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Abstract 

Background: Metabolic simulations as described by Mader (2003) can be used to model the 

physiological response (e.g. blood lactate, phosphocreatine, pH, aerobic and anaerobic energy 

contribution) to exercise. While some parameters of the model were derived from the literature and 

are assumed to be constant, the individual performance markers V̇O2max (maximal oxygen 

consumption) and ċLamax (maximal lactate production rate) can be used as input to create individual 

performance predictions. Further, the MLSS (maximal lactate steady-state) can be estimated via the 

model. In practice, this model is already used to infer those performance markers from observed 

testing data. However, a thorough evaluation of this approach is still missing. 

Objective: To assess the concurrent validity of simulation-based performance testing (sim) in cycling 

compared to experimental estimates from performance testing (exp). 

Study Design: Agreement Study 

Participants: Recreational cyclists and triathletes 

Methods: Five exercise tests will be conducted on at least 5 days. On day 1, body composition, a 15-

second sprint (ċLamaxexp) and a ramp test until exhaustion (V̇O2maxexp) will be conducted. On day 2 

and 3, an individualized test protocol and a standard graded exercise test are conducted to observe 

model-based performance markers (V̇O2maxsim, ċLamaxsim, MLSSsim) with each procedure. From day 4 

on, multiple 30-minute constant workload tests are performed to measure MLSSexp. Agreement 

analyses will be conducted via Bland-Altman analyses using a priori defined Limits of Agreement.  

Registration: This study protocol will be pregistered via the Open Science Framework (OSF) upon an 

ethical vote.  

Ethics: A vote by the ethics committee of the Ruhr University Bochum is still pending. 

Key Words: maximal oxygen consumption, maximal lactate production rate, anaerobic threshold, 

endurance testing 
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Background 

Measurement of blood lactate concentration in endurance-related performance testing has been 

implemented in sport-scientific practice since the early 1980s1. Typically, a lactate-power curve is 

derived from a sport-specific performance test. Endurance capabilities are interpreted based on the 

lactate curve, e.g. a rightward shift is associated with an increased endurance capability and vice 

versa2. Further, a plethora of lactate thresholds have been developed and evaluated3 as endurance 

performance markers and to guide training recommendations2. Many, if not most, of these concepts 

rely on rather simple, graphical algorithms of lactate-power curves, which neglect the time course and, 

thus, differ when different test protocols are used4. Due to this descriptive evaluation the true 

mechanisms that control the metabolism and thus the blood lactate response remain unknown.  

To shed light on the “blackbox” of muscular energetics, Mader et al. described a theoretical framework 

of human energy metabolism using mathematical equations1,4–6. Wackerhage et al. (2022)1 recently 

gave an overview of their achievements, since a vast majority of the work was published in German 

only. In their first international article, Mader & Heck (1986)7 described the human energy metabolism 

in a simplistic one-compartment model and, consequently, gave a physiological rationale for the 

anaerobic threshold. Later, Mader (2003)6 expanded the model to an active and passive compartment. 

This more sophisticated model respects the exchange of metabolites between both compartments as 

well as the influence of the biochemical intramuscular environment on the ATP synthesizing processes. 

The resulting two-compartment model is a system of four differential equations. The model is vastly 

driven by two individual performance parameters: the maximal glycolytic (ċLamaxa) and aerobic 

(V̇O2max) flux rates. In the computer simulation, the physiological response to exercise (e.g. blood 

lactate concentration, phosphocreatine stores) can be determined based on these two parameters, 

the individual body composition, and further parameters where constant values are assumed based 

on previous research6. However, it is still unclear, whether these “constant” values might differ, e.g. Ji 

et al. (2021)8 determined running economy empirically for each individual. Furthermore, the 

equilibrium of lactate production and removal – the maximal lactate steady-state (MLSS) – can be 

modelled7. Consequently, the simulation model can explain real-life phenomena and give modern 

lactate testing a theoretical foundation6.  

While V̇O2max has long been an accepted marker of human metabolism, the influence of ċLamax is 

still debated. It is argued that an increased ċLamax results in a leftward shift of the lactate curve and 

vice versa4,7. The application of the one-compartment model in endurance performance testing in 

cycling has been evaluated only in a few studies 9,10. These studies used a ramp test to determine 

V̇O2max and a sprint test to measure ċLamax. Based on the measured values the MLSS was calculated 

and afterward validated against the experimentally determined MLSS. Even though the bias between 

calculated and experimentally determined MLSS suggests that the model is valid for finding MLSS, a 

recent re-evaluation of the data of previously published studies indicates that this might not be the 

case 5. Due to the simplistic nature of the one-compartment model and the absence of a valid means 

to measure ċLamax the applicability of the model in performance testing cannot yet be sufficiently 

answered. To overcome the issue of having to measure ċLamax the two-compartment model can be 

used to model lactate curves. The modeled lactate curves can then be compared to experimentally 

determined lactate curves and thus determine V̇O2max and ċLamax.  

 
a It has recently been debated that ċLamax is a more appropriate name for the maximal lactate production rate 
(instead of V̇Lamax). This study protocol acknowledges this recent debate and complies with the newly 
recommended abbreviation.5 
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This study aims to validate the use of the two-compartment model in simulation-based performance 

testing in cycling. Experimental (exp) derived performance parameters will be compared to those from 

the simulation-based test (sim). V̇O2maxsim, ċLamaxsim, and MLSSsim will be derived from a typical graded 

exercise test protocol as well as an alternative individualized protocol. Those values will be compared 

with the gold standard measurements of V̇O2maxexp, ċLamaxexp, and MLSSexp, respectively. 

Methods 

Participants 

Recreational cyclists and triathletes with a weekly training volume above 6h will be recruited for this 

study. Sport-specific experience is a prerequisite to participate in the study for three reasons. First, to 

reduce potential training-specific adaptations due to multiple tests during the time course of the study. 

Second, to ensure a sufficiently developed endurance performance capability to collect multiple data 

points at different intensities. Third, to achieve a representative sample to which the results can be 

generalized. 

Recruitment for the study begins in March 2023. Sports science students with sufficient background in 

endurance sports as well as athletes from local clubs will be recruited for the study. The first 

examinations will begin in April 2023. 

Participants will be informed by the investigators about the goal of the study and potentially arising 

risks before they participate in this study. Furthermore, written information and a declaration of 

consent to be signed by the participants are provided. Afterward, the participants will receive a 

detailed evaluation of their outcomes. Data of all participants will be anonymized.  

Study Design 

The study encompasses 5 – 6 testing days with multiple tests on the cycle ergometer. The body 

composition is measured on the first day using bioelectrical impedance analysis (BIA). Afterward, two 

performance tests are conducted: a 15-second sprint test to measure ċLamaxexp followed by a ramp 

test until exhaustion to measure V̇O2max exp. A break of at least 45 minutes between both tests will be 

ensured. On the second and third days, a step test protocol and an individualized protocol are 

performed to obtain simulation-based parameters for each test (V̇O2maxsim, ċLamaxsim, MLSSsim). 

During the remaining visits to the laboratory, multiple 30-minute constant workload tests are 

performed to measure MLSSexp. The performance testing takes place at two different locations, the 

Faculty of Sports Sciences (Ruhr University Bochum) and a commercial institution (Dr. Ralf 

Lindschulten, Hannover). The report will adhere to the GRRAS guidelines 11 for reporting agreement 

studies; a checklist will be provided in our online repository: https://osf.io/6xf4n/ 

Pilot studies 

The study was designed based on a previously conducted pilot study using a simplified approach12. As 

a main outcome the here proposed study design includes additional tests to assess the validity of the 

applied model. Further, this study protocol was tested on 3 new participants and consequently refined. 

Equipment 

Performance testing is conducted on a Cyclus 2 ergometer (TE 2 %, 8 Hz, RBM electronic automation 

GmbH, Leipzig, Germany). The Cyclus 2 system is considered the gold standard for measuring and 

controlling mechanical power 13. Participants are required to bring their own bike which is mounted 

onto the Cyclus 2. Configurations of the Cyclus 2 are performed according to the specifics of the 

participant’s bike (crank length and size of frontal chain ring).  

https://osf.io/6xf4n/
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Blood lactate samples are taken from the earlobe with a 20 µl-capillary tube mixed in a reaction vessel. 

Measurement of lactate concentration is performed enzymatic-amperometrically using chip-sensor 

technology (Biosen C-Line Sport, EKF-Diagnostik Germany). Gas exchange is measured using a 

spirometric device (MetaMax 3B, Cortex Germany). All systems are calibrated before the beginning of 

each performance test.  

Body composition is measured using BIA (InBody 770, JP Global Markets GmbH, Germany). 

Simulation 

The simulation of the energy metabolism from Mader has been developed through the course of 

multiple publications 4,6,7. Calculations in this study are based on Mader (2003)6 and summarized in the 

following: 

 

1. Calculation of phosphates concentrations and free enthalpy 

[𝐴𝐷𝑃] =  
𝑆[𝐴]

(𝑀3 ∙
(𝑆[𝐶] − [𝑃𝐶𝑟])

𝑀2
∙ [𝐻+] ∙ [𝑃𝐶𝑟]) + (𝑀2 ∙ [𝐻+] ∙

[𝑃𝐶𝑅]
𝑆[𝐶] − [𝑃𝐶𝑟]) + 1

 

[𝐴𝑇𝑃] =  𝑀2 ∙ [𝐻+] ∙ [𝑃𝐶𝑟] ∙
[𝐴𝐷𝑃]

𝑆[𝐶] − [𝑃𝐶𝑟]
 

[𝐴𝑀𝑃] =  𝑀3 ∙
[𝐴𝐷𝑃]2

[𝐴𝑇𝑃]
 

∆𝐺𝐴𝑇𝑃.𝑐𝑦𝑡 = ∆𝐺0 − 𝑅 ∙ 𝑇 ∙ 𝑙𝑛(𝑀2 ∙ [𝐻+] ∙
[𝑃𝐶𝑅]

(𝑆[𝐶] − [𝑃𝐶𝑟])2
) 

 

2. Activation curves 

�̇�𝑂2.𝑎 =  
�̇�𝑂2.𝑚𝑎𝑥

1 +
𝑘𝑠1

 [𝐴𝐷𝑃] ∙ ∆∆𝐺𝐴𝐷𝑃 

 

𝑣𝐿𝑎𝑠𝑠.𝑝ℎ =
1

1 +  
[𝐻+]3

𝑘𝑠3

∙  
�̇�𝐿𝑎𝑚𝑎𝑥

1 + 
𝑘𝑠2

[𝐴𝐷𝑃] ∙ [𝐴𝑀𝑃]

 

 

3. Differential equation system 

𝑑[𝐺𝑃]

𝑑𝑡
  = 𝑏𝑉𝑂2 ∙ �̇�𝑂2.𝑎 + 𝑏𝑣𝐿𝑎 ∙ 𝑣𝐿𝑎𝑠𝑠.𝑝ℎ − 𝑏𝑝𝑜𝑤 ∙ 𝐸  

𝑑[𝑉𝑂2]

𝑑𝑡
= 𝑘𝑉𝑂2 ∙ (�̇�𝑂2.𝑠𝑠 −  �̇�𝑂2.𝑎) 

𝑑[𝐿𝑎]𝑚

𝑑𝑡
=  −𝐾1 ∙ ([𝐿𝑎]𝑚 − [𝐿𝑎]𝑏) +

1

𝐿𝑎𝑠𝑝𝑎𝑐𝑒.𝑚𝑢𝑠𝑐𝑙𝑒
∙ (𝑣𝐿𝑎𝑠𝑠.𝑝ℎ − 𝑣𝐿𝑎𝑜𝑥.𝑚)  

𝑑[𝐿𝑎]𝑏

𝑑𝑡
= 𝑉𝑟𝑒𝑙 ∙ (𝐾1 ∙ ([𝐿𝑎]𝑚 − [𝐿𝑎]𝑏) − 𝑣𝐿𝑎𝑜𝑥.𝑏) 
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Table 1: Constants used in the computer simulation 6 

Constant Value Unit Description 

M3 1.05 [mol-1] Adenylate kinase equilibrium constant  

M2 1.66 x 109 [mol-1] 
Hydrogen ion independent creatine kinase 
constant  

S[A] 7 [mmol/kgm] Sum of adenylate phosphates  

ks1 0.035 [mmol/kgm] 
50%-activation constant of oxidative 
phosphorylation related to V̇O2max  

ks2 0.00035 [mmol/kgm] 
50%-activation constant of glycolysis related to 
ċLamax  

ks3 10-20 [mol-1] 
50%-inhibition rate constant of glycolysis due to 
non-competitive inhibition of [H]+  

∆𝐺0 -30.6 [kJ/mol] Standard free energy of the [ATP]/[PCr] system  

R 
2 x 10-3 x 
4.184 

[kJ/mol] Gas constant  

T 310 [K] Absolute Temperature  

𝐿𝑎𝑠𝑝𝑎𝑐𝑒.𝑚𝑢𝑠𝑐𝑙𝑒  0.75 AU Average relative muscle H2O space  

 

The simulation was implemented in the programming language Python. The differential equation 

system is solved with the package scipy.integrate with the function solve_ivp and the method RK45 14. 

Open-source software for the simulation will be published separately. 

Testing Protocol 

Day 1 – Body composition, sprint and ramp test 

First, the body composition is measured using BIA. The collected data is necessary to properly calibrate 

the simulation for the individual participant. It is necessary to approximate the lactate distribution 

space (Laspace) and the active muscle mass (AMM). Laspace is considered to be 69% of the total body 

water7. As lactate is measured with the dimension concentration the overall distribution space is 

needed to calculate the amount of substance. AMM is a similarly important parameter because the 

simulation calculates the metabolic behavior on the level of one-kilogram muscle and on this basis the 

exchange of metabolites to the whole body. Consequently, the maximal flux rates and the ATP-

turnover must be scaled towards one kilogram of AMM. AMM is considered to be 65% of the overall 

muscle mass for cycling. 

Sprint test 

Second, the sprint test to approximate ċLamax is performed on the Cyclus 2. Based on current scientific 

knowledge the sprint test is highly reliable 15. Nevertheless, the validity of the test to determine ċLamax 

has yet to be demonstrated. The estimation of the anaerobic-alactic contribution to the ATP-synthesis, 

the inhibitory effect of the intramuscular pH-value on glycolysis, the ongoing activation of glycolysis 

after the termination of the sprint and the potential influence of the oxidative metabolism on ATP-

synthesis and lactate clearance challenge the validity of the test. Recommended is a short maximal 
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sprint (15 seconds), after which multiple lactate samples are taken. From the highest lactate 

concentration after the sprint the ċLamax is approximated. 

The sprint test is conducted based on the defined standards15. The participant’s own bike is mounted 

on the Cyclus 2. Before the execution of the sprint, a standardized ten-minute warm-up at low 

mechanical power is performed. During the warm-up, three linear increments up to 500 W for ten 

seconds are performed. After the termination of the warm-up, a passive phase of five minutes follows 

in which the participant is instructed to move as little as possible. Before the sprint follows three 

capillary blood samples are drawn from the earlobe ([La]pre). The following all-out sprint is conducted 

in the isokinetic maximal force mode of the Cyclus 2. The initial force is set to 2 N x kg-1 and the maximal 

cadence is regulated to not exceed values above 130 U x min-1 15,16. Throughout the test the participant 

is required to remain seated, may not change gearing, and is verbally motivated by the investigator. 

After the termination of the sprint blood lactate samples are drawn every minute for the following ten 

minutes during which the participant is instructed to move as little as possible.  

Ramp test 

V̇O2max is measured using a ramp protocol. The test starts with a warm-up protocol at a low intensity. 

The ramp test aims at eliciting exhaustion within 7 – 10 minutes17. The initial mechanical power is set 

to 50 W and increases 1 W per second. The test is terminated when volitional exhaustion is attained, 

or cadence drops below 40 rpm. It is the goal to maximally activate the oxidative phosphorylation 

before fatigue from other systems exhausts the participant. Exhaustion will be evaluated using the 

following criteria: 

1.) Leveling off in the measured oxygen consumption. Defined as an increase below 150 ml/min 

during the last 30 seconds of the test. 

2.) Respiratory exchange ratio is above 1.1 at the end of the test. 

3.) Maximal lactate concentrations after the test exceed 10 mmol/L. 

4.) Rating of perceived exertion is above 19 (BORG-Scale). 

During the test, the oxygen consumption and carbon dioxide production are continually measured 

using spirometry. Collected data are evaluated using the Breath-by-Breath-Method. V̇O2max is defined 

as the highest value of a 30-second rolling average.  

Day 2 – individualized test protocol 

In practice, individualized test protocols are commonly used for simulation-based performance testing. 

Multiple constant intervals with varying duration and intensity are conducted. Based on anecdotal 

evidence the individualized test protocol is thought to be superior and deliver more accurate results 

in collaboration with the simulation than the classical step test protocol. Theoretical rationales 

supporting this claim are outlined parallel to the following description of the protocol. A scientific 

comparison of both methods has never been performed to the author’s knowledge.   

In this study, the individualized test protocol consists of four intervals which can be distinguished into 

3 phases. The interval lengths are the same for all participants and the mechanical power for each 

participant will be estimated based on the individual endurance performance and physiological data 

throughout the test. Spirometric data, lactate measurement and rate of perceived exhaustion (BORG, 

6-20) will be collected throughout the test.  

Phase 1 

The test is preceded by the measurement of the basal metabolic rate via a spirometric cart. Phase 1 is 

structured like a classical graded exercise test (3-minute-stages) with the aim of obtaining a six-minute 
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interval with constant intensity with a post-lactate concentration between 2.5 – 3 mmol/L. A starting 

intensity is chosen by the investigator. After two minutes a first blood sample is drawn and directly 

analyzed. If the lactate concentration is below 1.8 mmol/L another three-minute stage is entered with 

increased intensity. This scheme continues until the lactate concentration exceeds 1.8 mmol/L. Once 

this has occurred the intensity is kept constant, and the duration of the stage is extended to six 

minutes.  After the end of the six-minute stage, capillary blood samples are drawn at rest at minutes 

0’ and 1’ and afterward in two-minute intervals until the lactate concentration decreases.  

The structure of the first phase is justified by simulation results. Two hypothetical athletes who only 

differ in V̇O2max were simulated to conduct six-minute trials of varying intensities - see Figure 2. The 

post-interval lactate values are shown on the y-axis. The results show low discrimination between both 

athletes in regions of low lactate. Thus, lactate concentration well below 2.5 mmol/L may not be 

suitable to derive information about underlying performance parameters. 

 

Fig. 2: Lactate concentration as a function of mechanical power for a six-minute interval. Red: V̇O2max 

= 4125 ml/min (55 ml/min/kg), blue: 4500 ml/min (60 ml/min/kg). All other parameters are identical.  

Phase 2 

Phase 2 consists of 2 intervals that aim to reach post-lactate concentrations between 3.5 – 4.5 mmol/L 

and 4.5 – 6 mmol/L. Hence, intensity will be subjectively estimated by the investigators. Interval 

duration is 6 minutes. A longer duration than in the classical step test protocol was chosen because a 

longer duration results in higher lactate concentrations, which leads to better estimation of the 

physiological parameters – see Figure 2. Both intervals are preceded with active recovery until lactate 

concentration decreases below 3.5 mmol/L (at least 2 minutes). After each interval, blood samples are 

drawn at minutes 0’, 1’, and afterward every two minutes until the lactate concentration starts to 

decrease and thus ensuring that the maximal concentration has been exceeded. After the passive rest 

of at least 2 minutes, the next interval started with active recovery. 

Phase 3 

Phase 3 consists of one interval which aims to elicit exhaustion within 3 – 5 minutes. A duration of at 

least three minutes is necessary to reach oxygen consumption values near V̇O2max 18. To increase test 

economy, the maximal duration is aimed to be 5 minutes. The interval is preceded by active recovery 
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until lactate concentration decreases below 3.5 mmol/L. The subjective assessment of the athlete and 

previous test data are used to determine the individual intensity. Blood samples are drawn as 

described in phase 2. 

Generally, it is to be stressed that the attainment of lactate concentrations exactly within the 

predefined confines is unlikely and not necessary to fulfill the requirements of the protocol. One should 

rather think of this as a rough orientation to obtain data points that are evenly distributed over the 

entire metabolic profile.  

Day 3 – Graded exercise test 

Due to the lack of a study demonstrating the superiority of the individualized test protocol in 

comparison to a classical step test both protocols are implemented in this study. The graded exercise 

test starts with a mechanical power of 80 W and increases by 40 W every five minutes. At the end of 

each stage, a capillary blood sample is drawn, heart rate is measured, and the ratio of perceived 

exertion (BORG-Scale) is recorded. The test is terminated at the exhaustion of the participant. 

Afterward, three capillary blood samples at 0’, 1’, and 3’ are drawn.  

Day 4-6 – MLSS Trials 

The MLSS is defined as the intensity at which the lactate concentration in the blood during a 30-minute 

test with constant mechanical power does not rise further than 1 mmol/L between the 10th and 30th 

minute of the test (Δ[La]MLSS)19. Concerning the practical validation of the calculated MLSS based on 

the simulated performance parameters at least two MLSS-Trials will be performed. Before the test, a 

14-minute warm-up is performed at low intensity including two two-minute intervals closely below 

the intensity of the 30-minute test. Throughout the entire constant load test the participants’ gas 

exchange and heart rate are measured. Capillary blood samples are drawn at intervals of five minutes 

and after the test at 0’, 1’, and 3’.  

Analysis of performance parameters 

ċLamaxexp  

The arithmetic mean of the three lactate concentrations drawn before the sprint is considered [La]pre 

(mmol/L). Lactate concentrations after the sprint test are interpolated using the Bateman function15. 

The maximal value of the interpolated function is considered [La]postmax (mmol/L). talac (s) is calculated 

using the following formula: 

𝑡𝑎𝑙𝑎𝑐 =  0.0909 ×  𝑡𝑠𝑝𝑟𝑖𝑛𝑡  +  2.045  

Finally, ċLamaxexp (mmol/L/s) is calculated: 

 

ċLamax𝑒𝑥𝑝 =  
[𝐿𝑎]𝑝𝑜𝑠𝑡𝑚𝑎𝑥 − [𝐿𝑎]𝑝𝑟𝑒 

𝑡𝑠𝑝𝑟𝑖𝑛𝑡 −  𝑡𝑎𝑙𝑎𝑐
 

V̇O2maxsim, ċLamaxsim and MLSSsim 

Simulation-based performance parameters were derived from the individualized and the classic test 

protocol. For both tests, individual body composition and the equations and constants as outlined in 

the section “Simulation” were used. The parameters V̇O2max and ċLamax as input were perturbed to 

find the best combination of parameters that minimizes the residuals of simulated versus observed 

lactate values. To do so, non-linear least squares estimation via the Levenberg-Marquart algorithm20 

as implemented in the lmfit21 function from the scipy package14 in the programming language Python 
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was used. Initial values for fitting are derived from the respective test and the fit will be constrained 

to physiologically plausible values. For the individualized protocol, the residuals were calculated based 

on a lactate-power curve, where the lines represent the lactate concentration after the time spent in 

the trial as a function of power (see Figure 3). For the classical test protocol, the residuals are calculated 

based on a single lactate-time curve.  

To illustrate the analysis, data of a participant from a pilot study is shown. The dots in figure 3 show 

the maximal lactate concentration after each interval. Colored lines illustrate the simulated lactate 

concentration as a function of mechanical power. After varying V̇O2max sim and ċLamaxsim , the best fit 

was obtained by χ2 and the experimentally obtained V̇O2peak. The simulated performance parameters 

for this participant show 65.0 ml/min/kg (V̇O2maxsim), 0.70 mmol/L/s (ċLamaxsim), and 255 Watts 

(MLSSsim). χ2 is 3.45. The analysis of the step test protocol is similar. To illustrate this process, data of 

the same participant are visualized in figure 4. Calculated performance parameters are 64.0 ml/min/kg 

(V̇O2maxsim), 0.60 mmol/L/s (ċLamaxsim), and 254 Watts (MLSSsim).  

      

Fig. 3: Exemplary analysis of the individual test protocol (left) and the graded exercise test protocol 

(right). Left: Blue, green and yellow show the six-minute intervals; black is the third phase. Dots 

illustrate measured values. Lines show the outcomes of the simulation. Right: Dots show measured 

values. The line illustrates the outcome of the simulation. 

MLSSexp 

In previous studies the MLSS was only determined to an accuracy of 10 W22. It is unlikely to truly 

measure the MLSS during a 30-minute interval due to the precision of measurement (lactate 

concentration and power control) and the sensitivity of the lactate kinetics at intensities around the 

MLSS. Nevertheless, rounding the power at the MLSS to 10 W to achieve a more practical 

measurement interferes with the validation of the calculated MLSS from the simulation. MLSSsim is 

calculated on an absolute scale, whereas rounded MLSSexp is ordinally scaled. In order to calculate 

MLSSexp on an absolute scale MLSSexp is linearly interpolated based on the two 30-minute constant load 

tests closest to MLSS. The following explains the mathematical approach: 

𝑀𝐿𝑆𝑆𝑒𝑥𝑝 =  (1 − Δ[La]𝑀𝐿𝑆𝑆.𝑙𝑜𝑤) ÷
Δ[La]𝑀𝐿𝑆𝑆.ℎ𝑖𝑔ℎ − Δ[La]𝑀𝐿𝑆𝑆.𝑙𝑜𝑤

𝑝1𝑡𝑟𝑖𝑎𝑙 − 𝑝2𝑡𝑟𝑖𝑎𝑙
+ 𝑝1𝑡𝑟𝑖𝑎𝑙  

1. MLSS Trial (p1trial = 218 W)  

Δ[La]MLSS = 0.6 mmol/L 

 

2. MLSS-Trial (p2trial 228 W) 

Δ[La]MLSS = 1.7 mmol/L 
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𝑀𝐿𝑆𝑆𝑒𝑥𝑝 =  (1 − 0.6) ÷
1.7 − 0.6

228 − 218
+ 218 =  221.6 𝑊 

The intensity of the first MLSS-Trial is based on the MLSSsim. If MLSSsim from the individualized and the 

graded exercise test differs the average is calculated and defined as the intensity for the first MLSS-

trial. If the blood lactate concentration rises further than 1 mmol/L during the last 20 minutes of the 

test the mechanical power is increased for the next trial and vice versa. The test battery is terminated, 

if one MLSS trial above and below the MLSS has been performed. MLSSexp is consequently calculated 

based on the two MLSS-trials closest to MLSS. 

Statistical Analysis 

Agreement analyses via Bland-Altman analyses23 and the concordance correlation coefficient (CCC)24 

will be conducted for MLSS, V̇O2max and ċLamax by comparing their experimental versus simulation-

derived versions. The primary outcome is the MLSS. Based on our power analysis, a hypothesis test for 

agreement on an a priori delta value of ± 20W will be conducted, i.e., confidence intervals (1-2*alpha) 

of the Limits of Agreement (LoA) not exceeding this value yield a significant test result. Significance 

was set at alpha = 0.05. Confidence intervals around point estimates are calculated for the biases, LoAs 

and CCCs. Estimation error of the parameters V̇O2max and ċLamax will be derived by the outlined 

procedure and evaluated in each protocol. 

Further parameters are investigated in adjunct qualification work: 

Master-Thesis: V̇O2maxexp and V̇O2maxsim from the classical step test are compared. For the sake of 

validity, a Bland-Altman-Comparison is conducted. The limits of agreement are defined a priori as ± 

300 ml/min based on the results of a previously published paper allegedly using a similar method and 

the reliability of V̇O2max measurements25,26. 

Master-Thesis: V̇O2max exp and V̇O2maxsim from the lactate over time curve from the MLSS-Trials are 

compared. Validity is assessed by performing a Bland-Altman-Analysis. The limits of agreement are 

defined a priori as ± 300 ml/min based on the reliability of V̇O2max measurements25,26. 

Bachelor-Thesis: ċLamaxexp and ċLamaxcalc based on the maximal lactate concentration after the ramp 

test are compared 4. To assess the validity a Bland-Altmann-Analysis is performed. Based on the 

reliability of ċLamaxexp measurements a priori limits of agreement are defined as ± 0.15 mmol/L/s 15. 

An overview of the planned analyses is provided in table 2. 

Power analysis 

A power analysis was conducted for sample sizes of up to 25 participants which were in the range of 

our resources for this study. The primary outcome is the difference between MLSSsim to the practically 

determined MLSSexp (gold standard). A previously published study involved 19 participants to measure 

agreement between several methods compared to the gold standard22. This sample size was high 

compared to other studies evaluating agreement compared to the MLSS. Our power calculations are 

based on a hypothesis test, where the confidence intervals (1- alpha/2) of the Limits of Agreement 

(LoA) lie between a pre-defined threshold (delta) according to27. A mean difference (bias) of 1 W and 

a standard deviation of differences of 7 W was assumed based on a previously published article22. 

Setting alpha = 0.05, agreement level = 0.9 and delta = 20 W for cycling, a sample size of n = 20 yields 

a power of 79.4 %. The calculation was performed in R (R Core Team, 2021) using the SimplyAgree-

package28. Additionally, a sample size calculation for correlation was performed. Assuming a high 

correlation between measurements of Intra-Class-Correlation = 0.95 aiming for a precision of the 95 

% confidence interval of ± 0.05 yields a sample size of n = 16 using the web-based sample size 
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calculator29. We concluded that a sample size of n = 20 for cycling will be sufficiently informative to 

draw conclusions on agreement between measurements. 

Prospect 

In addition to the outlined analyses, further analyses will be performed in future studies. A rough 

outline of these analyses can be formulated as follows: 

1.) Comparison between simulated performance parameters from individualized and classical 

graded exercise test protocols. 

2.) Simulation of a ramp test and calculation of performance parameters based on the post-

exercise lactate kinetics.  

3.) Simulation of a sprint based on the power-time curve converted into ATP-turnover as an input 

parameter to calculate ċLamax based on the post-exercise lactate kinetics. 

4.) Calculation of ċLamax based on the ATP-Turnover without measuring lactate.  

Prospective analyses of the collected data are not included in table 2. 

Data availability 

Data and code will be publicly available in our OSF repository: https://osf.io/6xf4n/  
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Table 2: Overview of research questions 
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