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Abstract: Critical speed (CS), the respiratory compensation point (RCP), and the midpoint
between gas exchange threshold and maxial oxygen uptake (VO2max) (i.e., 50%∆) have
been considered indexes able to demarcate the boundary between the heavy and severe
exercise domains. However, the agreement between these indexes—and therefore the
validity of using them reciprocally—remains to be reported in running. The current study
analyzed the agreement between RCP, 50%∆, and CS. Twelve young runners performed
an incremental test to assess VO2max, RCP, and 50%∆, with CS estimated by the linear
model of time-limited trials at 90, 95, and 110% of the speed corresponding to VO2max.
One-way ANOVA showed no differences when comparing VO2 and running speed at CS vs.
50%∆ vs. RCP (47.5 ± 4.4 vs. 46.6 ± 4.4 vs. 47.8 ± 4.5 mLO2·kg−1·min−1; and 13.9 ± 1.3
vs. 13.7 ± 1.3 vs. 14.0 ± 1.4 km·h−1; p > 0.05 for all comparisons). The bias for 50%∆ vs. CS
was −0.82 ± 1.55 mLO2·kg−1·min−1 and −0.23 ± 0.55 km·h−1, and for RCP vs. CS, it was
0.36 ± 1.21 mLO2·kg−1·min−1 and 0.05 ± 0.46 km·h−1. Therefore, the agreement between
RCP, 50%∆, and CS in estimating VO2 responses and running speed did not preclude their
reciprocal similarity in exercise intensity, although the observed individual variability in
physiological variables is a constraint on considering these indexes interchangeable.
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1. Introduction
To define the zones for exercise training, the profiles of physiological variables like

oxygen uptake (VO2) and blood lactate concentration ([La−]) during running or cycling
have been used to account for the interplay of energy systems (aerobic vs. anaerobic activa-
tion) and acid–base balance control (metabolites (H+, Pi) clearance ability) [1,2]. Basically,
the transition from an evenly steady state to an uncontrolled rise toward maximal values
of VO2 and [La−], passing through an intermediary state of uneven but still controlled
responses, characterizes the range of exercise intensities across the moderate (i.e., highly
tolerable), heavy (fairly tolerable), and severe (poorly tolerable) domains [1–3]. To demar-
cate these domains, the responses of VO2, [La−], pulmonary ventilation (VE), and gas
exchange variables (like carbon dioxide production (VCO2), ventilatory equivalents for O2

and CO2, and pulmonary end-tidal O2 and CO2) have been analyzed during incremental or
constant-load exercises and applied to parametrize the transitions between physiological
profiles in each exercise domain [4,5].

In this context, the onset of additional VCO2 release through the buffering process
of H+ (due to the increased demand on the glycolytic pathway) drives [La−], VE, and
VCO2 to rise more sharply, marking the transition from the moderate to heavy domain.
This transition has been indexed by the lactate threshold (LT), the gas exchange threshold
(GET), and the first ventilatory threshold (VT1) [4,5]. The heavy domain marks the upper
limit of exercise at which blood lactate concentration ([La−]) and oxygen uptake (VO2)
responses [2–4] remain high but stable, i.e., an isocapnic buffering region [5]. In this region,
an exercise intensity can also be observed eliciting the maximal balance between the rate
of metabolite efflux from the muscle and the rate of metabolite clearance from the blood
(known as the maximal lactate steady state, MLSS) [2]. Above the heavy domain, the
responses of [La−] and VO2 are projected to their respective maximal values [6,7]; thus, the
transition from the heavy to severe domain is characterized by respiratory compensation
for metabolic acidosis (i.e., VE rises exponentially (hyperventilation) to reduce the excess
of CO2 in the blood), which has been indexed by the lactate turn point (LTP), respiratory
compensation point (RCP), and second ventilatory threshold (VT2) [4,5].

In running, critical speed (CS) has been recognized and well supported as the exercise
intensity demarcating the upper limit of the heavy domain [2,6–8]. Thus, below CS,
there is a range of exercise intensities eliciting physiological [1,2,8] and metabolic [2,3,9]
responses without inducing sufficient accumulation of metabolites to disturb the acid–
base balance [9,10]. However, the determination of CS yields values subjected to protocol
influence (i.e., time limit (tLim) between 2 and 15 min) [1–3] and mathematical adjustments
(linear and non-linear equations) [2,11] and is often expensive and physically demanding
for athletes [12].

In addition, other indexes able to parametrize the zone of heavy but still sustainable
exercise, mainly those assessed during incremental exercise tests, have been compared to
CS regarding their observed similarities [6,13]. For example, it has been proposed that the
exercise intensity at half the difference (i.e., ∆ 50%) between maximal oxygen consumption
(VO2max) and GET would also delimit the upper boundary of exercise intensities with
physiological responses still characterizing the heavy domain [14]. Despite all normaliza-
tion efforts, information from incremental exercise tests is dependent on the specificity of
training status and movement pattern [15–18]. Lansley et al. [19] reported more consistent
physiological responses during exercise when the level of intensity was prescribed at a
given %∆ rather than at %VO2max. Moreover, another study reported that the transition
from the heavy to severe domain in running can be observed in a wide range between
40 and 60%∆ [20]. However, typical physiological responses of the heavy domain were
reported during cycling at 50%∆ [14], whereas responses at 60, 70, and 80%∆ were typical
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of the physiological profile in the severe domain [21]. Therefore, there is enough theoretical
support for the assumption that 50%∆ might be a reliable index of the transition between
sustainable and exhaustive exercises [14].

As already mentioned, another index from the incremental exercise test able to charac-
terize the heavy sustainable exercise intensity is RCP [22,23], which has shown similarity
to CS [3,11]. The physiological significance of RCP corresponds to an exercise intensity
beyond which the mechanisms for controlling the acid–base balance lose the capacity to
buffer hydrogen anion production due to the increased demand for ATP resynthesis from
anaerobic glycolytic metabolism [4,5,10,11,13]. Thus, the concept of RCP is best aligned
with the assumption that it represents an exercise intensity around which the physiological
response can transition from the heavy to severe domain [24,25]. Therefore, if CS is an
index from a time-limited model able to evidence agreement with threshold indexes of
incremental exercise, then CS can be a reliable and feasible index to support high-intensity
training planning for young runners. It is notable that the insufficient number of investiga-
tions to support the agreement or disagreement between CS and indexes from incremental
exercise, particularly RCP and 50%∆, contrasts with the substantial evidence supporting
their roles in demarcating exercise zones characterized by submaximal and sustainable
physiological responses. In addition, previous studies did not refute that both RCP and CS
are indexes eliciting comparable load/speed intensities or physiological responses [11,26],
although the interchangeability in physiological responses is still being questioned [5,18].

Thus, the present study aimed to analyze metabolic (VO2) and speed (km· h−1)
agreement at 50%∆ and RCP with CS during treadmill running in trained young runners.
The hypothesis was that these indexes would show statistical similarities in terms of
oxidative demand. However, when comparing running speeds, differences were expected
to reduce compatibility due to the influence of individual anthropometric characteristics
on stride length and frequency and their association with running economy [17].

2. Materials and Methods
2.1. Participants

Twelve young male runners (15.7 ± 1.8 years; 1.7 ± 0.1 m; and 57.1 ± 11.7 kg),
regularly involved in a running training program for at least two years, participated in this
study. Assessments were conducted during the third microcycle of the base training period.
The participants were selected after an initial screening of 20 young athletes to exclude
those who were recently injured or sick, those experiencing pain or discomfort during the
training, and those who were not endurance-trained runners. All participants obtained
permission from their guardians and signed an informed consent form acknowledging the
procedures. All research procedures were conducted following the Declaration of Helsinki
and the ethical standards in sport and exercise science research [27], and were previously
approved by the local University Ethics Committee (CAEE: 36936714.6.0000.5398).

2.2. Experimental Design

Figure 1 illustrates the experimental design. Participants underwent four testing
sessions: (1) a progressive ramp test to determine GET, RCP, 50%∆, and VO2max, along
with their respective intensities (vGET, vRCP, v50%∆, and vVO2max, respectively); and
(2) three constant-velocity exercise bouts to voluntary exhaustion at 90%, 95%, and 110% of
vVO2max, which were performed for CS prediction. A 24 h interval was maintained
between each exercise bout [8]. All tests were conducted on a motorized treadmill
(HP/Cosmos Pulsar, Nussdorf-Traunstein, Germany) with a fixed 1.0% incline [26] in
an indoor environment with controlled temperature (21–23 ◦C) and air humidity (50–60%).
Participants were instructed to avoid exhaustive training, refrain from drinking alcoholic
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and caffeinated beverages the day before the assessment, and arrive in a fed and hydrated
state [7,8].

Figure 1. An example of estimating a participant’s physiological and speed variables in the study.
Panel (A) depicts the maximal incremental test for determining GET, RCP, 50%∆, and VO2max.
Panel (B) illustrates the VO2 response during the predictive trials for CS. Panels (C,D) show the
determination of CS using the v-tLim−1 and d-tLim models, respectively.

2.3. Maximal Incremental Test

During the maximal incremental test (Figure 1, Panel A), the speed progressed by
1.0 km·h−1·min−1, starting from 7.0 km·h−1 [28] until voluntary exhaustion. VO2 was
breath-by-breath sampled throughout the test (QuarkPFTergo, Cosmed, Rome, Italy). The
O2 and CO2 concentration analysis system was calibrated before each test using ambient air
and a gas with known O2 and CO2 concentrations, and the turbine analysis was calibrated
using a three-liter syringe, according to the manufacturer’s recommendations. VO2 values
were smoothed by a three-second filter and averaged every six seconds. [La−] was analyzed
at rest and in the first minute after test completion, and its analysis was performed using
the enzymatic method (YSL 2500STAT, Yellow Spring, CO, USA) from 25 µL of arterial
blood diluted in 50 µL of 1% NaF solution [11].

VO2max was considered the highest value smoothed by a 30 s moving average.
VO2max was determined as the lowest speed in the incremental test that elicited the maxi-
mum VO2 elevation [17]. GET was determined following Whipp’s [4] recommendations
based on the responses of VE·VCO2

−1, VE·VO2
−1, PETCO2, and PETO2. It involved observ-
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ing an increase in the responses of VE·VO2
−1 and PETO2 without a change in the response

of VE·VCO2
−1 and PETCO2. Identification of the metabolic fatigue threshold at 50%∆ was

performed using VO2 at GET and VO2max (50%∆ = GET + [(VO2max − GET) × 0.5]) [14,16].
The corresponding speed was determined by trend fitting between running speed (km·h−1)
and its VO2 during the incremental test. GET, RCP, 50%∆, and VO2max determinations
were conducted independently by three experienced researchers [29].

2.4. Critical Speed (CS) Determination

The predictive trials for CS (90%, 95%, and 110% of vVO2max) (Figure 1, Panel B)
were randomly performed with a minimum interval of 24 h [8]. The value of tLim was
recorded in seconds and associated with the prediction speed using the speed vs. time-
limited (v-tLim

−1) model (Figure 1, Panel C) and the distance vs. time-limited (d-tLim)
model (Figure 1, Panel D) (Equations (1) and (2)) [12]. The selection of the CS value for
each participant was based on the smallest standard error of the estimate (SEE) as the
criterion [30].

(a) Speed vs. inverse of time to exhaustion (v-1·tLim
−1)

v = D′ × 1
(t)

+ CS (1)

(b) Total distance vs. time (D-tLim)

d = D′ × t + CS (2)

where v = running speed; D′ = amount of work from bioenergetic reserves; t = the time
limit (tLim) of predictive trials; and CS = critical speed. The VO2 corresponding to CS
was determined using the trend relationship between VO2 and running speed during the
incremental test [7,30].

2.5. Statistical Analysis

The sample size was previously estimated using G*Power, considering a security level
of 95% (Z1-α/2 = 1.960) and power of 85% (Z1-β = 1.036), as well as a high correlation level
of 0.80 [31]. The estimated size was 10 participants, which was increased by 20% (N = 12)
to avoid statistical underpower with participants withdrawing.

Data were expressed as mean ± SD with a 95% confidence interval (CI95%). Outliers
and normality were checked using a 1.5·IQR range (interquartile range = Q3–Q1) and the
Shapiro–Wilk test. Homogeneity, variance, and differences between 50%∆, RCP, and CS
(VO2 and km·h−1) analysis were examined using the Levene test and one-way ANOVA,
supplemented by Fisher’s LSD test.

The normality, independence, and homoscedasticity of the residuals for the regression
analyses between 50%∆, RCP, and CS were assessed using the Shapiro–Wilk, Durbin–
Watson, and Breusch–Pagan tests, respectively. Influential residuals or leverage points
were identified through Cook’s distance. For agreement analysis, the difference between
the means of variables was checked using the two-tailed Student’s t-test for a single
sample, and the proportional bias of differences was assessed through linear regression
analysis between the mean (independent variable) and the difference (dependent variable)
of the measurement. An analysis of dispersion was performed using the sample-adjusted
coefficient of determination (R2adj.) and SEE, whilst agreement was analyzed with Bland–
Altman plots [32] and the standard error of the mean (SEM = SD ÷

√
n).

The effect size for ANOVA and R2adj. was calculated using eta squared (η2) consid-
ering threshold values as follows: <0.04 [trivial], 0.04–0.24 [weak], 0.25–0.63 [medium],
and ≥0.64 [strong] [33]. The correlations between the variables were assessed using the
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coefficient of correlation (r) derived from the coefficient of determination (R2), with which
the sample power was determined (Equation (3)) [31].

Z1−β =
√

n − 3
1
2

Ln
(

1 + r
1 − r

)
− Z1− α

2
(3)

where Z1−β provides the coefficient for determining the sample power by the bicaudal
normal distribution of the value r [31]. The IBM SPSS Statistics software (version 27, 2021,
IBM Co., Ltd., Armonk, NY, USA) was used to conduct statistical analyses. Statistical
significance was determined at α < 0.05.

3. Results
The value of VO2max reached 53.0 ± 5.1 (CI95% = 49.8–56.2) mLO2·kg−1·min−1,

and the corresponding speed reached 16.1 ± 1.7 (CI95% = 15.0–17.2) km·h−1. The
lower limit of the heavy domain was indexed by GET, corresponding to 76.2 ± 4.2%
VO2max (70.1 ± 6.2% vVO2max), and CS marked the upper limit at 89.6 ± 3.1% VO2max
(86.5 ± 3.6% vVO2max). The VO2 responses during predictive trials for CS reached
53.0 ± 4.9 (110% vVO2max), 53.9 ± 4.4 (95% vVO2max), and 56.2 ± 7.2 mLO2·kg−1·min−1

(90% vVO2max), providing greater prediction rigor for the v−1·tLim
−1 fit with R2 = 0.98 ± 0.03

(SEE = 2.89 ± 1.69% and CI95% = 0.25–0.55 km·h−1). Figure 2 presents the metabolic and
speed values of the indexes used in the upper limit of the heavy domain. Another variable
for sustainable exercise was RCP, which was situated at 90.2 ± 2.8% VO2max (86.8 ± 3.7%
vVO2max). Both 50%∆ (88.0 ± 3.7% VO2max and 85.1 ± 3.1% vVO2max) and RCP showed
no significant differences when compared to CS, respectively, regarding VO2 (F[2,35] = 0.227,
η2 = 0.014 [trivial], p = 0.65 and p = 0.84, respectively) and running speed (F[2,35] = 0.151,
η2 = 0.009 [trivial], p = 0.68 and p = 0.92, respectively). Similarly, there was no difference in
RCP compared to 50%∆ for VO2 (p = 0.51) and km·h−1 (p = 0.61), confirming the hypothesis
regarding the statistical similarity between them.

Figure 2. Individual values (circles), mean ± SD (line and whiskers), and 95% confidence interval
(gray box) of VO2

− (brown) and running speed (light brown) associated with 50%∆, RCP, and CS.

The regression and agreement analyses between 50%∆, RCP, and CS regarding VO2

and running speed are shown in Figures 3 and 4, respectively. The agreement analyses in rel-
ative values of VO2 and km·h−1 are shown in Figure 5. Both 50%∆ (F[1,10] = 72.13, p < 0.01)
and RCP (F[1,10] = 128.6, p < 0.01) were able to account for the variance in VO2 at CS
with a potential of 86.6% [strong] and 92.1% [strong], respectively (Figure 3A,C), and
a bias (t[11] = −1.830, p = 0.94 and F[1,11] = 0.003, p = 0.96; t[11] = 1.046, p = 0.32 and
F[1,11] = 0.065, p = 0.80) of −0.82 ± 1.55 and 0.36 ± 1.21 mLO2·kg−1·min−1 (SEM = 3.0
and 2.4 mLO2·kg−1·min−1 or 6.9 and 4.9%, respectively, Figure 3B,D) or −1.74 ± 3.54
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and 0.76 ± 2.52%, respectively (t[11] = −1.701, p = 0.12 and F[1,11] = 0.004, p = 0.94;
t[11] = 1.041, p = 0.32 and F[1,11] = 0.016, p = 0.90, Figure 5A,C).

Figure 3. Dispersion and Bland–Altman plots for VO2 values at CS, RCP, and 50%∆. Dispersion
between VO2 at 50%∆ vs. CS (99.9% power, Panel (A)), VO2 at RCP vs. CS (99.9% power, Panel (C)),
and VO2 at RCP vs. 50%∆ (99.9% power, Panel (E)). Agreements analysis between VO2 at 50%∆ vs.
CS (Panel (B)), RCP vs. CS (Panel (D)), and RCP vs. 50%∆ (Panel (F)). The gray area in all the panels
represents the 95% confidence interval.

On the other hand, RCP (F[1,10] = 115. 3, p < 0.01) has the potential to predict
VO2 at 50%∆, explaining 92.1% of the variance [strong] (Figure 3E), but lacks sta-
tistical agreement (t[11] = 3.234, p < 0.01 and F[1,11] = 0.096, p = 0.76), with a bias
of 1.19 ± 1.27 mLO2·kg−1·min−1 (SEM = 2.5 mLO2·kg−1·min−1 or 5.5%, Figure 3F)
or 2.50 ± 2.84% (t[11] = 3.049, p = 0.01 and F[1,11] = 0.037, p = 0.85, Figure 5E). For run-
ning speed, a lack of statistical compatibilities was also observed, confirming our sec-
ond hypothesis. Both 50%∆ (F[1,10] = 47.16, p < 0.01) and RCP (F[1,10] = 87.84, p < 0.01)
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were able to account for the variance in km·h−1 at CS with a potential of 80.4% [strong]
and 88.8% [strong], respectively (Figure 4A,C), and a bias (t[11] = −1.431, p = 0.18 and
F[1,11] = 0.014, p = 0.91; t[11] = 0.392, p = 0.70 and F[1,11] = 0.957, p = 0.35) of −0.23 ± 0.55 and
0.05 ± 0.46 km·h−1 (SEM = 1.0 and 0.9 km·h−1 or 8.0 and 4.9%, respectively, Figure 4B,D)
or −1.66 ± 4.13 and 0.29 ± 3.26%, respectively (t[11] = −1.391, p = 0.19 and F[1,11] = 0.006,
p = 0.94; t[11] = 0.310, p = 0.76 and F[1,11] = 0.835, p = 0.38, Figure 5B,D).

Finally, RCP (F[1,10] = 73.51, p < 0.01) explained 86.8% of the variance in running speed
(km·h−1) at 50%∆ [strong] (Figure 5E), with a bias (t[11] = 1.955, p = 0.08 and F[1,11] = 1.095,
p = 0.32) of 0.28 ± 0.49 km·h−1 (SEM = 1.0 km·h−1 or 7.0%, Figure 4F) or 1.95 ± 3.54%
(t[11] = 1880, p = 0.09 and F[1,11] = 0.541, p = 0.48, Figure 5F).

Figure 4. Dispersion and Bland–Altman plots for speed (km·h−1) values at CS, RCP, and 50%∆.
Dispersion for 50%∆ vs. CS (99.4% power, Panel (A)), RCP vs. CS (99.9% power, Panel (C)), and RCP
vs. 50%∆ (99.9% power, Panel (E)). Agreements analysis between velocities at 50%∆ vs. CS (Panel
(B)), RCP vs. CS (Panel (D)), and RCP vs. 50%∆ (Panel (F)). The gray area in all the panels represents
the 95% confidence interval.
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Figure 5. Bland–Altman plots showing the percentage difference between VO2 values and running
speed (respectively) for 50%∆ vs. CS (Panel (A,B)), RCP vs. 50%∆ (Panel (C,D)), and RCP vs. 50%∆
(Panel (E,F)). The gray area in all the panels represents the 95% confidence interval.

4. Discussion
This study analyzes the agreement between physiological indexes in running speed

at different fatigue thresholds in young runners. By assessing 50%∆ and RCP during an
incremental ramp test, no differences were significant when comparing these indexes in
terms of metabolic rate and running speed, nor when comparing these responses from both
indexes with those estimated for CS. In light of these findings, this study demonstrates
that all three indexes might be applied to determine the transition between the heavy and
severe exercise intensity domains for young runners, showing similarities with the age
group and training status of the participants. However, the Bland–Altman analysis [32]
showed wide and biased confidence intervals, indicating error in metabolic rate and speed
between 50%∆ and CS, which is a finding consistent with previously reported variability
in cycling [12]. Also, the speeds corresponding to 50%∆ and RCP were not in agreement



Sports 2025, 13, 167 10 of 14

(i.e., comparisons differed from zero significantly) and showed a considerably high estima-
tion error (7.0%). Since the errors exceed 5%, the planning of training (e.g., targeting an
athlete’s periodization) and/or the design of experimental protocols (e.g., targeting analysis
of exercise intensity) may not provide a reliable estimate of exercise conditions [12,13].
Indeed, previous research has suggested that exercising at 5% above CP reduces tolerance
and elicits muscular and blood metabolic imbalance [34]. Taking this into account, only the
comparisons of VO2 and speed between RCP and CS might be considered closely reciprocal
and likely to provide high confidence in determining different exercise domains around
these thresholds.

Thus, the lack of statistical differences between the indexes (RCP vs. 50%∆ vs. CS)
regarding the VO2 response should be interpreted with caution since the individual variabil-
ity of the responses observed might preclude the assumption of similar metabolic responses
for the entire sample of participants in each index, in line with previous studies reporting
a lack of similarity in cycling [13,26,35] and running [6]. Individual variability in physi-
ological thresholds across exercise domains has been reported to be influenced by slight
differences in training experience, conditioning level, and running economy [10,35,36]. For
example, altering the slope of the relationship between VO2 and speed to the right allows
a previously required metabolic demand to be maintained at a higher running speed or
enables a given running speed to be sustained for a longer duration [10]. Although this
tendency is well reported for training in the moderate exercise domain, there is a large
variance among individuals regarding the changes, as was observed by Philp et al. [36] after
four weeks of training with moderately trained runners (VO2max = 45 mLO2·min−1·kg−1),
in which the increases in the lactate threshold (LT) (7–9%), maximal lactate steady state
(5–8%), and VO2max (6–10%) showed variability. Consequently, the relative allocation
(%VO2max and/or %vVO2max) of the physiological thresholds changes, and the boundaries
of the heavy domain (lower and upper, e.g., LT, CS) move up accordingly [16]. In addi-
tion, further considering that the relative location of these indexes depends on individual
adaptation to training [19,37], as well as on the sensitivity of each index to adjustments
based on the specialized plan of training [16], the interchangeability between RCP, 50%∆,
and CS remains a critical concern, due to the particular contribution of energetics (aerobic
vs. anaerobic) and tolerance to exercise [25,38], even when differences in exercise intensity
among these indexes are slight [13,18]. However, the current study observed very close
values at a given %VO2max and %vVO2max between RCP and CS, suggesting that exercise
1% below and/or above these indexes tends to fall in different domains, which indicates a
closer overlap of boundaries.

Therefore, an aspect to consider is individual variability, which is intrinsic to the
relative allocation of RCP, 50%∆, and CS in terms of %VO2max and/or %vVO2max. The
current study observed a very small underestimation of CS by 50%∆ (~1.6%). When
observing the current results in terms of ∆, two participants had CS located above 60%∆,
which would imply an underestimation of the upper limit of the heavy domain by 50%∆.
However, considering the study of Lansley et al. [19] recommending a safety margin
(±10%∆) to define the boundary between heavy and severe domains based on 50%∆,
the current mean difference between CS and 50%∆ is well aligned with this suggestion,
supporting the use of 50%∆ to parametrize exercise domains. However, it is important to
note the probability of observing different physiological responses (VO2 and heart rate),
metabolic responses ([La−]), and exercise tolerance between individuals when predicting
exercise intensity in a given domain [1,34]. An attempt to account for this variability
was proposed by Souza et al. [12], whose study suggested an even larger “safe zone” of
±20%∆ (i.e., heavy domain <30%∆ and severe >70%∆) to accommodate major sources
of interindividual variability in physiological responses, such as (i) training status [35];
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(ii) central and peripheral limitations to oxygen uptake during exercise, muscle fiber
contractile properties, and metabolic profile [18]; and (iii) age and sex [35]. In spite of the
possible large variability in physiological responses reported in these previous studies when
exercising at different paces near the boundary between the heavy and severe domains, the
current study emphasizes that the proportional similarity between CS and 50%∆ is strong
(i.e., showing a rate above 80%) for speed or VO2 comparisons.

In addition, the comparison between RCP and CS showed the strongest similarities
(~90%) when comparing the speed and estimated VO2 for these indexes. Nevertheless,
the SEM can attain ~5%, which might result in allocating RCP within the severe intensity
domain in different sport modalities, such as running, cycling [1,2,4,24], and swimming [23].
There are many studies comparing RCP with CS (or CO, which is the equivalent for power
measurements) that have observed statistical equivalence, as shown in cycling (286 ± 28 W
or 85.3 ± 5.6% VO2max vs. 278 ± 22 W or 85.4 ± 4.8% VO2max, respectively) [22], in
running (RCP vs. CS: 11.5 ± 2.3 vs. 11.7 ± 2.3 km·h−1, respectively) [6], and in oxidative
demand while running (2.88 ± 0.80 vs. 2.83 ± 0.72 L·min−1, respectively) [6]. Therefore,
the current results reinforce the lack of difference between RCP and CS, in line with
previous findings [22,23] for either absolute (VO2 and speed) or relative (%VO2max and/or
%vVO2max) measures. In practical terms, the closest similarities between RCP and CS
suggest a reciprocal confidence for planning high-intensity exercise in the heavy and severe
domains, with each index being suitable for control running intensity during training and
conditioning adjustments over a planning period, despite the availability of a metabolic
chart being mandatory for RCP assessment.

The current study showed some limitations regarding the measurements, experimen-
tal conditions, and population. The first concern is related to the assessment of CS, since
the variability of the values is associated with the number of predictive trials [2] and math-
ematical adjustments (linear and non-linear) [2,30]. However, the current study ensured
that the tLim of the predictive trials lay around the recommended range (2 to 15 min), and
that VO2max was reached during the trials at 90%, 95%, and 110% VO2max [2,6,9]. The
fact that VO2 responses were not analyzed during exercise (e.g., VO2 on-kinetics) around
each index (RCP, 50%∆, and CS) limits the ability to assert metabolic equivalence between
these indexes and prevents a definitive recommendation regarding their interchangeability
for demarcating the transition from the heavy to severe exercise domain. In addition,
the findings of the current study are restricted to the analyzed group regarding the age
and training level of the runners; therefore, extrapolation of the results to a larger sample
of young runners should be interpreted with caution. Moreover, we recommend future
studies investigating the similarity between different training conditions and age groups
of runners.

5. Conclusions
The results indicated that during maximal progressive exercise, certain indexes of

speed and VO2 demand were highly correlated with CS, suggesting their ability to repre-
sent the transition from high-intensity, yet sustainable, exercise to poorly tolerated zones.
Therefore, the indexes 50%∆ and RCP can be considered useful references for identifying
the transition between heavy and severe exercise domains, due to their physiological (VO2)
and speed (km·h−1) similarities with CS. However, interindividual variabilities should be
considered a source of estimation errors of these variables, and, thus, the interchangeability
between these indexes must be interpreted with caution. This consideration is essential for
planning training and experimental designs demanding a high level of specificity regarding
the physiological responses in young runners, since large variability might allocate different
subjects in distinct exercise zones. In addition, the current analysis also evidenced that CS
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might be an excellent index for characterizing the heavy domain in athletes of comparable
age and training levels (or experience) to the present participants, considering that RCP
and 50%∆ both showed a tendency to overestimate CS. Therefore, although the reliability
of RCP, 50%∆, and CS for planning training in the heavy and severe domains for young
runners remains a questionable issue due to the lack of detailed physiological comparisons
among these indexes, the current findings support a high degree of similarity in exercise
intensity, at least from running speed comparisons, between RCP and CS.
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Abbreviations
The following abbreviations are used in this manuscript:

VO2 Oxygen uptake
VO2max Maximal oxygen uptake
vVO2max Speed corresponding to the VO2max in the incremental test
VCO2 Carbon dioxide
H+ Hydrogen ion
Pi Inorganic phosphate
[La-] Blood lactate concentration
GET Gas exchange threshold
vGET Speed corresponding to the GET in incremental test
50%∆ Middle point of the difference GET and VO2max

v50%∆ Speed corresponding to 50%∆ in the incremental test
LT Lactate threshold
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VT1 First ventilatory threshold
MLSS Maximal lactate steady state
VE Pulmonary ventilation
RCP Respiratory compensation point
vRCP Speed corresponding to the RCP in the incremental test
VT2 Second ventilatory threshold
LTP Lactate turn point
CS Critical speed
tLim Time limit
v-tLim Time-limited model for the assessment of CS using trials with different velocities
d-tLim Distance-limited model for the assessment of CS using trials with different distances
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