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Abstract

This study aimed to compare four constructs from the three-minute all-out test (AO3)–end

power (EP), the area above EP (WEP), maximum power (Pmax), and attained _VO2peak−to

those derived from the classical CP model in tethered running. Seventeen male recreational

runners underwent two experiments to test for reliability and agreement of AO3 parameters

with those obtained from the classical CP model (W0 and CP), a graded exercise test

( _VO2max) and a 30-second all-out test (AO30s; Pmax); all performed on a non-motorized

treadmill (NMT). Significance levels were set at p<0.05. There were no significant differ-

ences between test-retest for Pmax (p = 0.51), WEP (p = 0.39), and EP (p = 0.64), showing

generally close to zero bias. Further, retest ICC were high for Pmax and EP (ICC > 0.86) but

moderate for WEP (ICC = 0.69). Pmax showed no difference between AO3 and AO30s (p =

0.18; CV% = 9.5%). EP and WEP disagreed largely with their classical critical power model

counterparts (p = 0.05; CV%>32.7% and p = 0.23; CV%>39.7%, respectively), showing

greater error than their test-retest reliability. _VO2peak from AO3 was not different (p = 0.13)

and well related (CV% = 8.4; ICC = 0.87) to the incremental test _VO2max. Under the studied

conditions, the agreement of EP and WEP to CP and W0 was not strong enough to assure

their use interchangeably. Pmax and _VO2max were closer to their criterion parameters.

1. Introduction

Relying heavily on the bioenergetic basis of the traditional critical power model, an all-out test

lasting three minutes (AO3) has been described in the late 2000s as an advantageous alterna-

tive to determine the critical power (CP) on a cycle ergometer [1–3]. The proposition of AO3

stems from its ability to predict the power-duration relationship in a single test session. On the

other hand, the traditional CP model needs three to four constant-work-rate efforts (CWR)

until exhaustion. This more established protocol is based on its ability to reveal the highest

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0266012 March 24, 2022 1 / 15

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Sousa FAB, Manchado-Gobatto FB,

Rodrigues NA, Gobatto CA (2022) Comparison of

parameters derived from a three-minute all-out test

with classical benchmarks for running exercise.

PLoS ONE 17(3): e0266012. https://doi.org/

10.1371/journal.pone.0266012

Editor: Juan M. Murias, University of Calgary,

CANADA

Received: April 30, 2021

Accepted: March 13, 2022

Published: March 24, 2022

Copyright: © 2022 Sousa et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.

Funding: C.A.G 2009/08535-5 F.A.B.S. 2013/

16710-7 F.B.M. 2012/06355-2 FAPESP - Fundacao

de Amparo a Pesquisa do Estado de Sao Paulo

(protocol no. 2009/08535-5; 2012/06355-2 and

2013/16710-7) https://fapesp.br/ C.A.G 461559/

2014-5 CNPq - Conselho Nacional de

Desenvolvimento Cientifico e Tecnologico

(protocol no. 461559/2014-5) http://portal.cnpq.br/

https://orcid.org/0000-0001-8252-725X
https://doi.org/10.1371/journal.pone.0266012
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266012&domain=pdf&date_stamp=2022-03-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266012&domain=pdf&date_stamp=2022-03-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266012&domain=pdf&date_stamp=2022-03-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266012&domain=pdf&date_stamp=2022-03-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266012&domain=pdf&date_stamp=2022-03-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0266012&domain=pdf&date_stamp=2022-03-24
https://doi.org/10.1371/journal.pone.0266012
https://doi.org/10.1371/journal.pone.0266012
http://creativecommons.org/licenses/by/4.0/
https://fapesp.br/
http://portal.cnpq.br/


sustainable work rate for a prolonged period of time–for example, ranging 20.5 to 67.4 min for

cycle ergometry according to the findings of Black et al. [4]–or the critical power (CP), and its

curvature constant (W0), which is the finite total amount of work one can perform above CP

[5]. Linear formulations of this relationship can be performed by plotting power output (P)

against the inverse of time to exhaustion (t):

P ¼
W 0

t
þ CP ðEq 1Þ

Considering Eq 1, when W0 is completely depleted, P equals CP. So, one sufficiently long

all-out effort would be an interesting alternative to obtain CP based on the test’s end power

(EP), while the area above EP (WEP) could serve as an estimate of W0 [2]. Early data on the

AO3 performed on a cycle ergometer had shown test-retest reliability for end power (3% of

CV; ICC at 0.99) [1] and close agreement between CP and EP (6 W of typical error; Pearson’s

r = 0.99). Further, despite limitations that have been reported when comparing W0 and WEP

(2.8 kJ of typical error; Pearson’s r = 0.84) [2], both are often considered equivalent and valu-

able for practical applications [6, 7].

Data following the first investigations of AO3 presented controversial results about its

parameters compared to the established criterion. It is not unusual to find experimental data

indicating proper reliability of AO3 parameters [8, 9]. However, EP level of concordance to

the CWR-determined CP may be corroborated or challenged (8–11). This trend is similar for

activities other than cycling, such as swimming [10–13], rowing [14], arm crank cycle [15], iso-

kinetic cycle [16, 17], and running [18–20], with varied results on the agreement.

For the non-sustainable work capacity, there is evidence associating WEP to the W0

obtained from the CWR model and muscle metabolic responses from high-intensity exercise

[21]. However, this can also be disputed [9, 22, 23]. The agreement between WEP determined

by AO3 and W0 by CWR may depend on the mathematical fitting, being higher when W0 is

determined by the linear models [24].

Arguments can be made about the peak rate of oxygen consumption ( _VO2peak) determined

after an AO3 [1], as well as the maximum mechanical power attained. The former has already

been tested against the verified maximum rate of oxygen consumption ( _VO2max) attained dur-

ing a graded exercise test on the cycle ergometer, showing both positive [1, 21, 25] and nega-

tive agreement [8, 18, 26, 27]. Regarding maximum mechanical power, tests typically limited

to 90 s have been used for this purpose [28, 29]. However, a comparison of the maximum

mechanical power (Pmax) obtained during the AO3 to that from a shorter duration test is yet

to be tested.

As most of the evidence on AO3 parameters is based on a cycle ergometer, the protocol’s

immediate use may be troubling for running. Propositions often use velocity instead of power

to control for the external load [18–20], and at least in a shuttle running scenario [30, 31], the

need for more precise control of work-rate has been suggested [32]. An interesting way that

may overcome this issue is the use of tethered running on a non-motorized treadmill (NMT),

which may provide reliable [33] and partially valid [34] AO3 parameters controlled by

mechanical power, in addition to a continuous measurement of accelerated running in a con-

trolled environment.

This study aimed to test the agreement of the four AO3 constructs to classically derived

parameters, all of them performed in a unique setup for tethered running. Specifically, the

study was divided into two phases: i) to test for reliability and agreement of AO3 parameters

with a 30-second all-out test; and ii) compare AO3 parameters with the ones obtained from

the classical CP model (W0 and CP) and a graded exercise test ( _VO2max); all performed within
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five test sessions on an NMT. The experimental hypothesis is that EP, WEP, Pmax, and

_VO2peak obtained during the tethered running AO3 would present good reliability and high

agreement to CP and W0 from the classical critical power model Pmax from a shorter all-out

effort, and _VO2max from the graded exercise test.

2. Materials and methods

2.1. Experimental design

The study was divided into two phases (Fig 1), both in a repeated measure, single-blinded, cross-

over design. One of the phases was set to determine the AO3 parameter’s reliability and compari-

son to Pmax (n = 9), while the second phase intended to verify the level of agreement of AO3

obtained parameters (WEP, EP, and _VO2peak) compared to the classical critical power model and

other physiological benchmarks (n = 8). Volunteers underwent ergometer familiarization before

each of the study’s phases, running at will and performing short sprints. In the first phase, volun-

teers underwent three test sessions. In two of them, each volunteer performed an AO3; the

results were then compared to measure reliability. In the last test session, a 30 s all-out effort was

performed for comparison to the maximum power output obtained during the AO3.

For the second phase of the study, volunteers underwent five test sessions. In the first, a

graded exercise test was performed. The next three comprised one constant-work-rate test

(CWR) until exhaustion, under different work rates and in random order; the fifth, they per-

formed an AO3 test. This second phase allows for determination of CP and W0 from the classi-

cal critical power model and _VO2max from the graded exercise test to compare with the AO3

parameters. All tests were conducted on an instrumented non-motorized treadmill to measure

resultant force and velocity.

2.2. Volunteers

Seventeen male recreational runners gave their voluntary consent to participate in this study

(age = 26 ± 9 years; height = 174 ± 5 cm; weight = 67.7 ± 12.4 kg; body fat = 8.5 ± 4.4%;

Fig 1. The study design. Study’s phase 1 tested the reliability of AO3 parameters and Pmax comparison to AO30s.

Study’s phase 2 had a graded exercise test, three CWR intensities in a randomized order, finishing with one AO3.

CWR was used for the classical CP model. All sessions were performed with 24–72 h intervals between them.

https://doi.org/10.1371/journal.pone.0266012.g001
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training frequency� 4 days/week; volume� 15 km/week). During test procedures, volunteers

were encouraged to maintain the same food intake and hydration habits and reduce training

intensity 24 h before test sessions. All individuals were informed of test procedures and gave

written consent to voluntarily participate in this investigation, which complied with the decla-

ration of Helsinki. The Research Ethics Committee of the School of Medical Sciences approved

all procedures (CAAE no. 28442314.0.0000.5404).

2.3. Procedures

Volunteers performed a 10-minute constant work-rate warm-up on the non-motorized tread-

mill for all test sessions. The external load was regulated by online visual feedback, given by a

large monitor (42 inches) placed directly in front of the treadmill. The monitor displayed

power performed in the horizontal plane. Before testing, the warm-up work rate was below

individual LT, around 100 W. Ten minutes of passive rest was given between warm-up and

exercise.

The feedback for work rate was removed when the all-out efforts were performed, and no

information about test time to completion was provided. Strong verbal encouragement by the

same researchers was given to the volunteers to consistently perform at their maximum inten-

sity (33,34). Resultant power from AO3 was smoothed using a rolling average filter (5 s win-

dow). The maximum mechanical output was obtained as the highest value averaged in any

given 1 s interval [35]. For the AO3, EP was calculated as the average of resultant power in the

last 30 seconds, while WEP was the area above EP from the power vs. time curve (33). All

mechanical data was presented in units relative to the body mass.

The incremental power test was conducted using the tethered system on an NMT with

online visual feedback. The protocol was composed of 3 minutes stages, with 30 s intervals

interspersed for blood sample collection. The initial work rate was 80 W of horizontal power,

with step increments of 20 W. The test ended after exhaustion or the incapacity to maintain

the intended external load, and the work-rate which _VO2max was first attained was considered

the i _VO2max. The CWR with the highest work-rate (147 ± 23% i _VO2max) and shorter time-to-

exhaustion (Tlimit; 166 ± 41 s) was used as a verification bout for _VO2max since it consisted of a

constant-work-rate effort supra i _VO2max [36, 37]. Fig 2 shows an example of one AO3 and one

graded exercise test, with resultant power and _VO2 data.

For the first CWR bout, the work rate maintained was set at the peak-power value from the

incremental test. For the subsequent CWR, we adjusted the work rate by 20 W of horizontal

power, above or below, to maintain all three tests Tlimit between 2 and 10 minutes. As in the

graded exercise test, verbal and visual feedback was provided to control the external load.

Inability to maintain external load for more than five consecutive seconds would end the test.

Work-rate and Tlimit were used to calculate classic critical power parameters according to two

linear models: Work vs. time (CP1 and W01) and Power vs. time-1 (CP2 and W02). The use of

more than one model is intended to confirm the success of the critical power model applica-

tion in this scenario [38]. We could not calculate the hyperbolic model given the completion

of only three CWR efforts.

2.4. Equipment and measurements

The NMT employed in this investigation had been used before [41] and was improved with

four load cells mounted under the treadmill bed to measure force in the vertical plane [39, 40].

Runners performed all tests tethered by their waists using a non-extensible steel cable in series

with another load cell. The resultant force was calculated using the vertical and horizontal
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plane force measurements, and mechanical power was obtained as the product between veloc-

ity and the resultant force. The signal acquisition system (DAQ module, amplifier, load cell,

and Hall effect sensor) was set to record data at 1000 Hz. The force signals were filtered using a

low-pass, fourth-order Butterworth filter, with cutoff frequency (10 Hz) determined by spec-

tral analysis (fast Fourier transform).

For phase 2 of the study, volunteers ran equipped with a portable gas analyzer (K4b2,

Cosmed, Italy) to measure gas exchange at rest, during, and after the test. _VO2, VCO2, and VE

were filtered using a rolling average of 30 seconds [41]. For all tests, _VO2peak was set as the high-

est value of the filtered data, to be compared with the incremental test’s verified _VO2max.

2.5. Statistical analyses

Descriptive data are expressed as mean ± standard deviation (SD). The normality of data was

tested using the Lilliefors test. T-tests and ANOVA were applied to test for differences between

means for two or more parameters, using Scheffé post-hoc test in the latter case, when perti-

nent. Pearson’s correlation coefficient was used to access the relationship between two param-

eters not intended to be directly equivalent. All hypothesis testing adopted a significance level

of p< 0.05.

Typical error (TE), coefficient of variation (CV%), and ICC were calculated to express error

between the criterion and practical parameters, with calculations performed using Will Hop-

kins spreadsheets [42]. TE was calculated as the standard deviation of the change in scores of

Fig 2. Data example for an AO3 (A) and an incremental intensity test (B). Resultant power is depicted in black, with

stage mean work-rate as the straight grey lines. _V_O2 is represented by open grey circles and plotted on the right axis.

https://doi.org/10.1371/journal.pone.0266012.g002
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raw data divided by square root of 2 and was standardized for measurement units. The same

was performed for log-transformed data to back transform it back into the CV%. The ICC

used was ICC(3,1), where the "3" refers to the type of ICC where the volunteers are considered

as a random effect, but the trials is a fixed effect, and the "1" refers to the use of a single pair of

measurements, as opposed to averaged multiple trials [43]. All reliability and agreement

parameters are expressed, followed by their respective confidence limits under parenthesis.

Thresholds to access the magnitude of standardized TE were<0.1, 0.3, 0.6, 1.0, 2.0, and>2.0

for trivial, small, moderate, large, very large, and impractical. For ICC, thresholds were 0.99,

0.90, 0.75, 0.50, and 0.20, for extremely-high, very-high, high, moderate, and low [42].

Bland-Altman plots of difference vs. mean of the paired scores and limits of agreement

were calculated using a custom MatLab (MathWorks Inc, EUA) function. Bias represents the

mean difference between pairs of data, while the limits of agreement are the product between

the t statistical value for the respective degrees of freedom and the SD of the difference between

the pair scores.

3. Results

There were no significant differences between test-retest parameters derived from AO3. Fig 3

shows the descriptive data and respective paired Bland-Altman analysis for Pmax, WEP, and

EP, showing generally close to zero bias but wide Limits of Agreement. TE was considered

moderate for Pmax and EP, with high ICC for both, but WEP presented lower reliability, with

large TE and only moderate ICC (Table 1).

When comparing the Pmax obtained in AO3 to AO30s, no significant differences were

present (Fig 4). TE between the two tests continued to be considered moderate for Pmax, but

ICC was lower than the reliability comparison (Table 1). Regarding EP (6.34 ± 2.19 W�kg-1)

and WEP (660 ± 183 J�kg-1), there were no significant differences between their respective cri-

teria, despite a tendency of a higher EP (p = 0.051) in comparison to both CP1 (5.08 ± 2.00

W�kg-1) and CP2 (5.14 ± 2.12 W�kg-1) (Fig 5). The difference can be confirmed based on TE

Fig 3. Test-retest comparison of AO3 parameters in mean and SD (Pmax–A; WEP–C; EP–E) and by Bland

Altman analysis (Pmax–D; WEP–E; EP–F); (n = 9). Pmax—maximum power; EP–end power; WEP–area above end

power.

https://doi.org/10.1371/journal.pone.0266012.g003
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considered large for comparing EP to both CP1 and CP2, with only moderate ICC (Table 1).

WEP differences to W01 (809 ± 332 J�kg-1) or W02 (758 ± 278 J�kg-1) were even more pro-

nounced, given the very-large TE and low ICC (Table 1). The comparisons to criteria for EP

and WEP showed higher errors than these parameters’ test-retest reliability.

Pearson correlations were significant between CP1 and CP2 (r = 0.99; p< 0.001), but no

significant correlations were found between CP1 and EP (r = 0.64; p = 0.09) and to CP2 and

EP (r = 0.66; p = 0.08). W01 and W02 were also well correlated (r = 0.98; p< 0.001), but not to

EP (r< 0.44).

On the other hand, _VO2peak measured during AO3 showed high agreement to the graded

exercise test (Fig 6). Peak power output was 6.60 ± 1.36 W�kg-1, and the _VO2max attainment

could be confirmed based on the value from the verification bout. Error between the _VO2peak

found in the graded exercise test and the verification bout (TE = 0.38; CV% = 6.7; ICC = 0.95)

was similar to the comparison with _VO2peak in the AO3 (TE = 0.45; CV% = 8.4; ICC = 0.87),

with both cases presenting moderate TE and very-high and high ICC.

4. Discussion

This study aimed at assessing the reliability and agreement level of parameters obtained during

an AO3 (Pmax, EP, WEP, and _VO2peak) compared to the power-duration relationship, the

maximum attained power in shorter exercise, and the graded exercise test during running

efforts on a non-motorized treadmill. Overall, Pmax and _VO2peak determined during AO3 pre-

sented a good agreement with their counterparts. However, sustainable (EP) and non-sustain-

able (WEP) work capacities were not equivalent to those obtained from the classical critical

power model. For instance, the criterion comparison errors were within the reliability variabil-

ity found for Pmax but more significant for EP and WEP. These results suggest that while run-

ning in an instrumented NMT, parameters from the AO3 should not be used as equivalent to

the classical CP model.

4.1. Reliability of the 3-min all-out test

Test-retest reliability has been monitored for both EP and WEP in cycle ergometry. EP shows

better reliability in this exercise scenario with CVs varying 3 to 10% and ICCs higher than 0.89

Table 1. Reliability analysis and comparison to criterion for power variables derived from AO3 (values in mean and 95%IC).

Reliability Agreement to criterion 1 Agreement to criterion 2

Pmax TE 0.53 (0.38–0.90) 0.70 (0.50–1.20) -

CV% 7.8 (5.5–13.7) 9.5 (6.7–16.8) -

ICC 0.87 (0.60–0.96) 0.73 (0.30–0.91) -

EP TE 0.37 (0.26–0.63) 0.76 (0.54–1.36) 0.72 (0.51–1.30)

CV% 19.1 (13.4–34.8) 32.8 (22.2–66.6) 32.7 (22.1–66.4)

ICC 0.86 (0.60–0.96) 0.54 (-0.07–0.85) 0.54 (-0.06–0.85)

WEP TE 0.78 (0.56–1.73) 1.31 (0.93–2.36) 1.29 (0.91–2.33)

CV% 17.6 (12.3–31.9) 39.9 (26.7–82.8) 39.7 (26.6–82.4)

ICC 0.69 (0.22–0.90) 0.32 (-0.33–0.76) 0.28 (-0.36–0.74)

�all reliability data and Pmax agreement were obtained from phase 1, where criterion 1 was Pmax from the 30s all-out (n = 9). Agreement for EP and WEP derived from

phase 2 (n = 8), and for those, criterion 1 and 2 were the W/t and the P/t-1 models, respectively. TE–typical error; CV%—normalized coefficient of variation; ICC–

intraclass correlation coefficient; Pmax–maximum power; EP–end power; WEP–the area above end power.

https://doi.org/10.1371/journal.pone.0266012.t001
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to 0.99 (1,7). On the other hand, the WEP from AO3 performed on the cycle ergometer

returns CV around 21% despite ICCs ranging from 0.76 to 0.98 (7,8), which is closer to those

presented here. AO3 reliability was also measured for the rowing ergometer, returning test-

retest CV of 9% for EP and ICCs of 0.78 for EP and 0.62 for WEP [14].

With few studies focused on the AO3 application for running and controlling external load

only based on velocity (23,24), Gama et al. [33] were the first to study the AO3 reliability on a

non-motorized treadmill measuring mechanical power. Based on the data from Gama et al.

[33], reliability is improved when measurements are based on power rather than on force or

velocity. Our results confirm the intra-subject reliability of Pmax, WEP, and EP for running

on a non-motorized treadmill. This assumption is based on ICC and TE analysis. However,

when considering the magnitude of the limits of agreement and CV, one should consider the

individual variability for these parameters when studying training adaptations. Despite our

Fig 4. Comparison between Pmax from AO30s and AO3 (A), with the respective Bland-Altman analysis (B); (n = 9).

PmaxAO30s –maximum power during the 30-s all-out; PmaxAO3 –maximum power during the AO3.

https://doi.org/10.1371/journal.pone.0266012.g004
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data showing high ICC and only moderate TE for EP, a CV of 19% should be expected, higher

than those from other exercise scenarios.

4.2. Agreement between parameters

Despite experimental data indicating proper reliability [8] and a good agreement for EP com-

pared to CP [44] on the cycle ergometer, there are also experimental pieces of evidence to chal-

lenge EP equivalence to CP. Among them, it is worth noting a poor agreement between EP

and the conventional CP [9, 22]. As well, EP is not considered a sustainable work rate for elite

cyclists (Tlimit = 14.79 ± 8.38 minutes) [45] or moderately trained men and women (Tlimit =

12.5 ± 6.5 minutes) [46]. In the current study, EP presented a high typical error compared to

CP for both linear models and was not significantly correlated to any of them. Further, a high

bias for the comparison between WEP and W0 has been found elsewhere [22, 24, 44] and in

Fig 5. Comparison among WEP and EP derived from AO3 to W0 and CP from the classical critical power models (A

and D), and their respective paired Bland-Altman analysis: W1’ vs. WEP (B), W02 vs. WEP (C); CP1 vs. EP (E), CP2 vs.

EP (F). EP–end power; WEP–area above end power; CP1 –Critical power from model 1; CP2 –Critical power from

model 2; W01—curvature constant from model 1; W02—curvature constant from model 2.

https://doi.org/10.1371/journal.pone.0266012.g005
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the present study, despite strong evidence suggesting a physiological meaning for WEP as rep-

resentative of metabolic pathways independent of oxygen [47].

Gama et al. [34] showed no significant difference, bias close to zero but a large limits of

agreement between EP and CP derived from three different classical CP models. On the other

hand, WEP agreed much less with W0 from the models applied, presenting significant differ-

ences, close to zero ICCs, and large bias and error.

The present study furthers the work of AO3 application on an NMT, presenting a setup

where the external load can be controlled by visual feedback from the performed power. This

setup enables the increase of the work rate to determine traditional CP based on the force or

velocity applied voluntarily by the runner, as occurs in a free-running scenario. The applica-

tion presented by Gama and colleagues increased the intensity by adding resistance from elas-

tic chords attached to the runner’s waist. A different resistance characteristic may explain a

slightly better agreement between classical CP and EP in Gama et al. [34] than the data pro-

vided here. With cycle ergometry, for example, the imposed resistance may influence EP and

Fig 6. Comparison of _V_O2max obtained in the graded exercise test (INC), the verification bout (VB) and the AO3 (A),

and Bland Altman between INC and AO3 (B).

https://doi.org/10.1371/journal.pone.0266012.g006
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WEP’s agreement with the classical CP parameters [27, 48]. Future studies may focus on the

force-velocity or power-force relationships with the NMT to identify if the resistance settings

may enhance EP and WEP reliability and validity for running exercise, which may improve

the agreement of AO3 parameters with the classical CP parameters.

Unlike what may be expected, the Pmax attained during AO3 showed good agreement with

the parameter from AO30s. Previous investigations have shown lower peak power output with

longer all-out effort durations [49, 50]. This feature has been attributed to a psychological fac-

tor rather than bioenergetic. Once aware of the long effort’s physiological consequences, the

individual may approach the effort with care, thus failing to activate the neuromuscular system

[50]. Previous data, however, has shown the effect of submaximal work-rate to be less pro-

nounced when comparing all-out lasting 20 to 30 seconds [49]. Data presented in our study

show no significant decrease of Pmax between the thirty-second and the three-minute all-out

efforts, suggesting that this effect of exercise duration on Pmax reduction may level off with

the longer exercise duration.

Regarding _VO2peak, the values obtained from the AO3 were not different from those

obtained from the traditional graded exercise test. This finding confirms that even with the

setup used in our study, the AO3 is capable of eliciting _VO2max. Previous research has shown

no difference comparing _VO2max from a ramp test on a motorized treadmill with peak _VO2

attained during AO3 performed on a 400-m track. However, considering a moderate to large

effect size between these two parameters, Sperlich et al. [18] argue that _VO2max was not attained

during AO3. On the other hand, Kramer et al. [51] confirmed _VO2max attainment on shuttle

running. Differences in _VO2 data treatment may explain the conflicting results since Kramer

et al. [51] used 1-second averages while Sperlich et al. [18] used a fixed window of 30-second

averages for the same. The current investigation used a rolling average and found comparable

values for _VO2peak from the graded exercise test, the verification bout, and the AO3, with mod-

erate TE and high ICC. Thus, the _VO2 data filtering procedures in previous studies may be

responsible for controversial results about the _VO2peak attained during an AO3. In the current

study, using a rolling average on _VO2 data from the AO3, we were able to attain a _VO2peak

comparable to the verified _VO2max from an incremental test.

4.3. Study’s limitations and future perspectives

Among the study’s limitations is the duration of the CWR. Although CWR lasting between 2

and 10 minutes have been classically used, it was proposed that more prolonged CWR could

improve agreement between CP models [52]. A combination of the CWR durations like the

ones used here may overestimate CP while underestimating W0 [52]. Considering the present

results, CP tended to be lower than EP, while W0 was higher than WEP. So, enhancing the

CWR durations could only widen the difference between them, which does not change the

conclusions drawn here.

Finally, most of the previous results on AO3 parameters have been performed in cycle ergo-

metry, where power exertion can be better controlled. However, the data presented here are

relevant since multiple studies are already applying the AO3 while testing for training adapta-

tions in running exercises. An instrumented NMT was chosen to present power output in

both vertical and horizontal orientations, minimizing this issue. Slight differences in the run-

ning pattern could be noted between running on the NMT and overground.

Future studies may attempt to test AO3 parameters on an NMT with differences in the

applied resistance to try to find better results on validity and reliability. Still, confirmation
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rides should be performed [53] to verify time to exhaustion and physiological responses at EP

and CP, and access if the differences shown here are physiologically meaningful.

In conclusion, no significant differences were found between EP and WEP to their criteria.

However, considering the large limits of agreement, low intra subject consistency and high

CV, EP and WEP should not be used interchangeably to CP and W0 using a NMT as described

in the setup of this study. On the other hand, EP, WEP, and Pmax were test-retest reliable,

_VO2peak was considered equivalent to _VO2max, and Pmax agreed with the criteria established.

Supporting information

S1 Data. Raw data for both experiments described in the manuscript. The spreadsheet

labeled as Experiment 1 contains the teste-retest data for AO3 and the data for AO30s. Also, it

is possible to find AO3 data, both models critical power data and VO2max data in the spread-

sheet named Experiment 2.

(XLSX)
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Rodrigues, Claudio A. Gobatto.

References
1. Burnley M, Doust JH, Vanhatalo A. A 3-min all-out test to determine peak oxygen uptake and the maxi-

mal steady state. Med Sci Sports Exerc. 2006; 38(11):1995–2003. https://doi.org/10.1249/01.mss.

0000232024.06114.a6 PMID: 17095935

PLOS ONE Three-minute all-out test for tethered running

PLOS ONE | https://doi.org/10.1371/journal.pone.0266012 March 24, 2022 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0266012.s001
https://doi.org/10.1249/01.mss.0000232024.06114.a6
https://doi.org/10.1249/01.mss.0000232024.06114.a6
http://www.ncbi.nlm.nih.gov/pubmed/17095935
https://doi.org/10.1371/journal.pone.0266012


2. Vanhatalo A, Doust JH, Burnley M. Determination of critical power using a 3-min all-out cycling test.

Med Sci Sports Exerc. 2007; 39(3):548–55. https://doi.org/10.1249/mss.0b013e31802dd3e6 PMID:

17473782

3. Vanhatalo A, Doust JH, Burnley M. A 3-min all-out cycling test is sensitive to a change in critical power.

Med Sci Sports Exerc. 2008; 40(9):1693–9. https://doi.org/10.1249/MSS.0b013e318177871a PMID:

18685519

4. Black MI, Jones AM, Blackwell JR, Bailey SJ, Wylie LJ, McDonagh STJ, et al. Muscle metabolic and

neuromuscular determinants of fatigue during cycling in different exercise intensity domains. J Appl

Physiol Bethesda Md 1985. 2017 Mar 1; 122(3):446–59.

5. Monod H, Scherrer J. The work capacity of a synergic muscular group. Ergonomics. 1965 Jul; 8

(3):329–38.

6. Bergstrom HC, Housh TJ, Zuniga JM, Camic CL, Traylor DA, Schmidt RJ, et al. A new single work bout

test to estimate critical power and anaerobic work capacity. J Strength Cond Res. 2012; 26(3):656–63.

https://doi.org/10.1519/JSC.0b013e31822b7304 PMID: 22310519

7. Clark IE, Gartner HE, Williams JL, Pettitt RW. Validity of the 3-minute all-out exercise test on the compu-

trainer. J STRENGTH Cond Res. 2016; 30(3):825–9. https://doi.org/10.1519/JSC.0000000000001169

PMID: 26340469

8. Johnson TM, Sexton PJ, Placek AM, Murray SR, Pettitt RW. Reliability Analysis of the 3-min All-Out

Exercise Test for Cycle Ergometry. Med Sci SPORTS Exerc. 2011; 43(12):2375–80. https://doi.org/10.

1249/MSS.0b013e318224cb0f PMID: 21606865

9. Wright J, Bruce-Low S, Jobson SA. The Reliability and Validity of the 3-min All-out Cycling Critical

Power Test. Int J SPORTS Med. 2017; 38(6):462–7. https://doi.org/10.1055/s-0043-102944 PMID:

28388783

10. Kalva-Filho CA, Zagatto AM, da Silva ASR, Castanho MY, de Almeida PB, Papoti M. Tethered 3-min

all-out test did not predict the traditional critical force parameters in inexperienced swimmers. J Sports

Med Phys Fitness. 2017; 57(9):1126–31. https://doi.org/10.23736/S0022-4707.16.06461-6 PMID:

27232558

11. Tsai M-C, Thomas SG. Three-Minute All-Out Test in Swimming. Int J Sports Physiol Perform. 2017; 12

(1):27–35. https://doi.org/10.1123/ijspp.2015-0479 PMID: 27003111

12. Piatrikova E, Sousa AC, Gonzalez JT, Williams S. Validity and Reliability of the 3-Minute All-Out Test in

National and International Competitive Swimmers. Int J SPORTS Physiol Perform. 2018; 13(9):1190–8.

https://doi.org/10.1123/ijspp.2018-0018 PMID: 29651887

13. Mitchell LJG, Pyne DB, Saunders PU, Rattray B. Reliability and validity of a modified 3-minute all-out

swimming test in elite swimmers. Eur J SPORT Sci. 2018; 18(3):307–14. https://doi.org/10.1080/

17461391.2017.1413138 PMID: 29251174

14. Cheng C-F, Yang Y-S, Lin H-M, Lee C-L, Wang C-Y. Determination of critical power in trained rowers

using a three-minute all-out rowing test. Eur J Appl Physiol. 2012; 112(4):1251–60. https://doi.org/10.

1007/s00421-011-2081-2 PMID: 21769731

15. Flueck JL, Lienert M, Schaufelberger F, Perret C. Reliability of a 3-min all-out Arm Crank Ergometer

Exercise Test. Int J SPORTS Med. 2015; 36(10):809–13. https://doi.org/10.1055/s-0035-1548811

PMID: 26038881

16. Dekerle J, Barstow TJ, Regan L, Carter H. The critical power concept in all-out isokinetic exercise. J Sci

Med SPORT. 2014; 17(6):640–4. https://doi.org/10.1016/j.jsams.2013.09.003 PMID: 24183173

17. Karsten B, Jobson SA, Hopker JG, Passfield L, Beedie C. The 3-min test does not provide a valid mea-

sure of critical power using the SRM isokinetic mode. Int J Sports Med. 2014; 35(4):304–9. https://doi.

org/10.1055/s-0033-1349093 PMID: 24022575

18. Sperlich B, Zinner C, Trenk D, Holmberg H-C. Does a 3-min all-out test provide suitable measures of

exercise intensity at the maximal lactate steady state or peak oxygen uptake for well-trained runners?

Int J Sports Physiol Perform. 2014; 9(5):805–10. https://doi.org/10.1123/ijspp.2013-0265 PMID:

24414148

19. Pettitt RW, Jamnick NA, Clark IE. 3-min all-out exercise test for running. Int J Sports Med. 2012; 33

(6):426–31. https://doi.org/10.1055/s-0031-1299749 PMID: 22422309

20. Broxterman RM, Ade C, Poole DC, Harms CA, Barstow TJ. A single test for the determination of param-

eters of the speed-time relationship for running. Respir Physiol Neurobiol. 2013; 185(2):380–5. https://

doi.org/10.1016/j.resp.2012.08.024 PMID: 22981969

21. Vanhatalo A, Poole DC, DiMenna FJ, Bailey SJ, Jones AM. Muscle fiber recruitment and the slow com-

ponent of O2 uptake: constant work rate vs. all-out sprint exercise. Am J Physiol Regul Integr Comp

Physiol. 2011; 300(3):R700–7. https://doi.org/10.1152/ajpregu.00761.2010 PMID: 21160059

PLOS ONE Three-minute all-out test for tethered running

PLOS ONE | https://doi.org/10.1371/journal.pone.0266012 March 24, 2022 13 / 15

https://doi.org/10.1249/mss.0b013e31802dd3e6
http://www.ncbi.nlm.nih.gov/pubmed/17473782
https://doi.org/10.1249/MSS.0b013e318177871a
http://www.ncbi.nlm.nih.gov/pubmed/18685519
https://doi.org/10.1519/JSC.0b013e31822b7304
http://www.ncbi.nlm.nih.gov/pubmed/22310519
https://doi.org/10.1519/JSC.0000000000001169
http://www.ncbi.nlm.nih.gov/pubmed/26340469
https://doi.org/10.1249/MSS.0b013e318224cb0f
https://doi.org/10.1249/MSS.0b013e318224cb0f
http://www.ncbi.nlm.nih.gov/pubmed/21606865
https://doi.org/10.1055/s-0043-102944
http://www.ncbi.nlm.nih.gov/pubmed/28388783
https://doi.org/10.23736/S0022-4707.16.06461-6
http://www.ncbi.nlm.nih.gov/pubmed/27232558
https://doi.org/10.1123/ijspp.2015-0479
http://www.ncbi.nlm.nih.gov/pubmed/27003111
https://doi.org/10.1123/ijspp.2018-0018
http://www.ncbi.nlm.nih.gov/pubmed/29651887
https://doi.org/10.1080/17461391.2017.1413138
https://doi.org/10.1080/17461391.2017.1413138
http://www.ncbi.nlm.nih.gov/pubmed/29251174
https://doi.org/10.1007/s00421-011-2081-2
https://doi.org/10.1007/s00421-011-2081-2
http://www.ncbi.nlm.nih.gov/pubmed/21769731
https://doi.org/10.1055/s-0035-1548811
http://www.ncbi.nlm.nih.gov/pubmed/26038881
https://doi.org/10.1016/j.jsams.2013.09.003
http://www.ncbi.nlm.nih.gov/pubmed/24183173
https://doi.org/10.1055/s-0033-1349093
https://doi.org/10.1055/s-0033-1349093
http://www.ncbi.nlm.nih.gov/pubmed/24022575
https://doi.org/10.1123/ijspp.2013-0265
http://www.ncbi.nlm.nih.gov/pubmed/24414148
https://doi.org/10.1055/s-0031-1299749
http://www.ncbi.nlm.nih.gov/pubmed/22422309
https://doi.org/10.1016/j.resp.2012.08.024
https://doi.org/10.1016/j.resp.2012.08.024
http://www.ncbi.nlm.nih.gov/pubmed/22981969
https://doi.org/10.1152/ajpregu.00761.2010
http://www.ncbi.nlm.nih.gov/pubmed/21160059
https://doi.org/10.1371/journal.pone.0266012


22. Bartram JC, Thewlis D, Martin DT, Norton KI. Predicting Critical Power in Elite Cyclists: Questioning the

Validity of the 3-Minute All-Out Test. Int J SPORTS Physiol Perform. 2017; 12(6):783–7. https://doi.org/

10.1123/ijspp.2016-0376 PMID: 27834562

23. Maturana FM, Keir DA, McLay KM, Murias JM. Can measures of critical power precisely estimate the

maximal metabolic steady-state? Appl Physiol Nutr Metab. 2016; 41(11):1197–203. https://doi.org/10.

1139/apnm-2016-0248 PMID: 27819154

24. Bergstrom HC, Housh TJ, Zuniga JM, Traylor DA, Lewis Robert W Jr, Camic CL, et al. Differences

Among Estimates of Critical Power and Anaerobic Work Capacity Derived From Five Mathematical

Models and the Three-Minute All-Out Test. J STRENGTH Cond Res. 2014; 28(3):592–600. https://doi.

org/10.1519/JSC.0b013e31829b576d PMID: 24566607

25. Chidnok W, DiMenna FJ, Bailey SJ, Burnley M, Wilkerson DP, Vanhatalo A, et al. VO2max is not altered

by self-pacing during incremental exercise. Eur J Appl Physiol. 2013; 113(2):529–39. https://doi.org/10.

1007/s00421-012-2478-6 PMID: 22941093

26. Sperlich B, Haegele M, Thissen A, Mester J, Holmberg H-C. Are Peak Oxygen Uptake and Power Out-

put at Maximal Lactate Steady State Obtained from a 3-Min All-Out Cycle Test? Int J SPORTS Med.

2011; 32(6):433–7. https://doi.org/10.1055/s-0031-1271770 PMID: 21380963

27. Clark IE, Murray SR, Pettitt RW. Alternative procedures for the three-minute all-out exercise test. J

Strength Cond Res. 2013; 27(8):2104–12. https://doi.org/10.1519/JSC.0b013e3182785041 PMID:

23090321

28. Davies CTM, Sandstrom ER. Maximal mechanical power output and capacity of cyclists and young

adults. Eur J Appl Physiol. 1989 Jul; 58(8):838–44. https://doi.org/10.1007/BF02332216 PMID:

2767065

29. Driss T, Vandewalle H. The Measurement of Maximal (Anaerobic) Power Output on a Cycle Ergometer:

A Critical Review. BioMed Res Int. 2013; 2013:1–40. https://doi.org/10.1155/2013/589361 PMID:

24073413

30. Kirby BS, Bradley EM, Wilkins BW. Critical Velocity during Intermittent Running with Changes of Direc-

tion. Med Sci SPORTS Exerc. 2019; 51(2):308–14. https://doi.org/10.1249/MSS.0000000000001774

PMID: 30157110

31. Saari A, Dicks ND, Hartman ME, Pettitt RW. Validation of the 3-Minute All-Out Exercise Test for Shuttle

Running Prescription. J Strength Cond Res. 2019; 33(6):1678–84. https://doi.org/10.1519/JSC.

0000000000002120 PMID: 28723814

32. Polglaze T, Hogan C, Dawson B, Buttfield A, Osgnach C, Lester L, et al. Classification of Intensity in

Team Sport Activity. Med Sci SPORTS Exerc. 2018; 50(7):1487–94. https://doi.org/10.1249/MSS.

0000000000001575 PMID: 29432324

33. Gama MCT, Sousa FAB, Dos Reis IGM, Gobatto CA. Reliability of the Three-minute All-out Test for

Non-motorized Treadmill Tethered Running. Int J Sports Med. 2017; 38(8):613–9. https://doi.org/10.

1055/s-0035-1565238 PMID: 27410767

34. Gama MCT, Masselli dos Reis IG, de Barros Sousa FA, Gobatto CA. The 3-min all-out test is valid for

determining critical power but not anaerobic work capacity in tethered running. PLOS ONE. 2018; 13

(2).

35. Sousa F, Dos Reis I, Ribeiro L, Martins L, Gobatto C. Specific Measurement of Tethered Running Kinet-

ics and its Relationship to Repeated Sprint Ability. J Hum Kinet. 2015 Dec 22; 49:245–56. https://doi.

org/10.1515/hukin-2015-0127 PMID: 26839625

36. Poole DC, Jones AM. Measurement of the maximum oxygen uptake V_O2max: V_O2peak is no longer

acceptable. J Appl Physiol. 2017 Apr 1; 122(4):997–1002. https://doi.org/10.1152/japplphysiol.01063.

2016 PMID: 28153947

37. Iannetta D, de Almeida Azevedo R, Ingram CP, Keir DA, Murias JM. Evaluating the suitability of supra-

PO(peak) verification trials after ramp-incremental exercise to confirm the attainment of maximum O(2)

uptake. Am J Physiol Regul Integr Comp Physiol. 2020 Sep 1; 319(3):R315–22. https://doi.org/10.

1152/ajpregu.00126.2020 PMID: 32697652

38. Hill DW, Smith JC. A method to ensure the accuracy of estimates of anaerobic capacity derived using

the critical power concept. J Sports Med Phys Fitness. 1994 Mar; 34(1):23–37. PMID: 7934008

39. Gobatto CA, Torres RS, Moura FA, Cunha SA, Giometti CB, Araujo GG, et al. Corresponding Assess-

ment Scenarios in Laboratory and on-Court Tests: Centrality Measurements by Complex Networks

Analysis in Young Basketball Players. Sci Rep. 2020 May 25; 10(1):8620. https://doi.org/10.1038/

s41598-020-65420-3 PMID: 32451399

40. Manchado-Gobatto FB, Marostegan AB, Rasteiro FM, Cirino C, Cruz JP, Moreno MA, et al. New

Insights into Mechanical, Metabolic and Muscle Oxygenation Signals During and After High-Intensity

Tethered Running. Sci Rep. 2020 Apr 14; 10(1):6336. https://doi.org/10.1038/s41598-020-63297-w

PMID: 32286408

PLOS ONE Three-minute all-out test for tethered running

PLOS ONE | https://doi.org/10.1371/journal.pone.0266012 March 24, 2022 14 / 15

https://doi.org/10.1123/ijspp.2016-0376
https://doi.org/10.1123/ijspp.2016-0376
http://www.ncbi.nlm.nih.gov/pubmed/27834562
https://doi.org/10.1139/apnm-2016-0248
https://doi.org/10.1139/apnm-2016-0248
http://www.ncbi.nlm.nih.gov/pubmed/27819154
https://doi.org/10.1519/JSC.0b013e31829b576d
https://doi.org/10.1519/JSC.0b013e31829b576d
http://www.ncbi.nlm.nih.gov/pubmed/24566607
https://doi.org/10.1007/s00421-012-2478-6
https://doi.org/10.1007/s00421-012-2478-6
http://www.ncbi.nlm.nih.gov/pubmed/22941093
https://doi.org/10.1055/s-0031-1271770
http://www.ncbi.nlm.nih.gov/pubmed/21380963
https://doi.org/10.1519/JSC.0b013e3182785041
http://www.ncbi.nlm.nih.gov/pubmed/23090321
https://doi.org/10.1007/BF02332216
http://www.ncbi.nlm.nih.gov/pubmed/2767065
https://doi.org/10.1155/2013/589361
http://www.ncbi.nlm.nih.gov/pubmed/24073413
https://doi.org/10.1249/MSS.0000000000001774
http://www.ncbi.nlm.nih.gov/pubmed/30157110
https://doi.org/10.1519/JSC.0000000000002120
https://doi.org/10.1519/JSC.0000000000002120
http://www.ncbi.nlm.nih.gov/pubmed/28723814
https://doi.org/10.1249/MSS.0000000000001575
https://doi.org/10.1249/MSS.0000000000001575
http://www.ncbi.nlm.nih.gov/pubmed/29432324
https://doi.org/10.1055/s-0035-1565238
https://doi.org/10.1055/s-0035-1565238
http://www.ncbi.nlm.nih.gov/pubmed/27410767
https://doi.org/10.1515/hukin-2015-0127
https://doi.org/10.1515/hukin-2015-0127
http://www.ncbi.nlm.nih.gov/pubmed/26839625
https://doi.org/10.1152/japplphysiol.01063.2016
https://doi.org/10.1152/japplphysiol.01063.2016
http://www.ncbi.nlm.nih.gov/pubmed/28153947
https://doi.org/10.1152/ajpregu.00126.2020
https://doi.org/10.1152/ajpregu.00126.2020
http://www.ncbi.nlm.nih.gov/pubmed/32697652
http://www.ncbi.nlm.nih.gov/pubmed/7934008
https://doi.org/10.1038/s41598-020-65420-3
https://doi.org/10.1038/s41598-020-65420-3
http://www.ncbi.nlm.nih.gov/pubmed/32451399
https://doi.org/10.1038/s41598-020-63297-w
http://www.ncbi.nlm.nih.gov/pubmed/32286408
https://doi.org/10.1371/journal.pone.0266012


41. Robergs RA, Dwyer D, Astorino T. Recommendations for improved data processing from expired gas

analysis indirect calorimetry. Sports Med Auckl NZ. 2010 Feb 1; 40(2):95–111. https://doi.org/10.2165/

11319670-000000000-00000 PMID: 20092364

42. Hopkins WG. Spreadsheets for analysis of validity and reliability. Sportscience. 2015; 19:36–44.

43. Shrout PE, Fleiss JL. Intraclass correlations: Uses in assessing rater reliability. Psychol Bull. 1979; 86

(2):420–8. https://doi.org/10.1037//0033-2909.86.2.420 PMID: 18839484

44. Dicks ND, Jamnick NA, Murray SR, Pettitt RW. Load Determination for the 3-Minute All-Out Exercise

Test for Cycle Ergometry. Int J SPORTS Physiol Perform. 2016; 11(2):197–203. https://doi.org/10.

1123/ijspp.2015-0116 PMID: 26182439

45. McClave SA, LeBlanc M, Hawkins SA. Sustainability of critical power determined by a 3-minute all-out

test in elite cyclists. J STRENGTH Cond Res. 2011; 25(11):3093–8. https://doi.org/10.1519/JSC.

0b013e318212dafc PMID: 21993025

46. Bergstrom HC, Housh TJ, Zuniga JM, Traylor DA, Lewis RW, Camic CL, et al. Responses during

exhaustive exercise at critical power determined from the 3-min all-out test. J SPORTS Sci. 2013; 31

(5):537–45. https://doi.org/10.1080/02640414.2012.738925 PMID: 23121405

47. Vanhatalo A, Black MI, DiMenna FJ, Blackwell JR, Schmidt JF, Thompson C, et al. The mechanistic

bases of the power-time relationship: muscle metabolic responses and relationships to muscle fibre

type. J Physiol-Lond. 2016; 594(15):4407–23. https://doi.org/10.1113/JP271879 PMID: 26940850

48. Schulte MJ, Clasey JL, Fleenor BS, Bergstrom HC. Examination of Resistance Settings Based on Body

Weight for the 3-Minute All-Out Critical Power Test. Int J Exerc Sci. 2018; 11(4):585–97. PMID:

29541334

49. Sousa FAB, Vasque RE, Gobatto CA. Anaerobic metabolism during short all-out efforts in tethered run-

ning: Comparison of energy expenditure and mechanical parameters between different sprint durations

for testing. Padulo J, editor. PLOS ONE. 2017 Jun 9; 12(6):e0179378. https://doi.org/10.1371/journal.

pone.0179378 PMID: 28599009

50. Zajac A, Jarzabek R, Waskiewicz Z. The Diagnostic Value of the 10− and 30-Second Wingate Test for

Competitive Athletes: J Strength Cond Res. 1999 Feb; 13(1):16–9.

51. Kramer M, Du Randt R, Watson M, Pettitt RW. Oxygen uptake kinetics and speed-time correlates of

modified 3-minute all-out shuttle running in soccer players. PLOS ONE. 2018; 13(8). https://doi.org/10.

1371/journal.pone.0201389 PMID: 30130362

52. Mattioni Maturana F, Fontana FY, Pogliaghi S, Passfield L, Murias JM. Critical power: How different pro-

tocols and models affect its determination. J Sci Med Sport. 2018 Jul; 21(7):742–7. https://doi.org/10.

1016/j.jsams.2017.11.015 PMID: 29203319

53. Iannetta D, Ingram CP, Keir DA, Murias JM. Methodological Reconciliation of CP and MLSS and Their

Agreement with the Maximal Metabolic Steady State. Med Sci Sports Exerc. 2021 Nov 23

PLOS ONE Three-minute all-out test for tethered running

PLOS ONE | https://doi.org/10.1371/journal.pone.0266012 March 24, 2022 15 / 15

https://doi.org/10.2165/11319670-000000000-00000
https://doi.org/10.2165/11319670-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/20092364
https://doi.org/10.1037//0033-2909.86.2.420
http://www.ncbi.nlm.nih.gov/pubmed/18839484
https://doi.org/10.1123/ijspp.2015-0116
https://doi.org/10.1123/ijspp.2015-0116
http://www.ncbi.nlm.nih.gov/pubmed/26182439
https://doi.org/10.1519/JSC.0b013e318212dafc
https://doi.org/10.1519/JSC.0b013e318212dafc
http://www.ncbi.nlm.nih.gov/pubmed/21993025
https://doi.org/10.1080/02640414.2012.738925
http://www.ncbi.nlm.nih.gov/pubmed/23121405
https://doi.org/10.1113/JP271879
http://www.ncbi.nlm.nih.gov/pubmed/26940850
http://www.ncbi.nlm.nih.gov/pubmed/29541334
https://doi.org/10.1371/journal.pone.0179378
https://doi.org/10.1371/journal.pone.0179378
http://www.ncbi.nlm.nih.gov/pubmed/28599009
https://doi.org/10.1371/journal.pone.0201389
https://doi.org/10.1371/journal.pone.0201389
http://www.ncbi.nlm.nih.gov/pubmed/30130362
https://doi.org/10.1016/j.jsams.2017.11.015
https://doi.org/10.1016/j.jsams.2017.11.015
http://www.ncbi.nlm.nih.gov/pubmed/29203319
https://doi.org/10.1371/journal.pone.0266012

