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Summary

> Objective: Studies have proven the potential of the calculated maximal lactate steady-state (¢cMLSS) as a practical and time-efficient way
to determine MLSS. Purpose of this study was to compare traditional approaches to distinguish the heavy from the severe exercise intensity
domain with the cMLSS to evaluate its potential for physiological threshold determination.

> Methods: Fifteen triathletes (3 women, 12 men; age: 37.63:11.47yr, bodyweight: 77.1:8.9kg, height: 178.5:8.1cm, maximum oxygen con-

) followed by

vy ANd second ventilatory threshold (VT ). The calculation of cMLSS

i AN VLay Reverselactate test (RLT) was performed on a separate day and the protocol (priming stages, one
stage at estimated 105% of MLSS and reverse segments) was accompanied by blood lactate samples. Power at experimental thresholds (VT,,
RLT) and eMLSS was compared using statistical methods for assessing agreement.

> Results: Cycling power +SD for RLT, cMLSS and VT, was assessed at 236=34W, 22938W and 250+36W. Intraclass correlation coefficients
(ICC, ) ranged from good (RLT vs.cMLSS: ICC, =0.806) to moderate (VT vs.cMLSS: ICC, =0.699). However, there were significant differences
for VT, vs. cMLSS (p=0.012, d=0.740). but not for RLT vs. ¢MLSS (p=0.268, d=0.310).

> Conclusion: The results accord to published comparisons of threshold concepts, also showing large individual differences. The observed
deviations could originate from the methodological procedure, but are most likely attributable to divergent underlying physiological mech-
anisms of respiratory and metabolic responses during exercise. The cMLSS includes more information about the interaction of endurance

sumption VO, ]:52.6+5.9ml-min"kg") performed an isokinetic sprint of 15s Lo determine maximal glycolytic rate (vLa

anincremental test with assessment of gas exchange to determine VO
was conducted using VO

o .
performance determinants (VO,,, .vLa )

and could give more goal-oriented training recommendations.
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Introduction

Over the past 50 years, there has been considerable
debate about the most appropriate method to dis-
tinguish the heavy from the severe exercise intensity
domain (26). This transition is commonly referred to
as the lactate threshold 2 (LT2) and can be defined
through various concepts, including the second
anaerobic threshold (AT2), the individual anaerobic
threshold (IAT), critical power (CP), maximal lactate
steady state (MLSS), lactate turnpoint, or respiratory
compensation point (RCP) (38). All of these common
threshold estimates possess their own strengths and
limitations, making the selection of the best-suited
approach a complex endeavor (38).

Threshold concepts based on lactate (LT) and ven-
tilatory (VT) parameters require laboratory-based
performance testing, typically using graded exercise
tests (GXT) (23, 36). For VT estimation the oxygen
uptake (VO,) as one of the most important noninva-
sive physiological quantities is used (36). Deflection
and inflection points (e.g., carbon dioxide (VCO,),
end-tidal carbon dioxide concentration (PetCO,) and
minute ventilation (VE)) of ramp protocols lasting 8 to
12 minutes can be used as submaximal anchors and
therefore have practical utility for VT, estimation (15).

LT models like onset of blood lactate (OBLA) (39),
point on a regression curve that yields the maximal

distance of the line emerging by the two endpoints
of the curve (D,,,) (10) and the reverse lactate test
(RLT) (13) are based on the lactate production, trans-
port, diffusion and elimination (20). Currently, more
than 25 different lactate threshold concepts based
on different test protocols are described (24, 38). In
thatregard, Jamnick et al. (26) showed an impressive
example with a wide range of work rates at LT due to
different methodological approaches.

Another concept describes the usage of Critical
Speed (CS) and Critical Power (CP) as external load-
based methods to approximate the transition from
the heavy to the severe exercise intensity domain
through various short all-out tests, such as 3-, 8-,
and 20-minute tests (36, 37). Hill initially described
ahyperbolic relationship between external load (i.e.,
power) and time, thereby creating a threshold esti-
mate-model for the evaluation of tests with different
durations (21). In general, all the metabolic thresh-
old concepts suffer from the limitation of focusing
solely on a subsystem within the body and failing to
capture a systemic picture of global organismic de-
mands (18, 26). Moreover, the relationship between
subsystem-based approaches like the VT and LT
concepts are still debated between supporters and
non-supporters (2,9, 17, 31, 35). >
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Mean, standard deviation (SD), minimal (Min), and maximal (Max) values of all participants for bodyweight, height, VO,,,., vLa

vLa,,, ,=maximal lactate accumulation; VO,
Lactate Steady State; (f)=female participants.
BODYWEIGHT HEIGHT \[1}
iUl [kgl [cm] [mI/mzi’:IA/xkg]
1(f) 72.6 185 53.5
2 88.0 183 52.0
3 61.3 164 61.4
4 70.5 174 57.9
5 76.3 185 53.0
6 75.3 187 62.2
1 83.8 173 475
8 83.1 182 52.0
9 80.5 185 49.3
10 (f) 98.1 161 457
1" 78.4 172 57.4
12 87.2 185 439
13 87.6 185 51.3
14 (f) 79.9 179 441
15 74.3 177 58.3
mean 71.1 178.4 52.6
SD 8.9 8.1 59
min 58.1 161.4 439
max 88.0 186.8 62.2

VT,, RLT, and cMLSS.

MAX?

=maximal oxygen uptake; VT,=second ventilatory threshold; RLT=Reverse Lactate Test; cMLSS=calculated Maximal

VLA, Vi, cMLSS RLT
[mmol/1/s] \ W] Wl
051 280 219 237
0.65 250 247 261
0.55 213 223 193
0.56 263 256 238
0.32 217 261 268
0.68 307 263 274
0.75 183 195 185
0.67 267 230 260
0.53 280 210 260
0.42 180 151 173
0.62 260 282 260
0.67 230 180 215
071 240 22 248
041 240 195 199
0.39 280 217 267
0.56 250 229 236
01 36 38 34
0.32 180 151 173
0.75 307 282 274

In that regard, MLSS is considered one of the gold standards
estimating the boundarybetween heavy and severe exercise in-
tensity domain (6) and is defined as the highest workload where
lactate production and elimination are in an equilibrium and
is, together with the maximal oxygen uptake (VO,,,, ) and the
fractional usage of VO, . one of the most important indicators
for endurance performance (4, 16, 28). The gold standard for the
detection of MLSS is time consuming and costly, as constant
load tests often cannot be performed within one day according
to the conditions described by Beneke (7). MLSS detection is
performed as a series of 30-minute tests, where the rise of blood
lactate concentration is <1.0 mmol-L" in the last 20 minutes of
the test (6). Therefore, for the practical application of single day
testing fixed lactate values or deflection points for the estima-
tion of the MLSS based on threshold concepts are used. How-
ever, different concepts do not necessarily yield identical work-
loads at MLSS (5). This reveals errors due to missing validity,
accuracy and reliability of the methodological procedures used
(26,42). These problems and the lack of a practicable application
elucidate the need for a valid one-day protocol for determining
threshold for exercise and training prescription purposes (26).

In that regard, studies (20, 32) evaluated a combined concept
of metabolic and ventilatory threshold estimation approaches
- the calculated maximal lactate steady state (¢cMLSS) - which
showed a practical and time-efficient way to estimate MLSS
with mainly the simulation of intercellular processes to account
for lactate accumulation and elimination (20). Mader and Heck
(32) presented this mathematical simulation of the activation of
glycolysis (vLa_) and oxidative phosphorylation (VO, ) for the
calculation of cMLSS. Into this matter, a 15s isokinetic sprint is

used to calculate maximal glycolytic rate (vLa, . ) and therefore

MAX:
the activation of glycolysis (lactate production system).
Furthermore, VO, is measured to calculate VO, at steady state

(VO,) (27). The cMLSS is defined as the point at which the lactate
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accumulation rate (vLa,) exactly equals the maximal lactate elimi-
nation rate (vLa (20). This elimination rate can be described as
alinear function of lactate oxidation per unit of oxygen consumed
(20). A detailed kinetic explanation is provided by Mader and Heck
(32). Key physiological constants have been introduced to describe
the kinetics of lactate production and elimination. Constants such
as 50% activation rate constant of oxidative Phosphorylation re-
lated to VO, , . (Ks1) and 50% activation rate constant of glycolysis
(Ks2) can reflect the activation dynamics of oxidative phosphory-
lation and glycolysis, which are influenced by intracellular concen-
trations of adenosine diphosphate (ADP) (20, 32).

Another important constant is the individual power-oxy-
gen relationship of 11.7ml-min""W* (Ks4), which describes the
relationship between oxygen uptake to external work rate and
plays a central role in accurately estimating cMLSS (32). Wahl
et al. (41) demonstrated a strong correlation (r=0.96) between
c¢MLSS and the gold standard MLSS, with a mean difference of
1W and limits of agreement ranging from -28 to 29W.

To the best of our knowledge there is no evidence for stud-
ies that examined the relationship between the mathemati-
cal simulation of Mader and Heck (32) and a ventilatory- and
lactate-based threshold concept within the same population.
Therefore, the present study aims to compare traditional ap-
proaches to distinguish the heavy from the severe exercise inten-
sity domain like VT, and RLT with the cMLSS to further evaluate
interrelations and potential for threshold determination.

oxmax)

Participants

An a priori power analysis was conducted using G*Power (Ver-
sion 3.1, University of Diisseldorf) to determine the required
sample size for detecting a medium effect size (d=0.5) with a
power of 0.70 and an alpha level of 0.05 in a one-tailed depen-
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dent t-test. The analysis indicated
arequired sample size of 20 parti-
cipants. Initially, 20 participants
were recruited for the present stu-

dy. However, five participants were atiab (10 min)
excluded from the final analysis due
to incomplete data. Fifteen recrea-
tional triathletes and cyclists (3 m
women, 12 men; age: 37.63+11.47yr,
bodyweight: 77.1+8.9kg, height:

Arrival Anthropometry Warm Up Lactate sample

Lactate sample 20 min Incrementaltest 3-5 WarmUp Reverse lactate
[15 sec lso- (10x) (VO3ax days  (5min) test
kinetic sprint) detection and VT2
determination)

Description of the testing procedure. vLa . =maximal lactate accumulation, VO, _=maximal oxygen uptake,
VT,=second ventilatory threshold.

MAX 2MAX

178.5+8.1cm, maximum oxygen
consumption [VO,  ]:52.6+5.9ml-min"kg") participated in this
study. Everyone was informed about the aims and risks of this
study and signed an informed-consent form. Ethical approval
for the study was obtained by the local ethics committee of MSH

Medical School Hamburg (reference no.: MSH-2022/188).

Data Recording

All tests were carried out in a sports medicine laboratory at
a constant room temperature of 20°C and a humidity of 40%.
All tests were performed with a SRM ergometer (SRM, Jiilich,
Germany). The ergometer was controlled via the SRM-Ergome-
ter-Software (version 1.2.1). Ergometer calibration was perfor-
med once a day in accordance with the manufacturer recom-
mendations. Pulmonary gas exchanges were recorded using
a metabolic analyzer (Quark CPET, module A-670-100-005,
COSMED Deutschland GmbH, Fridolfing, Germany; desktop
software: Omnia version 1.65) and a mixing chamber. Before
each measurement gas calibration with a 15.1% O, and 5.06%
CO, gas mixture and a 3L syringe for the volume transducer was
performed as described by the manufacturer. All blood lactate
samples collected at the earlobe were measured with the Bio-
sen C-Line device (EKF-diagnostic GmbH, Barleben, Germany).

Testing Procedure

Test of Maximal Glycolytic Rate

The test protocol commenced with a 10-minute warm-up at
100W, during which two blood lactate samples were collected
immediately post warm-up in a resting position. The average
of these two samples was then utilized for blood lactate values
before the start of the exercise (RLa). Thereafter, a 15s isokinetic
sprintin a seated position and cadence being limited to 130rpm
was conducted. Immediately, blood lactate samples were taken
every minute for 10 minutes to determine maximal lactate con-
centration after the exercise (maxAELa). The vLa , was cal-
culated with the method described by Mader and Heck (31) [1]:

via = maxAELa - RLa [1]
MAX
exer tlllilk
vLa,, (mmoll's') = maximal glycolytic rate
maxAELa (mmoll') = maximal lactate concentration after the
exercise

RLa (mmol-l") = lactate concentration before exercise
texer (s) = duration of exercise
talak (s) = period at the beginning of exercise

for which (fictitiously) no lactate
production is assumed, defined at 3.5s (25).

Test of Maximum Oxygen Consumption

After a 10-minute passive rest due to the blood lactate mea-
surements post exercise a VO, . test started with another 10
minutes at 100W. The wattage was increased every 60s with an
increment of 20W. The participants had to ride as long as pos-
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sible in a seated position and cadence above 65rpm. The VO,
was equated at the highest measured value for 30s. The exhaus-
tion criteria were selected according to the recommendations
of Whipp et al. (40): Plateau of VO,, Respiratory ratio (RQ)>1.1

and maximal lactate (La >8mmol-L". A schematic overview

MAX)
of study design can be found in figure 1.

Calculation of Maximal Lactate Steady State (cMLSS)

To ascertain cMLSS, the oxidative and glycolytic energy production
tied to exercise intensity needs prior understanding, typically ex-
pressed as VO, and vLa_ (32). Therefore, it is possible to calculate
the activity of the glycolysis as a function of VO,  and vLa_. Additio-

nally, the function of vLa lactate distribution volume and VO,

must be calculated. The ﬁf‘ﬁel contains constants for the calculati-
onofVO, ,vLa andvLa __thatresultfrombiochemical primary
hterature (32). Consequently, it is possible to calculate cMLSS as
a function of vLa_ and vLa The theoretic background and a

detailed calculation are described in previous publications (20, 32).

oxmax”

Reverse Lactate Test

Three to five days after the vLa  , and VO, , - test, the RLT was
conducted. For the intensity description of the RLT protocol, the
mean of cMLSS and VT, was used. After a warm-up of 5 minutes
at 50% of cMLSS and VT, the RLT started with a priming stage
performing five stages of 3 minutes each in order to slightly
exceed the cMLSS and VT,. For example, assuming a cMLSS of
300W, the stages might be structured as follows: 210W, 240W,
270W, 300W, and 105% of MLSS at 315W. This was followed by a
reverse segment in which the power output is reduced by 10W
per stage (13). A representative progression for the reverse seg-
ment would be: 305W, 295W, 285W, 275W, 265W, and 255W. By
deliberately lowering the power output below threshold level,
the lactate concentration diminishes correspondingly. The
threshold is described as the apex of the lactate curve which
correlates with the highest workload in a steady state (13).

Determination of Second Ventilatory Threshold
According to the approach of Binder et al. (3), oxygen uptake
(VO,,,,,)s VCO,, PetCO, and VE have been used for VT, deter-
mination. VE, VC02 and PetCO, were plotted over time to iden-
tify the corresponding power and VO, values at deflection and
inflection points. Two trained researchers used the concepts
and visualized the deflection point of PetCO, (3). Additionally,
the inflection points of VE vs. VCO, (respiratory compensation
point) for VT, detection was used (3).

Statistics

All statistical data was analyzed with the Software SPSS Ver-
sion 27 (Chicago, IL, USA) and Microsoft Excel (Microsoft 365,
Microsoft Corporation, Redmond, USA). Standard statistical
methods were used for the calculation of means and standard
deviations (SD). Normal distribution of data was verified by using
the Shapiro-Wilk test. The agreement of the three methods
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was assessed using intra-class correlation coefficient (ICC, ) and
Bland-Altman plots with limits of agreement (LoA) (8). In additi-
on, the mean absolute error (MAE) was calculated as the sum of
absolute errors divided by the number of available data pairs of
the tested conditions to add a quantification of the mean random
scattering around the systematic bias (mean difference) and to
account for different directions of this difference. The ICC was cal-
culated based on a single-measure-two-way mixed-effects model.
The degree of agreement was interpreted as follows: <0.50=poor,
0.50-0.75=moderate, 0.75-0.90=good, and >0.90=excellent (30). Ad-
ditionally, the effect size of Cohen’s d was used for interpretation
as follows: <0.2=no effect, <0.5=small effect, 20.5=moderate effect,
>0.8=large effect (11). Furthermore, for relationship between the
variables orthogonal regression with coefficient of determination
(R?) and standard error of estimate (SEE) was used.

Results

VO,,,, and vLa . were detected at 52.6+5.9ml-min™kg" and
0.56+0.13mmol-L"s™, respectively. Cycling power for VT,, RLT
and cMLSS was assessed at 250+36W, 236+34W, and 229+38W.
Descriptive values of all participants for bodyweight, height,
via . VOZMAX, VT,, cMLSS, and RLT are presented in table 1.

Intra-class correlation and Bland-Altman analysis for RLT
and cMLSS showed an ICCs,; value of 0.806 and a mean differ-
ence of 7+22W (MAE: 19W, LoA: 51 to -37W). For VT, and cM-
LSS an ICCs,; of 0.699 with a mean difference of 21+29W (MAE:
27W, LoA: 78 to -35W) could be determined. In addition, for
the comparison ofVT2 and RLT an ICCj;,; 0of 0.890 with a mean
difference of 14+17W (MAE: 17W, LoA: 47 to -18W) could be
shown (see figure 2 and 3). There were significant differences
between VT, and cMLSS (p=0.012, d=0.740) and between VT,
and RLT (p=0.009, d=0.857) with moderate effect sizes, but not
for RLT and ¢cMLSS (p=0.268, d=0.310).

Discussion

It was the purpose of this study to compare traditional appro-
aches for detecting the boundary between heavy and severe
exercise intensity domains, such as VT, and the RLT, with the
cMLSS to further evaluate interrelations and potential for th-
reshold determination. The results of this study contribute to
the ongoing debate about the optimal methodological procedu-
re for determining this boundary, which is critical for exercise
and training prescription (37).

The present findings indicate that cMLSS with a mean of
229+38W shows large individual differences compared with both
RLT (236+34W) and VT, (250+36W) in the investigated popula-
tion of recreational triathletes and cyclists. Hauser et al. (20)
showed a significant high correlation (r=0.92) with a mean differ-
ence of 12+20W for cMLSS and MLSS comparisons, and therefore
an overestimation of MLSS through ¢cMLSS. In addition, Wahl et
al. (41) could also show a significant high correlation (r=0.98) for
the comparison of cMLSS and MLSS with a mean difference of
1+14W. Pallares et al. (35) showed that VT, overestimated MLSS
(r=0.85) with a mean difference of 49+28W. These findings align
with previous research, such as that by Jamnick et al. (26), who re-
ported a wide range of work rates at this boundary depending on
the method applied. To best of our knowledge there is no evidence
that examined the relationship between a blood lactate-based,
ventilatory-based and a combined approach in one population.

Ventilatory and lactate thresholds describe similar phys-
iological states, although they are measured using different
methods (38). Research showed that blood lactate-based and ven-
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tilatory-based concepts could show a difference of 14 to 25W in
endurance athletes (15). Our data elucidate the same range of dif-
ferences. While the ventilatory threshold estimate reflects the re-
spiratory response to increasing metabolic load, the blood lactate
threshold estimates depict the direct rise in blood lactate levels
(15). As suggested by Jamnick et al. (26) a combined approach of
both methodological procedures could result in a systemic pic-
ture of global organismic demands and internal load situation.
Differences between the combined models and ventilato-
ry- and lactate-based approaches for threshold determination
could be caused through different methodological challenges
aax and vLa  (20). These findings
could be based on day-to-day variability due to the athlete, en-
vironmental factors, or the cardiopulmonary exercise testing
(CPET) systems. Van Hooren et al. (40) showed a difference of
0.6+1.18% for VO, values with different measurement devices
and systems. Additionally, a day-to-day variation for VO, of
2.0+1.0ml-min"kg" could cause an underestimation (29). In the
present analysis, athlete 9 showed a difference of 50W between
RLT and cMLSS with a VO, . 0of 49.3ml-min"-kg". An increase
inVO,, , . of 3ml-min"-kg" would result in a cMLSS of 232W and
a difference of 28W between cMLSS and RLT. So therefore, dif-
ferences in calculation variables through underestimation of
CPET testing could result in over- or underestimation of cMLSS.
Furthermore, research showed that different protocols for

in the determination of VO

vLa , determination could result in different values. Harnish
etal. (19) and Yang et al. (43) showed large differences between
different durations of the isokinetic sprint test. A reduction to
13s would lead to a higher vLa ,, of 8% and therefore a reduc-
tion of cMLSS (20). In our study talak was assessed at 3.5s as
fictional time of no lactate production according to Heck et
al. (25). There is still a debate on the determination of talak.
A reduction of 0.5s of talak would result in a lower vLa ;, and
therefore a higher cMLSS. Additionally, blood lactate values can
vary due to measurement errors, non-compliance with nutri-
tional guidelines or general dietary habits (14, 6). Blood lactate
levels show a coefficient of variation of 4.2% (6), this variation
would result in a difference of +0.02mmol-L"s™ for vLa ,, val-
ues. VO, . and vLa,,, values are the main influences for the
calculation of cMLSS and therefore methodical errors could re-
sult into large over- or underestimation of cMLSS. It needs to

be mentioned that due to mathematic laws, VO, has abigger

2MAX
influence for the calculation of cMLSS than vLa

MAX"®

The calculation of cMLSS using constants such as Ksl and
Ks2 for the activation of respiration and glycolysis, is ground-
ed in empirical data (12, 32). Ksl1, the 50% activity-constant of
0.063mmol-kg’ ADP depends on the activation of the phosphor-
ylation by the free ADP concentration (32). The activity rate
constant of vLa_ (Ks2) resulting from phosphofructokinase
activity at an ADP concentration of 1.1mmol-kg* and translates
to a Ks2 value of 1.33mmolkg’ (32). However, as Nolte et al.
(34) described, these constants can lead to discrepancies be-
tween measured data and simulation results. A key constant,
Ks4, valued at 11.7ml-min™-W* (25), significantly influences the
c¢MLSS calculation and thus affects the accuracy of threshold
estimation (20). Ks4 cannot accurately represent individual
power-oxygen relationships, especially in ramp tests with vary-
ing protocols, such as 20W or 25W increment per minute (28).

Future research should continue to explore the integration
of different threshold concepts and refine the cMLSS model to
enhance its accuracy and applicability across diverse athletic
populations. In this context, the mathematical model of Mader
and Heck (32) should be adapted to individualize the constants
used for calculations. Additionally, future research should focus
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on exploring how these individual differences influence train-
ing adaptations and performance outcomes, aiming to refine
and personalize training protocols.

Conclusion

The present study compared various threshold concepts to estimate
the boundary between heavy to severe exercise intensity domains
and revealed significant individual differences. These deviations
could stem from the methodological procedures but are most likely
due to differing underlying physiological mechanisms. The cMLSS
incorporates more comprehensive information about the interac-
tion of endurance performance determinants, such as VO, . and
vLa, ., hypothetically providing more targeted training recom-
mendations with minimal additional effort. However, mathematical
assumptions, accuracy, and applicability of cMLSS across diverse
athletic populations should be further evaluated. |
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This study addresses the methodological uncertainty in distinguishing
the heavy from the severe exercise intensity domain by comparing tra-
ditional threshold concepts (VT,, RLT) with the mathematically calcu-
lated maximal lactate steady state (CMLSS). For the first time, cMLSS
is directly compared with ventilatory and lactate-based thresholds
within the same population.

Using a comprehensive multi-method protocol (VT,, RLT, cMLSS) and
integrating VO,,,,, and vLa, ,, for cMLSS calculation, the study enables
a time-efficient cross-validation of system- and subsystem-based
threshold models. Agreement between methods was assessed using

orthogonal regression, ICC, and Bland—Altman analyses.

The results show good agreement between RLT and ¢cMLSS (ICC=0.806;
mean difference=7 W), whereas VT, demonstrated only moderate
agreement with cMLSS (ICC=0.699; mean difference=21W). These
findings support the cMLSS as a practical and valid estimator of RLT
in recreational endurance athletes, while also highlighting notable in-
dividual variability likely driven by differing physiological mechanisms.
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