau is a calculation artifact rather than an indicator of a 
true physiological event. In the present experiment, we also 
found numerous false-positive plateaus in the submaximal 
intensity domain at the lowest workload defined sampling 
interval (30 W), despite the use of a relative cutoff. However, 
with increasing magnitude of workload defined sampling 
intervals, the frequencies of false-positive plateau diagno-
ses decreased markedly and they were less than 2.5% when 
using an individual as well as a 50 W workload defined 
sampling interval. The reduction of plateau diagnoses in the 
submaximal intensity domain with increasing magnitude of 
workload defined sampling interval was accompanied by a 
reduction of plateau diagnoses at the end of the ramp test. 
This is mainly caused by a reduced frequency of false-pos-
itive plateau diagnoses. Based on the Gaussian distributed 
variability of the plateau criteria, it can be calculated that in 
the present study 5 or 6 plateau diagnoses in the maximum 
intensity domain at a workload defined sampling interval of 
30 W are most probably false positives. This number can be 
reduced to 1 when applying 50 W workload defined sam-
pling intervals.

After minimizing the risk of false-positive plateau diag-
nosis using the aforementioned methods, we still observed 
plateaus at the end of the ramp test for about 30–40% of 
the participants. Furthermore, the plateau incidences at the 
end of the ramp test were significantly higher compared to 
the submaximal intensity domain and even compared to the 
expected frequencies of false-positive plateau diagnoses due 
to the variability of V̇O

2
 at all workload defined sampling 

intervals and both criteria. These findings clearly support 
the idea that the observation of a V̇O

2
 plateau at V̇O

2max
 in 

continuous incremental load tests does represent a physi-
ological event and is not an artifact caused by the variability 
of V̇O

2
 , as suggested by Beltrami et al. (2014) and others 

(Myers et al. 1989, 1990).

Individual or group‑based plateau definition?

The variability of the plateau criteria differed considerably 
between participants. As reported in “Results”, some par-
ticipants achieved a CV ≤ 25% already at a workload defined 
sampling interval of 30 W, while others achieved this value 
only at a workload defined sampling interval of ≥ 70 W. 
Fixed group-based workload defined sampling intervals fail 
to take this variability into account. This leads to a higher 
risk of false positives for participants with a CV > 25% at 
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the arbitrary group-based workload defined sampling inter-
val while even lower workload defined sampling intervals 
would have been sufficient for individuals with low vari-
ability. As a result, some participants with a CV ≤ 25% at a 
workload defined sampling interval of 30 and 40 W showed 
a plateau at the end of the ramp test when using these values 
for plateau detection, but not when using a workload defined 
sampling interval of 50 W. This is most likely caused by the 
fact that a V̇O

2
 plateau cannot be sustained for long durations 

because of a rapid V̇O
2
 deficit accumulation after the attain-

ment of V̇O
2max

 , as recently shown (Niemeyer et al. 2019). 
Consequently, the risk of individual false plateau diagnoses 
is higher when using group-based methods.

Therefore, a plateau definition which is based on the indi-
vidual variability of the plateau criteria seems to be more 
valid than and thus preferable to a group-based workload 
defined sampling interval and cutoff. However, the V̇O

2
-pla-

teau incidence at the end of the ramp test was just slightly, 
and not significantly, affected by the group or individual 
approach. Furthermore, the analysis of the variability in the 
submaximal intensity domain at different workload defined 
sampling intervals is very time consuming. Therefore, we 
recommend the individual approach only for studies where 
the V̇O

2
 plateau is the main outcome. If the V̇O

2
 plateau 

serves simply as a criterion for the diagnoses of V̇O
2max

 , 
a fixed workload defined sampling interval of 50 W for all 
participants seems to be appropriate for most issues.

Since the slope of the V̇O
2
–workload relationship differs 

between participants (Boone and Bourgois 2012; Niemeyer 
et al. 2019), some authors recommended using the individual 
mean slope or difference to calculate an individual cutoff 
(Midgley et al. 2007, 2009). However, the findings of our 
study clearly show that simply using a relative cutoff, which 
accounts for the increase of V̇O

2
 in the submaximal intensity 

domain, does not prevent a substantial risk of false plateau 
diagnoses. To ensure a sufficiently low risk of false plateau 
diagnoses, the relative cutoff has to cover also a large work-
load defined sampling interval as well. Additionally, one 
has to keep in mind that the V̇O

2
-plateau incidence is almost 

unaffected by the use of an individual cutoff in comparison 
to a group-based relative cutoff (Beltrami et al. 2014).

To reduce the risk of false-positive plateau diagnoses, 
several studies used cutoffs of considerably less than 50% of 
the mean difference or slope (Beltrami et al. 2014; Gordon 
et al. 2011; Mitchell et al. 1958; Yoon et al. 2007). As shown 
in Fig. 3, this approach leads to an increased risk of false-
negative plateau diagnoses. If for example the < 54 ml min−1 
cutoff of Mitchell et al. (1958) is used at the 30 W workload 
defined sampling interval, the probability of false-negative 
plateau diagnoses increases from 15.4 to 24.0%. Since the 
corresponding reduction of the probability of false-positive 
plateau diagnoses from 15.4 to 9.1% is less pronounced, 
the overall risk of false plateau diagnoses (false-negative 

and -positive) increases from 30.8 to 33.1%. Consequently, 
we recommend setting the cutoff at 50% of the mean 
slope or difference. At incremental rates between 20 and 
40 W min−1, the slope of the V̇O

2
–workload relationship is 

about ~ 10 ml min−1 W−1 (Boone and Bourgois 2012). There-
fore, a cutoff of 5 ml min−1 W−1 (slope) or 125 ml−1 min−1 
(difference) seems to be appropriate for ramp tests with an 
incremental rate between 20 and 40 W min−1, as long as a 
workload defined sampling interval of 50 W is used.

Conclusion

The findings of our study strongly indicate that the V̇O
2
 pla-

teau at V̇O
2max

 reflects a physiological event and not just a 
calculation artifact, which is caused by the variability of 
V̇O

2
 . However, rather high workload defined sampling inter-

vals are necessary to discriminate V̇O
2
 plateaus with suffi-

cient certainty from the inherent noise of breath-by-breath 
measured V̇O

2
 . It can also be stated that despite considerable 

differences between participants in terms of the variability 
of V̇O

2
 , a workload defined sampling interval of ≥ 50 W and 

a cutoff which is set at the half of the expected slope or dif-
ference seem to be appropriate for most testing purposes. 
Lastly, the slope of the V̇O

2
–workload relationship has a 

lower variability at given workload defined sampling inter-
val than the difference between adjacent sampling intervals 
and is, therefore, more suitable as a plateau criterion for 
incremental ramp tests.

For the diagnoses of a V̇O
2
 plateau, we recommend the 

following approach:

•	 For studies where the V̇O
2
 plateau is the main outcome, 

the required workload interval should be calculated based 
on the individual variability of V̇O

2
 as described.

•	 For all other purposes, V̇O
2
 of last and the next-to-last 

25 W of an incremental ramp test should be compared, or 
even better the slope of the V̇O

2
–workload relationship of 

the final 50 W should be calculated. If the difference or 
slope is less than the half of the expected increase in V̇O

2
 

(difference < 125 ml min−1; slope < 5 ml min−1 W−1), a 
real plateau can be diagnosed with a risk of false plateau 
diagnoses of ~ 5%.

•	 Since the number of breaths per workload interval and 
the slope of the V̇O

2
–workload relationship (∆V̇O

2
/∆P) 

changes when higher or lower incremental rates are used 
this plateau definition should be only used for ramp tests 
with an incremental rate of 20–40 W min−1.

•	 To apply the present findings to stepwise incremental tests 
properly, the workload steps and the sampling interval 
durations should be at least 25 W and 50 s, respectively.
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