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Abstract

Maximal Lactate steady-state (MLSS) demarcates sustainable
from unsustainable exercise and is used for evaluation/monitoring
of exercise capacity. Still, its determination is physically chal-
lenging and time-consuming. This investigation aimed at validat-
ing a simple, submaximal approach based on blood lactate accu-
mulation ([Alactate]) at the third minute of cycling in a large co-
hort of men and women of different ages. 68 healthy adults (407,
289,43 + 17 years (range 19 - 78), VOomax 45 £ 11 ml"'kg'min-
1(25 - 68)) performed 3-5 constant power output (PO) trials with
a target duration of 30 minutes to determine the PO corresponding
to MLSS. During each trial, [Alactate] was calculated as the dif-
ference between the third minute and baseline. A multiple linear
regression was computed to estimate MLSS based on [Alactate],
subjects’ gender, age and the trial PO. The estimated MLSS was
compared to the measured value by paired t-test, correlation, and
Bland-Altman analysis. The group mean value of estimated
MLSS was 180+ 51 W, not significantly different from (p =0.98)
and highly correlated with (R?= 0.89) measured MLSS (180 + 54
watts). The bias between values was 0.17 watts, and imprecision
18.2 watts. This simple, submaximal, time- and cost-efficient test
accurately and precisely predicts MLSS across different samples
of healthy individuals (adjusted R?>= 0.88) and offers a practical
and valid alternative to the traditional MLSS determination.
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Introduction

Maximal lactate steady-state (MLSS) is an integrated index
of cardiorespiratory and metabolic function that demar-
cates the boundary between the heavy/sustainable and the
severe/unsustainable exercise intensity domains (Hill,
1993; Jones et al., 2010; Poole et al., 2016). Similar to other
“threshold” concepts (e.g. critical power, respiratory com-
pensation point, etc.), occurring at a similar metabolic in-
tensity (Keir et al., 2015), it represents the highest strain
that is still compatible with prolonged exercise duration
and the preservation of metabolic stability (Keir et al.,
2015). This feature, together with its high sensitivity to
training, makes MLSS a useful marker to monitor human
physical fitness, prescribe exercise, manage training loads,
predict performance and develop pacing strategies for con-
tinuous/intermittent exercises (Jones et al., 2010; Jones and
Vanhatalo, 2017). Specifically, in the context of exercise

prescription, the use of individualised, threshold-based in-
tensity targets has been proposed to ensure the homogene-
ity of the training stimulus across different subjects (Pogli-
aghi et al., 2006; Iannetta et al., 2019), as an alternative to
the traditional percentage of the maximum effort approach
(American College of Sports Medicine, 2017).

Testing techniques to be used on a large scale
should be easy to perform, valid in different populations,
minimally invasive and with low risk of injury, and should
not rely on expensive or complicated equipment. On the
contrary, traditional protocols to determine MLSS are tech-
nically complex and require a significant commitment to
testing from both subjects and investigators. Typically, a
series of two to five 30-min constant load tests in the vicin-
ity of the heavy to severe intensity boundary, as well as
frequent capillary blood sampling are necessary to estab-
lish the workload compatible with a stable blood lactate
concentration, making these protocols time-consuming and
physically demanding (Hill, 1993; Jones et al., 2010).

With the aim to simplify the testing approach to es-
tablish the boundary between the heavy and severe do-
mains of exercise, a predictive equation was proposed
(Fontana et al., 2016) to determine MLSS/Critical intensity
based on blood lactate accumulation during a single, non-
exhausting sub-maximal 3-min test, performed at a con-
stant power output (PO) over a wide range of relative ex-
ercise intensities (i.e. 55 - 95% Peak PO) (Fontana et al.,
2016). The study showed, in a small and homogenous sam-
ple of young healthy and active adults, very good agree-
ment between the predicted and the actual MLSS/Critical
intensity values; however, given the possible differences in
the potential of lactate production and clearance between
different populations (e.g. older adults, inactive individu-
als, females), the accuracy of the lactate-based prediction
test needs to be further explored, (Seals et al., 1984; Korho-
nen et al., 2005).

Thus, the present study aimed to extend the use of
the 3-min submaximal cycling test and the associated equa-
tion for the prediction of MLSS in a heterogeneous group
of healthy males and females ranging in age from young to
older adults. We hypothesised that the submaximal 3-min
test would confirm its validity to accurately and precisely
predict MLSS during cycling in this large and heterogene-
ous population of healthy adults.
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Methods

Participants

The study was approved by the University Committee for
Approval of Human Research and adhered to the principles
of the declaration of Helsinki. 68 healthy adults (40 men,
28 women, 43+17 years (range 19-78), BMI 2443 (19-31),
VO,max 45+11 ml'kg''min! (25-68)) gave written in-
formed consent to participate in the study. Participants
were non-smokers, free of any condition that could influ-
ence physiological responses during testing.

Protocol

After medical clearance, all participants completed the fol-
lowing cycle-ergometer tests within a maximum of three
weeks: 1) a preliminary maximal ramp-incremental exer-
cise test to exhaustion,; ii) three to five, 30 min constant PO
trials.

All exercise tests for a given individual were con-
ducted at a similar time of the day, in an environmentally
controlled laboratory, on an electromagnetically braked cy-
cle-ergometer (Sport Excalibur, Lode, Groningen, NL). To
minimise variability of glycogen stores and glucose oxida-
tion, participants followed the following standard food in-
take prescription, 2 hours before all the testing sessions: 2
g per Kg of body weight of low glycaemic index carbohy-
drates and 500 ml of water. All participants were instructed
to avoid caffeine consumption and physical activity respec-
tively for at least 8 h and 24 h before each testing session.

Ramp incremental cycling exercise test: After a 4-
min baseline at 20 watts, the workload was increased by 10
to 30 watts-min’!, depending on the subject’s anticipated
fitness level (Pogliaghi et al., 2014), with the aim to bring
the subject to exhaustion within 10-12 minutes. Partici-
pants chose a self-selected cadence (range: 60-90 rpm) and
were required to maintain it throughout all the tests.
Breath-by-breath pulmonary gas exchange and ventilation
were continuously measured using a metabolic cart (Quark
b2, Cosmed, Italy); the respiratory compensation point was
identified as the VO, corresponding to a sharp reduction of
end-tidal CO; and a sharp increase in the ventilatory equiv-
alent for VCO;, as detailed elsewhere (Colosio et al., 2019);
maximal VO, (VOzmax) was determined as the highest 30-
sec average reached upon exhaustion.

Constant load trials: On successive and distinct ap-
pointments, participants performed three to five constant,
square-wave PO tests (i.e., immediate increase from 4-min
baseline at 20 watts to the target PO), with a target duration
of 30 min for the identification of MLSS. The first test for
MLSS determination was performed at the PO equivalent
to the respiratory compensation point, as identified based
on the individual VO,/PO relationship derived from the in-
cremental exercise and a comprehensive translation strat-
egy (strategy 2) that includes a simple mean response time
correction below gas exchange threshold and an additional
correction above it, up to the respiratory compensation
point (Caen et al., 2020). For the above, a population aver-
age value (i.e. 14.2 + 2.4 ml-min!-watt") was used for the
slope of the VO,/PO relationship of constant-load trials
above the gas exchange threshold (Caen et al., 2020). The
PO of the following trials was modified based on the

stability/instability of the blood lactate concentration (i.e.
lactate accumulation between the 10th and 30th minute of
exercise </>1 mmol/L) as previously detailed (Fontana et
al., 2016) and suggested by Beneke R. (2003) (Beneke R.,
2003); in brief, the PO was increased/decreased by 10
watts, in search of the highest workload still compatible
with metabolic stability, i.e. the measured MLSS.

MLSS estimation: During all constant PO trials, ca-
pillary blood samples (20 pl) were drawn from the ear lobe
at baseline and the 3rd min from exercise onset and five-
min intervals from exercise onset thereafter. Samples were
immediately analysed using an electro-enzymatic tech-
nique (Biosen C-Line, EKF Diagnostics, Barleben, Ger-
many) and lactate accumulation ([Alactate]) was calculated
as the value at the 3rd min of exercise minus the baseline
value. Then, the % MLSS corresponding to the test abso-
lute load was predicted based on [Alactate] using the equa-
tion developed by Fontana et al. (Fontana et al., 2016):

% MLSS =76.8 + (10.1 - [Alactate] [mmol/L])) (Eq.1)
Finally, the individual’s predicted MLSS in watts was cal-
culated by solving the proportion as: MLSS [watts] = (100
- absolute trial intensity [watts]) / %MLSS.

Statistical analysis

Data are presented as means = SD (range of the measure)
throughout. The relationship between exercise intensity (%
measured MLSS) and lactate accumulation ([Alactate]) for
trials >3 min in duration was modelled by regression anal-
ysis. The model was hierarchically structured to overcome
the problem of non-independent observations in having
multiple participants yield more than one data point in the
regression model (Tabachnick and Fidell, 2007; Fontana et
al., 2016).

After normality assumption verification (using
Shapiro-Wilk test and Q-Q plot), estimated MLSS, as de-
rived using equation 1 (Fontana et al., 2016), and measured
MLSS were compared by paired-samples t-test and Pear-
son’s correlation coefficient. The error in the estimated
MLSS was evaluated by the standard error of the estimates
(SEE) and expressed in percentage with respect to the
mean value (Hopkins, 2000). Additionally, the difference
between estimated vs. measured values was plotted as a
function of the mean of the two measures using a Bland-
Altman analysis followed by one-sample t-test. Moreover,
the possible effect of the trial intensity (expressed relative
to POmax) on the bias of the estimated MLSS values was
evaluated by linear regression. Finally, in order to evaluate
the possible role of the subject’s age, sex and workload as
additional predictors of MLSS, in conjunction with lactate
accumulation, we run a hierarchical multiple linear regres-
sion incorporating these factors. Paired-samples t-test,
Pearson’s correlation, regression and Bland-Altman analy-
sis were repeated for this new predictive equation and the
improvement in prediction resulting from using this new
regression model was calculated as the difference between
R? vs the original equation (Field, 2013).

All statistical analyses were performed using Sig-
maPlot 11.0 (Systat Software Inc) and a = 0.05; statistical
significance was accepted when p < a.
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Results

The total sample of 68 subjects was distributed in 3 age
groups (29 subjects < 35 years; 20 subjects 36 - 55 years;
19 subjects > 55 years). A total of 325 tests with a duration
of at least 3 min were included in the analysis. The mean
[Alactate] was 3.04 = 1.65 mmol/L (range 0.3-10.3
mmol/L), while the mean PO was 201 + 66 watts (range 73
- 385 watts), corresponding to 69 + 10% (range 51 - 94%)
of POmax measured during the ramp incremental test. A full
overview of this is presented in Table 1.

In this large and heterogeneous group of subjects,
[Alactate] between baseline and the 3™ min of exercise was
confirmed to be linearly related to the intensity of exercise,
expressed as % of measured MLSS (r=0.63,R>=0.39p <

0.001, SEE = 14%).

The mean estimated MLSS using the original equa-
tion 1 was 187 £ 55 watts. This value was significantly
higher than (p <0.001) yet highly correlated with (r=0.93,
p < 0.01 SEE = 20 watts and 11%; Figure 1 panel A) the
measured MLSS (180 + 54 watts). A significant bias was
detected between measures (d = -7.7 watts, ¢ < 0.001; Fig-
ure 1 panel B), with a relatively small imprecision (20.5
watts, 11.4% of the mean measure). Furthermore, the bias
between estimated and measured MLSS was unaffected by
sex (p = 0.27), a negative function of age (difference be-
tween measures = -1.22 - (0.168 - age [years]), p = 0.014)
and exercise intensity relative to POmax (difference between
measures = -19 - (0.38 - POmax [%]), p <0.001).

Table 1. Numerosity, Mean = SD and range (in parenthesis) of anagraphic, anthropometric and fitness
parameters, in the whole group and in the female and male subgroups.

FEMALES MALES ALL
# 28 40 68
Age (years) 45 + 15 (19-65) 42 + 18 (22-78) 43 + 17 (19-78)
Height (m) 1.64 +0.05 (1.56-1.74)*  1.76 £0.07 (1.62-1.90)  1.72 +0.09 (1.56-1.90)
Weight (Kg) 61 + 8 (49-77)* 76 9 (59-99) 71 + 11 (49-99)
BMI 22.7+3.1(18.7-30.6)*  24.5+23(19.4-29.7)  23.9+2.7(18.7-30.6)
VOima (mlkg''min)  37.8+6.6 (24.6-56.6)*  49.4 +10.8 (25.2-68.1)  44.6 + 10.9 (24.6-68.1)
POmay ramp test (watt) 218 + 53 (137-218)* 342 + 68 (152-455) 291 + 87 (137-455)
Measured MLSS (watt) 139 = 38 (76-230)* 209 + 44 (93-294) 180 + 54 (76-294)

* indicates a significant difference between the sex subgroups (t-test, p < 0.05).
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Figure 1. Left panels: Individual validated Maximum Lactate steady-state (MLSS) values are plotted as a function of estimated
values based on the original equation proposed by Fontana MLSS (o, panel A) and the new equation that incorporates age, sex
and the trial absolute load (e, panel C). The identity (dashed) and the regression (solid) lines are displayed along with the
coefficient of determination. Right panels: Individual differences between the values of validated MLSS and estimated values based on the original
equation proposed by Fontana MLSS (o, panel B) and the new equation (e, panel D) are plotted as a function of the average of the two measures. The
solid lines correspond to the average difference between measures (i.e. bias) while the dashed lines correspond to the limits of agreement.
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In the attempt to improve the predictive power of
the original equation, we performed a hierarchical multiple
linear regression incorporating the subject’s age and sex
and the trial workload as additional predictors of MLSS, in
conjunction with lactate accumulation that indicated all as
significant predictors. Then, after assumptions verification,
we tested the possible predictive power of the following
new multiple linear equation that incorporated all the pre-
dictors:

MLSS [watts] = 81.35 - (0.586 - subject’s age [years]) -
(9.417 - Alactate [mmol]) + (0.692 - load [watts]) —(17.234
-sex [M=0,F=1]) (Eq.2)

The accuracy of the model across different samples was
estimated by cross validation (Stein’s formula) and ex-
pressed as adjusted R?. The value of adjusted R? was equal
to 0,88, indicative of a good cross validity (i.e. generalisa-
bility of the results outside of our sample) (Field A, 2013).
The performance of this new model is presented in Figure
1 C and D: estimated MLSS as calculated from this new
equation (Equation 2) was 180 £ 51 watts. This value was
not significantly different from (p = 0.98), and highly and
significantly correlated with the measured MLSS (r = 0.95,
p <0.01 SEE = 17.6 watts, 9.8%); the bias between values
was very small and not significantly different from zero (d
= 0.02, p = 0.98), with a small imprecision (17.5 watts,
9.7% of mean measure). The application of the new equa-
tion significantly improved the prediction R? compared to
the original equation (AR? 0.03, p < 0.05) and eliminated
the effect of age on the bias between measures (p = 0.99).
There was a significant effect of trial intensity relative to
POnmax, on the difference between measures (= -32 - (0.48 -
POnmax [%]), p < 0.001), with intensities >64% POmax being
associated with an overestimation and those <64% with an
underestimation compared to validated values. However,
the average bias between validated and measured MLSS
was <5 watts (i.e 2.5%) in the 57 - 76% POmax intensity
range.

Discussion

In a large and heterogeneous group of male and female sub-
jects ranging from young to older adults, the present study
tested the performance of a predicting equation for deter-
mining MLSS based on blood lactate accumulation during
a submaximal cycling test lasting 3 minutes. The study
confirmed that MLSS can be predicted based on lactate ac-
cumulation; however, the inclusion of females and an am-
ple range of ages allowed us to detect a loss of accuracy
outside the male population and the narrow age range on
which the original equation had been developed. As a re-
sult, in the current study, we introduced a new multiple lin-
ear model that also incorporates sex and age as predictors.
The new equation significantly improved the prediction R?
compared to the original one and showed a high reproduc-
ibility outside our sample (adjusted R?= 0.88) and a rela-
tively small standard error of estimate of 17.7 watts, across
a wide range of relative intensities for testing.

As a demarcation index between the heavy and the

severe exercise intensity domains and their distinct
physiological responses (Keir et al., 2015; Colosio et al.,
2021), MLSS represents a key determinant of endurance
performance (Jones et al., 2010) that should be determined
at the individual level to ensure appropriate and homoge-
neous implementation of a desired exercise “dose” towards
specific training and health outcomes (lannetta et al.,
2019).

To overcome the limitations of the reference
method for MLSS determination and the detection of other
indexes of the heavy to the severe boundary, such as the
Critical Power (Moritani et al., 1981; Hill, 1993), previous
studies in athletes have used delta blood lactate during
short, constant load trials of fixed absolute intensity to pre-
dict different indexes of the heavy to the severe boundary
(Jacobs, 1981; Jacobs et al., 1983; Sirtori et al., 1993). The
physiological rationale behind such a testing approach is
that delta lactate over a given time reflects the early lactate
and the extent of the mismatch between lactate production
and removal which in turn is a function of relative intensity
(i.e., % of MLSS) (Sirtori et al., 1993; Fontana et al., 2016).
In agreement with the above idea, and with previous work
from our group (Fontana et al., 2016), the current study
confirmed, in healthy male and female participants ranging
in age from ~20 - 80 years old, the existence of a linear
relationship between lactate accumulation and exercise in-
tensity relative to MLSS. This confirmation is important as
tests are frequently developed on male individuals only and
because the submaximal approach proposed in our study is
particularly useful for the evaluation of unfit participants
and older individuals; in these populations, the lower exer-
cise tolerance may reduce the feasibility and accuracy of
the heavy to severe boundary determination based on either
the power-duration relationship or ventilatory thresholds,
while the maximal nature of these tests may involve unde-
sired health risks (Wasserman et al., 1973; American Col-
lege of Sports Medicine, 2017).

Importantly, our current study documented a low
accuracy and an overestimation of MLSS as a function of
age when the original equation (Fontana et al., 2016) was
applied. The above finding led to the identification of a
new predictive equation that, thanks to the introduction of
age, sex and test PO as predictors, improved the prediction
of the PO associated with MLSS. In the updated prediction
equation, age and sex were negative terms. This is compat-
ible with the notion that older adults and women present
lower levels of lactate accumulation at a given relative in-
tensity. This might be explained by factors such as sarco-
penia (Bruseghini et al., 2015) and selective atrophy of
type II muscle fibres, which may characterise ageing
(Lexell, 1995; Korhonen et al., 2005) and the different
strength levels, the prevalence of type I muscle fibres, and
the possible lower absolute lactate production that charac-
terises females (Isacco et al., 2012). Moreover, the in-
creased sympathetic tone (Seals et al., 1994), chronic de-
hydration and reduced muscle mass (Bruseghini et al.,
2015) that accompany ageing as well as the lower overall
muscle mass and higher potential for fat oxidation that
characterises women (Beaudry and Devries, 2019; Ferrari
et al., 2020), may affect the blood lactate removal/exercise
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intensity relationship in these populations compared to
young, healthy males.

A last aspect to consider as potentially impacting
lactate-based estimates is the behaviour of lactate accumu-
lation above MLSS. In fact, in the severe domain of exer-
cise lactate accumulation displays an exponential increase
as a function of workload, while in our study a linear in-
crease was detected. This difference, probably due to the
relatively short time window investigated (i.e., 3 min)
could be responsible for a reduction of accuracy of our pre-
dictive equation above the 76% peak power output (~0.4
watt every 1% increase in % peak power output).

In agreement with our previous work, the present
study confirmed that MLSS can be accurately and precisely
predicted, within but also outside of the tested population,
with the proposed 3-min submaximal test over a wide
range of relative exercise intensities (45 - 95% peak PO).
Importantly, when workloads between 57 and 76 % of the
individual’s POmax were used, the bias was below the min-
imum detectable difference (i.e. £2.5% of the MLSS).
However, tests performed outside this optimal intensity
range were associated with an increasing overestimation or
underestimation respectively if > or < 64 % POmax. As an
example, a test performed at 32 and 100% POmax would be
on average associated with an under/overestimation of £16
watts (or 9%). To investigate the applicability of the pre-
sent method outside our sample, we tested the model on a
different group using MLSS data collected in our labora-
tory with the same procedure as this study. In this external
group of 23 individuals (8 women, 27 + 5 years (range 20
- 40), 52 + 10 mI'"-kg"'min’"), the newly developed equa-
tion showed a mean estimated MLSS of 166 + 43 W versus
a measured MLSS of 169 + 53 W. These values were non-
statistically different (t-test, p = 0.17) highly correlated (R?
= 0.83) and showed a small, non-significant bias (-3.1 £
22.4 W). Although these values support the applicability of
our test, we acknowledge the need to further verify the per-
formance of this test in people presenting different charac-
teristics (elderly and athletic populations).

Different approaches, alternative to direct MLSS
determination, have been proposed for the identification of
the heavy to severe intensity boundary, with the aim to fa-
cilitate the use of this variable for exercise testing and pre-
scription. Among them, an equation-based estimate (lan-
netta et al., 2018) or the direct measurement of Critical
Power and other “thresholds” such as the respiratory com-
pensation point and the deoxygenated haemoglobin deflec-
tion point (Bellotti et al., 2013; Fontana et al., 2015). While
the equivalence of the metabolic intensity at the above-
mentioned indexes and the interchangeability/translation
among them and MLSS is the object of an unsettled debate
(e.g., Broxterman et al., 2018; Keir et al., 2018), none of
the above methods is superior to the others from a practical
standpoint. All tests require one or more maximal exercise
sessions and, except for critical power, expensive and so-
phisticated equipment. Additionally, the values derived
from the above tests remain estimations as they all have
measurement errors (i.e. ~20 watts) (Mattioni Maturana et
al., 2016) and/or the necessity for a “smart” translation
(Tannetta et al., 2018; Caen et al., 2020), calling for a veri-
fication procedure to confirm the actual highest external

power still compatible with metabolic stability (Keir et al.,
2015).

Compared to the above methods for MLSS identifi-
cation, the sub-maximal test proposed in the current study
has practical advantages and good statistical prediction
qualities. The main practical advantages of this new 3-min
approach are that: (1) MLSS can be established in a single
3-min trial, which makes the test time-effective; (2) exer-
cise tests are performed at a sub-maximal intensity and,
hence, do not require exhaustive efforts; (3) only two lac-
tate samples are required, reducing the overall cost and in-
creasing the “field” applicability of the procedure; and (4)
a wide range of exercise intensities (45 - 95% POmpax, With
best performance between 57 and 76 %) can be used to es-
timate MLSS, allowing a versatile application and custom-
isation of this test. Regarding the prediction qualities, our
estimate of MLSS predicts validated MLSS with a linear
function close to the line of identity, with a small standard
error of the estimate, a high degree of explanatory power
(Field, 2013) along with a systematic error (i.e., accuracy;
0.02 vs. -5.0 W) and a random error (i.e., precision; 18 vs
20 watts) that are comparable to those observed in other
prediction approaches (Mattioni Maturana et al., 2016; lan-
netta et al., 2018) or other indirect methods to estimate met-
abolic intensity (Colosio and Pogliaghi, 2018; Colosio et
al., 2020), yet with the valuable advantages of time effi-
ciency and a submaximal intensity.

Conclusion

In conclusion, data from a fairly large and heterogeneous
group of young to older men and women indicated that the
heavy to severe boundary (i.e. MLSS) can be accurately
and precisely predicted, based on blood lactate accumula-
tion measured at the third minute of a single sub-maximal,
non-exhaustive exercise trial performed at a constant
power output over a wide range of relative exercise inten-
sities, on the subject’s age and sex and on the absolute PO
of the trial. Based on these observations, this new 3-min
sub-maximal test could offer an economical, practical, and
valid alternative to the traditional determination of MLSS.
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Key points

e Lactate accumulation from a submaximal test can be used
to predict the maximal lactate steady state (MLSS).

e This approach was previously proposed in young men, and
it is here extended to women and elderly people.

o Within the limitations of lactate measurements, this 3-min
submaximal test offers an economical and practical ap-
proach to obtain a first estimate of the MLSS.
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