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ABSTRACT

The aim of the current study was to compare modelled maximal lactate steady state with the field-based assessment of critical
power in a group of highly trained pro cyclists. As a secondary objective, the relationships of the maximal rate of blood lactate
accumulation and maximal oxygen consumption with outdoor maximal mean power output of different durations were explored.
Twelve highly trained male professional cyclists performed six successive maximal tests. The maximal lactate steady state was
calculated using the maximal rate of blood lactate accumulation, maximal oxygen consumption, resting oxygen uptake and
body mass as input parameters. The critical power was estimated using the 3-minute and 20-minute maximal mean power
outputs. The mean of the modelled maximal lactate steady state was 357 +30.6 W, while the mean of critical power was 364 £21.5
W; the modelled maximal lactate steady state and critical power correlated significantly (r=0.881 and p<0.001). The maximal
oxygen consumption correlated with the 3-minute maximal mean power (r=0.646 and p=0.023), 20-minute maximal mean
power (r=0.846 and p<0.001) and critical power (r=0.858 and p<0.001). No significant correlations were found between
maximal rate of blood lactate accumulation and any of the outdoor maximal mean power outputs. The modelled maximal lactate
steady state seems to predict critical power well on a group level; however, a substantial individual variation in the difference
between the modelled maximal lactate steady state and critical power was observed. This individual variation would argue
against conceptual similarity between the critical power and maximal lactate steady state model, which practitioners working
within cycling should be aware of.

Keywords blood lactate, maximal oxygen consumption, maximal lactate accumulation rate, power output, physiological

assessment

received March 13, 2026 | accepted after revision July 15, 2026 | article published online 2026

Bibliography Int ] Sports Med DOI 10.1055/a-2917-0233 ArtID ||SM-03-2026-11886-tt
© 2026. Thieme. All rights reserved. Georg Thieme Verlag KG, Oswald-Hesse-Strae 50, 70469 Stuttgart, Germany

Correspondence MSc. Ivo S. |. Habets, Department of Nutrition and Movement Sciences, NUTRIM Institute of Nutrition and Translational Research in
Metabolism, Maastricht University Medical Center, Maastricht, LI, Netherlands, Email: i.habets@maastrichtuniversity.nl

Introduction

Competitive road cycling is an endurance sport encompassing both
mass-start and individual time trial events. A professional cyclist
typically competes in a variation of both multiday races and one-
day races." Due to the variation in race profiles, terrains and tac-
tics, there is a wide variation in characteristics to successfully com-
pete in those different race types which lead to the specialization
of riders to those race types that fit best their capabilities (e.g.,
sprinter vs. climber).2:3

To appropriately apply a training stimulus to a high-level cyclist,
an assessment of their physiological and functional capacity is typ-
ically applied in both field and laboratory settings. This includes
assessing a rider’s ‘power profile’, i.e., the maximal mean power
output (MMP) they can produce over a variety of durations (e.g.,
typically ranging from 5 s to 60 min). In addition to this, MMP field
data can be used to estimate an individual's sustainable power out-
put, critical power (CP).# Furthermore, physiological (laborato-
ry-based) assessments are conducted to complement the func-
tional power output data collected in the field. Conventionally,
maximal aerobic power is measured during a graded exercise test
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to exhaustion on a stationary bike with simultaneous measure-
ments of oxygen consumption (maximal oxygen consumption or
VO5max), Which is commonly seen as the upper limit of aerobic
physiology.> While VO, ., correlates significantly with power out-
put during the outdoor time trial of durations from 8 to 20 min-
utes,5-8 athletes with similar VO, still range substantially in en-
durance performance.® Notably, endurance performance is better
represented by the fraction of VO, that can be sustained over
time, which is, among others, related to the lactate production
rate and muscle capillary density.® This intensity is described as the
highest workload at which lactate production equals lactate elimi-
nation and therefore does not lead to net lactate accumulation and
a steady state of lactate concentration can be reached,%1" which
is referred to as the maximal lactate steady state (MLSS). Power at
the MLSS is a significant predictor of performance in endurance
activities of 30 to 60 minutes.'2 Thus, the use of a threshold con-
cept, like MLSS, to predict endurance performance appears supe-
rior to VO, max. The gold standard method to determine one’s MLSS
is to perform several constant load tests of 30 minutes. The MLSS
is the highest workload that can be maintained for 30 minutes
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without an increase of blood lactate concentration of more than
1 mmol/L during the last 20 minutes of the test.12 For the valid as-
sessment of MLSS, multiple constant load tests of 30 minutes each
are required and sufficient rest between tests are needed. Thus,
using the golden standard method to assess MLSS is logistically
challenging and the application in sports practice is limited for elite
athletes with busy training and competition schedules.

Based on mathematical modelling and simulations of lactate
production and oxidation rates of a single muscle cell published by
Mader and Heck,3 a model has been developed to calculate one’s
power at the MLSS based on differentinput parameters. The input
parameters to model the MLSS consists of resting oxygen con-
sumption, maximal oxygen consumption and the maximal rate of
lactate accumulation per litre of blood (VLa,y).™ In recreational
endurance athletes (VO,m,: 60.4 mL/min/kg), modelled and meas-
ured MLSS correlated tightly (r=0.92 and p<0.001).'* Neverthe-
less, the individual variation in the difference between the mod-
elled and measured MLSS was substantial in this group with a het-
erogeneous training status. Therefore, its applicability in a
population of highly trained cyclists remains questionable.>-18

Alternatively, a common easy-to-implement tool for determin-
ing performance and set training intensities is CP. CP is seen as the
maximal capacity of a muscle or muscle group to perform work for
a prolonged amount of time and can be tested by a minimum of
two maximal tests between the durations of 3 to 20 minutes. Cy-
cling below CP can theoretically be sustained for almost an infinite
time and cycling above CP has a finite capacity which is referred to
as W prime (W’).# The concepts behind MLSS and CP could be ar-
gued to be the same, a threshold which divides sustainable from
non-stainable exercise intensities. In previous research, power at
MLSS and CP have already been shown to correlate significantly
but was still highly variable in absolute terms.1>-18 As the use of CP
in practice is very common, the relationship of it with the golden
standard endurance markers is practically important; however, this
relationship remains understudied in highly trained cyclists.

As race decisive moments are often short burst of high inten-
sity efforts, which are not reflected in the classical endurance mark-
ers, interest has grown in the assessment of anaerobic energy pro-
duction capacity. While W’ was believed to be an anaerobic ener-
gy store, this has been questioned by findings that it relates to the
kinetics of the VO, response, which suggest that it might not be a
true reflection of underlying physiological capacity to produce
power anaerobically.’ While VLa., should reflect the maximal
lactate formation rate (VLamay), which is an estimation of the max-
imum amount of energy per second that can be produced anaer-
obically by a subject.2? Additionally, it is theorized that a higher
Vlamax leads to a higher lactate concentration at the same work-
load and areduced MLSS,2' and therefore influencing the sustain-
able workload without changes in maximal oxygen consumption.

For these reasons, combining the assessment of the laborato-
ry-based parameters with practically used measures in field (like
CP) could improve rider allocation to race types and can be used
as a useful tool for the precise and individual monitoring of train-
ing adaptations and performance progression.
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Most studies on the application of modelled MLSS and CP meas-
urements to profile riders have, however, been performed in
trained amateur or recreational riders.’#22.23 |t is unknown if these
results can be validly extrapolated to elite pro cyclists.

Thus, this study aimed to compare the modelled MLSS with the
field-based assessment of CP in a group of highly trained male pro
cyclists. As a secondary objective, the relationships of VLan,,, and
VO, max With outdoor maximal mean power outputs of different du-
rations were explored.

Methods

Subjects

The study population consisted of 12 highly trained male pro cy-
clists with an average annual training volume of 759 +97 hours in
the season preceding the testing (October 2019 to September
2020) and all were a member of a Union Cycliste Internationale
continental team competing in international races. The partici-
pants of the current study can be classified as performance level 5
according to the classification by de Pauw et al.,24 and tier 3 to tier
4 according to the classification of McKay et al.2> The mean age of
the participants was 18.9 £ 1.0 years, the mean height was
181.0+4.7 cm, and the mean body mass was 67.9+4.7 kg. All in-
dividuals presented in this paper were hired by a professional cy-
cling team. Data shown were obtained as part of their daily
team-induced training regimes. In line with their team contract,
the riders approved publishing these anonymized data. The insti-
tutional review board approved this procedure. This study was ex-
ecuted in agreement with the principles of the declaration of Hel-
sinki.

Study design

In a cross-sectional design, the participants performed six maxi-
mal tests: two indoor laboratory tests on a stationary bike and four
outdoor field tests. During the indoor laboratory tests, the input
data for the modelled MLSS (body mass, resting VO5, VOmax. and
V0amay) Were acquired. With the reason to obtain VLap,, and
VOsmax riders’ personalized team bike equipped with a power
meter (Shimano Dura-Ace R9100 Power Meter, Sakai, Japan) was
connected to an ergometer to control the resistance (Elite Drivo
I, Fontaniva, Italy).

In the field, two time-trial tests of 3 and 20 minutes were used
to assess CP, along with a 10-second and 1-minute time-trial test
for a more complete profile of outdoor maximal power outputs
over a range of durations.

Participant’s VO5max and VLa,., were measured within a time
span of 6 days. The 3-minute and 20-minute maximal tests were
executed on the same or on 2 consecutive days. The 10-second
and 1-minute maximal tests were executed on the same day. All
required tests were done within a period of 34 days. To minimise
the influence of exercise-induced fatigue on test performance, par-
ticipants refrained from high-intensity exercise in the 48 hours
preceding each maximal test.
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The maximal rate of blood lactate accumulation test

Methodologies based on previously described protocols to esti-
mate an individual’s maximal lactate accumulation rate (VLamay)
were applied, aligning with the protocol used for the calculation
of modelled MLSS.14.23

The VLap, test started with a warm-up of 5 minutes at 50 % of
participant’s current CP and then a 5 second standing warm-up
sprint followed by a 4-minute recovery period at 50 % of CP. At the
end of this period, a baseline blood lactate measurement was
taken.

After the recovery period, the sprint test was performed, dur-
ing which the participants were instructed to deliver an all-out
standing sprint for 15 seconds. For the sprints, the resistance of
the Elite Drivo Il turbo trainer was set at maximum at the onset of
the sprint to allow sufficient resistance at the initial peak power
phase. After 15 seconds, the participants stopped pedalling, whilst
remaining on the bike. Blood samples were taken from the ear lobe
and were immediately analysed for blood lactate concentration
using the lactate oxidase enzyme electrode method (Lactate Pro
2, Arkray Global Business INC, Kyoto, Japan). The post-sprint test
blood lactate concentration was measured every 60 seconds start-
ing 1.5 minutes after the end of the sprint test, until the peak blood
lactate value was reached (The last measured value decreased with
respect to the one before).

The VLam,y was calculated using equation 1:

Via _ Lamaxpost — Lapre
max —

TTest - Talac

Equation 1: Calculation of the VLamay. Lamax post is the highest meas-
ured post-sprint blood lactate concentration. La, is the pre-sprint
or baseline blood lactate concentration. Tt is the time of the
sprint, which was 15 seconds. T, is the alactic time interval, the
time for which no lactate production can be assumed, which was
defined as the time until the power output decreased by more as
3.5 % compared to the maximal power output.20

It needs to be acknowledged that the VLa,,,, can merely be an
estimation of the muscular lactate production rate, given that the
concentration of lactate in the blood is a balance between the rate
of production and utilisation of different tissues, rather than the
production of the active muscle mass alone.

Maximal oxygen consumption test

Maximal oxygen consumption (VO,max) Was assessed using a ramp
test with the breath-by-breath measurement of oxygen uptake
using a metabolic cart (Quark RMR, COSMED, Italy). The metabol-
ic cart was calibrated according to the manufacturer’s instructions
before each measurement, including gas calibration against a
known gas mixture and volume calibration using a 3 L syringe. After
a 10-minute warm up, the ramp protocol started at 150 W and in-
creased with 30 W steps each minute until the participant reached
voluntary exhaustion. The VO, was defined as the highest mean
of all measured VO, values over a period of 30 seconds.
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Body composition and resting oxygen uptake
measurements

Resting oxygen uptake (VO,es;) Was measured in the morning, just
after waking up but before breakfast using a metabolic cart (Quark
RMR, COSMED, Italy). The measurement started while laying down
and as soon as stable VO, values were recorded (~10 min). The
lowest mean oxygen uptake averaged over 5 minutes was defined
as VO,,est. Due to logistical reasons for two participants, the rest-
ing oxygen uptake was estimated based on height, age and body
mass using the Harris—Benedict equation.2® Body mass was meas-
ured in the morning before the VO, test using a body analysis
scale (BS430, Medisana GmbH, Neuss, Germany).

Modelling of the maximal lactate steady state

The mathematical models underlying the calculation of the mod-
elled MLSS have been extensively described elsewhere.?3 The rel-
evant equations and modelling approach to calculate the MLSS
have been described previously by Hauser et al.’ Hence, for the
exact equations used, we refer to the previously published papers
and refrain from describing them in detail here.'3: 14 Input param-
eters for the modelled MLSS were the measured VLamax, YOomaxs
VO,,est and body mass. The model was build using Matlab version
R2020b (MathWorks Inc, Natick, United States). The VLag and
V0aoymax Were programmed in separate functions and their inter-
section was computed using a vectorization method and corre-
sponds with modelled MLSS.

Field tests and critical power assessments

The mean maximal power output (MMP) of participants was test-
ed for the durations of 20-, 3-, 1-minute and 10 seconds in field.
These tests were performed on the participant’s own bike
equipped with a calibrated power meter. All tests were executed
after a warm-up of at least 30 minutes. The maximal tests of 10
seconds and 1-minute were performed on the very same day, in-
terspaced by at least 30 minutes of rest. Depending on logistics
and training schedules, the field tests of 3- and 20- minutes were
either performed on 1 day or on 2 consecutive days. For logistic
reasons, three participants performed their field tests of 3- and
20-minutes on the same day and separated by an active recovery
period of at least 30 minutes. The remaining 10 participants per-
formed the 3- and 20- minutes tests on 2 consecutive days, in the
same order (the 3-minute maximal test on day 1 and the 20-min-
ute test on day 2).

The CP was calculated using the mean maximal power output
of the 3- and 20-minute field tests. For each duration, the number
of kilojoules spent was calculated and plotted against the duration
of the test. A linear regression model was fitted through both
points, of which the slope represented the CP and the y-intercept
represented the W’.4

Statistical analysis

Statistical analysis was performed using GraphPad Prism (version
8.4.3; GraphPad Software, San Diego, USA). Descriptive values are
reported as mean * standard deviation. The association between
the modelled MLSS and CP was tested using Pearson’s correlation,
and the difference was tested using a paired sample t-test. In ad-
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dition, bias between modelled MLSS and CP was assessed using a
Bland-Altman plot. The associations between the laboratory and
field measurements were analysed using linear regression and
Pearson’s correlation. A p-value of less than 0.05 was assumed to
be statistically significant.

Results

Comparison of the modelled MLSS with CP

In total, 12 participants were included in the study, who all per-
formed the VO5max VLamax 10 second, 1-minute, 3-minute and
20-minute tests. The results of the measurements of each partic-
ipant for body mass, VLamax, VOsmaxs VOarest» CP and modelled MLSS
are presented in Table 1, including the difference between the CP
and the modelled MLSS.

The CP correlated positively and significantly with modelled
MLSS (r=0.881, p<0.001, Fig. 1) and there was no significant dif-
ference (p=0.146 and confidence interval: - 16.66 to 2.823). The
difference of the mean of CP and modelled MLSSwas 6.9+ 15.3 W.
The 95 % limits of agreement between the modelled MLSS and CP
were equal to-23.1t037.0 W, as shown in the Bland-Altman plot,
see Fig. 2.

Thus, modelled MLSS showed a strong linear relationship with
CP, but there is quite a large variation of bias between modelled

International Journal of Sports Medicine

MLSS and CPin individual values in this group of highly trained cy-
clists.

Relationship between laboratory measurements and
field test data

The relationship between the laboratory and field measurements
have been analysed using Pearson’s linear regression analysis. In
Fig. 3, the linear regression analyses are shown between VO,
and the maximal mean power outputs of different durations as
tested in the field, including CP and W’. The same field-based per-
formance measures and their linear regression analysis against
VLanax are shown in Fig. 4.

Significant linear correlations were found between laboratory
based VO,.y and the field based MMP 3-minute (r=0.646 and
p=0.023), MMP 20-minute (r=0.846 and p<0.001) and CP
(r=0.858 and p<0.001). VLa.x did not correlate significantly with
any of the field measurements nor CP (r=-0.155and p=0.631) or
W’ (r=0.413 and p=0.182). Thus, VO, correlated best with ex-
ercise of longer durations relying on a strong aerobic component.
At shorter durations, during which there is relatively high contri-
bution from glycolytic pathways for energy production, no signif-
icant correlation with VLa,, was detected.

Table 1 Results of measurements and the calculation of CP and modelled MLSS of each participant

Participant Body mass VLamax VO, max VOyest Modelled CP (W) Difference?
(kg) (mmol/L[/min) (mL/min[kg) (mL/min[kg) MLSS (W)

1 63.8 1.010 81.9 3.82b 341 354 13

2 73.6 0.631 81.7 5.18 410 396 -14

3 62.7 0.425 77.5 5.49 341 338 -3

4 65.9 0.357 84.3 4.75 406 394 -12

5 73.5 0.614 75.8 5.26 375 383 8

6 66.8 0.792 75.4 5.34 327 342 15

7 69.0 0.669 77.9 5.36 360 354 -6

8 76.8 0.650 74.7 4.70 386 385 -1

9 65.4 0.813 75.3 4.70 322 341 19

10 69.8 0.967 76.8 4.77 342 379 37

11 65.8 0.709 78.6 3.76P 353 356 3

12 62.0 0.408 73.5 3.77 327 351 24

Mean 67.9 0.670 77.78 4.74 357 364 6.9

Standard deviation 4.69 0.207 3.31 0.64 30.6 21.5 15.3

Abbreviations: CP, critical power; MLSS, maximal lactate steady state; VLa,,, maximal rate of blood lactate accumulation; VO,,,,, maximal oxygen

consumption; VOyes, resting oxygen uptake.
aDifference is the CP minus modelled MLSS.

bThe VO, has not been measured. The reported result is the estimated VO, by the Harris-Benedict equations as reported before. This value has also

been used for the calculation of modelled MLSS.
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Discussion
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on the individual level of modelled MLSS and CP cannot be con-

The principal aim of the current study was to compare modelled  cluded out of the current study.

MLSS with CP determined by maximal trials in field in a group of In previous research, experimentally measured MLSS was com-
highly trained male pro cyclists. CP did not differ significantly from  pared against modelled MLSS using laboratory test data'* and re-
modelled MLSS and correlated significantly with modelled MLSS  vealed a difference between modelled MLSS and measured MLSS
(r=0.881 and p<0.001). The mean difference between CPand  of 12+20 W, with modelled MLSS being modestly higher as meas-
modelled MLSS was 6.9+ 15.3 W (i.e., 364 W vs. 357 W). Never-  ured MLSS." This research provided some first insight into the va-
theless, a substantial individual variation in the agreement be-  lidity of the Mader and Heck model in modelling sustainable power
tween CP and modelled MLSS was observed ranging from-14to  outputin cyclists. However, in practice, MLSS is not as extensively
37 W. Therefore, physiological equivalence or interchangeability
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appliedin elite cyclists, also due to the laborious protocol to assess
MLSS. CPis a metric more widely applied within the practice of elite
cycling. Hence, within our current research, we aimed to compare
modelled MLSS to CP, a more practically applied metric. While sig-
nificant correlations between experimentally measured MLSS via
a 30-minute constant load test and CP1>.16.27.28 have been report-
ed previously, the present study is the first to show the correlation
between mathematically modelled MLSS and field-based CP. Al-
though the power output at experimentally measured MLSS cor-
related well with CP in previous research, it was modestly but con-
sistently lower than CP.2? In the current study, we confirm that
there is slight bias between CP and modelled MLSS on a group level.
However, the difference between modelled MLSS and CP in the
current study ranged from - 14 to + 37 W. In comparison with the
range reported by Hauser et al., in a group of well-trained amateur
cyclists (- 20 to 50 W), the range in the current study is slightly
smaller, but this could be due to a more homogenous population.

What must be considered is the chosen test duration for the
Vl0amay test might be suboptimal to capture the true peak in the
lactate accumulation rate. As recent research has shown that high-
er VLam,y values have been observed with a test duration of 10 sec-
onds in comparison with a test duration of 15 seconds.3% An under
estimation of the VLan, will lead to an overestimation of modelled
MLSS, and in the current study it might result in a smaller differ-
ence than the true difference.

Additionally, the CP has only been measured by two maximal
tests in the field. The protocol was chosen for practical reasons and
applicability of the test results to align with existing protocols of
the professional cycling team. In a previous study by Maturana et
al., itis shown that the method chosen to calculate CP in the cur-
rent study shows a trivial difference compared to the reference CP
modelling by the hyperbolic model on the basis of five maximal

Habets IS et al. doi: 10.1055/a-2917-0233

tests of different durations3' and it is not likely that the conclusion
of the current research would be different when another CP test-
ing protocol was used.

While itis a wide range in the individual difference of modelled
MLSS and CP, especially considering that practitioners working with
high level pro cyclists will be operating with much smaller margins
ofimprovement and change then observed in this study. The math-
ematical model seems to be able to predict sustainable power out-
put to an extend that could be deemed impressive on a group level,
especially considering the complex physiology underlying sustain-
able power output. However, the large individual differences seen
in the predictive ability would argue against the use of modelled
MLSS by practitioners working with elite pro cyclists.

Relationship between the laboratory tests and field
tests

The correlation analysis between the laboratory tests and field tests
revealed significant correlations between VO,,,,., and MMP over 3
minutes, 20 minutes and CP. This is in line with previous research
that showed significant correlations between VO, and CP32 and
between VO, and 20-minute MMP output® 33 and confirms the
contribution of aerobic metabolism for efforts of longer duration.

In contrast to previous research showing significant correlations
between power output during the 15 second Vlan,,, test and
Vlama itself,22 the current study in pro cyclists did not observe any
correlation of VLay,, with MMP output in field of short durations
(MMP 1-min and MMP 10-seconds) or with the capacity of work
which can be performed above CP (W’).

The absence of correlation between VLa,, and MMP output of
short durations in field may originate from the matter that during
a short-duration sprint test like the VLa,,,, test, a substantial frac-
tion of the energy required originates from the phosphocreatine
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pathway, or alactic power production, and this fraction can differ
substantially between individuals.2% During 15-seconds VL0amay
test, for example, it was shown that only 35% of energy was pro-
duced via glycolysis.34 For durations beyond 15 seconds, the ener-
gy produced from aerobic sources will increase substantially; for
60 seconds, this is estimated to be ~45 % of total energy produc-
tion.3> As mentioned before, the current approach in assessing the
maximal glycolytic rate using the VLa,,,, has many limitations. To
start with the applied protocol of the VLa,, test, blood lactate
is sampled to indirectly estimate muscle lactate production and
consumption. Rather it is an accumulation rate in the lactate dis-
tribution volume, which is both influenced by production and elim-
ination rates.36 The combination of both aspects contributes to an
absence of observable relationship between VLa,, and any of the
outdoor performance measures.

Limitations of the study design

A main limitation of the study is that the sample size was limited
and constrained by the availability of riders to fulfil all required test-
ing. It must be acknowledged that results of the current study must
be taken as descriptive of a group of highly trained cyclists rather
than hypothesis confirming.

Due to difficulties in logistics and training scheduling in this
population, the time frame in which the testing took place for each
participant was rather long. It must be said that the performance
measure of the main outcome has been measured during a period
of maximally 10 days. At the same time, it should be recognised
that the period of examination was too short to anticipate (de)
training effects to interfere. Influences of sickness and performance
lowering circumstances can, however, not be excluded. Needless
to say, if a participant was ill on the morning of the test, testing has
not been performed as scheduled but postponed. Additionally, cir-
cumstances (like environmental factors) of testing could not be
fully standardized, due to logistical reasons. This suboptimal stand-
ardisation still leaves open the options for lower intra- and interin-
dividual variation, and hence reduced outcome variation and im-
proved predictability.

Practical applications

This study shows that the mathematical model originally published
by Mader and Heck has a level of merit in predicting sustainable
power outputin highly trained male pro cyclists. Furthermore, this
study shows how the parameters used in modelled MLSS relate to
field-based performance measures. Especially on group level, mod-
elled MLSS is well correlated to outdoor CP; however, in individual
cases, the variation is rather wide. Therefore, the use of the model
is limited in individualised training intensity zone setting and it
must be stretched that the individual variation between laborato-
ry test data and outdoor tested mathematical threshold models,
like CP, can vary substantially.

Nevertheless, this should not rule out potential valuable prac-
tical insights that can be gained from the use of modelled MLSS
and its estimates of ‘aerobic’ and ‘anaerobic’ contributions to sus-
tainable power output. As shown previously, different training pro-
tocols can be similarly effective in raising MLSS while either lower-
ing VLam,y by an endurance training program or heightening V
Oymax by a sprint interval training program.37 Conventional out-
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door testing only gives limited insights into how a combined con-
tribution of aerobic and anaerobic metabolic pathways lead to a
maximal mean power output or achievement of various training
intensities. The research by Hommel et al.37 and the current study
showcase the validity of the mathematical construct behind mod-
elled MLSS and the relationship with field-based performance
measures. Adding laboratory measures of modelled MLSS and the
insights behind modelled MLSS as a compliment to field-based
threshold testing can give a more accurate representation of the
metabolic profile of a rider. By applying the insights of modelled
MLSS, a more targeting training approach can be taken.

Conclusions

From the comparison of modelled MLSS to the field-based thresh-
old of CPin a group of highly trained male cyclists, it can be con-
cluded that the mathematical model seems to be able to predict
sustainable power output to an extend that could be deemed good
on a group level, especially considering the complex physiology
underlying sustainable power output. Nevertheless, the large in-
dividual differences seen in the predictive ability would argue
against the use of modelled MLSS by practitioners working with
elite cyclists.

Furthermore, it should be examined if changes by training of
the VLan, without changes in the VO, OF vice versa, are trans-
lated into meaningful differences in outdoor maximal mean power
values.

Author Affiliations

1 Department of Nutrition and Movement Sciences, NUTRIM Institute of Nutrition
and Translational Research in Metabolism, Maastricht University Medical Center,
Maastricht, LI, Netherlands

2 Coaching Department, Uno-X Mobility Professional Cycling team, Oslo, Norway

3 Team Picnic PostNL, Deventer, Netherlands

Statements and Additional Information

Conflict of Interest The authors declare that they have no conflict of interest.

Contributors’ Statement Ivo Servatius Johannes Habets: conceptualization, data
curation, formal analysis, investigation, methodology, visualization, writing - origi-
nal draft, and writing - review and editing. Jelle de Jong: investigation, resources,
and writing - review and editing. Sjors Groot: investigation, resources, and writing
- review and editing. Matthijs K. C. Hesselink: conceptualization, investigation,
methodology, supervision, writing - original draft, and writing - review and
editing. Dajo Sanders: conceptualization, data curation, formal analysis,
investigation, methodology, project administration, resources, supervision,
validation, writing - original draft, and writing - review and editing.

Funding Information No external funding was received for the execution of this
research project.

References

1 Jeukendrup AE, Craig NP, Hawley JA. The bioenergetics of world class cycling.
] Sci Med Sport 2000;3:414-433

2 Sanders D, van Erp T. The physical demands and power profile of professional
men’s cycling races: An updated review. Int | Sports Physiol Perform
2020;1:1-10

© 2026. Thieme. All rights reserved.

Downloaded by: IP-Proxy Univ Maastricht, Universiteit Maastricht. Copyrighted material.



& Thieme

12

13

14

15

16

20

21

van Erp T, Lamberts RP, Sanders D. Power profile of top 5 results in world tour
cycling races. Int | Sports Physiol Perform 2022;17:203-209. doi:10.1123/
ijspp.2021-0081

Hill DW. The critical power concept. Sports Med 1993;16:237-254

Jones JH, Lindstedt SL. Limits to maximal performance. Ann Rev Physiol
1993;55:547-569

Bentley D], McNaughton LR, Thompson D, et al. Peak power output, the lactate
threshold, and time trial performance in cyclists. Med Sci Sports Exercise
2001;33:2077-2081

Bossi AH, Lima P, Lima JPD, et al. Laboratory predictors of uphill cycling
performance in trained cyclists. ] Sports Sci 2017;35:1364-1371. doi:10.1080/
02640414.2016.1182199

Valenzuela P, Alejo L, Montalvo-Pérez A, et al. Laboratory-based determinants
of simulated time trial performance in cyclists. Biol Sport 2023;40:1169-1176.
doi:10.5114/biolsport.2023.122484

Coyle EF, Coggan AR, Hopper MK, et al. Determinants of endurance in
well-trained cyclists. | Appl Physiol 1988;64:2622-2630. doi:10.1152/
jappl.1988.64.6.2622

Faude O, Kindermann W, Meyer T. Lactate threshold concepts. Sports Med
2009;39:469-490. doi:10.2165/00007256-200939060-00003

Beneke R, Leithduser RM, Ochentel O. Blood lactate diagnostics in exercise
testing and training. Int ] Sports Physiol Perform 2011;6:8-24

Billat VL, Sirvent P, Py G, et al. The concept of maximal lactate steady state.
Sports Med 2003;33:407-426

Mader A, Heck H. A theory of the metabolic origin of “anaerobic threshold”. Int
] Sports Med 1986;7:545-S65

Hauser T, Adam |, Schulz H. Comparison of calculated and experimental power
in maximal lactate-steady state during cycling. Theor Biol Med Modell
2014;11:1. doi:10.1186/1742-4682-11-25

Pringle JS, Jones AM. Maximal lactate steady state, critical power and EMG
during cycling. Eur | Appl Physiol 2002;88:214-226
Maturana FM, Keir DA, McLay KM, et al. Critical power testing or self-selected

cycling: Which one is the best predictor of maximal metabolic steady-state?
] Sci Med Sport 2017;20:795-799

Inglis EC, lannetta D, Passfield L, et al. Maximal lactate steady state versus the
20-minute functional threshold power test in well-trained individuals: “watts”
the big deal? Int ] Sports Physiol Perform 2020;15:541-547

Borszcz FK, Tramontin AF, Costa VP. Is the functional threshold power
interchangeable with the maximal lactate steady state in trained cyclists? Int |
Sports Physiol Perform 2019;14:1029-1035

Poole DC, Burnley M, Vanhatalo A, et al. Critical power: An important fatigue
threshold in exercise physiology. Med Sci Sports Exerc 2016;48:2320-2334.
doi:10.1249/mss.0000000000000939

Heck H, Schulz H, Bartmus U. Diagnostics of anaerobic power and capacity. Eur
] Sport Sci 2003;3:1-23. doi:10.1080/17461390300073302

Wackerhage H, Gehlert S, Schulz H, et al. Lactate thresholds and the simulation
of human energy metabolism: Contributions by the cologne sports medicine
group in the 1970s and 1980s. Front Physiol 2022;13:899670. doi:10.3389/
fphys.2022.899670

Habets IS et al. doi: 10.1055/a-2917-0233

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

International Journal of Sports Medicine

Quittmann OJ, Abel T, Vafa R, et al. Maximal lactate accumulation rate and
post-exercise lactate kinetics in handcycling and cycling. Eur | Sport Sci
2020;21:539-551. doi:10.1080/17461391.2020.1756420

Adam ], Oehmichen M, Oehmichen E, et al. Reliability of the calculated
maximal lactate steady state in amateur cyclists. Biol Sport 2015;32:97

De Pauw K, Roelands B, Cheung SS, et al. Guidelines to classify subject groups
in sport-science research. Int | Sports Physiol Perform 2013;8:111-122

McKay AKA, Stellingwerff T, Smith ES, et al. Defining Training and Performance
Caliber: A Participant Classification Framework. Int | Sports Physiol Perform
2022;17:317-331. doi:10.1123/ijspp.2021-0451

Roza AM, Shizgal HM. The Harris Benedict equation reevaluated: resting energy
requirements and the body cell mass. Am ] Clin Nutr 1984;40:168-182

Dekerle |, Baron B, Dupont L, et al. Maximal lactate steady state, respiratory
compensation threshold and critical power. Eur ] Appl Physiol 2003;89:281-
288. doi:10.1007/s00421-002-0786-y

Mattioni Maturana F, Keir DA, McLay KM, et al. Can measures of critical power
precisely estimate the maximal metabolic steady-state? Appl Physiol Nutr
Metab 2016;41:1197-1203

Caen K, Poole DC, Vanhatalo A, et al. Critical power and maximal lactate steady
state in cycling:“watts” the difference? Sports Med 2024;54:2497-2513

Langley JO, Ng SC, Todd EE, et al. V" La(max): determining the optimal test
duration for maximal lactate formation rate during all-out sprint cycle
ergometry. Eur ] Appl Physiol 2024;124:2461-2472. doi:10.1007/s00421-024-
05456-9

Mattioni Maturana F, Fontana FY, Pogliaghi S, et al. Critical power: How
different protocols and models affect its determination. ] Sci Med Sport
2018;21:742-747. doi:10.1016/j.jsams.2017.11.015

Smith |, Dangelmaier B, Hill D. Critical power is related to cycling time trial
performance. Int ] Sports Med 1999;20:374-378

Denham ], Scott-Hamilton |, Hagstrom AD, et al. Cycling Power outputs predict
functional threshold power and maximum oxygen uptake. ] Strength Cond Res
2020;34:3489-3497

Yang WH, Park SY, Kim T, et al. A modified formula using energy system
contributions to calculate pure maximal rate of lactate accumulation during a
maximal sprint cycling test. Front Physiol 2023;14:. doi:10.3389/
fphys.2023.11473211147321

Gastin PB. Energy system interaction and relative contribution during maximal
exercise. Sports Med 2001;31:725-741

Wackerhage H, Kabasakalis A, Seiler S, et al. Is the v Lamax for Glycolysis what
the V' O 2 max is for oxidative phosphorylation? H. Wackerhage et al. Sports
Med 2025;55(8):1853-1866

Hommel |, Ohmichen S, Rudolph UM, et al. Effects of six-week sprint interval or
endurance training on calculated power in maximal lactate steady state. Biol
Sport 2019;36:47-54. doi:10.5114/biolsport.2018.78906

© 2026 Thieme. All rights reserved.

Downloaded by: IP-Proxy Univ Maastricht, Universiteit Maastricht. Copyrighted material.


https://doi.org/.doi:10.1123/ijspp.2021-0081
https://doi.org/.doi:10.1123/ijspp.2021-0081
https://doi.org/.doi:10.1080/02640414.2016.1182199
https://doi.org/.doi:10.1080/02640414.2016.1182199
https://doi.org/.doi:10.5114/biolsport.2023.122484
https://doi.org/.doi:10.5114/biolsport.2023.122484
https://doi.org/.doi:10.1152/jappl.1988.64.6.2622
https://doi.org/.doi:10.1152/jappl.1988.64.6.2622
https://doi.org/.doi:10.2165/00007256-200939060-00003
https://doi.org/.doi:10.1186/1742-4682-11-25
https://doi.org/.doi:10.1249/mss.0000000000000939
https://doi.org/.doi:10.1249/mss.0000000000000939
https://doi.org/.doi:10.1080/17461390300073302
https://doi.org/.doi:10.3389/fphys.2022.899670
https://doi.org/.doi:10.3389/fphys.2022.899670
https://doi.org/.doi:10.1080/17461391.2020.1756420
https://doi.org/.doi:10.1123/ijspp.2021-0451
https://doi.org/.doi:10.1007/s00421-002-0786-y
https://doi.org/.doi:10.1007/s00421-024-05456-9
https://doi.org/.doi:10.1007/s00421-024-05456-9
https://doi.org/.doi:10.1016/j.jsams.2017.11.015
https://doi.org/.doi:10.3389/fphys.2023.1147321
https://doi.org/.doi:10.3389/fphys.2023.1147321
https://doi.org/.doi:10.5114/biolsport.2018.78906

