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There is a great need for objective external training load prescription and performance
capacity evaluation in equestrian disciplines. Therefore, reliable standardised exercise
tests (SETs) are needed. Classic SETs require maximum intensities with associated risks
to deduce training loads from pre-described cut-off values. The lactate minimum speed
(LMS) test could be a valuable alternative. Our aim was to compare new performance
parameters of a modified LMS-test with those of an incremental SET, to assess the
effect of training on LMS-test parameters and curve-shape, and to identify the optimal
mathematical approach for LMS-curve parameters. Six untrained standardbred mares
(3–4 years) performed a SET and LMS-test at the start and end of the 8-week harness
training. The SET-protocol contains 5 increments (4 km/h; 3 min/step). The LMS-test
started with a 3-min trot at 36–40 km/h [until blood lactate (BL) > 5 mmol/L] followed by
8 incremental steps (2 km/h; 3 min/step). The maximum lactate steady state estimation
(MLSS) entailed >10 km run at the LMS and 110% LMS. The GPS, heartrate (Polar R©),
and blood lactate (BL) were monitored and plotted. Curve-parameters (R core team,
3.6.0) were (SET) VLa1.5/2/4 and (LMS-test) area under the curve (AUC>/<LMS), LMS
and Aerobic Window (AW) via angular vs. threshold method. Statistics for comparison:
a paired t-test was applied, except for LMS: paired Wilcoxon test; (p < 0.05). The
Pearson correlation (r > 0.80), Bland-Altman method, and ordinary least products (OLP)
regression analyses were determined for test-correlation and concordance. Training
induced a significant increase in VLa1.5/2/4. The width of the AW increased significantly
while the AUC</>LMS and LMS decreased post-training (flattening U-curve). The LMS
BL steady-state is reached earlier and maintained longer after training. BLmax was
significantly lower for LMS vs. SET. The 40◦ angular method is the optimal approach.
The correlation between LMS and VMLSS was significantly better compared to the
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SET. The VLa4 is unreliable for equine aerobic capacity assessment. The LMS-test
allows more reliable individual performance capacity assessment at lower speed and
BL compared to SETs. The LMS-test protocol can be further adapted, especially post-
training; however, inducing modest hyperlactatemia prior to the incremental LMS-stages
and omitting inclusion of a per-test recovery contributes to its robustness. This LMS-test
is a promising tool for the development of tailored training programmes based on the
AW, respecting animal welfare.

Keywords: SET, validation, MLSS, fitness, equine, metabolism, lactate, standardised exercise test

INTRODUCTION

Because equine competition takes place at an increasing level and
frequency, both on a professional and semi-professional level,
training horses on a custom-made basis and with maximum
efficacy has become of key importance (Serrano et al., 2002).
The added value of robust standardised exercise tests (SETs) that
show high reproducibility and from which an optimal training
load can be derived based upon individual internal load capacity
is increasingly recognised in human sports medicine and other
animal models, such as dogs and mice. However, most equine
athletes are still trained on an empiric basis and a one-approach-
fits-for all philosophy (Cunha et al., 2009; Ferasin and Marcora,
2009; Manzo et al., 2009; Alves et al., 2012; Rodrigues et al., 2016;
Impellizzeri et al., 2019; Restan and Cerqueira, 2019). Creation
of an optimal cardiovascular training programme for each horse
without under-/or overtraining is not evident; however, it is of
crucial importance, to avoid occurrence of sports injuries and to
achieve maximum performance levels (Dyson, 2000; Singer et al.,
2008).

With the coming of a wide range of wearables for measuring
the external load (speed, distance, etc.) and internal load (heart
rate, blood/plasma lactate concentrations, heart rate variability,
body temperature, gait symmetry, etc.), the first steps are made
towards the objective assessment of performance capacity and
individualisation of training programmes (Poole and Erickson,
2008; Peyré-Tartaruga and Coertjens, 2018; Impellizzeri et al.,
2019). However, translating the obtained data and the derived
performance parameters into effective training advice to induce
the desired psychophysiological responses, is rarely applied in
the different equestrian disciplines and still needs a lot of
optimisation (Bourgela and Blais, 1991; Hauser et al., 2014;
Arratibel-Imaz et al., 2016). For this purpose, reliable and
reproducible SETs are needed under natural conditions that are
easy to implement.

Standardised exercise tests (SETs) can be performed either
on a treadmill under laboratory conditions or in the field. The
field tests have gained popularity because they better represent
the real training and competition conditions and do not cause
changes in the locomotion pattern of the horse, a problem
that is often encountered during treadmill exercise, especially
with unexperienced horses (Courouce, 1999; Allen et al., 2016).
Obviously, field tests are more subjected to variance, due to
factors such as effect of driver, weather, and track conditions, etc.,

which entails that test results cannot be extrapolated one on one
from the laboratory to the field and vice versa (Courouce, 1999).

The golden standard to assess the aerobic capacity of both
human athletes and horses is the Maximum Lactate Steady State
(MLSS) (Urhausen et al., 1993). In humans, the MLSS value
is defined as the highest constant workload/velocity (VMLSS)
that can be maintained for at least 25–40 min before anaerobic
glycolysis participation starts to increase (Heck et al., 1985;
Swensen et al., 1999). This represents the blood lactate steady
state condition in between lactate production, removal, and
metabolism (Heck et al., 1985; Brooks, 2020). A modified MLSS-
test has been designed for horses and is defined as the maximal
effort intensity that can be maintained for at least 25–30 min
and that induces a maximal blood lactate increase of 1 mmol/L
(Gondim et al., 2007; Miranda et al., 2014). Both tests have been
shown to be a good predictor for endurance capacity and the
level of aerobic fitness and can function as an accurate tool to
modulate training loads (Kohrt and O’Connor, 1987; Gondim
et al., 2007). However, the downside is that the classical MLSS
determination method is not easy to implement in the training
schedule of athletes because of the need to perform 4–6 separate
exercise sessions at a constant speed, for at least 30 min/session,
on consecutive days, to determine the MLSS value (Svedahl and
MacIntosh, 2003). Therefore, alternative MLSS protocols have
been tested in an attempt to determine the lactate threshold
in a different way (shorter 1-day-protocols), likewise alternative
SET protocols have been developed in an attempt to approach
the MLSS as much as possible in human (Palmer et al., 1999;
MacIntosh and Shane, 2002; Lillo-Bevia et al., 2018) and in animal
models (Cunha et al., 2009; Rodrigues et al., 2016).

In the typical incremental SET protocol that is most often
used, horses are, after a warming-up session, subjected to
an incremental SET, consisting of consecutive heats of equal
duration and increasing speed (Figure 1A; Evans et al., 1993;
Davie and Evans, 2000). However multiple difficulties are still
encountered with the use of SETs and therefore alternative tests
should be investigated.

It is still unclear what the ideal duration of a heat is, which
varies between 3 min (Hamlin et al., 2002; Leleu et al., 2005;
Gramkow and Evans, 2006) to 5 min (Lindner, 2010b). It is
important to maintain each step long enough, so the internal
load is assessed in a steady state condition and is representative
for that particular speed (De Mare et al., 2017). However, it
has been shown that differences in the duration of heats and
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FIGURE 1 | (A) Time profile of a typical incremental SET protocol (B) vs. LMS (Lactate Minimum Speed) protocol.

the amount of steps/test will affect the derived performance
parameters in that particular SET protocol (Heck et al., 1985;
Foxdal et al., 1996). One recent study in horses showed that
the VLa4 obtained with SET protocols with shorter heats is
generally higher than VMLSS, leading to a possible overestimation
of aerobic performance capacity (Soares et al., 2014). Besides
that, contradicting results can be found in scientific literature
with respect to reproducibility, validation, and suitability of these
tests to assess aerobic performance capacity for the different
equestrian and human sports disciplines. Some studies report
a good reproducibility (Dubreucq et al., 1995), whereas others
report a lack of scientific evidence (Bourgela and Blais, 1991;
Hauser et al., 2014; Arratibel-Imaz et al., 2016). A third and
other important factor is the set of parameters that is chosen
to indicate the lactate threshold. Many equine SETs use the
fixed threshold “VLa4,” the velocity at which a blood lactate
concentration of 4 mmol/L is measured (Svedahl and MacIntosh,
2003; Wahl et al., 2018). The rationale for using this value lies
in a series of studies in which it was shown that with this value,
there is a clear correlation between blood and muscle lactate
content (Jacobs and Kaiser, 1982). However, this VLa4 value that
is obtained with such a single session incremental SET is often
much higher than the constant sustained speed at which a blood
lactate value of 4 mmol/L would have been reached (Svedahl
and MacIntosh, 2003). The rigid cut-off value of 4 mmol/L also
ignores the pronounced inter-individual differences that exist
in production, redistribution, and wash-out capacity for lactate
(Svedahl and MacIntosh, 2003). In human athletes, the MLSS
ranges from 3–9 mmol/L among individual athletes (Foxdal et al.,
1996; MacIntosh and Shane, 2002). Likewise, in horses, there is
increasing evidence that a fixed cut-off value for blood lactate is
not a reliable predictor for the lactate threshold (Gondim et al.,
2007; Miranda et al., 2014). It is thus important to realise that
using VLa4, as threshold parameter in incremental SETs, can lead
to the overestimation of MLSS and thus, to the implementation
of unrealistic high training velocities and intensities with all
its negative consequences (Beneke, 1995; Gondim et al., 2007;
Soares et al., 2014). Indeed, Lindner (2010a) demonstrated that

VLa2 could not be maintained for 30 min without blood lactate
increases of >1 mmol/L, and the MLSS of horses corresponds
more to a VLa1.5−2. Therefore, VLa4 is not deemed to be a
suitable parameter to predict the MLSS in horses (Gondim et al.,
2007; Lindner, 2010a). With that respect, controversy has been
reported to exist regarding the correlation between VLa2 or VLa4
and VMLSS (Heck et al., 1985; Aunola and Rusko, 1992).

Besides these fixed cut-off values, another way to approach the
obtained SET curve in order to derive SET parameters is the Dmax
and Modified Dmax method.

For the Dmax method, exercise tests are performed
until exhaustion, which is difficult in field tests. A third
order curvilinear regression curve is constructed based on
blood/plasma lactate concentrations vs. workload (Zhou and
Weston, 1997). A line is drawn in between the starting and
end point of the lactate curve. The inflexion point at which
the distance between the line and the lactate regression curve
is maximal is annotated as the Dmax value, and represents the
threshold point at which a steady-state is reached between lactate
production and elimination (Zhou and Weston, 1997). Human
studies report that the Dmax approach is suitable to define the
individual lactate threshold to exercise and provides a good
estimation of the MLSS (Zhou and Weston, 1997; Siahkouhian
et al., 2012; Zwingmann et al., 2019). In contrast, a study of
Janeba et al. (2010), concluded that the Dmax approach is not
a valid method because of the high dependence on the lowest
and highest workload data points of the lactate curve (Janeba
et al., 2010). Therefore, the Modified Dmax has been developed,
though controversies regarding its ability or inability to estimate
the MLSS remains (Janeba et al., 2010; Siahkouhian et al., 2012;
Płoszczyca et al., 2020).

Therefore, besides the SET protocol, the mathematical
approach that is used to derive performance parameters and
training loads from the lactate-velocity curve is important.
Multiple human studies try to define zones with upper and
lower limits (aerobic, anaerobic, and a transitional zone) by
assessing and combining internal load parameters (heart rate,
ventilatory, and lactate parameters) with the external load
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FIGURE 2 | Typical shape of the LMS curve illustrating the consecutive phases (A–D) of the LMS protocol. The LMS is marked by an arrowhead. LMS, lactate
minimum speed.

(Wyon and Redding, 2003; Santos et al., 2010; Clemente Suárez
and González-Ravé, 2014; von Haaren et al., 2015; Rogers et al.,
2021).

A SET type that could be a good alternative and that has
been studied in only a few equine trials is the lactate minimum
speed test (LMS test), which is the only single session test
that is based on challenging the lactate steady state of an
individual athlete, similar to the MLSS test (Wahl et al., 2018).
The LMS test has originally been developed for human athletes
by Tegtbur et al. (1993) to estimate the Anaerobic Threshold
(AT) and MLSS at the same time (Tegtbur et al., 1993). This
test consists of 3 consecutive phases: a short exercise bout of
high intensity to induce hyperlactatemia, followed by a passive
recovery period of approximately 8 min to provide time for
lactate transposition from cells to the bloodstream to create a
steady peak-blood lactate concentration, followed by the third
and last phase, an incremental exercise test (Figure 1B). The
LMS test produces a typical U-shaped blood lactate time-profile
(Figure 2). In the first stages of the decremental section of
the blood lactate vs. speed curve, there is a net blood lactate
clearance with a decrease in blood lactate concentration until
lactate production exceeds its removal. The lowest point of this
U-shaped curve corresponds with the velocity at which the blood
lactate concentration is minimal and represents the point of
balance between lactate clearance and production. In human
sports medicine this test is reported to reliably indicate the lactate
threshold for different sports disciplines such as running, rowing,
cycling, and swimming (MacIntosh and Shane, 2002; Ribeiro
et al., 2003; Sotero et al., 2009; Knoepfli-Lenzin, 2011; Campos
et al., 2014). The test enables the estimation of the MLSS based
on only one short exercise session which makes this test more
practically applicable than others (Tegtbur et al., 1993; Bacon,
1999).

A study by Gondim et al. (2007) validated this LMS test in five
endurance horses, which were subjected to a 500 m full gallop
exercise on a grass track, followed by a recovery period of variable
duration, and subsequent incremental exercise bouts of 1,000 m,

starting at 15 km/h with increments of 2 km/h per heat (Gondim
et al., 2007). The data were plotted and the point at which lactate
concentration showed an inflexion was annotated as the LMS
value, which corresponds with the lowest point of the polynomial
fitted U-curve (see Figure 2). After LMS determination, horses
were subjected to two 10,000 m runs, one at LMS and one at 10%
above LMS to test LMS accuracy. The applied LMS protocol was
reported to be reliable to estimate the MLSS in endurance horses
(Gondim et al., 2007).

A second study performed by Miranda et al. (2014) compared
5 different LMS protocols executed on a treadmill with 8
purebred Arabian horses to evaluate protocol-dependency of
obtained test results, since human studies clearly indicate
protocol dependency (Carter et al., 1999; Ribeiro et al., 2009).
Each of the 5 protocols consisted of 6 incremental steps with
varying incremental speeds (ranging from 1.8–3.6 km/h) and
stage length (ranging from 3–7 min/step). The study showed
a high correlation (r = 0.7) between MLSS velocities and the
obtained LMS values when using the protocol with incremental
bouts of 3 min, starting at 14.4 km/h with 1.8 km/h increments
(Miranda et al., 2014).

Finally, Soares et al. (2014), tested a LMS protocol on a
5% inclined treadmill and compared this with the VLa2/4
and the MLSS (Soares et al., 2014). They found a good
correlation between the MLSS velocity and respectively the
VLa2/4 (r = 0.74/0.78) and LMS (0.83), however the VLa2 and
VLa4 were on all occasions much higher compared to the MLSS-
velocity and horses were not able to maintain this speed for a long
time (Soares et al., 2014). The concordance between protocols
was relatively poor.

The LMS-test is a promising exercise test to assess the
individual blood lactate steady state without performance until
exhaustion; however, currently, only very few studies are available
in horses focusing on LMS testing (Gondim et al., 2007;
Miranda et al., 2014; Soares et al., 2014). Only one in the field
study is available and that study includes a recovery period
after the initial hyperlactatemia inducing exercise phase into the
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applied LMS protocol (Gondim et al., 2007). No studies are
available looking into the most optimal mathematical approach
to deduce performance parameters from the obtained LMS test
curves. No studies are available comparing SET vs. LMS deduced
performance parameters in the field and no study has been
looking into the effect of training on evolution of LMS test
performance parameters. Lastly, almost no studies combine these
internal and external loads in order to obtain objective training
loads that create the most optimal psychophysical response
(Impellizzeri et al., 2019).

Therefore, the aim of the current study was threefold: (1) to
compare the performance parameters of a classic incremental
SET with multiple new performance parameters deduced from
a modified LMS-test protocol; (2) to assess the effect of training
on LMS test parameters and curve shape and to compare this
with the SET parameters; (3) and to identify the most optimal
mathematical approach for LMS curve parameter assessment to
deduce objective and optimal training loads. To our knowledge,
this is the first equine study assessing not only the effect of
training on the LMS value but also, the individual aerobic
window of each horse.

MATERIALS AND METHODS

Six untrained standardbred mares, aged between 3 and 5 years
were trained 4 days/week for 8 consecutive weeks. The horses
were stabled at the same training facility and trained on the
same racetrack by the same dedicated person. Horses were
comparable in body condition score (4–5/9) and body weight
(418–490 kg). All mares underwent a pre-purchase examination
(clinical examination and radiographies) to detect or rule out any
significant pathology in advance. Objective proof of the absence
of lameness was determined by the Equinosis Q system analyses
with the Lameness Locator Software (Lameness Locator 2014
v.2, Equinosis R©) for all horses before the start and at the end of
the training period (Broeckx et al., 2019). Horses were housed
in individual boxes on straw bedding and received concentrate
feed two times daily and were provided with ad libitum access
to tap water and roughage. There was an acclimation period of
2 weeks before the start of the training trial. Throughout the
entire trial, horses were monitored two times daily for heart rate,
respiratory rate, capillary refill time, appetite, rectal temperature,
and faecal output and consistency by a dedicated veterinarian.
This study was approved by the Animal Ethics Committee of
the Ghent University (EC 2016/40) and was partly funded by
VLAIO AIOONO20160007.

Exercise Protocols
The horses performed, at random, an LMS test or SET on 2
separate days on average, 1 week in between, before the start
of the training programme and after the training period of
8 weeks. All mares performed the same LMS vs. SET protocol.
All tests were undertaken while the horse was harnessed ridden
by the same trainer on the same oval-shaped sand racetrack.
Horses were equipped with an HR-monitor (Polar R© Equine H7,
Polar Electro Oy, Finland) to assess heart rate and speed. Blood

lactate concentration was measured at rest and at 1 min-walking
intervals in between the exercise bouts. Blood samples were taken
from the left jugular vein and whole blood lactate concentration
was immediately determined by a hand-held lactate analyser
(Lactate Pro 2, Axon Lab AG R©) (Arratibel-Lmaz et al., 2017;
Crotty et al., 2021).

Standardised Exercise Test Protocol
The SET consisted of a 10-min warm-up at 20 km/h followed
by 5 incremental exercise bouts of 3 min duration, with a 1-
min walk interval in between to allow for blood sampling. An
increase of 4 km/h for every exercise step was applied until a
velocity of 40 km/h was reached. After the end, blood samples
were taken every 15 min at rest until blood lactate concentration
returned to pre-exercise levels. The track was watered and raked
on each occasion to maximally assure equal study conditions
throughout the trial.

Standardised Exercise Tests Parameters
The relationship between velocity and lactate was plotted by
means of an exponential regression curve to determine following
SET parameters: the VLa1.5/2/4 (velocity at a blood lactate
concentration of, respectively, 1.5/2/4 mmol/L).

Lactate Minimum Speed Test Protocol
The LMS-test protocol consisted of a 10-min warm-up at
20 km/h followed by a fast 3-min trot at 36–40 km/h to induce
hyperlactatemia (a blood lactate >5 mmol/L), followed by 8
incremental steps of 3 min, increasing speed with 2 km/h/step
starting from 20 to 34 km/h. Blood was sampled after each step.

Mathematical Lactate Minimum Speed Curve Approach to
Determine Lactate Minimum Speed Parameters
To determine different individual LMS-test parameters, a second-
degree polynomial function curve fitting was performed on the
blood lactate concentration vs. speed values using the R software
(v3.6.0, R core team, 2019). The following curve-parameters
were determined (Figure 3): LMS, Area under the curve on
the left side of the LMS (AUC<LMS ∼ Lactate wash-out) and
right side of the LMS (AUC>LMS ∼ Lactate accumulation) and
magnitude of the aerobic window (AW). The lowest point of the
polynomial U-shaped curve corresponds to the LMS value, which
was calculated using the equation of the fitted polynomial.

The aerobic window (AW) for each LMS test, was assessed
by means of 2 different mathematical approaches (threshold
and angular method) and compared with the individual SET
derived lactate threshold of each horse. Calculations were
done in Microsoft Excel using the equation of the fitted
curve. The AW represents the speed range within which
blood lactate concentrations remain stable and corresponds
with the interval between the upper and lower limit on
respectively the right and left side of the LMS value. Two
different mathematical approaches were applied to determine
these limits: For the threshold method (AWT), the limits
were set at speeds that corresponded with LMS plus and
minus speeds at blood lactate concentration of respectively
1/1.25/1.5/1.75/2 mmol/L (Figure 3). For the angular method
(AWa), the limits corresponded with the speeds indicated at the
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FIGURE 3 | Mathematical approaches to determine the aerobic window from the LMS-test. Left Panel: aerobic window calculation, using the threshold method;
Right Panel: aerobic window calculation, using the angular method. AW, aerobic window; LMS, lactate minimum speed; AUC<LMS, area under the curve at the left
side of the LMS; AUC>LMS, area under the curve at the right side of the LMS.

intersection point between the horizontal line through the LMS
and the tangent at an angle of respectively 35/40/45 degrees
(Figure 3). These mathematical methods were investigated on
both the individual level as well as across all horses.

Validation of Lactate Minimum Speed
Validation of the obtained LMS value as estimation of the MLSS
was performed as described by Gondim et al. (2007). Briefly,
horses were subjected to two different exercise protocols on two
separate days, after a warm-up for 10 min at 20 km/h, a first
exercise session of ≥10 km at a constant LMS speed (day 1) and
a second exercise session at 110% of LMS (day 2) was performed.
Blood lactate concentration was measured every 2 km. If the
venous blood lactate concentration increased >1 mmol/L at
110% LMS however not at LMS itself, than 100% LMS was
considered as a good estimation of the VMLSS. If the horses
increased >1 mmol/L in blood lactate concentration at 100%
LMS or if horses did not increase with >1 mmol/L at 110% LMS,
then a third run was introduced.

Training
Each training session consisted of a warming-up period of
10 min jogging (±20 km/h) followed by either aerobic or
interval training. The speed for the training sessions was
based on the horses’ individual LMS. The mares performed
2–3 days/week 30 min of aerobic training (±22–25 km/h ∼

90%LMS, with heart rate values (HR) between 150 and 160 bpm
using the Polar R© watch during the training as guidance) and 1–
2 days/week interval training (three times 3 min at high speed in
between 30 and 35 km/h ∼ 130%LMS, with HR values between
180 and 200 bpm as guidance). In between the high-speed
intervals, the mares were trotted each time for 3 min at aerobic
speed (90%LMS).

Data Processing and Statistical Analysis
Each performance parameter, for SET and LMS, was compared
before vs. after 8 weeks of training. Statistical analysis was
conducted in R (v3.6.0, R core team, 2019). Normality of the
data was determined using a Shapiro-Wilk test. A paired samples
t-test was applied for normally distributed data, otherwise, a
paired samples Wilcoxon test was applied. Of all data, the means
and standard deviations are presented with extra individual data
of the aerobic window. Correlations between the tests were
determined using the Pearson correlation coefficient. Statistical
significance was set at p < 0.05 and r > 0.80. The relationship
between the velocities predicted by the SET (VLa1,5/2/4) or LMS-
test was compared to the VMLSS using the Bland-Altman method
as well as ordinary least products regression (OLP). For the
Bland-Altman method, the mean bias and the limits of agreement
(mean ±1.96 SD) were calculated (Ludbrook, 2002). Agreement
was predefined as an absolute mean bias of 1 km/h and limits of
agreement (95% CI) within 1.5 km/h of the mean difference. OLP
was used to determine the fixed and proportional bias between
two variables. A fixed bias was present when the 95% CI for the
y-intercept included 0 in this interval. A proportional bias was
present if the 95% CI for the regression slope included 1 in this
interval (Ludbrook, 2002).

RESULTS

No adverse events (daily clinical monitoring) occurred during
this 8-week training period. All mares completed the training
trial in good health. No signs of lameness were detected visually
nor by means of the Equinosis Q System with Lameness
Locator Software (Equinosis R©) throughout the entire training
trial (Lameness Locator 2014 v.2, Equinosis R©). All mares
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FIGURE 4 | Evolution of velocity vs. blood lactate concentration pre- and post-training (n = 6 horses). (A) Standardised exercise test curves; (B) lactate minimum
speed curves. Poly-, polynomial curve fitting.

performed the same prescribed exercise protocol. With respect
to the number of performed heats: one mare did not perform
the 32 and 34 km/h LMS-incremental-step before training
and 3 mares did not perform the 34 km/h LMS-step after
training. Heart rate values obtained during aerobic training
were: HRmean 153.3 ± 12.8 bpm, HRmin 119.4 ± 17.4 bpm,
HRmax 180.1 ± 26.8 bpm. HR values during interval training
consisting of 3 heats at high speed were the following: Heat
1: HRmean 169 ± 35.5 bpm, HRmin 153.5 ± 42.2 bpm,
HRmax 188.3 ± 24.4 bpm/Heat 2: HRmean 177.0 ± 45.2 bpm,
HRmin 156.5 ± 43.8 bpm, HRmax 185.3 ± 29.7 bpm/Heat 3:
HRmean 185.4 ± 27.7 bpm, HRmin 155.4 ± 38.2 bpm, HRmax
210.6 ± 8.5 bpm.

Standardised Exercise Tests-Curve
Parameters
A shift to the right of the exponential curve was seen for all mares
after 8 weeks of training (see Figure 4A and Table 1) with a
significant increase in VLa1.5/2/4 (p = 0.007/0.007/0.012).

Lactate Minimum Speed-Curve
Parameters
The parabolic LMS-curve flattens after 8 weeks of training
(Figure 4B) due to a significant decrease in AUC<LMS (p = 0.020)
and AUC>LMS (p = 0.008) (Table 1) combined with a significant
increase in the width of the AW (Tables 2–4) and a significant
decrease of the LMS after 8 weeks of training (p = 0.008).

The maximum blood lactate concentration (BLmax) was
significantly lower during the LMS-test (mean BLmax < 8wtraining
was 12.9 ± 3.1 mmol/L and BLmax > 8wtraining was
5.4 ± 1.0 mmol/L) compared to the conventional SET (mean
BLmax < 8wtraining was 19.1 ± 4.9 mmol/L and BLmax>8wtraining
was 14.5 ± 1.4 mmol/L) (p = 0.002 before training/p < 0.0002
after training). The maximum blood lactate concentration was
lower for both tests after training vs. before. The mean blood
lactate concentration at LMS was significantly lower after 8 weeks
of training (p = 0.031) with a mean of 2.2 ± 1.8 mmol/L before
and 0.9 ± 0.3 mmol/L after training.

TABLE 1 | Overview of obtained SET vs. LMS parameters before and after
8 weeks of training.

SET-curve parameters LMS-curve parameters

Before
training

After
training

Before
training

After
training

VLa1.5 (km/h) 26.8 ± 1.8 29.7 ± 1.2 AUC<LMS 1.9 ± 0.9 0.5 ± 0.2

VLa2 (km/h) 28.3 ± 1.6 31.5 ± 1.2 AUC>LMS 2.9 ± 0.8 1.2 ± 0.3

VLa4 (km/h) 31.5 ± 1.2 34.3 ± 1.4 LMS (km/h) 26.7 ± 1.0 25.4 ± 0.9

A significant increase after training in the width of the AW was
seen for both the threshold and angular mathematical approach
method for each horse (see Tables 2, 5) and across all horses
(see Table 3). This was more pronounced for the angular method
compared to the threshold method (see Table 3).

The width of the AW is comparable before 8 weeks of
training for both calculation methods; however after training,
the width of the AW is larger on all occasions for the angular
method, when compared to the threshold method. The shape
of the parabolic curve remained stable for most horses within
a range of 2–4 mmol/L above the lactate concentration at
LMS however varied among individuals whereas the threshold
concept ignores individual differences in the shape of the
curve and therefore identifies a smaller AW post training.
Within the angular method, the 35◦ angle approach seems
less discriminative because only minor differences in lactate
concentration occur between the lactate concentration at the
upper limit of the AW vs. blood lactate concentration at the
LMS (see Table 2). Likewise, results obtained with the 45◦ angle
approach are not reliable and tend to overestimate the AW of
horses. A difference in blood lactate concentration as high as
7.53 mmol/L was observed between the lactate concentration at
the upper limit of the AW vs. at LMS, for example, for horse 3
after 8 weeks of training (see Table 2). Comparable results were
obtained for the other horses (3–4.7 mmol/L). Therefore, the
40◦ angle seems to be the most optimal discriminant approach
to assess the AW of sport horses without overestimating the
width of the AW.
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TABLE 2 | Assessment of the width of the aerobic window of each horse (UL minus LL), using the angular approach (AWa) at tangent angles of respectively 35, 40,
and 45◦.

Horse 1 Horse 2 Horse 3 Horse 4 Horse 5 Horse 6

Lactate at LMS Before (mmol/L) 1.1 1.4 6.3 1.7 1.0 1.9

After (mmol/L) 0.8 0.7 1.0 0.6 0.9 1.4

LMS Before (km/h) 27.1 27.6 26.0 24.8 27.7 27.0

After (km/h) 25.5 26.2 23.6 24.8 26.4 25.6

AWa−35◦ Before Width AW 3.2 2.9 3.9 8.3 3.9 4.5

Velocity at UL (km/h) 28.6 29.1 27.9 29.1 29.6 29.3

Velocity at LL (km/h) 25.5 26.2 24.0 20.7 25.6 24.8

Lactate at UL (mmol/L) 1.7 1.9 7 3.2 1.7 2.7

After Width AW 12.5 10.2 21.1 11.1 13.1 8.4

Velocity at UL (km/h) 31.8 31.3 34.3 30.4 33.0 29.9

Velocity at LL (km/h) 19.3 21.1 13.2 19.3 19.9 21.5

Lactate at UL (mmol/L) 3.0 2.5 4.7 2.5 3.2 2.9

AWa−40◦ Before Width AW 3.8 3.5 4.7 10.0 4.72 5.4

Velocity at UL (km/h) 29.0 29.3 28.3 29.9 30.0 29.8

Velocity at LL (km/h) 25.2 25.9 23.6 19.9 25.2 24.4

Lactate at UL (mmol/L) 1.9 2.2 7.3 3.8 2.0 3.1

After Width AW 15.0 12.2 25.3 13.3 15.7 10.1

Velocity at UL (km/h) 33.1 32.3 36.4 31.5 34.3 30.8

Velocity at LL (km/h) 18.1 20.1 11.1 18.2 18.6 20.7

Lactate at UL (mmol/L) 3.9 3.3 6.3 3.4 4.2 3.5

AWa−45◦ Before Width AW 4.5 4.1 5.6 11.9 5.6 6.4

Velocity at UL (km/h) 29.3 29.7 28.8 30.9 30.4 30.3

Velocity at LL (km/h) 24.8 25.5 23.1 19.0 24.8 23.8

Lactate at UL (mmol/L) 2.2 2.5 7.7 4.7 2.4 3.5

After Width AW 17.9 14.6 30.1 15.8 18.7 12.0

Velocity at UL (km/h) 34.5 33.5 38.8 32.7 35.8 31.7

Velocity at LL (km/h) 16.6 18.9 8.7 16.9 17.0 19.7

Lactate at UL (mmol/L) 5.3 4.3 8.6 4.5 5.6 4.4

UL, upper limit; LL, lower limit.

TABLE 3 | Assessment of the aerobic window across all horses using both mathematical approaches: the threshold (AWT) and the angular (AWa) approach.

AWT AWa

AWT−1 AWT−1.25 AWT−1.5 AWT−1.75 AWT−2 AWa−35◦ AWa−40◦ AWa−45◦

Width AW<8w 4.8 ± 1.1 5.4 ± 1.1 6.0 ± 1.2 6.4 ± 1.2 6.7 ± 1.5 4.4 ± 1.7 5.3 ± 2.0 6.3 ± 2.4

Width AW>8w 8.4 ± 1.3 9.4 ± 1.4 10.3 ± 1.6 11.2 ± 1.7 11.9 ± 1.8 12.7 ± 4.0 15.3 ± 4.8 18.1 ± 5.8

P-value < 8w vs. >8w of training 0.005 0.005 0.004 0.008 0.004 0.01 0.01 0.01

TABLE 4 | The mean bias and the 95% limits of agreement for the Bland-Altman method and the Pearson’s correlation coefficient (r- and p-value) between the VMLSS

and the LMS/VLa1.5,2,4 before and after 8 weeks of training.

Before 8 weeks of training After 8 weeks of training

Mean bias
(km/h)

95% limits of
agreement

(km/h)

r-value p-value Mean bias
(km/h)

95% limits of
agreement

(km/h)

r-value p-value

VMLSS-LMS 1.04 −0.40 to 2.47 0.93 0.007 −0.97 −2.57 to 0.63 0.65 0.16

VMLSS-VLa1,5 1.12 −3.83 to 6.06 0.02 0.97 2.48 −0.64 to 5.6 −0.75 0.07

VMLSS-VLa2 2.48 −0.64 to 5.60 −0.0045 0.99 4.14 1.58 to 6.70 −0.33 0.53

VMLSS-VLa4 5.86 1.77 to 9.95 −0.0070 0.99 7.11 5.38 to 8.84 0.59 0.22
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TABLE 5 | Assessment of the width of the aerobic window (UL minus the LL) of each horse, by means of the threshold approach (AWT) at blood lactate concentration of
respectively 1/1.25/1.5/1.75 and 2 mmol/L.

Horse 1 Horse 2 Horse 3 Horse 4 Horse 5 Horse 6

LMS Before (km/h) 27.1 27.6 26.0 24.8 27.7 27.0

After (km/h) 25.5 26.2 23.6 24.8 26.4 25.6

AWT−1 Before Width AW 4.3 4.1 3.6 6.9 4.7 5.1

Velocity at UL (km/h) 29.2 29.6 28.4 28.4 30.0 29.6

Velocity at LL (km/h) 24.9 25.6 24.8 21.5 25.2 24.5

After Width AW 8.3 7.6 10.98 7.9 8.7 6.9

Velocity at UL (km/h) 29.8 30.0 29.2 28.8 30.8 29.2

Velocity at LL (km/h) 21.6 22.4 18.2 20.9 22.1 22.2

AWT−1.25 Before Width AW 4.8 4.5 4.3 7.7 5.3 5.7

Velocity at UL (km/h) 29.4 29.9 28.7 28.8 30.2 29.9

Velocity at LL (km/h) 24.7 25.3 24.5 21.1 24.9 24.2

After Width AW 8.5 8.5 12.3 8.8 9.7 7.8

Velocity at UL (km/h) 30.3 30.4 29.9 29.2 31.3 29.6

Velocity at LL (km/h) 20.9 21.9 17.6 20.4 21.6 21.8

AWT−1.5 Before Width AW 5.4 5.0 5.0 8.5 5.8 6.2

Velocity at UL (km/h) 29.7 30.1 29.0 29.1 30.5 30.2

Velocity at LL (km/h) 24.3 25.1 24.0 20.7 24.7 23.9

After Width AW 10.4 9.3 13.4 9.7 10.6 8.5

Velocity at UL (km/h) 30.8 30.9 30.5 29.7 31.7 30.0

Velocity at LL (km/h) 20.4 21.5 17.0 20.0 21.2 21.5

AWT−1.75 Before Width AW 5.6 5.4 5.25 9.1 6.3 6.7

Velocity at UL (km/h) 29.9 30.3 29.2 29.5 30.7 30.4

Velocity at LL (km/h) 24.3 24.9 23.9 20.3 24.4 23.7

After Width AW 11.2 10.1 14.5 10.5 11.5 9.2

Velocity at UL (km/h) 31.2 31.2 31.0 30.1 32.2 30.3

Velocity at LL (km/h) 20.0 21.1 16.5 19.5 20.7 21.1

AWT−2 Before Width AW 6.0 5.7 5.7 9.8 5.7 7.2

Velocity at UL (km/h) 30.1 30.5 29.4 29.8 31 30.6

Velocity at LL (km/h) 24.1 24.7 23.7 20.0 24.2 23.5

After Width AW 12.0 10.8 15.5 11.3 12.2 9.8

Velocity at UL (km/h) 31.6 31.6 31.5 30.4 32.5 30.6

Velocity at LL (km/h) 19.6 20.8 16.0 19.2 20.3 20.8

UL, upper limit; LL, lower limit.

Lactate Minimum Speed-Validation
No blood lactate increase (>1 mmol/L) occurred during
validation at 100% LMS and at 110% LMS blood lactate
concentration increased over 1 mmol/L for most of the mares
(see Figure 5). Only 3 horses needed one extra run for MLSS
determination, whereas one before and two after 8 weeks of
training. A very high correlation (see Table 4) was seen between
the LMS and the VMLSS especially before the training period (with
a mean LMS<8w of 26.7 ± 1.0 km/h vs. a mean MLSS<8w of
25.7 ± 1.5 km/h). Likewise, a high correlation was seen between
LMS and VMLSS after 8 weeks of training (with a mean LMS>8w
of 25.3 ± 1.8 km/h vs. a mean MLSS>8w of 26.5 ± 1.1 km/h).
A better correlation was observed between the LMS and VMLSS
than between the VMLSS and the VLa1.5/2/4 before and after
8 weeks of training (see Table 4).

Bland-Altman limits of agreement plots (see Figure 6) show
the difference between velocities obtained with the LMS-test
or SET compared to the VMLSS. The agreement between the
velocities is expressed in terms of mean bias and 95% limits of

agreement. The best agreement was found between the VMLSS and
the LMS, before and after training, followed by the VLa1,5. Before
training, only a mean bias of 1.04 km/h (−0.40 to 2.47 km/h) was
seen between the LMS and VMLSS, whereas −0.97 km/h (−2.57
to 0.63 km/h) after training. The OLP regression analyses results
are shown in Table 6.

DISCUSSION

This study tested a modified LMS protocol in field conditions
and is the first equine study that compared obtained curve
parameters with those obtained with a classical incremental
SET protocol in the field. It is the first equine study to assess
the effect of training on LMS test parameters and to explore
different mathematical approaches to determine LMS test curve
parameters. Study results show that the LMS test is a promising
method to assess individual performance parameters in horses
at lower blood lactate concentrations and external loads when
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FIGURE 5 | Validation of the LMS test at speeds of respectively 100% LMS and 110% LMS. No blood lactate increase (>1 mmol/L) occurred during validation at
100% LMS; however, it did so at 110% LMS for most of the mares.

compared to the classical SETs. This is most probably because
challenging an individual physiological steady state is a much
more realistic approach when compared to the use of pre-set cut
off values, as indicators for physiological target points such as the
time point at which the shift occurs from predominant aerobic
towards anaerobic metabolism.

All horses showed a significant increase in VLa1.5/2/4 after
8 weeks of training based upon classical incremental SET results,
which correlates with an increased aerobic performance capacity.
The 9% increase in VLa4 after 8 weeks of training is in accordance
with the 2–35% increase, reported in other studies (Sotero et al.,
2009). The increase in speed that can be maintained without
increase in blood lactate concentration is something that can
be expected when the horses are better trained. As a result of
training, horses will rise less quickly in lactate concentration
and will therefore be able to reach higher speeds at these fixed
lactate values. A study by Bourgela and Blais (1991), showed
that the reproducibility of VLa4 of incremental SETs in field
conditions is not acceptable from a scientific point of view
(Bourgela and Blais, 1991). Thus, one might question how reliable
and sensitive this value is to monitor training progression of
a specific horse? This should also be taken into account when
using the VLa4 value to create and evaluate a training schedule.
As mentioned previously, the use of VLa4 in field conditions,
predisposes to overestimation of performance capacity of a tested
horse, and therefore formulation of training advice at speeds and
heart rates that actually are too high for that particular horse.
Similar results were obtained in this field study where the Bland-
Altman plots showed clearly that the VLa4 overestimates the
VMLSS and even the VLa2/1,5 when compared to the LMS-test on

each occasion (see Figure 6 and Table 4). The VLa1,5, however,
is the lactate threshold deduced from SETs that appropriates
the most the VMLSS before and after training, which confirms
similar results obtained in a recent equine study (Lindner, 2010a).
The correlation between SET-parameters and the VMLSS was,
however, low and often negative (see Table 4). The LMS test,
however, pushes the body of the horse into a steady state, which is
subsequently challenged. This test deduces performance capacity
by challenging many complex biological feedback mechanisms
that are involved in performance capacity, at the same time. In
other words, it is an approach that takes much more into account
the dynamics of many physiological processes. The LMS test also
allows for assessment of the width of the aerobic window (speed
range where exercise occurs, fuelled by predominant aerobic
metabolism) of a specific horse, which obviously is of more
value than determination of a single threshold value based upon
classical incremental SET results.

Training clearly flattens the U-shaped LMS test curve: the
LMS blood lactate steady state is reached at an earlier stage
and is maintained for a longer period and at higher velocities
when compared to pre-training conditions. This is illustrated
by a significant decrease of AUC<LMS, AUC>LMS, and LMS
value, combined with a significant increase in the width of
the AW. Widening of the aerobic window is the illustration of
occurrence of adaptive physiological processes amongst which an
improved lactate clearance capacity due to complex physiological
processes such as upregulation of cellular expression of lactate
transporters and improved utilisation of lactate as energy source
in the first incremental stages of exercise (Brooks, 2020). The
latter results in the unfolding of the U-shaped LMS curve
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and a decrease of the LMS value after training (Donovan
and Brooks, 1983). Most probably, the widening of the AW
also indicates a shift towards preferential use of alternative
metabolites to fuel muscle exercise. However, more research
is needed with that respect. By having an exact view on the
width of the aerobic window, trainers know exactly within which
boundaries a certain horse is predominantly challenged from
an aerobic vs. anaerobic point of view. This knowledge can
greatly optimise efficacy of training programmes, creating a better
match between time dedicated to training, strain imposed on the
musculoskeletal system and obtained competition results. More
future research about training programmes based on this AW
would be interesting.

Study results also showed that the mathematical approach that
is chosen to deduce performance parameters is crucial to obtain
meaningful information. As expected, the threshold method is
least reliable, since it is based upon application of pre-set cut-
off values which obviously hinders an individualised approach
and takes less into account the individual differences in metabolic
kinetics. With respect to the angular approach, the 40◦ angular
approach seems the most reliable physiological approach because
the 35◦ approach is less discriminative, however the 45◦ approach
is too discriminative. The high blood lactate concentrations
reached at the UL of the 45◦ method for several mares, could
not represent a mainly aerobic training window across all horses.
Overestimation of the speed-range (AW) at which the transition

FIGURE 6 | (Continued)
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FIGURE 6 | Bland-Altman plots with the mean bias and the 95% agreement CI for comparison between velocities of the MLSS vs. LMS (A,E), VLa1,5 (B,F), VLa2

(C,G), and VLa4 (D,H) with (A–D) before the 8 weeks of training and (E–H) after 8 weeks of training. For each plot: the dotted line in the centre represents the mean
bias and the upper and lower dotted line delimit of the 95% limits of agreement for the mean bias.

TABLE 6 | Ordinary least products regression results for the VMLSS vs. the LMS/VLa1.5,2,4 before and after 8 weeks of training.

2 variables Y-intercept (95% CI) Slope (95% CI) Proportional bias Fixed bias

Before training VMLSS-LMS 9.46 (2.81–16.10) 0.67 (0.41–0.93) Yes Yes

VMLSS-VLa1,5 −3.98 (−36.32–28.36) 1.20 (−0.06–2.46) No No

VMLSS-VLa2 56.71 (26.85–86.58) −1.11 (−2.27–0.05) Yes Yes

VMLSS-VLa4 51.74 (30.49–73.00) −0.79 (−1.61–0.04) Yes Yes

After training VMLSS-LMS 4.03 (−13.16–21.22) 0.81 (0.16–1.50) No No

VMLSS-VLa1,5 45.29 (33.93–56.65) −0.62 (−1.04–0.19) Yes Yes

VMLSS-VLa2 43.45 (30.74–56.15) −0.48 (−0.96–0.004) Yes Yes

VMLSS-VLa4 12.01 (−6.38–30.40) 0.82 (0.12–1.50) No No
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between mainly aerobic and anaerobic exercise occurs, leads to
training advise that can lead to overtraining and sports injuries.
A crucial difference was seen, especially after 8 weeks of training
in the width of the aerobic window assessed by respectively the
threshold and the angular method. The width of the AW was
significantly larger across all horses for the angular method when
compared to the threshold method. This emphasises the fact that
the mathematical approach that is chosen to deduce training
parameters becomes more and more important as the horse gains
more condition and that the angular method respects more the
individual shape of the lactate curves and thus takes into account
subtle individual physiological differences. Since this study is the
first to apply such an approach, no comparison can be made with
results obtained in other animal species or human. More research
is needed with that respect.

Some important remarks need to be kept in mind when
further developing LMS test protocols: the possible protocol-
dependency of the obtained LMS-test parameters; the pursuit
of maximum reliability of the obtained LMS-test parameters to
monitor training effects and the validation of the fact that the
LMS is a good estimation of the MLSS.

For human athletes, several studies report protocol-
dependency of the results of the LMS test (Carter et al.,
1999; Ribeiro et al., 2009). However multiple recently conducted
studies that investigated protocol dependency, show that it can
be controlled (Smith et al., 2002).

Smith et al. (2002) showed that LMS determination was
not dependent upon the hyperlactatemia-induction protocols,
which precede the incremental step protocol. However,
Zagatto et al. (2014) criticised Smith’s study and stated that
there is an effect of the hyperlactatemia-protocol on obtained
LMS parameters, in case very intense exercise steps are used to
induce the hyperlactatemia (Zagatto et al., 2014). Nevertheless,
they did not report the degree of induced hyperlactatemia
(Messias et al., 2017). In our study, a clear hyperlactatemia-
threshold was set: a blood lactate concentration >5 mmol/L.
Therefore, horses weren’t challenged to maximal exercise prior
to start-up of the incremental phase of the LMS protocol.
Physiologically it can be questioned whether challenging
“exhaustion” hyperlactatemia actually represents the situation
that occurs during training and competition. Most likely this
is not the case, therefore, choosing a cut-off value that is
more physiological, is a better way. Another approach is to
imply a certain recovery period after induction of pronounced
hyperlactatemia, to prevent horses from needing to start-off
with the incremental stage, right after completing exercise until
exhaustion. Certainly, the key question then remains: “how long
does such a recovery period need to be?”.

The recovery phase, which allows time for the lactate
transposition from cells to the bloodstream, was very short
in our study protocol (±1 min, allowing for drawing blood
for lactate assessment). Many human study protocols involve
a rather long recovery period (8 min or longer) in follow-
up of the hyperlactatemia induced by exercise until exhaustion
(Tegtbur et al., 1993). Recently it has been shown that this
fixed period is not ideal and therefore application of individual
recovery lengths, governed by serially measured blood lactate

concentrations during recovery has been suggested (Messias
et al., 2017). In horses, only the study of Gondim et al.
(2007) used an individualised duration of the applied recovery
period, the duration of which was based on the results of
previously performed lactate time to peak tests (Gondim et al.,
2007). Obviously, when exercise is performed until exhaustion,
immediate start-up of an incremental protocol is not feasible. On
another note, this recovery period does represent an additional
variable in the LMS test, because body systems are allowed to
adapt and recover and so, it means that the incremental phase
of the LMS test is started-up at an interindividual different
momentum in that recovery phase, in case a fixed and long
duration recovery period is allowed. No doubt, this creates more
variability in test results, because start-up of the incremental
stages will occur for each individual, at a different stage of the
recovery process. The latter is prevented by choosing a cut-
off value of 5 mmol/L for the hyperlactatemia induction phase,
which is an acceptable value for both poorly and well-trained
horses (Courouce, 1999). Our study results show that by not
inducing pronounced hyperlactatemia prior to start-up of the
incremental protocol, the application of a real recovery phase
is not needed. The U-shaped curve shows that horses further
decline in their blood lactate concentration during the first
incremental steps of the LMS protocol, despite the fact that they
start-off from a hyperlactatemia. This is a more physiological
approach that mimics real training and competition situations
and it renders the application of a recovery period unnecessary.
Governing duration of recovery periods by serial blood lactate
measurements can be questioned as well, in view of the fact that
the concept of recovery status is most probably illustrated by
the interplay of many more physiological parameters than blood
lactate and heart rate per se.

In the third and final stage of the LMS, which is the
incremental step phase, a lot of protocol parameters can be
changed, such as starting speed of the incremental steps, duration
of the steps, etc., however, more research is needed. First, lower
starting velocities can allow for a faster lactate clearance resulting
in a lower LMS, leading to underestimation of the performance
capacity of the horse (Carter et al., 1999). Ribeiro et al. (2003)
showed no influence of stage length on LMS in trained swimmers
(Ribeiro et al., 2003).

Not all existing research is equivocal on the capacity of
differing LMS protocols to assess MLSS values and thus advances
in performance capacity. A majority of human studies found
a significant change of the LMS after training, and this for
several different sports disciplines (Simões et al., 2009; Knoepfli-
Lenzin, 2011; Sotero et al., 2011). Likewise, the current study
shows clear training effects on multiple LMS test parameters in
horses. However one single study reports no changes in LMS
test parameters after weeks of endurance training, while the
MLSS changed significantly, at least when an identical LMS-
protocol was applied before and after training (Carter et al.,
1999). These researchers suggest that after training, intensities of
the incremental stages of the LMS must be modified (Carter et al.,
1999). However, in our study, despite the fact that an identical
LMS protocol was used before and after 8 weeks of training, a
clear decrease was seen in LMS. Therefore, in future research,
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most probably the intense pre-phase to induce hyperlactatemia
and the AW, needs further attention, rather than intensive
adaptation of the post-training LMS test protocol. It can be
expected that by increasing the intensities of the consecutive LMS
steps, after training, the flattening of the U-shaped curve becomes
less pronounced, allowing for a “sharper” delineation of the
aerobic window, however, also influencing obtained performance
parameters. Trying to assess how to adapt the post-training LMS
protocol will not be easy. However large increases of power/speed
may hinder precise determination of the MLSS, whereas too small
incremental steps (with the same stage length) will predispose to
the fact that the blood lactate concentration will drop causing a
left-shift of the curve, especially in highly trained athletes.

In contrast to the SET-parameters, the LMS showed a good
correlation (r = 0.93) with the VMLSS before the start of the
training period, however after 8 weeks of training the LMS had
the tendency to underestimate the MLSS (illustrated in Figure 6,
mean bias: −0.97 km/h) which is in accordance with human
studies (Knoepfli-Lenzin, 2011). Maybe, this can be addressed by
applying a certain conversion factor on the obtained post training
LMS value. More research is needed with that respect. The
correlation coefficient for LMS vs. VMLSS (r = 0.65) was still high
according to equine and mice studies after 8 weeks of training,
indicating that the LMS is a promising tool to predict the VMLSS
with some adjustments to the protocol (Miranda et al., 2014;
Rodrigues et al., 2016). Other studies showed a good correlation
between the LMS and VMLSS with correlation coefficients of 0.67–
0.84 in mice and 0.7 in horses (Miranda et al., 2014; Rodrigues
et al., 2016). Important to notice is that even when the MLSS
would have been determined even more precisely, the SET-
parameters would still overestimate the MLSS and horses would
not be able to maintain this speed for 30 min without an increase
of >1 mmol/L whole blood lactate concentration, leading to an
increased risk for injury development. During the validation of
the LMS at 100% LMS there was respectively no increase in blood
lactate concentration more than 1mmol/L, while an increase of
>1 mmol/L at 110% LMS was present in the majority of the
mares, like initially shown by Tegtbur et al. (1993). Therefore
the tested LMS protocol provides an accurate estimation of the
VMLSS, like shown in several human studies (MacIntosh and
Shane, 2002; Sotero et al., 2009; Knoepfli-Lenzin, 2011) and in
a single study performed with horses (Soares et al., 2014). The
VMLSS was determined starting from the individual LMS-values
of the horses. An additional session of 105% LMS could have
provided even more accurate correlations.

Bland-Altman concordance analyses showed the best
concordance between the VMLSS and the LMS, followed by
VLa1,5, VLa2, and VLa4. The mean bias and 95% agreement CI
were considered acceptable for LMS in the field, since a mean
difference of 1.04 km/h before training and −0.97 km/h after
training is a quite precise estimation for field exercise testing.
An acceptable mean bias of 1 km/h was chosen beforehand
because riding horses more precisely with less than 1 km/h
of variance is really difficult in the field. This difference has
limited influence when comparing exercise capacity or external
load prescription. One other equine study that validated the

LMS-test showed a good concordance between the protocols
with a mean bias of 0.5 km/h and a 95%CI of 1km/h; however
this was a treadmill study (Miranda et al., 2014). Protocol
adjustments are necessary for SET-thresholds in order to predict
the VMLSS because important mean biases were detected for
SET-parameters. The VLa4 can be considered as an invalid
method to predict the VMLSS. No fixed and proportional bias was
detected for the LMS-test after 8 weeks of training compared to
the MLSS. However, pre-training, a proportional and acceptable
fixed bias (1.08 km/h) was seen (Restan and Cerqueira, 2019).
Other equine and mice studies showed similar results and a wide
variability of individual results in their plots (Miranda et al.,
2014; Soares et al., 2014; Rodrigues et al., 2016).

Several human studies showed that even shorter versions of
the LMS test are capable to estimate the MLSS, so maybe it
is not necessary to complete the entire LMS-protocol to avoid
the risk of occurrence of sports injuries (Simões et al., 2009;
Sotero et al., 2011; Miyagi et al., 2013). More research is needed
with that respect.

Regarding the set-up of training protocols: Training velocities
around the LMS correlate with their individual lactate threshold;
training velocities in the range of 10% below the AW<LMS
provide a complete aerobic training to that horse; and
velocities in the range of 10% above the AW>LMS challenge
that specific horse anaerobically without creating overtraining.
However, more research is needed with that respect and
adaptations in function of the different equestrian disciplines
would be interesting.

The results of the current study have also shown that during
a LMS test, unlike during a classical incremental SET, horses
do not need to perform maximal exercise. This means that the
horses do not have to be pushed to extreme speeds, whereas
in a SET, the horses have to keep running until maximal
velocities. This is reflected in the significantly lower maximum
blood lactate concentration achieved during the LMS when
compared to the SET. Due to the fact that the horses have
to exercise at maximum effort, they have a higher risk of
sustaining injuries during the SET, ranging from musculoskeletal
mishaps, to injuries at the level of the respiratory system,
also rendering horse owners less prone to subject their horses
to such SETs. Therefore, it seems that the classical SET is
not optimal from an animal welfare point of view to assess
aerobic capacity and training evolution. The LMS is much
more eligible for that purpose. With a basic effort made by
the horse, determination of the training level can be made
under natural conditions and, in this way, a tailored training
schedule can be set-up with a minimum risk for development of
sports injuries.

Main study limitations: Protocol dependency of the
performance parameters cannot be excluded. A limited
number of horses was included in the study. The estrous cycle
phases and its possible influence on the performance parameters
were not determined. Some physiological determinants of
performance, such as efficiency of movement and VO2Max were
not determined, because of insufficient reproducibility/validity
that exists for these techniques for field testing in horses at this
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point (Betros et al., 2002; van Erck et al., 2007; Allen et al., 2016;
Peyré-Tartaruga and Coertjens, 2018). This study provides an
approximation of the VMLSS and did not apply the MLSS golden
standard method because this is not feasible in the field. No 105%
LMS run was included in the current study. It would have been
interesting to include such a step.

CONCLUSION

This modified LMS test protocol is a valuable tool for assessing
the aerobic window of individual horses at lower speed and
blood lactate concentrations compared to SETs, which is an
important factor from an animal welfare point of view. The
LMS-test is easy to implement, valuable for field exercise testing
and entails the challenge of the blood lactate-steady state in
contrast to application of fixed thresholds. With that respect, the
study clearly shows that VLa4 is an unreliable cut-off value to
assess the aerobic capacity of a horse. The current study shows
a better correlation between the VMLSS and the LMS compared
to the SET parameters, which up until now, is the most applied
test protocol for monitoring exercise capacity in equine athletes.
Bland-Altman analyses showed that the LMS-test provides a good
estimation of the VMLSS with an acceptable mean bias. Training
clearly flattens the U-shaped LMS curve. The LMS is reached
at an earlier stage and maintained for a longer time in trained
horses, illustrated by the increased AW. The 40◦ angular method
is the most solid mathematical LMS curve approach to determine
the AW. The AW is a promising tool allowing for proper
deduction of professional and effective training advice, tailored
to the fitness level of that specific horse. The LMS protocol
can be further adapted, especially post-training, however, the
approach of inducing modest hyperlactatemia prior to start-off
of the incremental LMS stages and omitting the inclusion of a
per-test recovery period greatly contributes to its robustness.
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