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Key reasons why athletes are interested in CPET

• Maximal Oxygen Uptake (𝑉̇𝑉O₂max) - the upper limit of aerobic capacity

• Individual Anaerobic Threshold (IAT) - determines sustainable race pace

• Exercise Economy - optimizing technique and material

• Training Personalization - target specific areas of intensity

• Performance Monitoring - track progress over time

• Health Screening  
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You can do whatever you like if what you are 
measuring is related to performance in competition 

or is likely to be useful in training guidance. 

lifesincrediblejourney.com
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Prerequisite 

Valid and reliable measurements at baseline and follow-up

• Definition of exhaustion criteria

• Daytime variation

• Verification test

• etc
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Analysis methods for predicting competitive performance in 
swimming

• Step tests (Pansold, Simon, AIS etc)

• Step test: arms, legs

• Swimming channel: 𝑉̇𝑉O₂max measurement (direct, post-breathing)

• Swimming speed against resistance

• Turn and start analyses

• Strength measurement: biobank, strength analysis 

• Heart rate variability measurement, salivary cortisol,urine catecholamine 

concentration, etc.

• Methods: modelling, neural network
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s50 m 100 m 200 m ≥400 m
Age (years) 0.34** 0.26*
Height (cm) 0.26*
Resting HR (1/min) -0.26* -0.54**
Tendency to infection 0.41*
ESR (mm/2h) -0.26*
Creatine kinase (U/l) 0.37* 0.31* 0.29*
Magnesium (mmol/l) -0.49**
IAS, endurance (IPSscore) 0.46** 0.48** 0.42*
ANT, sprint (IPS score) 0.51** 0.48** 0.35

Multivariate linear regression
with IPS-Score of respective length

Unpublished data
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Exhaustion criteria
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𝑉̇𝑉O2-plateau

Howley et al. Med Sci Sports Exerc. 1995 Sep;27(9):1292-301.Poole and Jones J Appl Physiol (1985). 2017 Apr 1;122(4):997-1002
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𝑉̇𝑉O2-plateau only in 30-50% of tested people

Day et al J Appl Physiol (1985). 2003 Nov;95(5):1901-7 Barker et al Br J Sports Med. 2011 May;45(6):498-503
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Factors influencing the 𝑉̇𝑉O2-plateau incidence

Which factors influence whether or not a 𝐕̇𝐕O₂max plateau occurs?

1.Motivation:   NO

2.Anthropometric data:  NO

3.Aerobic fitness:   NO

4.Anaerobic power:  NO

5.Type of exercise:  NO

6.Anaerobic capacity:  YES

VO2-uptake kinetic:  YES

Wagner J,  … Knaier R (2021) PLOS ONE 16(1): e0245306. 
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Typical CPET in 
cycling athlete

23 years
180 cm
64 kg 
𝑉̇𝑉O₂max 78 ml/kg/min

VT1 and VT2 clearly detectable

Exhaustion criteria:
𝑉̇𝑉O₂max plateau
RER > 1.13

Max heart rate (HR):
APMHR = 210-age 
APMHR = 208-0.7*age 
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New Data-based Cutoffs for Maximal Exercise
Criteria across the Lifespan

Wagner J Med Sci Sports Exerc. 2020 Sep;52(9)-1915-1923
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Secondary exhaustion criteria for healthy untrained individuals

Age group RERmax APMHR
210-age 

APMHR
208-0.7*age 

20-39 years 1.13 96% 93%

40-59 years 1.10 99% 92%

60-69 years 1.06 99% 89%

Wagner J Med Sci Sports Exerc. 2020 Sep;52(9)-1915-1923
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Diurnal variation and day to day variability



Fo
r p

er
so

na
l u

se
 o

nl
y,

 d
is

tri
bu

tio
n 

be
yo

nd
 p

er
so

na
l u

se
 

st
ric

tly
 fo

rb
id

de
n 

du
e 

to
 C

op
yr

ig
ht

s

Variability of peak 𝑉̇𝑉O2 values 

Küüsmaa-Schildt et al. Chronobiol Int. 2019 Jun;36(6):811-825
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Randomization

7 h 10 h 19 h16 h13 h 21 h

13 h

16 h

19 h

21 h

7 h

7 h

10 h 16 h 19 h 21 h 7 h

18 – 35 years
𝑉̇𝑉O2max > 90. percentile

Knaier et al. Front Physiol. 2019 Mar 18;10:219

Diurnal variation in percentage of peak 𝑉̇𝑉O2max
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all p-values > 0.11

Knaier et al. Front Physiol. 2019 Mar 18;10:219

𝑉𝑉

Diurnal variation of peak 𝑉̇𝑉O2max.
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Diurnal variation in percentage of  𝑉̇𝑉O2max

Diurnal variation in percentage of peak 𝑉̇𝑉O2max.

Knaier et al. Front Physiol. 2019 Mar 18;10:219
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5.0 ± 1.9 mL/kg/min

2.0 ± 1.0 mL/kg/min

Day 1 Day 2 ICC (95% CI)
Peak work-

load (W)
355 ± 57 356 ± 58

0.99

(0.97; >0.99)
Peak VO2

(L/min)

4.01 ±

0.71

3.99 ±

0.76

0.98

(0.93; >0.99)

Knaier et al. Front Physiol. 2019 Mar 18;10:219

Diurnal variation in percentage of  𝑉̇𝑉O2max



Fo
r p

er
so

na
l u

se
 o

nl
y,

 d
is

tri
bu

tio
n 

be
yo

nd
 p

er
so

na
l u

se
 

st
ric

tly
 fo

rb
id

de
n 

du
e 

to
 C

op
yr

ig
ht

s

Diurnal variations in maximal physical performance 
reported in the individual studies for 

endurance 
exercise tests 

30-s Wingate test 

Handgrip 
strength test Jump height 

Knaier R Med Sci Sports Exerc. 2022 Jan 1;54(1):169-180
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Verification Test – sense or nonsense ?
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Verification tests

Poole and Jones J Appl Physiol (1985). 2017 Apr 1;122(4):997-1002 Midgley et al. Appl Physiol Nutr Metab. 2009 Apr;34(2):115-23
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sStudy Subjects 𝑉̇𝑉O2 ramp 𝑉̇𝑉O2 verification TTE (min)
Midgley et al. 

(2009)
Cyclists (N=10)

4.05 ± 0.47 

(l/min)

3.96 ± 0.38 

(l/min)
1.7

Murias et al. 

(2018)
Untrained (n=45)

40.6 ± 11.4

(ml/min/kg)

40.9 ± 10.9

(ml/min/kg)
1.7 ± 0.4

Sansum et al. 

(2019) Untrained (N=128)

m: 2.48 ± 0.73

f: 1.96 ± 0.31

(l/min)

2.36 ± 0.72

1.89 ± 0.34

(l/min)

1.6 ± 0.42

1.7 ± 0.33

Astorino et al. 

(2009)
Untrained (n=15)

2.37 ± 0.69

(l/min)

2.29 ± 0.75

(l/min)
4.2 ± 2.0

Wagner J et al (2021) Plos One 16(1): e0245306. 

Verification protocols
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Verification protocols

Study Recovery Verification 𝑉̇𝑉O2 verified
Poole et al. 

(2009)
1 day +

3:00 20 W, stepwise increase to 

105% Pmax
8 out of 8

Midgley et 

al. (2009)
10 min

2:00 50% Pmax, 1:00 70% Pmax, 

Pmax + 30 W
9 out of 10

Wagner et 

al. (2021)

10 min 

active

2:00: 50% Pmax, 1:00 70% Pmax, 

105% Pmax
47 out of 126

Mean time to exhaustion during the verification phase was 1:15 ±0:20 minutes.

Wagner J et al (2021) Plos One 16(1): e0245306. 
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𝑉̇𝑉O2 and work rate profile during a supra-peak power verification-bout in an individual, 
which was able to sustain the verification bout long enough to disprove the achievement of 
𝑉̇𝑉O2max in the incremental test.

Wagner J et al (2021) Plos One 16(1): e0245306. 
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Ratio of 𝑉̇𝑉O2max achieved during the verification-phase 
divided by 𝑉̇𝑉O2max from the initial phase of the exercise test. 

No added value: 
𝑉̇𝑉O2- plateau present, irrespective 
of verification- 𝑉̇𝑉O2, or no 𝑉̇𝑉O2-
plateau was present and 
verification- 𝑉̇𝑉O2 < 97% of 𝑉̇𝑉 2peak 
from initial phase of CPET.

no 𝑉̇𝑉O2-plateau and verification-
𝑉̇𝑉O2 of 97–103% of 𝑉̇𝑉O2peak 

verification- 𝑉̇𝑉O2 > 103%

Expressed as a percentage for all 
tests performed by the participants. 
Circles = males; triangles = females.

Wagner J et al (2021) Plos One 16(1): e0245306. 



Fo
r p

er
so

na
l u

se
 o

nl
y,

 d
is

tri
bu

tio
n 

be
yo

nd
 p

er
so

na
l u

se
 

st
ric

tly
 fo

rb
id

de
n 

du
e 

to
 C

op
yr

ig
ht

s

Added value of verification protocols

Different szenarios of test & verification test:

1. 𝑉̇𝑉O2–plateau & verification- 𝑉̇𝑉O2 < 97% no added value

2. 𝑉̇𝑉O2–plateau & verification- 𝑉̇𝑉O2 97% - 103% no added value

3. 𝑉̇𝑉O2–plateau & verification- 𝑉̇𝑉O2 > 103% no added value

4. no 𝑉̇𝑉O2–plateau & verification- 𝑉̇𝑉O2 < 97% no added value

5. no 𝑉̇𝑉O2–plateau & verification- 𝑉̇𝑉O2 97% - 103 % uncertain value

6. no 𝑉̇𝑉O2–plateau & verification- 𝑉̇𝑉O2 > 103% added value

Results:
No added value: 66%

Uncertain value: 32%

Added value: 2%

Wagner J et al (2021) Plos One 16(1): e0245306. 
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Ratio of verification 
𝑉̇𝑉O2peak divided by 
𝑉̇𝑉O2peak achieved in 
preliminary ramp 
test.

Presented as a percentage 
for all tests conducted by 
participants. Tlim time to the 
limit of exercise 
tolerance,𝑉̇𝑉O2peak highest 
oxygen uptake

Bruggisser F et al Eur J Appl Physiol. 2024 Jun;124(6):1669-1681.
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Classification of all sub-peak 95% verification phases performed into no 
added value, potential added value, and certain added value

all (N=9) reached RER ≥ 1.13 and maxHR ≥ 93% of 208-(0.7・age), 
N=8 maxHR ≥ 96% of 210-age and a Borg Rating (RPE) ≥ 19 (6-20)

Bruggisser F et al Eur J Appl Physiol. 2024 Jun;124(6):1669-1681.
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Classification of all supra-peak 105% verification phases performed into 
no added value, potential added value, and certain added value

Bruggisser F et al Eur J Appl Physiol. 2024 Jun;124(6):1669-1681. 3

more time

higher costs

higher burden

Consequence: 
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Energy System Interaction and Relative Contribution During Maximal 
Exercise

Gastin PB Sports Med 2001; 31 (10): 725-741

M
ax

im
al

 p
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pu
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Critical power
W’ = composed in part of anaerobic energy 
sources and expressed in kilojoules)

Jones AM et al Med Sci Sports Exerc. 2010 Oct;42(10):1876-90.
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Vanhatalo A et al Med Sci Sports Exerc. 2007 Mar;39(3):548-55.
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Limited agreement of ramp 
𝑽̇𝑽𝑶𝑶₂max with 3min all-out 
and 4 min Time trial

Bruggisser F et al Sci Rep. 2025 Jul 21;15(1):26398.
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Step Test on Treadmill for Patient with HCM and Athletes

Comparison: 
a

b
c

d
e

a – hypertrophic cardiomypathy
b – tennis player („serve and volley“)
c -  tennis player („ash court“)
d - 10 km runner
e – marathon runner

Schmidt-Trucksäss, unpublished ©
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Running economy
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Let’s imagine…

39

Runner A Runner BV̇O2max is 
equal 

Runner A
Runner 
B

Saunders et al. 2004 Sports Med
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What is work economy and how is it measured?

40
Saunders et al. 2004 Sports Med

Energy demand for given workload

Commonly measured as steady-state consumption of oxygen 

Definition

!!! Oxygen alone does not consider differences in substrate use

To be more accurate: kcal/kg/min or kcal/kg/m

Barnes & Kilding. 2015 Sports Med

Protocol Different stages of speed or workload, long enough 
to reach steady-state

Duration 3-15 min if intensity is below ventilatory threshold 2

Slow component occurs with higher intensities
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How can equipment affect economy?
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Take home messages

• Validity and reproducibility come first – standardise the test before you interpret the numbers

• Data-based exhaustion criteria (RER ≥ 1.13, % APMHR) replace the plateau – but they stem 
from untrained cohorts and still await validation in athletes

• Time of day barely affects 𝑉̇𝑉O₂peak (ICC ≥ 0.98) – it does affect VT1 and VT2, so keep follow-
up tests at the same hour

• Verification phases add value in ~2% of tests, at the price of time, cost and additional strain –
not a routine requirement

• 𝑉̇𝑉O₂max is only one of three determinants – report threshold and economy as well, and state 
the smallest change you can actually detect
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