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Abstract

Purpose To analyze the influence of training status on the percentage of maximum oxygen consumption, heart rate and
velocity (% VO, %HR,, and %V ,,,) at which ventilatory threshold 1 and ventilatory threshold 2 occur (VT1 and VT2,
respectively), in males and females separately considering age, during a ramp incremental treadmill test.

Methods 791 males (36.8 +£9.9 years) and 301 females (33.9 + 11.0 years) performed a ramp incremental exercise test until
fatigue where VT1 and VT2 were determined. Participants were classified as low, medium or high training status combining
the oxygen consumption at VT1, VT2 and VO,,,.. by clustering analysis.

Results VO,,,.. is poorly correlated with the %VO,,.., %#HR,,, and %V ,,, at which VT1 and VT2 occur (r<0.3), in con-
trast, there is a positive correlation between oxygen consumption at VT1 and VT2 with the %VO,,,,,., %#HR ., and %V, at
which VT1 and VT2, respectively, occur in males and females (r=0.203-0.615). Furthermore, we observed the %VO,, ...
%HR,,.« and %V .. at which thresholds occur were greater the higher the training status (all p < 0.003).

Conclusion The physiological determinants of the percentage of maximum at which VT1 and VT2 occur are more related
to oxygen consumption at VT1 and VT2, respectively, than to VO, .. Moreover, due to the higher percentage of maximum
at which VT1 and VT2 occur in individuals with a higher training status, the common strategy consisting of establishing
exercise intensity as a fixed percentage of maximum might not be effective to match intensity across individuals with dif-
ferent training status.

Clinical trial registration NCT06246760.
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VO, ax Maximum oxygen consumption relative to
body weight

VTI1 Ventilatory threshold 1

VT2 Ventilatory threshold 2

Vyri Velocity at VT1

Vyr Velocity at VT2

Viax Velocity at maximum

SD Standard deviation

np2 Partial eta-squared

%HR Percentage of maximum heart rate

%HR .« VTI1 percentage of maximal heart rate at VT1

%HR .« VT2 percentage of maximal heart rate at VT2

%VO,«  Percentage of maximum oxygen consumption

%VO,..« VTI1 percentage of maximal oxygen con-
sumption at VT1

%VO,..« VT2 percentage of maximal oxygen con-
sumption at VT2

%V max Percentage of maximum velocity

%V max VT1 percentage of maximal velocity at VT1

%V max VT2 percentage of maximal velocity at VT2

%W ax Percentage of maximum power output

Introduction

Among the most common variables used to prescribe exer-
cise intensity is oxygen uptake (VO,). Alternatively, when
oxygen uptake measurement is not available, exercise
intensity is determined using heart rate (HR) and work rate
[power output or velocity (V)]. Traditionally, exercise inten-
sity has been prescribed as a fixed percentage of maximal
oxygen uptake (% VO,,,,,), maximal heart rate (%HR,,,),
and maximum power output (%W ,,,) or velocity (%V ,,)-
These variables are usually expressed relative to their
maximum values with the intention of matching intensity
between individuals with different training statuses (Mann
et al. 2013). It is assumed that exercise performed at the
same percentage of maximum produces the same physiologi-
cal stress across individuals with different training statuses.
This strategy is commonly used in recent studies (Coates
et al. 2023) and general guidelines (Haskell et al. 2007; Gar-
ber et al. 2011).

However, during a graded exercise test, different intensity
training zones can be distinguished (moderate, heavy, and
severe). These training zones can be identified during an
incremental test by determining the first and second thresh-
olds (Meyer et al. 2005; Keir et al. 2015; Weatherwax et al.
2019; Iannetta et al. 2020). The transition from moderate
to heavy intensity is indicated by the first threshold, deter-
mined through the first lactate or ventilatory threshold (LT1
and VTI, respectively). The transition from heavy to severe
intensity is indicated by the second lactate or ventilatory
threshold (LT2 and VT2, respectively) (Keir et al. 2022).
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Exercise intensity prescription as a fixed percentage of
maximum may not be effective if the percentages at which
thresholds occur differ between individuals (Meyler et al.
2023). Thus, it is possible that individuals with different
threshold percentages could be in different training zones
at the same percentage of maximum (Meyler et al. 2023).
In this scenario, exercising at the same percentage of maxi-
mum would not generate the same physiological stress for
everyone due to their differing training zones. An excellent
study by Iannetta et al. demonstrated that the percentage of
maximum at which thresholds occurred (% VO,,.c» %HR 1
and %W, ,.) varied widely among both males and females,
with sex being one of the factors influencing this variability
(Iannetta et al. 2020). Despite analyzing males and females
separately, they still observed a wide range of percentages at
which thresholds occurred (Iannetta et al. 2020). This sug-
gests the potential existence of additional factors contribut-
ing to these percentages, highlighting the need to elucidate
which factors influence this variation. Contrary to traditional
assumptions, they proposed that exercise intensity thresholds
do not necessarily occur at higher percentages of VO,, ., in
individuals with higher fitness levels (Iannetta et al. 2020).
On the contrary, it has been demonstrated that percentages
of VO, at which thresholds occur are higher in the mid-
dle compared to the beginning of the training season, but
not significantly different at the end compared to the middle
(Zapico et al. 2007). Given these seemingly contradictory
findings, it is paramount to determine whether training status
affects the percentage of VO,,,, at which thresholds occur
across individuals with varying training statuses, ideally in
a study with a large sample size. Moreover, to the best of
our knowledge, there is a lack of studies examining differ-
ences in the percentage of HR,, and V.. at which thresh-
olds occur according to training status. If training status
impacts the percentage of VO,,...., HR .. and V .. at which
thresholds occur, intensity could not be set as a percentage
of VO,.» HR .« and V.. to standardize intensity across
individuals with different training status.

On the other hand, while we acknowledge the existence
of other articles with larger sample sizes that provide refer-
ence standard values for some of the variables discussed in
the present study, these variables are typically stratified by
sex and age (Loe et al. 2013; Vainshelboim et al. 2020), but
not by training status. Therefore, understanding the refer-
ence standard values of these variables according to train-
ing status would be valuable for interpreting an individual’s
fitness level more accurately. Previous studies have already
demonstrated that sex (Iannetta et al. 2020; Vainshelboim
et al. 2020), age (Vainshelboim et al. 2020), and ergometer
type (Vainshelboim et al. 2020) influence the variables used
to determine training zones, suggesting that they should be
taken into account when investigating the impact of train-
ing status.
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Thus, the aim of the present study is to analyze the influ-
ence of training status on different variables (VO,, HR, and
V) expressed relative to their maximum values, used to indi-
cate the first and second ventilatory thresholds (VT1 and
VT2, respectively), separately for males and females, while
also considering age, during a ramp incremental treadmill
test. In addition, we offer reference values for these same
variables and additional variables according to training sta-
tus, leveraging the large sample size.

Materials and methods
Participants

This study involved 971 males (75.4+9.6 kg,
175.9+6.7 cm, and 36.8+9.9 years) and 301 females
(58.8+7.9 kg, 163.9+5.9 cm, and 33.9+ 11.0 years) who
voluntarily visited our laboratory to undergo an exercise test.
Data were collected between 2003 and 2023. Participants
were instructed to abstain from vigorous exercise for 2 days
prior to the test and to eat at least 2 h before the test. All
participants received detailed information about the potential
risks and benefits of the study and provided written informed
consent to participate. The protocols and procedures were
approved by the Ethical Principles for Medical Research
Involving Human Subjects of the World Medical Associa-
tion Declaration of Helsinki (1964) and subsequent amend-
ments. This study was approved by the Human Research
Ethics Committee of the Universidad Politécnica de Madrid.
Data and information obtained in the project were treated
as confidential in accordance with current national legis-
lation governing personal data protection (Organic Law
3/2018). Therefore, access to the database was restricted to
researchers involved in the study. Clinical trial registration:
NCT06246760.

Procedures
Ramp incremental exercise test

The ramp incremental exercise test was performed on a com-
puterized treadmill (H/P/COSMOS 3PW 4.0, H/P/Cosmos
Sports & Medical, Nussdorf-Traunstein, Germany). The
incremental tests were tailored to each participant’s train-
ing experience (sporting background) to accurately deter-
mine VT1, VT2, and VO,,,.. Two primary considerations
guided the individualization process: first, to avoid exces-
sively long protocols (> ~26 min) for well-trained individ-
uals, which could hinder reaching VO, due to fatigue
(Midgley et al. 2008), and second, to prevent overly demand-
ing protocols for poorly trained individuals, which could

impede the proper determination of VT1 and VT2 due to
protocol duration being too short (Bentley et al. 2007). The
test commenced with a three-minute warm-up at a constant
intensity between 4 and 6 km/h. Subsequently, the incre-
mental phase involved a ramp test starting from 4 to 8 km/h,
with the velocity increasing by 1-1.5 km/h per minute. The
incremental phase concluded when the participant could
no longer maintain the treadmill velocity. Finally, a 3-min
active recovery at the same intensity as the warm-up was
followed by a 2-min passive recovery period. Throughout
the test, breath-by-breath oxygen consumption (VO,) and
beat-by-beat heart rate (HR) were analyzed using a Jaeger
Oxycon Pro (Erich Jaeger, Viasys Healthcare, Friedberg,
Germany) and JAEGER® Vyntus CPX (Jaeger-CareFusion,
Hoechberg, Germany), respectively, previously calibrated
according to the manufacturer’s specifications.

Data extracted from incremental tests

VT1 and VT2 were determined as previously published
(Rabadén et al. 2011). In brief, VT1 was calculated using:
a) the V-slope method, where VT1 represents the breakpoint
of the VCO2/VO?2 relationship; b) the first exponential incre-
ment in ventilation (VE) relative to time; and c) the first
increase in the VE/VO2 relationship without accompanying
increases in the VE/VCO2 relationship relative to time. VT2
was determined: a) as the second exponential increment in
ventilation relative to time; b) as the intensity corresponding
to the second increase in the VE/VO?2 relationship alongside
a concurrent rise in the VE/VCO?2 relationship relative to
time. VO,,,., Was established as the highest value averaged
every 15 s. VO,,,.., was considered achieved if three of the
following four criteria were met: voluntary exhaustion of the
participant, HR >95% of the theoretical HR,, calculated
as 220 minus the age, RER >1.10, and a plateau in VO,
despite an increase in exercise intensity (Poole et al. 2008).
All tests were independently evaluated by two researchers,
with a third researcher included in cases of disagreement.
The following variables were determined: oxygen consump-
tion values at VT1 (VO,y1;), VT2 (VO,y1,), and maximum
(VO,.0) relative to body weight; percentage of maximal
oxygen consumption at VT1 (%VO,,,,, VT1) and VT2
(%VO,.x VT2); absolute heart rate at VT1 (HRy ), VT2
(HRy,), and maximum (HR,,,); percentage of maximal
heart rate at VT'1 (%HR,,,, VT1) and VT2 (%HR,,,, VT2);
velocity at VT1 (Vyry), VT2 (Vy1,), and maximum (V_, );
and percentage of maximal velocity at VT1 (%V,,, VT1)
and VT2 (%V ., VT2).

max

max
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Training status classification

Oxygen consumption at each threshold and maximum was
chosen to determine training status for two reasons: (a)
its significant impact on health and performance (Poole
et al. 2021); and (b) because the exercise protocol appears
not to influence VO,yr1i, VO,y1s, and VO, . (Scheuer-
mann and Kowalchuk 1998; Leo et al. 2017; Iannetta et al.
2019), provided the main considerations outlined in the
ramp incremental exercise test section are met. A two-step
cluster analysis was conducted to determine the optimal
number of clusters based on three quantitative variables
(VO,yr11> VOyy1o, and VO,,..), using the Bayesian Infor-
mation Criteria (BIC) to identify the clusters with the
lowest BIC. In addition, the Silhouette index was used to
assess clustering performance, categorized as poor (less
than 0.2), fair (0.2-0.5), or good (> 0.5) (Wendler and
Grottrup 2016). The predictor importance of a variable
for cluster formation ranged from O to 1, derived from a
two-step algorithm. Consequently, participants were clas-
sified into low, medium, or high training status categories.

Statistical analysis

All the data are presented as the means + standard devia-
tion (SD). Outliers were identified as those values that
were greater than or less than 3 times the interquartile
range. Each outlier was evaluated to decide if it should
be removed. The data were tested for normal distribution
with the Kolmogorov—Smirnov test and for homogene-
ity of variances with Levene’s test. All the analysis were
performed in males and females independently. Pearson
correlation coefficients were calculated to assess the
association between VO,y1;, VO,y1, and VO, .. with
the %VO,,,«» #HR ., and %V ., at which VT1 and VT2
occur. ANCOVA (age as a covariable) was used to study
the effect of training status on the different variables deter-
mined at VT1 (VO,y1, %VOsax VT1, HRy 1, %HR, .«
VTI1, Vyp; and %V, VT1), at VT2 (VO,y1s, % VO, max
VT2, HRyp,, %HR, , VT2, Vyr, and %V, VT2) and
at maximum (VO,,,,, HR,.x» Vmax)- Bonferroni post-hoc
tests were conducted where significant main effects were
found in any of the analyzed factors. The effect size of the
ANCOVA was calculated by partial eta-squared (n?) and
the small, moderate, and large effects corresponded to val-
ues equal or greater than 0.001, 0.059, and 0.138, respec-
tively (Cohen 1988). The criteria to interpret the strength
of the r coefficients were as follows: trivial (<0.1), small
(0.1-0.3), moderate (0.3-0.5), high (0.5-0.7), very high
(0.7-0.9), or practically perfect (>0.9) (Hopkins et al.
2009). Statistical analyses were carried out with the sta-
tistical software Jamovi V1.6 (Jamovi, Sidney, Australia)
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and SPSS software 29 version (IBM Corp., Armonk, NY,
USA). The significance level was set at p <0.05.

Results

The physical characteristics of the participants and their
incremental exercise results are shown in Tables 1, 2 and 3.

Correlations

In males, VO,.,, was not correlated with the %VO,,,,,
VT1 (r=-0.029; p=0.364) and %VO,,,,x VT2 (r=0.058;
p=0.070) and poorly correlated with %HR_,, VT1
(r=0.236; p<0.001), %HR,,,, VT2 (r=0.224; p <0.001),
%V max VT1 (r=0.108; p=0.005) and %V,,, VT2
(r=0.112; p=0.003). Similar results were found in females,
finding very low correlations between VO,, .. and %VO,, ..
VT1 (r=0.120; p=0.039), %VO,,.x VT2 (r=0.128;
p=0.028), %HR ., VT1 (r=0.186; p=0.001), %HR
VT2 (r=0.192; p<0.001), %V« VT1 (r=-0.025;
p=0.707) and %V, VT2 (r=0.176; p=0.009). In con-
trast, a moderate correlation was found between VO,y 1, and
%V O,max VT1, %ZHR . VT1 and %V, VT1 and between
VO,y1y and %VO,.« VT2, %HR,,,, VI2 and %V ,,, VT2
in males and females (Fig. 1).

max

Cluster analysis

According to the two-step cluster analysis, the optimal num-
ber of clusters was 3 for males and females, categorized as
low, medium and high training status. The model’s Silhou-
ette index was 0.5 in males and 0.6 in females, indicating
a good quality of the clustering models. VO,y, had the
most importance value (1) followed by VO,,... (0.9) and
VO,y (0.8) in males and in females VO,y, was also the
most important variable (1) followed by VO,,,., (0.94) and
VO,yr; (0.89).

Training status

%VO,,..« VT1 and %VO,,,,, VT2 were different according
to training status, observing higher values the higher the
training status in both sexes. VO,y1;, VO2y1, and VO,
were higher the higher the training status of the participant
in both sexes (Table 1).

Significant differences were found in %HR,,  VT1 and
%HR ., VT2 according to training status in in both sexes.
Specifically, in males, both variables increased as train-
ing status increased; while in females, %HR,, VT1 and
%HR .., VT2 were higher in high and moderate training
status compared to low. HRy; was higher the higher the
training status of the participant in males, but in females,
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Table.1. Differences according Training status N Mean N D Training status offoct
to training status on the different
variables related to oxygen Males
comumption VOyyr (ml/min/kg) ~ Low 212 274 + 39 F(2,961)=865.13
Medium 436 349 + 3.1% p<0.001
. ab 1’p=0.643
High 317 42.1 + 3.8
VO,y1, (ml/min/kg) Low 212 38.4 + 3.8 F(2,961)=1344.9
Medium 436 47.6 + 3.1 r<0.001
. ab 1’p=0.737
High 317 579 + 4.5%
VO,ux (Ml/min/kg) Low 212 45.0 + 44 F(2,961)=1022.6
Medium 436 54.0 + 3.6 r<0.001
. ab 1’p=0.680
High 317 64.0 + 4.7%
%V O, VT1 (%) Low 212 61.4 + 9.2 F(2,961)=38
Medium 436 64.9 + 6.8% p<0.001
ab nzp =0.073
High 317 66.0 + 5.9% ’
%V O VI2 (%) Low 212 85.7 + 7.7 F(2,961)=62.7
Medium 436 88.5 + 5.6 p<0.001
. ab n’p=0.115
High 317 90.6 + 4.4° ’
Females
VO,yr; (m/min/kg) ~ Low 53 21.3 + 3.4 F(2,289) =346.44
Medium 161 29.8 + 2.9% r<0.001
i »  n’p=0.706
High 80 37.7 + 3.8¢ ’
VO,y1, (ml/min/kg) Low 53 30.1 + 4.1 F(2,289)=427.9
Medium 161 40.5 + 3.2¢ 1r<0.001
i »  Np=0.748
High 80 50.1 + 3.8¢ ’
VO,ax (ml/min/kg) Low 53 34.8 + 3.8 F(2,289)=380.8
Medium 161 45.0 + 3.1% 1 <0.001
i »  np=0.725
High 80 54.4 + 4.6 ’
%VO,ax VT1 (%) Low 53 61.7 + 9.6 F(2,289)=19.08
Medium 161 66.4 + 6.9 ps 0.001
High 80 694 + sogb P07
%VO,smax VI2 (%) Low 53 87.4 + 6.1 F(2,288)=11.91
Medium 161 90.2 + 5.6 1r<0.001
. b ’p=0.076
High 80 922 + 4.8 ’

VTI and VT2 ventilatory threshold 1 and 2, respectively; VO,y1i, VO,y1, and VO, .: relative to body
weight values of oxygen consumption at VT1, VT2 and maximum, respectively; %VO,, .. VT1 and
%V O, VT2: percentage of maximal oxygen consumption at VT1 and VT2, respectively

3Significant difference from low training status; ®Significant difference from medium training status

it was only higher in high training status compared to low.
HRy 1, was higher in high and moderate training status in
males, while in females, it was not significantly different
across training status. In contrast, HR,,, was not different
across training status in any sex (Table 2).

%V nax VI1 and %V, VT2 were significantly different
across training status in both sexes. Concretely, in males,
both variables were higher the higher the training status. In
females, %V,,,, VT1 was higher in high training status com-
pared to moderate and low, while %V, ,, VT2 was higher the
higher the training status. Vy,, Vyr, and V. were higher
the higher the training status of the participant in both sexes
(Table 3).

Discussion

The key findings of this study revealed a very weak or no
correlation between VO, .. and the percentages of maxi-
mum at which thresholds occur (%VO,,,,, VT1 and VT2,
%HR . VT1 and VT2, %V .« VT1 and VT2). However,
there was a correlation between VO,yr; and %VO,,,,.
VTI1, %HR,,,, VT1, and %V, VTL, as well as between
VO,yr, and %VO,,... VT2, %HR .. VT2, and %V, VT2.
These results indicate that the physiological determinants
influencing the percentage of maximum at which VT1 and
VT2 occur are more closely associated with VO,yp; and
VO,y 1, respectively, rather than with VO,,,,.. Moreover,
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Table 2 Differences according

“. . Training status N Mean + SD Training status effect
to training status on the different
variables related to heart rate Males
HRyr; (bpm) Low 212 133 + 13 F(2,961)=39.1
Medium 436 143 + 128 p<0.001
. ab 1’p=0.075
High 317 150 + 12%
HRy 1, (bpm) Low 212 162 + 13 F(2,961)=25.9
Medium 436 170 + 10 p<0.001
. . 1’p=0.051
High 317 175 + 10
HR,,, (bpm) Low 212 179 + 11 F(2,960)=0.558
Medium 435 182 + 10 p=0.573
. 1’p=0.001
High 317 185 + 10
%HR,,,, VT1 (%) Low 212 74.6 + 6.5 F(2,960)=62.48
Medium 435 78.6 + 542 P2< 0.001
High 317 808 & 4gb  Pp=0115
%HR,,,, VT2 (%) Low 212 90.6 + 52 F(2,960)=72.392
Medium 436 93.5 + 3.4 p<0.001
. ab n’p=0.131
High 317 94.6 + 2.6" ’
Females
HRyr, (bpm) Low 53 138 + 16 F(2,288)=5.78
Medium 160 145 + 13 p=0.003
. b 1%p=0.039
High 80 152 + 13 :
HRyr, (bpm) Low 53 164 + 13 F(2,288)=2.73
Medium 160 169 + 12 p=0.067
) 1’p=0.019
High 80 176 + 12 :
HR,,,x (bpm) Low 53 177 + 12 F(2,288)=1.02
Medium 160 179 + 12 p= 0.361
High 80 184 + 13 n°p=0.007
%HR,,,,, VT1 (%) Low 53 77.9 + 7.1 F(2,288)=8.98
Medium 160 81.0 + 5.8 p<0.001
. 1%p=0.059
High 80 82.9 + 4.9* :
%HR,,,,, VT2 (%) Low 53 93.1 + 4.1 F(2,288)=7.47
Medium 160 94.6 + 3.2 p<0.001
. 1’p=0.049
High 80 95.6 + 2.6 :

VTI and VT2: ventilatory threshold 1 and 2, respectively; HRy;, HRyr, and HR,
VT2 and maximum, respectively; %HR,

VT1 and VT2, respectively

: heart rate at VT1,

max*

max VT1 and %HR,, VT2: percentage of maximal heart rate at

3Significant difference from low training status; ®Significant difference from medium training status

the percentages of VO,,..... HR .., and V.. at which thresh-
olds occur were higher in individuals with higher training
status. This suggests that the conventional approach of
establishing exercise intensity relative to maximum may
not effectively standardize intensity across individuals with
differing training statuses. These findings contribute to a
better understanding of the factors influencing the wide vari-
ability of threshold positions and aid in determining exercise
intensity based on training zones in individuals with diverse
training statuses. Furthermore, the data from this study can
serve as standard reference values for these variables in rela-
tion to training status, facilitating the interpretation of an
individual’s fitness level. The novelty of this work lies in
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the classification of individuals, which is particularly rel-
evant as detecting the effect of training status on threshold
positions necessitates considering oxygen consumption the
three main physiological points (VT1, VT2, and VO,,,.,).
Conversely, if only VO,,,,, is considered, as is traditionally
done, no effect of training status on threshold positions is
observed. In addition, this novel classification of individuals
helps establish reference values for the variables reported in
this article according to training status.

In the present study, a very low correlation was found
between VO,,.. and the percentage of maximum at which
VT1 and VT2 occur. This could be attributed to the pos-
sibility that when specifically training to enhance VO,,,...
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Table.3. Differences according Training status N Mean N D Training status offoct
to training status on the different
variables related to velocity Males
Vyr (km/h) Low 191 8.7 + 1.4 F(2,798)=280.33
Medium 371 10.5 + L1? p<0.001
. b Np=0.413
High 240 11.8 + 1.0°%
Vyr, (km/h) Low 191 12.3 + 1.7 F(2,798)=324.61
Medium 371 14.5 + L1? P< 0.001
High 240 162 + o WPp=0449
V., (km/h) Low 191 15.3 + 1.9 F(2,681)=117.2
Medium 371 17.0 + 1.42 p<0.001
. ab 1’p=0.256
High 240 18.5 + 1.3¢
%V ax VT1 (%) Low 191 57.0 + 8.7 F(2,680)=43.5
Medium 371 62.1 + 9.42 p2< 0.001
High 240 644 + 50 Np=0.113
%V ax VT2 (%) Low 191 80.7 + 9.3 F(2,680)=43.5
Medium 371 86.1 + 10.72 p<0.001
: b np=0.019
High 240 89.0 + 5.5% ’
Females
Vyr (km/h) Low 50 7.2 + 1.4 F(2,256)=88.7
Medium 143 9.0 + 0.9% p<0.001
. b Np=0.409
High 67 10.4 + 1.1% ’
Vypy (km/h) Low 50 9.7 + 2.0 F(2,255)=107.8
Medium 143 12,5 + 120 p<0.001
. b Np=0.458
High 67 14.2 + 1.2% ’
Vimax (km/h) Low 50 11.4 + 2.3 F(2,229)=60.4
Medium 143 14.3 + 1.4° p<0.001
i b Np=0.345
High 67 15.4 + 1.3% ’
%V max VT1 (%) Low 50 63.7 + 8.6 F(2,228)=5.95
Medium 143 63.0 + 6.3 p=0.003
: b 1%p=0.050
High 67 66.5 + 5.3% ’
%V max VT2 (%) Low 50 84.4 + 7.8 F(2,218)=13.49
Medium 143 86.8 + 63 p<0.001
High 67 90.9 + 4o p=0.110

VTI and VT2: ventilatory threshold 1 and 2, respectively; Vyr, Vyr, and V.. velocity at VT1, VT2 and

maximum, respectively; %V,
respectively

max

VTI1 and %V

max-*

VT2: percentage of maximal velocity at VT1 and VT2,

max

3Significant difference from low training status; ®Significant difference from medium training status

improvements in VO,,,, may outpace those in VO, or
VO,y1. In essence, VO,,,,,, could be diverging from VO,y;
or VO,yr,, thereby reducing %VO,,,,, VT1 and VT2. Con-
versely, a correlation was observed between VO,yp; and
VO,y1, and the position of the respective thresholds rela-
tive to VO,.» HR.x» and V... This finding is relevant
because relying solely on VO,,,.. fails to capture the impact
of training status on other submaximal variables (e.g.,
%VO,max VT1 and VT2). This indicates that VO, alone
may not adequately distinguish certain critical submaximal
variables, such as %VO,,,,, VT1 and VT2. Moreover, the
decision to consider VO,y 11, VO,y1, and VO,, .. instead of
exclusively utilizing VO,,,... appears highly pertinent. This

is because the oxygen consumption at thresholds has been
shown to hold considerable importance for both health and
performance, sometimes even surpassing the significance of
VO,,.« (Poole et al. 2021). Therefore, we opted to classify
participants by combining VO,y;, VO,y1s, and VO, ..
We provide a practical tool incorporating reference standard
values based on specific training statuses at the three physi-
ological points, aiming to aid in participant classification
according to training status at these key physiological points
(see Figure S1).

In terms of %VO,,,,, at the thresholds, we observed
higher %VO,,,.« VT1 and VT2 with increasing training sta-
tus. This suggests that greater proportional improvements
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(greater responsiveness) occur in VO,yp; or VO,y 1, cOm-
pared to VO,, .. as training status improves. We hypothesize
that this phenomenon can be attributed to the specificity of
training principle, which posits that adaptations primarily
occur at the specific intensity at which training is conducted.
Given that endurance athletes typically adhere to a pyrami-
dal training intensity distribution (with decreasing training
volume from moderate to heavy to severe zones) (Zapico
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VOyyrs (mi/kg/min) VOyyr, (mi/kg/min)

et al. 2007; Casado et al. 2022), it seems reasonable to
assume that VO,y; or VO,y, experience greater enhance-
ment compared to VO,,,.... An alternative explanation could
be the differing impact of genetics on VO,,,,, versus VO, v
or VO,y,. There is evidence indicating a significant genetic
influence on VO, (Williams et al. 2017), although the
impact on VO,y; or VO,y1, remains unclear. Our findings
align with a previous study that observed higher %VO,,,,,
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VTI and VT2 in well-trained compared to recreationally
trained runners (Hetlelid et al. 2015). Furthermore, the pre-
sent results are aligned with another study observing that
%VO,,.. VT1 and VT2 differed between professional, U23
and junior cyclist (Alejo et al. 2022). In addition, our results
are consistent with another study that noted VT1 and VT2
occurred at higher percentages of VO, . as the training
season progressed (Zapico et al. 2007). Contrary, another
study found a similar percentage of maximum at which LT
occurred between runners of different competitive levels
(Stga et al. 2020). In a study by Iannetta et al. (Iannetta
et al. 2020), it was specified that the percentage of VO, ..
at which lactate threshold (%VO,,,,, LT1) and maximal
lactate steady state occur (% VO,,,,, MLSS), reflections of
VT1 and VT2 when measuring lactate, respectively, did
not differ among individuals with different fitness levels.
They based this assertion on the lack of correlation between
VO,,..« and the position of the thresholds (%VO,,,,, LT1
and % VO, MLSS) found in their study (Iannetta et al.
2020). We also observed this lack of correlation between
VO,ax and %VO,,... VT1 and VT2 in the present study.
Tannetta et al. suggested that the lack of correlation may be
due to the narrow range of VO,,,,, in their study, but this
does not seem to be the case because we also found this
lack of correlation with a much broader range of VO, .. in
the present study. In addition, Iannetta et al. (Iannetta et al.
2020) perfectly noted that the lack of correlation could be
because the physiological determinants of VO,,,,, are not the
same as the physiological determinants of the thresholds. We
addressed this issue by evaluating the association between
VO,y1; and VOy,y 1, With %VO,,,.. VT1 and %VO,,,,, VT2,
respectively, finding a positive association. These results
demonstrate that the physiological determinants of %VO,,,,.
VT1 and %VO,,,,, VT2 are more closely related to VO,y;
and VO,y,, respectively, than to VO, ... Overall, individu-
als with a higher specific training status at VT1 and VT2
exhibit a rightward shift in the position of the respective
thresholds. Hence, a higher %VO,,,x VT1 and %VO,,..
VT2 appear to be adaptations to training. Therefore, we pro-
pose them as possible indicators to assess an individual’s
progress. However, we do not recommend solely evaluating
an individual’s progress or making training decisions based
on %VO,,..« VT1 or VT2, as threshold positions depend on
VO, Thus, a higher %VO,,.. VT1 or VT2 could result
from a lower VO,,,,,, With similar VO,y1; or VO, respec-
tively, and this does not necessarily indicate an improve-
ment in training status. The changes in %VO,,,,, VT1 or
VT2 with training status observed in our data do not support
the recommendations of general guidelines that establish
exercise intensity based on percentages of VO, .. (Haskell
et al. 2007; Garber et al. 2011), since a specific percentage
of VO, could elicit different physiological responses as
%VO,.« VT1 or VT2 change with training. In other words,

at the same percentage of VO,,,,,, individuals with different
training statuses (different %VO,,,,, VT1 or VT2) could be
in different training zones.

Regarding heart rate, we observed higher HRy 1, and
HRy 1, with increasing training status, independently of
age. This suggests that HR at the thresholds is sensitive to
changes in training status, this interpretation should be taken
with caution because this is a cross-sectional study and a
longitudinal study would be necessary to confirm this. This
finding is the most controversial, as previous studies have
reported no significant changes in HR at the thresholds with
training over a season (Lucia et al. 2000; Zapico et al. 2007,
2014). One possible explanation is that it may take more
than one season to observe changes in HR at the thresholds.
If this is true, a single incremental test per season would
suffice to determine training zones based on HR data, while
additional tests would be necessary to adjust training zones
based on HR as training progresses over the years. How-
ever, the amount of time needed for training to affect HR at
thresholds is currently unknown. Regarding HR ., there
were no significant differences across training statuses. This
result aligns with a previous study that found similar HR
in well-trained compared to recreationally trained runners
(Hetlelid et al. 2015). Moreover, it is supported by previ-
ous studies that observed similar HR . with training over a
season (Lucia et al. 2000; Zapico et al. 2014).

Due to the higher HRy; and HRy 1, and the lack of dif-
ference on HR,, according to training status, %HR,,,
VTI and VT2 was significantly higher as the training status
increased. This points out that training only can affect HR at
thresholds, but not at maximum. These results would indi-
cate that percentage of HR ., at which VT1 and VT2 occur
increase with training and could be used as an indicator of
training status of the participants. This is supported by the
significant correlation between VO,yr; and VO,y, with
%HR .. VT1 and VT2, respectively. In this case, since train-
ing status does not influence HR,,, it is possible to evalu-
ate the evolution of a participant focusing exclusively on
changes in %HR_,,, VT1 and VT2, in contrast to %VO,,..
VT1 or VT2. Nevertheless, these recommendations should
be taken with cautions because the correlation between
VO,yr; and VO,y 1, with %HR,,, VT1 and VT2, respec-
tively, was moderate to low in general. As occurred with
%V Oy ax this finding does not support the general guide-
lines which stablish exercise intensity based on percentages
of HR,,, (Haskell et al. 2007; Garber et al. 2011). Since
individuals with different training status (different %HR ,,
VT1 and VT2) could be at different training zones at the
same percentage of HR ..

Vyri» Vyo and V. were significantly higher the higher
the training status. These results are aligned with a previ-
ous study showing a higher Vy; and Vy, in well-trained
compared to recreationally trained runners (Hetlelid et al.
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2015). Furthermore, these results agree with previous stud-
ies observing an increment in power output at VT1, VT2,
and maximum with training during a season (Luc{a et al.
2000; Zapico et al. 2007, 2014). Thus, the velocity obtained
at the different points seems to be one of the main adapta-
tions to training and deserves special attention when evalu-
ating the evolution of a subject. On the other hand, in case
of using velocity to set intensity based on training zones it
is necessary to determine velocity at thresholds frequently.
This is due to the high impact of training on velocity at the
different physiological points.

Finally, we observed higher %V, VT1 and VT2 as the
training status of the participants increased. This indicates
that greater proportional improvements (greater responsive-
ness) are observed in Vy; or Vyp, compared to V. as
training status increases. These results are consistent with
those found for %VO,,,,, VT1 and VT2; therefore, they
could be explained by the same reasons. %V,,,, VT1 and
VT2 could serve as indicators of the training status of the
participants due to the higher values observed with higher
training statuses. This is supported by the significant cor-
relation between VO,yr; and VO,y 1, with %V, VT1 and
VT2, respectively, although these recommendations should
be interpreted cautiously because the correlation between
VO,yr; and VO,y, with %V, VT1 and VT2, respectively,
was generally moderate to low. However, as with %VO,,,..
VT1 and VT2, we do not recommend evaluating the pro-
gress of a participant based solely on %V, VT1 or VT2
because a higher value in these variables could be due to a
lower V_,, with similar Vy; or Vy,, respectively, and this
does not necessarily indicate an improvement in training sta-
tus. The changes in %V, VT1 or VT2 with training status
observed in our data do not support the recommendations of
general guidelines that establish exercise intensity based on
percentages of maximum work rate, since a specific percent-
age of V_,, could elicit different physiological responses as
%V ax VT1 or VT2 change with training.

max

Methodological considerations

Like any study, the present one is not without considera-
tions. One consideration is that participants underwent dif-
ferent incremental ramp exercise protocols depending on
their fitness levels. However, various slopes of load incre-
ment during the test do not seem to affect VOyyr;, VO,y10s
or VO,,.« (Scheuermann and Kowalchuk 1998; Leo et al.
2017; Iannetta et al. 2019), while excessively long protocols
(> ~26 min) may hinder reaching true VO, due to fatigue
(Midgley et al. 2008). Therefore, it is advisable to avoid an
excessively low slope of load increment when assessing a
subject’s evolution in VO,,,,.. This is the primary reason
why participants in the present study did not undergo the
same incremental test. Similarly, different slopes of load
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increment do not appear to affect HRyr;, HRyp,, or HR
(Scheuermann and Kowalchuk 1998). However, exercise
protocols with steeper slopes of load increment yield higher
workload values at different physiological points (Jamnick
et al. 2018). Regarding reference standard values, other stud-
ies report data with larger sample sizes, but they classify
individuals based on age and sex rather than training status
(Loe et al. 2013; Vainshelboim et al. 2020). Although we
acknowledge that our study does not provide data from such
a large sample size, to the best of our knowledge, it is cur-
rently the only study available in the literature that reports
reference values considering training status. Another consid-
eration is that respiratory gas exchange was analyzed using
two different analyzers. However, previous studies have
already validated the analyzers used in the present study
(Rietjens et al. 2001; Perez-Suarez et al. 2018). Finally, like
any cross-sectional study, we cannot assert that training
itself is the cause of the differences found between training
statuses. However, it seems highly impractical to conduct a
training program with the sample size of the present study.

Conclusion

VO,,..x shows a poor correlation with the percentage of
VO, max» HRpay» and V... at which thresholds occur. In
contrast, there is a positive correlation between VO,y1;
and VO,y, with the percentage of maximum at which
VT1 and VT2 occur, respectively. These results indicate
that the physiological determinants of the percentage of
maximum at which VT1 and VT2 occur are more closely
related to VO,y 1 and VO,y,, respectively, than to VO, ...
This means that VO,,,,, cannot discern some of the differ-
ences between different training statuses, such as %VO,,,..
VT1 and VT2. Furthermore, our findings suggest that the
%VO,max» ZHR ., and %V, at which thresholds occur
were higher with higher training statuses when individuals
are classified according to training status combining VO,y 1,
VO,y1s, and VO,_,.. Hence, a higher %VO,,,... %#HR .+
and %V, appear to be adaptations to training. These results
indicate that, despite smaller differences between different
training statuses in the variables normalized to the maximum
compared to the absolute variables, the common strategy of
establishing exercise intensity relative to maximum is not
effective in matching intensity across individuals with dif-
ferent training statuses. We offer a practical tool using refer-
ence standard values based on specific training status of the
three physiological points (VT1, VT2 and maximum) with
the intention of helping to classify participant according to
training status of the three main physiological points.
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