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Abstract

Purpose

Locomotor profiling using anaerobic speed reserve (ASR) enables insights into athletes’
physiological and neuromuscular contributing factors and prescription of high-intensity train-
ing beyond maximal aerobic speed (MAS). This systematic review aimed to determine the
validity and reliability of different methods to assess the characteristics of ASR, i.e., MAS
and maximal sprinting speed (MSS).

Methods

A comprehensive search of the PubMed and Web of Science databases was conducted
according to the PRISMA guidelines. Studies were included if they reported data on validity
and/or reliability for methods to assess MAS or MSS.

Results

58 studies were included with 28 studies referring to MAS and 30 studies to MSS. Regarding
MAS, different methods for cardiopulmonary exercise testing yielded different values (four
out of seven studies) of MAS (Cohen’s d (ES) = 0.83—-2.8; Pearson’s r/intraclass correlation
coefficient (r/ICC) = 0.46-0.85). Criterion validity of different field tests showed heteroge-
neous results (ES = 0-3.57; r/ICC = 0.40-0.96). Intraday and interday reliability was mostly
acceptable for the investigated methods (ICC/r>0.76; CV<16.9%). Regarding MSS, radar
and laser measurements (one out of one studies), timing gates (two out of two studies), and
video analysis showed mostly good criterion validity (two out of two studies) (ES = 0.02—
0.53; r/ICC = 0.93-0.98) and reliability (r/ICC>0.83; CV<2.43%). Criterion validity (ES =
0.02-7.11) and reliability (r/ICC = 0.14-0.97; CV = 0.7-9.77%) for global or local positioning
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systems (seven out of nine studies) and treadmill sprinting (one out of one studies) was not
acceptable in most studies.

Conclusion

The criterion validity of incremental field tests or shuttle runs to examine MAS cannot be
confirmed. Results on time trials indicate that distances adapted to the participants’ sporting
background, fitness, or sex might be suitable to estimate MAS. Regarding MSS, only sprints
with radar or laser measures, timing gates, or video analysis provide valid and reliable
results for linear sprints of 20 to 70 m.

1 Introduction

Assessing athletic performance is often performed in sports science and sports practice, e.g. to
individualize training procedures. In a variety of team and individual sports and at different
performance levels, endurance testing is a required and inevitably part of the training routine,
more specifically to set training intensities [1].

Most currently used markers for endurance testing (e.g., lactate thresholds, maximal oxygen
uptake (VO,max), critical speed) are limited to aerobic performance measures and therefore
not applicable for the prescription of training in more intense exercise domains, e.g. intensities
above VO,max [2]. For this purpose, the anaerobic speed reserve (ASR) as the difference
between maximal sprinting speed (MSS) and maximal aerobic speed (MAS) can be used to
profile athletes in running type sports on a physiological (referred to MAS) and neuromuscu-
lar (referred to MSS) basis and to prescribe training intensities [1, 3]. By using proportions of
ASR, exercise intensity beyond MAS can be set by normalizing absolute values of MAS and
MSS that allows coaches or researchers to consider the individual tolerance to high-intensity
exercise of an athlete [4]. Furthermore, ASR can be used to identify athletes with similar or dif-
ferent characteristics. For example, most team sports require more focus on MSS and thus a
higher ASR compared to longer distance events in endurance sports that mostly require a
higher MAS and thus lower ASR [1]. However within the same discipline, e.g. in track and
field, ASR can differentiate into elite and sub-elite which was indicated by a strong relationship
of ASR with 800-m running performance in world class middle-distance runners [3].

To assess ASR, i.e., MAS and MSS, different methods are used that can lead to different
results and thus, e.g., different training prescriptions and subsequently adaptations to training
[5]. Cardiopulmonary exercise testing (CPET) including breathing gas analysis on a treadmill
while employing an incremental protocol is considered as gold standard methodology to assess
MAS [6, 7]. MAS can be defined as the first speed associated with VO,max [8, 9], yet there is
current debate about the exact procedure on how to define this speed. Di Prampero et al. [8]
first defined the MAS as a calculated speed based on the ratio of the maximal fraction of
VO,max and the energy cost of running, intended to describe the speed that a runner can sus-
tain under aerobic conditions. Following, further definitions of MAS emerged as for example
the speed at the onset of the VO,-plateau and therefore the maximal speed where mainly aero-
bic resources are used [10, 11], the first speed associated with the 30-s interval of VO,max [12,
13], or as the maximal speed reached during the incremental treadmill test [14]. Although
even for CPET as the gold standard method different definitions of MAS are used, several field
tests are currently implemented to estimate MAS. These range from incremental continuous
field tests like the Université the Montréal Track Test (UMTT) or incremental shuttle runs to
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(set distance) time trials. Consequently, for MAS it is currently unclear which testing profile
and which definition of the first speed when reaching VO,max is the most valid and reliable.

Regarding MSS, linear sprint tests of 20-50 m with radar or laser measurement are mostly
used as gold standard methods [15-18]. However, timing gates with 5- or 10-m split times or
Global and Local Positioning Systems (GPS, LPS) are also very common methods. Moreover,
GPS and LPS are implemented during matches or training (e.g. small-sided games) mainly in
soccer to assess MSS [19].

Since the prescription of high-intensity training and the profiling of athletes based on ASR
relies on valid and reliable testing of MAS and MSS to guarantee that any changes are not the
result of measurement error (i.e., systematic and random error stemming from technological
and biological sources) or intraindividual variances, the selection of measures needs to be care-
fully considered [20]. While previous reviews focused for example on several influencing fac-
tors of sprint performance testing (such as temperature, wind, running surface or shoes) [21]
or aerobic fitness tests to assess VO,max and often focused on only one type of sports [22],
there exists no overview on the validity and reliability of testing methods for MAS and MSS in
running-based sports.

Therefore, this review aims to systematically review the available literature on the validity
and reliability of different methods to assess the two sub-components of ASR, i.e., MAS and
MSS, in running-based sports, e.g., team sports, track and field, and runners at recreational
and higher level. The results of this review can be of value for practitioners and scientists to
choose the testing methodology that best meets their requirements.

2 Methods

This systematic review was written according to the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses; see PRISMA 2020 checklist in S1 Table) guidelines
[23] and no protocol was registered previously.

2.1 Eligibility criteria for included studies

To be included in the systematic review, the scientifically peer-reviewed publications had to
meet the Patient, Intervention, Comparator, Outcome, and Study (PICOS) criteria (compara-
tor criteria not applicable). Our search was limited to original articles published in peer-
reviewed journals and written in English. References cited by the articles retrieved were also
examined for potential relevance. Conference abstracts, dissertations, theses, and other non-
peer-reviewed articles were excluded. Fig 1 illustrates the screening and selection process
employed.

2.1.1 Patients. All articles reporting on healthy active adults related to running with no
restrictions on sex were included.

2.1.2 Intervention. Studies were included if they specifically evaluated methods to assess
MAS and/or MSS. Eligibility criteria for study inclusion consisted of one of the following: (i)
tests performed two or more times during one occasion (intraday reliability) or on two or
more separate occasions (interday reliability); (ii) compared against other methods (criterion
and convergent validity).

2.1.3 Outcome. All outcomes reporting validity and/or reliability of methods to assess
MAS and/or MSS were included. If only split times during sprint tests were specified, the
speed was calculated based on the time and distance by the authors of the present systematic
review.

2.1.4 Study design. Any original comparative studies were included.
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Articles identified through Additional articles identified
database searches through other sources
(n=3673) (n=10)

A y

Articles remaining after removal of
duplicates
(n=3390)

l

Articles remaining for scrutiny of
abstracts after screening of titles

(n=232)
v Articles excluded (n = 35)
Full-text articles » o Full-text not available (in
assessed for eligibility English) (n = 4)
(n = 94) e Review article (n = 2)

e Subjects were younger
than 18 years old (n = 18)
e No maximal sprinting
l speed reported or
calculable (n = 8)

Articles included in ¢ No maximal aerobic
review speed reported or
(n =59) calculable (n = 3)

Fig 1. Selection of the articles to be analyzed, from initial identification to inclusion [23].

https://doi.org/10.1371/journal.pone.0296866.9001

2.2 Search strategy

A comprehensive search strategy was designed by the authors of this article. The electronic
databases searched in August 2022 included PubMed and Web of Science (with no restriction
concerning publication date) with an updated search being conducted in December 2022. The
search strategy is illustrated using the search terms entered the PubMed database as example
(S1 File) and was modified according to the indexing systems of Web of Science.

The following keywords were used to capture validity: validity, logical, criterion, conver-
gent, discrimination, gold standard, level, standard. The following keywords were used to cap-
ture reliability: reliability, repeatability, reproducibility, measurement error, consistency,
smallest worthwhile change, minimal detectable change, typical error, usefulness, sensitivity,
relationship, relation, association, correlation. The following keywords were used to capture
MAS: maximal aerobic speed, maximal aerobic velocity, MAS, velocity at VO2max, velocity
associated with VO2max, vV O2max. The following keywords were used to capture MSS: max-
imal sprinting speed, maximal speed, MSS, maximal velocity, peak speed. The following key-
words were used to capture ASR: anaerobic speed reserve, anaerobic velocity reserve, ASR.
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2.3 Selection of studies

The identified articles were incorporated into the systematic review online tool Rayyan (ray-
yan.ai) where duplicates were eliminated. As previously performed and suggested [23, 24], one
of the authors (MT) examined the titles and abstracts of all possibly pertinent papers for eligi-
bility, with independent verification by a second author (SA). The full texts of articles that met
the criteria for inclusion were then retrieved and screened. When disagreements between
reviewers arose, consensus was achieved through discussion or input from a third author
(PD).

2.4 Data extraction and analysis

From the selected articles, one author (MT) extracted data which was independently con-
firmed by another (SA) and difficulties were resolved through discussion with the other
authors. Extracted information concerned: details of publication, number of participants,
demographic information (including sex, age, type of sports), testing methods with a short test
description, reliability and validity type, outcome measures as well as results for validity or reli-
ability, and the information required to assess the methodological quality of each study.

If possible, the mean difference, percentage difference and the respective effect sizes (ES as
Cohen’s d) between values of MAS or MSS from different methods or for different sampling
time points where retrieved from the studies or calculated manually. ES (Cohen’s d) was rated
according to Cohen [25]: less than 0.2 was considered a trivial effect, 0.2<ES<0.5 small effect,
0.5<ES<0.8 moderate effect, and ES>0.8 large effect. Values for the intraclass correlation
coefficient (ICC), Pearson’s r and the coefficient of variation (CV) were taken for reliability
(both intraday and interday) and validity. CV is a measurement of absolute reliability and
validity, whereas ICC and Pearson’s r are indicators of relative reliability and validity. Accord-
ing to Hopkins [26] the magnitude of the correlation was considered to be small (0.1<r/
ICC<0.3), medium (0.3<r/ICC<0.5), large (0.5<r/ICC<0.7), very large (0.7<r/ICC<0.9),
and almost perfect (r/ICC>0.9) classifications. The CV was interpreted in relation to each
other [27]. The analysis of the results was done descriptively.

2.5 Assessment of methodological quality

Based on the recommendation of Ma et al. [28], the methodological quality of the studies
included in this review was assessed through the COnsensus-based Standards for the selection
of health Measurement INstruments (COSMIN) checklist by using the boxes for reliability,
measurement error, criterion validity, and convergent validity [29, 30]. The risk of bias was
assessed independently by two of the authors (PD & MT), with any disagreements again being
resolved by consensus or through discussion with a third author (LR) [31].

The score for each item was determined as follows: 3 = very good; 2 = adequate; 1 = doubt-
ful; 0 = inadequate, and NA = not applicable. The quality of each study was rated with a worst-
score-count method to determine the risk of bias [29]. Further evaluation of the methods’
validity (i.e., criterion validity) and recommendations for practical application were based on
the studies using an accepted gold-standard method (i.e., CPET for MAS; radar or laser for
MSS) and achieving a methodological quality score of at least 2 (adequate).

3 Results
3.1 Study results and overview of study characteristics

Of the 94 articles initially identified, 59 fulfilled all the criteria for inclusion in the analysis. Of
the 29 articles reporting MAS, 23 referred to validity only [6, 7, 10, 12, 32-50], five articles to
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both validity and reliability [13, 14, 51-53], and one to reliability only [54]. Regarding MSS, 30
studies were included from which 12 studies reported only validity [15, 19, 55-64], two only
reliability [17, 65] and 16 both reliability and validity [18, 66-80].

An overview of the study characteristics, including populations’ characteristics, a short
description of testing methods, reliability/validity type, and main results is given in Table 1 for
MAS and in Table 2 for MSS. Additionally, Table 3 presents a descriptive overview of the par-
ticipants’ age, the contribution of sexes, and the sporting background.

3.2 Assessment of methodological quality

The validity of methods to assess MAS was reported in 28 studies using 69 different methods.
For 23 studies the methodological quality for validity was rated very good [6, 7, 13, 14, 33, 36-
53] and for five studies doubtful [10, 12, 32, 34, 35]. Intraday (one method) and interday reli-
ability (six methods) of MAS was reported in one and five studies, respectively. The methodo-
logical quality of the study reporting intraday reliability was rated adequate [53]. For interday
reliability, two studies were rated very good [14, 51, 54], one was adequate [13] and one was
doubtful [52].

Regarding MSS, validity was reported in 28 studies using 53 different methods. Methodo-
logical quality was rated as very good (n = 8) [18, 64, 66, 67, 71, 72, 77, 79], doubtful (n = 5) [55,
56, 60, 76, 78], and as inadequate (n = 15) [15, 19, 57-59, 61-63, 68-70, 73-75, 80]. Intraday
and interday reliability was assessed in 17 and four studies (for 32 and four methods, respec-
tively). Studies reporting intraday reliability achieved a rating for methodological quality of
very good (n = 8) [17, 66, 68,71, 74, 75, 78, 79], adequate (n = 1) [80], doubtful (n = 2) [18, 65],
and inadequate (n = 6) [69, 70, 72, 73, 76, 77]. Regarding interday reliability, studies were
rated as very good (n = 2) [17, 71], doubtful (n = 1) [67], and inadequate (n = 1) [72]. More
detailed information about the methodological quality of the studies can be found in S2 Table.

3.3 Main findings for criterion validity and reliability

3.3.1 Maximal aerobic speed. Reference methods used for validity testing. As a reference
method for validity testing, MAS was assessed by CPET on a treadmill in 21 studies (criterion
validity), by incremental continuous field tests (UMTT or Vitesse Aerobie Maximale Evalua-
tion (VAM-EVAL)) in six studies, and by the 30-15 Intermittent Fitness Test (30-15 IFT) in
one study (convergent validity).

Cardiopulmonary exercise testing. Different protocols for CPET where compared with each
other seven times. In terms of validity, the results differed between 0.1 and 3.9 km/h
(ES =0.11-2.8; r/ICC = 0.46-0.80). Intraday or interday reliability was not reported for differ-
ent treadmill protocols. Different definitions of MAS where compared 12 times with devia-
tions of 0-0.99 km/h (ES = 0-1.61; 1/ICC = 0.85-1.0). Interday reliability of definitions for
MAS was reported one time with a mean difference of -0.1 km/h (ES = 0.11; r/ICC = 0.87),
while intraday reliability was not reported.

Incremental field tests. Validity of incremental continuous field tests (UMTT, VAM-EVAL,
track-individualized short ramp graded test, or National University of Catamarca test) to esti-
mate MAS were tested 12 times against CPET on a treadmill as the reference method. The
mean difference between the estimated MAS and the MAS retrieved by CPET ranged from
-2.0-1.61 km/h (ES = 0-2.03; r/ICC = 0.83-0.96). Intraday or interday reliability was not
reported for incremental continuous field tests.

Time trials. Validity for time trials (1500 m, 3200 m, or 5 min) to estimate MAS was exam-
ined nine times. The mean difference from the gold standard, i.e., CPET, ranged from 0.1-
2.06 km/h (ES = 0.08-1.75; r/ICC = 0.51-0.94). The interday reliability of time trials was
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Table 1. Overview of study characteristics and results on the assessment of maximal aerobic speed.

Study Population Short description Type Results MQ
N Sex Age [years] | Description
Barbero- 14 Female 21.1+4.0 National team | CPET on treadmill (protocol: | Criterion Validity: 1
Alvarez et al. futsal players 6-2-3; MAS_,1: linear validity MAS_,ic and Vgpuderest:
[32] function of VO, max); Futsal- MD = 2.7 km/h (+21.6%);
specific shuttle running test (3 ES=2.04;r=0.85
x 15 m with increasing
velocities and 10 or 30 s rest;
VShuttleTest: Peak VelOCitY)
Bellenger et al. | 28 Male 19.8 £2.6 Australian UMTT (protocol: 10-1-2; Convergent Validity: 3
[33] rules football Vyuwmrr: maximal velocity); validity Vumrr and Visg.m:
players 1.2-km TT (V sxm: average MD = 1.55 km/h (+9.4%);
velocity); 1.4-km TT (V1 gxm: ES=2.08r=10.70
average velocity); 1.6-km TT Vuwmrr and Vigo.m:
(V1.6km: average velocity); MD = 1.32 km/h (+7.4%);
1.8-km TT (V) gim: average ES=143;r=0.85
velocity); 2.0-km TT (V; okm: Vumrr and Vigoo-m:
average velocity); 2.2-km TT MD = 0.45 km/h (+3.5%);
(V2.21m: average velocity) ES=0.82;r=0.69
Vumrr and Viggo-m:
MD = 0.33 km/h (+1.5%);
ES =0.29;r=0.81
Vumrr and Vaggo.m:
MD = 0.01 km/h (+0.8%);
ES=0.17r=0.79
Vumrr and Vizg0.m: MD =
20.29 km/h (-1.8%);
ES=0.33;r=0.82
Benhammou | 43 Male 182+2.2 Healthy adults | VAM-EVAL (protocol: 8.5- | Convergent Validity: 3
etal. [51] of different 0.5-1; Vyan: peak velocity); | validity; Beginners: Vyayand Vip: | 3
fitness levels Testsy, (3/5/7 x running Interday MD = -0.2 km/h (-1.4%);
greatest possible distance for 1 | reliability ES=0.42r=027
minute; depends on fitness Trained: Vyay and Vs
level; 30 s active rest; Vs MD = -0.4 km/h (-2.4%);
total distance/58 (or 91 or ES =0.60;r = -0.68
124; depends on level) Elite: Vyanm and Vi
MD = 0.2 km/h (+1.0%);
ES =0.30;r=0.28
All: Vyan and Vi : MD =
-0.3 km/h (-1.9%);
ES=0.12;r=0.93
Reliability:
Beginners: V51: MD = 0.0
km/h (0%); ES = 0.00;
ICC =0.96;r=0.97;
CV =5.0%
Trained: Va1 : MD = 0.0
km/h (0%); ES = 0.00;
ICC=0.85r=0.87;
CV =2.6%
Elite: V51: MD = -0.1 km/h
(-0.5%); ES = 0.13;
ICC =0.98;r=0.99;
CV =3.7%
All: V31: MD = 0.1 km/h
(0.6%); ES = 0.04;
ICC =0.99;r=0.99;
CV =16.9%
(Continued)
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Table 1. (Continued)

Study Population Short description Type Results MQ
N Sex Age [years] | Description
Bernard etal. | 13 Male 26.0 £ 6.0 Healthy adults | CPET on treadmill: three Criterion Validity: 1
[34] square-wave tests at speeds validity MASgs and MASg:
differing by 0.5 km/h (highest MD = 0.24 km/h (+1.3%);
velocity was based on MAS;, ES=0.30;r=0.98
measured with an MASgg and MAS,;
incremental treadmill test; MD = 0.84 km/h (+4.6%);
lowest velocity was MAS;, ES=11L1=0385
minus 4 km/h; MAS,: MASs and MAS,: 0
extrapolated of VO, at the MD = 0.60 km/h (+3.3%);
end of 4™ minute; MAS,: ES =0.83;r = 0.87
extrapolated of VO, at the
end of 6™ minute; MASss:
extrapolated from steady-state
VO,)
Berthoin et al. | 11 Male 222+3.0 Physical CPET on treadmill (4% Criterion Validity: 1
[35] education incline; protocol: 10-2-4; validity MAS,,ox and MAS_,;.: MD
students MAS 0y Velocity of last stage; =-0.15km/h (-0.8%);
MAS,,ic: (VO,max-0.083)/ ES =0.06,r=0.99
energy cost (44); MAS,,: MAS,.x and MAS,.,: MD =
extrapolated from VO, at -0.47 km/h (-2.8%);
each velocity (93); UMTT ES=021;r=0.93
(protocol: 10-1-2; Vypnrr: MASax and Vyyrr: MD =
velocity of last stage) -0.40 km/h (-2.3%);
ES=0.19;r=0.96
MAS,,c and MAS,: MD =
-0.32 km/h (-1.9%);
ES =0.20;r=0.92
MAscalc and VUMTT: MD =
-0.25 km/h (-1.5%);
ES=0.17;r=0.96
l\/IASex and VUMTT:
MD = 0.10 km/h (+0.4%);
ES =0.05;r=0.85
Berthon etal. |48 Male 27.9+6.9 Healthy adults | CPET on treadmill (1% Criterion Validity: 3
[36] of different incline; protocol: 70% of validity MAS .x and Vyprrs
fitness levels theoretical HR ,-1.5-3; MD = 1.4 km/h (+8.3%);
MAS, . maximal velocity); ES=0.54;r =095
UMTT (protocol: 6.4-0.3-0.5; MAS ax and Vsmin:
Vumrr: maximal velocity); MD = 0.3 km/h (+1.8%);
5-min TT (Vsp,: average ES=0.08;r=0.94
velocity)
Berthonetal. |18 Male Sub-elite Sub-elite CPET on treadmill (1% Criterion Validity: 3
[37] 23 runners: runners; non- | incline; protocol: 70% of validity Sub-elite runners: MAS,,.«
28.7 £ 6.9; running theoretical HR 04-1.5-3; and Vspin: MD = 0.1 km/h
Non-running | sportsmen MAS, o« maximal velocity); (+0.5%); ES = 0.11;r = 0.86
sportsmen: 5-min TT (Vsmin: average Non-running sportsmen:
23.9+5.0 velocity) MAS,.x and Vs
MD = 0.2 km/h (+1.3%);
ES=0.17;r=0.84
Billat et al. [6] | 15 Male 24.0 2.0 Endurance CPET on treadmill (protocol | Criterion Validity: 3
trained athletes | 1: 15-1-2; protocol 2: 15-0.5~ | validity MAS, and MAS,: MD = 0.1
1; MAS,/MAS,: velocity when km/h (+0.5%); ES = 0.11;
VO,max occurred as long as r=0.8
velocity was sustained for at MAS; and Vyprr: MD =
least 1 min; if not, then -1.0 km/h (-4.7%);
velocity of previous stage was ES=143r=06
taken); UMTT (protocol: 10-
1-2; Vymrr: velocity of the
last stage)
(Continued)
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Table 1. (Continued)

Study Population Short description Type Results MQ
N Sex Age [years] | Description
Cappaetal. |14 Male 25.5+3.2 Physical CPET on treadmill (protocol: | Criterion Validity: 3
[52] education 8 km/h for 3 min, then 10 validity; MASv02max and Vynca: 1
students km/h for 2 min, then 11-1-1; | Interday MD = -2.0 km/h (12.8%);
MASy0max: lowest speed at reliability ES=19r=0.83
which VO, max was reached); Reliability:
UNCa Test (hexagon of MASyo2max: MD = -0.1
20-meter-long sides; protocol: km/h (-0.7%); ES = 0.11;
8 km/h for 3 min, then 10 r=0.87
km/h for 2 min, then 11-1-1;
Vunca: speed of the last stage)
Carminatti | 18 Male 219+2.0 Physical VAM-EVAL (protocol: 8.5- | Convergent Validity: 3
et al. [38] education 0.5-1; Vyan: peak velocity); | validity Vyam and Vear: MD = 0.1
students CAR test (protocol: 9-0.6-1.5; km/h (+0.6%); ES = 0.08;
6 s active break; Vag: speed r=0.98
of the last stage)
Covicetal. |17 Female 22.8+43 Elite soccer CPET on treadmill (1.8° Criterion Validity: 3
[14] players incline; protocol: 3 km/h for 3 | validity; MASax and Vigr: 3
min, then 7-1-1; MAS, .. Interday MD = 4.0 km/h (+29.5%);
velocity of last stage); 30-15 reliability ES =0.98;r=0.57
IFT (protocol: 8-0.5-0.5; 15 s Reliability:
passive break; Vigr: velocity of Vigr: MD = 0.3 km/h
last completed stage) (+1.6%); ES = 0.29;
ICC=0.91;CV =1.8%
DaSilvaand |21 Male 41.2+6.9 Amateur CPET on treadmill (protocol: | Criterion Validity: 3
Machado [39] runners 7 km/h for 3 min; then 9-1-3; | validity MAS,.ax and MASyo2max:
MASvo2max: speed in which MD = -0.1 km/h (-0.7%);
VO,max was observed; ES=0.07;r=0.94
MAS.,,: extrapolated from MAS,1ax and MAS_,1c1: MD
VO, at each velocity (94); =-0.1 km/h (-0.7%);
MAS i1t VO max/energy ES =0.06; r =0.91
cost of running (8); MAS,1c2: MAS,,,.x and MAS.,: MD =
(VO,max-VO,rest)/energy -0.4 km/h (-2.6%);
cost of running (44); MAS .. ES=0.27;r=0.93
velocity of last stage) MAS,,.x and MAS 15
MD = 0.3 km/h (+2.0%);
ES=0.19;r=091
MASVOZmax and MAScalcl:
MD = 0.0 km/h (0%);
ES =0.00; r =0.86
MASvO2max and MAS..:
MD = -0.3 km/h (-2.0%);
ES=0.19;r=0.90
MASVOZmax and MAscalcl:
MD = 0.4 km/h (+2.6%);
ES=0.25r1r=0.85
MAS,;j; and MAS.: MD =
-0.3 km/h (-2.0%);
ES=0.18r=10.92
MAS_.1c; and MAS_1c2:
MD = 0.4 km/h (+2.6%);
ES =0.24;r =1.00
Mex and MAScach:
MD = 0.7 km/h (+4.7%);
ES =0.42;r=0.92
(Continued)
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Table 1. (Continued)

Study Population Short description Type Results MQ
N Sex Age [years] | Description
Darendeli |18 Male 18.3+0.5 Amateur soccer | UMTT (protocol; 10-1-2; Convergent Validity: 3
etal. [40] players Vumrr: speed of the last validity Vumrr and Vygyo.rTi:
stage); YoYo-IRT 1 (protocol: MD = 1.6 km/h (+10.5%);
starting at 10 km/h 40-m ES = 1.60; r = 0.69
shuttles with 10-s active Vumrr and Vyeyo.
break; Vyoyo.rr:: final speed; rTicaLc: MD = 1.0 km/h
VoY tRTICALC: (+6.5%); ES = 0.72; r = 0.63
0.701*distance covered+0.03* Vumrr and Viomsr: MD =
(height in cm-2.201 (95)); -2.1 km/h (-13.3%);
20-m ST (20-m shuttles; ES=221r=0.70
protocol: 8.5-0.5-1; V,gmst: Vumrr and Vaomsrearc:
final speed; V,omsTcarc: MD = 0.8 km/h (+5.2%);
Vomst F1.81-7.86) (96)); ES=0.60;r=0.8
5-min TT (Vspin: average Vumrr and Vspig:
velocity) MD = 0.5 km/h (+3.3%);
ES =0.45;r=0.52
Dillonetal. |29 Male NA Australian 30-15 IFT (protocol: 8-0.5- | Convergent Validity: 3
[41] Rules Football | 0.5; 15 s passive break; 80% validity 80% Vipr and Viym,: MD =
Vier: 80% of velocity of last -0.07 km/h (-0.3%);
completed stage); 3-km TT ES=0.09;r=0.72
(V3km: average velocity during 80% Vit and Vsgom:
the 3 km; Visgom: average MD = 1.37 km/h (+8.1%);
velocity during the fastest ES=1.651=0.74
500-m split; Viggom: average 80% Vier and Vigoom:
velocity during the fastest MD = 1.12 km/h (6.6%);
1000-m split) ES=138r=0.75
Dittrich etal. |30 Male 233+4.1 Professional CPET on treadmill (1% Criterion Validity: 3
[42] soccer and incline; protocol: 9-1.2-3 validity MAS; min and Vear: MD =
futsal players with 0.5 min breaks; -0.7 km/h (-4.1%);
MAS in; first speed where ES=0.32;r=0.55
VO,max occurred and
maintained for at least 1 min);
CAR test (protocol: 9-0.6-1.5;
6 s active break; Var: speed
of the last stage)
Fosteretal. |22 Male 35.2+8.6 Recreational CPET on treadmill (1% Criterion Validity: 3
[43] runners incline; protocol: 3 to 4 speeds | validity MAS and V g1xm:
for 6 min until last MD = 0.97 km/h (+5.6%);
submaximal speed, then 1% ES=0.51;r=0.84
elevation increase per minute; MAS,x and V; 20xm: MD =
MAS.,: extrapolation of -0.50 km/h (-3.0%);
V_szax, (VO,max + 27.53)/ ES=0.27,r=0.86
28.07); 1.61-km TT (V 611m:
average velocity; 3.22-km TT
(V3.221m: average velocity)
Lacouretal. |24 Male 232+46 Experienced CPET on treadmill (protocol: | Criterion Validity: 3
[44] 8 Female runners (800 10.3-1.54—4 with 1 min validity MAS_.ic and Vynrr:
m-Marathon) | breaks; MAS_,.: (VO,max- MD = 0.25 km/h (+1.2%);
0.083)/energy cost of ES=0.17r=0.92
running); UMTT (protocol: MAS.1c and Vis0m:
6-0.25-0.5; Vypr: velocity MD = 1.15 km/h (+5.3%);
during last completed stage); ES=0.73;r=0.90
1500-m TT (V500m: average Vumrr and Visom:
velocity) MD = 0.90 km/h (+4.1%);
ES=0.59;r=0091
Laursenetal. |8 Male 31.0+6.0 Experienced Two 5-km TT (Vsjy,: average | Interday Reliability: 3
[54] runners velocity; Two 1.5-km TT ¢ reliability Vskm: MD = 0.22 km/h
average velocity) (1.5%); ES = 0.17;
ICC =0.95; CV =2.0%
Vis5km: MD = 0.22 km/h
(1.3%); ES = 0.14;
ICC=0.88; CV =3.3%
(Continued)
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Table 1. (Continued)

Study Population Short description Type Results MQ
N Sex Age [years] | Description
Lopesetal. |18 Male 28+8 Long distance | CPET on treadmill (protocol | Criterion Validity: 3
[45] runners of 8-1-2; MASyoamax: lowest validity MASy03max and Vynerri:
different levels speed at which VO2max was MD = -0.7 km/h (-3.9%);
reached); UMTT (protocol: 8- ES=0.341CC=0.84
1-2; Ve velocity of the MASvo2max and Vumrra:
last completed stage; Vupmrra: MD = -0.4 km/h (-2.2%);
maximal velocity) ES=0.19; ICC = 0.85
Lorenzen etal. | 23 Male 227+34 Australian CPET on treadmill (1% Criterion Validity: 3
[46] Rules Football | incline; protocol: 4 km/h validity MASv02max and Visoom:
players below V3500m-0.5-1; MD = 1.30 km/h (+8.0%);
MASy02max: lowest speed at ES=1.75r=-0.79
which VO2max was reached) MASy062max a0d Vsz00m:
1500-m TT (V500m: average MD = -0.61 km/h (-3.7%);
velocity); 3200-m TT (V3200m! ES=083r=-0.79
average velocity)
Lundquist | 33 Female 213+1.6 Elite Australian | UMTT (protocol: 8-1-2; Convergent Validity: 3
etal. [47] Rules Football | Vyyppr: maximal velocity); validity Vumrr and Vi sim:
players 1.2-km TT (V jm: average MD = 0.6 km/h (+4.6%);
velocity); 1.4-km TT (V gim: ES=1.09;r = -0.66
average velocity); 1.6-km TT Vumrr and Vi gm: MD =
(V1.6km: average velocity); -0.1km/h (-0.9%);
1.8-km TT (V) gim: average ES=0.14r=-0.96
velocity); 2.0-km TT (V2 oxm: Vymrr and Vy gem: MD =
average velocity); 2.2-km TT -0.9 km/h (-6.6%);
(V2.21m: average velocity) ES =0.65;1r =-0.85
Vumrr and Vi gm: MD =
-0.6 km/h (-4,7%);
ES=0.83;r=-091
Vumrr and Vs ggm: MD =
-0.6 km/h (-4.9%);
ES=0.78;r=-0.94
VUMTT and Vz_zkml MD =
-1.0 km/h (-7.6%);
ES =0.78;r=-0.95
Pallarés etal. |22 Male 25.7+79 Trained CPET on treadmill (1% Criterion Validity: 3
[48] runners and incline; protocol: 13 km/h less | validity MASy02max and Vymrr:
triathletes than Vmax during another MD = -0.5 km/h (-2.6%);
test-1-1; MASyoamax: lowest ES =0.42; ICC =0.92
speed at which VO, max was MASy02max and Viracktest:
reached); UMTT (8-1-2; MD = 0.0 km/h (+0.3%);
Vumrr: last completed stage); ES =0.00; ICC = 0.94
track-individualized short
ramp graded test (protocol: 13
km/h less than V ,,, from
CPET-1-1; Viracktest:
Vimax 0.8348 + 2.308 (97))
Paradisis et al. | 25 Male 212+1.9 Physical CPET on treadmill (1%; Criterion Validity: 3
[49] 23 Female education protocol: 7-12-1-3; validity MASv02max and
students MASy02max: lowest speed at Vaomstcarc: MD = -0.01
which VO2max was reached); km/h (-0.1%); ES = 0.00;
20-m ST (20-m shuttles; r=093
protocol: 8.5-0.5-1;
VZOmSTCALC: 0.0937*number
of shuttles + 6.890)
(Continued)
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Table 1. (Continued)

Study Population Short description Type Results MQ
N Sex Age [years] | Description
Riboli et al. [7] | 17 Male 226+ 1.8 Active and CPET on treadmill with a Criterion Validity: 3
healthy adults | square-wave incremental validity MAS,, and MAS15:
protocol (1% incline; 5 MD = 3.9 km/h (+23.2%);
workloads of 4 min each with ES=2.8r=0.71
at least 5 min rest in between; MAS.x and MAS230;:
MASL,: extrapolated from MD = 1.9 km/h (+10.7%);
VO, at submaximal ES=17r=0.80
velocities); incremental ramp MAS130; and MAS230:: MD
test 1 (1% incline; 10-1-1; =-2.1(-10.1%); ES =2.5;
MAS1;q: first speed where r=Na
VO,max occurred and
maintained for at least 30 s);
incremental ramp test 2 (1%
incline; 10-1-2; MAS23,: first
speed where VO,max
occurred and maintained for
at least 30 s)
Ribolietal. |16 Male 22.1+1.8 Semi- CPET on a treadmill with a Criterion Validity: 3
[50] professional continuous incremental validity MAS130s and MAS230; MD
soccer players | protocol 1 (1%; 10-1-1; =-2.0 km/h (-10.3%);
MAS1;: first speed where ES=1.29r=0.75
VO,max occurred and MAS13p, and MAS.,: MD =
maintained for at least 30 s); -3.4km/h (-17.1%);
continuous incremental ES =2.19;r=0.46
protocol 2 (1%; 10-1-2; MAS230; and MAS,.: MD =
MAS2;,: first speed where -1.3 (-7.5%); ES = 1.08;
VO,max occurred and r=0.66
maintained for at least 30 s);
discontinuous incremental
protocol (1%; 5 workloads of
5 min each with at least 5 min
rest in between; MAS,,:
extrapolated from VO, at
submaximal velocities)
Sandford et al. | 12 (444) Male (National 18.5+ 0.6 Middle- CPET on treadmill (1% Criterion Validity: 1
[12] junior National 220+ 1.8 distance incline; 14-18-1-1; MAS;: validity MAS30: and Vis00m:
senior 17.3+£0.5 runners first SEeed where VO,max ) MD = 2.06 km/h (9.7%);
International occurred and maintained for ES =1.42;r=0.90
junior) at least 30 s); 1500-m-TT
(V1s00m: average velocity)

Sanganetal. |26 Male 38+7 Amateur CPET on treadmill (protocol: | Criterion Validity: 3
[13] 14 Female 35+3 runners 7-9-0.5-1; MASs: first validity; MAS;: and Vgpgio: MD = | 2
(11 for SEeed where Vozmy Interday -4.43 km/h (—293%),

reliability occurred and maintained for | reliability ES =3.57,r=0.50
part) at least 30 s); one to three MAS;0: and Vgpg;3: MD =
SRTRpg 0n a running track -2.66 km/h (-16.5%);
(three 3-min stages with ES=224,r=057
1-min rest; intensity at RPE MAS;¢: and Vgpg7: MD =
10’ 13, and 17; VRPE10: -0.27 km/h (—2.3%);
average velocity during last ES =0.20; r = 0.66
min; Vgpg3: average velocity Reliability:
during last min; Vgpg;7: Vrpeio: MD =-0.15-0.15
average velocity during last km/h (-1.4 —+1.4%);
min) ES =0.14; CV = 5.5%;
ICC=0.76
Vipes: MD = 0.02-0.20
km/h (+0.1-1.5%);
ES =0.19-0.21; CV = 4.5%;
ICC=0.78
Vrpe17: MD = -0.32-0.04
km/h (-2.1 -+0.3%);
ES =0.03-0.28; CV = 3.9%;
ICC=0.83
(Continued)
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Table 1. (Continued)

Study

Schnitzler
etal. [53]

Thron et al.
[10]

Population

N Sex
29 Male
(17 in

reliability

part)

Age [years]
19+1.3

13 Male 234+28

Description

Physical
education
students

Trained soccer
players

Short description Type
UMTT (protocol: 8-1-2; Convergent
Vuwmrr: velocity of last validity;
completed stage); two 3'30"" Intraday
ECT (protocol: 10 stages of 3 | reliability
min with 0.5 min rest, first 5

stages at 75% Vyprr and last

5 stages at freely chosen speed

to cover maximal distance;

Vecr: average velocity of last

5 stages)

CPET on treadmill (1%; Criterion
protocol: 6-2-3 with 0.5 min | validity

rest; MASplatean: Velocity at
the onset of the plateau of
VO2 (lower increase in VO,
than 150 ml/min in at least
the last minute of exercise);
MAS;: first speed where
VO,max occurred and
maintained for at least 30 s);
UMTT (protocol: 10-1-2;
Vumrr: maximal velocity);
1500-m-TT (Vs500m: average
velocity; Veae—Visoom (0.766
+0.117%1.5 km) (33))

Results

Validity:

VUMTT and VECT: MD =
-2.6 km/h (-16.5%);
ES=127r=0.76
Reliability:

Veer: MD = -0.2 km/h
(-1.6%); ES=0.11;

CV =2.0%; ICC=0.98

Validity:

MASPlateau and MASSOS:
MD = 0.99 km/h (+6.3%);
ES=1.61;r=0.87;
ICC=0.85

MASpiatean and Vymrr:
MD = 1.61 km/h (+19.3%);
ES =2.03;r=0.79;

ICC =0.69

MASPlateau and V1500m:
MD = 1.68 km/h (+10.7%);
ES =1.77;1r = 0.65;
ICC=0.51

MASPlateau and Vcalc:

MD = 0.67 km/h (+4.3%);
ES =0.70; r = 0.65;
ICC=0.40

Vumrr and Visoom:

MD = 0.07 km/h (+0.4%);
ES =0.14;r = 0.74;
ICC=0.72

MQ

The method claimed as the reference method in validity studies is underlined. Criterion validity refers to the comparison with an accepted gold standard method (i.e.,

CPET on a treadmill for MAS and radar, laser, or motion capture for MSS); convergent validity refers to the comparison with any other method. MQ-Methodological

Quality (3 = very good; 2 = adequate; 1 = doubtful; 0 = inadequate); CPET-Cardiopulmonary Exercise Testing; Protocol: starting velocity (km/h)-increment (km/h)-

duration of stages (min); MAS-Maximal Aerobic Speed; VO,max-Maximal Oxygen Consumption; MD-Mean Difference; ES-Effect Size/Cohen s d; ICC-Intraclass

Correlation Coefficient; CV-Coefficient of Variation; UMTT-Université de Montréal Track Test; TT-Time Trial; VAM-EVAL-Vitesse Aerobie Maximale Evaluation;
Tests;, ~Three Level Intermittent Field Test; HR,,,,—Maximal Heart Rate; UNCa test-National University of Catamarca test; CAR test-Carminatti’s Incremental
Intermittent Shuttle-Run test; 30-15 IFT- 30-second-15-second Intermittent Fitness Test; YoYo-IRT 1 -YoYo Intermittent Recovery Test 1; 20-m ST- 20-Meter Shuttle
Run Test; SRTrpe—Self-paced Submaximal Run Test; 330" ECT- 3-min-30-second Endurance Capacity Test.

https://doi.org/10.1371/journal.pone.0296866.t001

reported as good in one study with a mean difference of 0.22 km/h (ES = 0.14-0.17;
ICC =0.88-0.95; CV = 2.0-3.3%).
Shuttle runs. Results from different shuttle runs (futsal specific shuttle test, 30-15 IFT, Car-
minatti’s shuttle test, 20-m shuttle test) to estimate MAS were compared to CPET four times
for validity testing. The mean differences ranged from -0.7-4.0 km/h (ES = 0-2.04) with a cor-
relation between 0.55 and 0.93. Regarding interday reliability, one study reported results for
the 30-15 IFT with a mean difference of 0.3 km/h (ES = 0.29; ICC = 0.91; CV = 1.8%). Intraday
reliability from one study for the 3-min 30-second Endurance Capacity Test showed a mean
difference of -0.2 km/h (ES = 0.11; ICC = 0.98; CV = 2.0%).
Other/individualized methods. In two studies, validity of other fitness tests to estimate MAS
were investigated. The comparison of the self-paced submaximal running test in which the
velocities of the stages were self-chosen according to ratings of perceived exertion (RPE) 10,
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Table 2. Overview of study characteristics and results on the assessment of maximal sprinting speed.

Study Population Short description Type Results MQ
N Sex Age Description
Akyildiz etal. |32 Male |21.18 +3.16 | Amateur soccer | Eight times a team sport Criterion Validity: 3
[66] players simulation circuit with a 40-m validity; Radar and GPS chest: 3
sprint with radar (Stalker ATSII, | Intraday MD = 0.03 km/h (+0.1%);
50 Hz); GPS (Polar Team Pro; 10 | reliability ICC=0.43
Hz) at chest and back Radar and GPS back:
MD = 0.31 km/h (+1.3%);
ICC=0.49
Reliability:
GPS chest: ICC = 0.43;
CV=9.77%
GPS back: ICC = 0.49;
CV =9.10%
Barbero-Alvarez | 21 Male |20.2+2.3 | Physical Seven 30-m sprints: custom-made | Convergent Validity: 1
etal. [55] education infrared timing gates with a 15-m | validity Light sensor and GPS: r = -0.93
students split time (Omron E3S-CR11);
GPS at back (SPI Elite, GPSports:
1 Hz)
Beato etal. [18] |20 Male |21.0+2.0 |Students Two 20-m-sprints with Radar Criterion Validity: 3
(Stalker ATS I1; 34.7 Hz); GPS at | validity; Radar and GPS: MD = 0.27 1
back (Viper; STATSports; 10 Hz) | Interday km/h (+0.7%); ES = 0.07;
reliability r=0.98
Reliability:
GPS: MD = 0.24 km/h;
ES =0.09; CV =0.7%
Beato etal. [67] | 10 Male |22.0+1.0 |Team sports 30-m sprint with 5-m split times | Convergent Validity: 3
players and GPS: GPS at back (Apex; validity; Apex and Viper: MD =0 km/h | 1
STATSports; 10 Hz); GPS at back | Intraday (0%); ES = 0.00; ICC = 0.96
(Viper; STATSports; 10 Hz) reliability Reliability:
Apex: MD =-0.07 km/h
(-0.3%); ES = 0.03; ICC = 0.97;
CV =2.64%
Viper: MD = 0.04 km/h
(+0.1%); ES = 0.02; ICC = 0.91;
CV =2.62%
On average, MSS was reached
at the 20-30-m interval
Chahaletal. |4 Male |21.6+1.6 |Healthyactive | One45.72-m sprint with two Convergent Validity: 0
[68] 9 Female adults smartphone video cameras validity; Video and GPS: MD = -3.31- |3
(Kinovea; 60 Hz); 8 GPS units at | Intraday 2.23 km/h (-11.8-8.0%);
back (Catapult $5 OptimEye; 10 | reliability ES =0.03-0.78
Hz) Reliability:
GPS: MD = 5.54 km/h
(+22.4%); ES = 0.76;
ICC=0.32; CV =7.01%
Clark et al. [56] | 260 Male | NA Professional 36.6-m sprints with split times at | Convergent Validity: 1
football players | 9.1 and 18.3 m collected via validity 0-9.1 m and modelled MSS:
online sources (MSS modelled via MD = 13.07 km/h (+40.0%);
a mono-exponential equation) r=0.85
9.1-18.3 m and modelled MSS:
MD = 3.70 km/h (+11.3%);
r=0.69
18.3-36.6 m and modelled
MSS: MD = -0.09 km/h
(-0.3%); r = 0.97
(Continued)
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Table 2. (Continued)

Study Population Short description Type Results MQ
N Sex Age Description
Couttsand |2 Male |32+2 Moderately Eight times a 128.5-m running Convergent Validity: 0
Duffield [69] trained adults circuit with a 20-m sprint and validity; SPI-10 and SPI Elite: 0
GPS: 6 GPS (2 SPI-10; 2 SPI Elite; Intraday MD = 0.60 km/h (+2.8%),
2 WiSPL; GPSports; 1 Hz) reliability ES =0.32; r=0.40-0.53
SPI-10 and WiSPI: MD = 0.40
km/h (+1.9%); ES = 0.21;
r =0.40-0.53
WIiSPI and SPI Elite:
MD = 0.20 km/h (+0.9%);
ES=0.11;r = 0.40-0.53
Reliability:
SPI-10: CV =5.8%
SPI Elite: CV = 2.3%
WiSPIL: CV = 4.9%
Djaouietal. |48 Male |22.6+2.75 |Professional Three 40-m sprints with GPS Convergent Validity: 0
[19] and higher (GPSports SPI Elite; 15 Hz); 6 validity 40-m sprint and matches: MD
amateur soccer | official matches (GPSports SPI =-2.35km/h (-7.5%);
players Elite; 15 Hz); 14 Small-sided ES=1.07r=0.52
games of 90 min (GPSports SPI 40-m sprint and small-sided
Elite; 15 Hz) games: MD = -7.64 km/h
(-24.4%); ES =3.17;r = NA
Small-sided games and
matches: MD = -5.29 km/h
(-18.3%); ES = 1.82; r = NA
Ferroetal. [57] | 42 Male | 21.14 £ 1.62 | Physical Three 30-m sprints with a laser Criterion Validity: 0
Activity and sensor and with 10-m splits validity Average velocities:
Sports Sciences | (LDM301; Jenoptik; 2000 Hz) 20-30 and 0-10 m: MD =
students -10.04 km/h (-33.4%);
ES=9.69
20-30 and 10 - 20m: MD =
-1.76 km/h (-5.1%); ES = 1.44
Maximum velocities:
20-30 and 0-10 m: MD = -3.38
km/h (-11.4%); ES = 3.88
20-30 and 10-20 m: MD =
-1.66 km/h (-5.2%); ES = 1.30
Most players reached MSS in
20-30-m split
Fleureauetal. |5 Male |29.2+4.1 |Recreational Two 25-m sprints with a Criterion Validity: 0
[58] handball players | 12-camera Vicon motion capture | validity Center of court:
system with one marker at the Motion capture and LPS:
upper back (Vicon Nexus Z40; MD = 0.54 km/h (+2.9%);
250 Hz); 14 LPS antennas and ES =0.50; r = 1.00
one tag at the upper back Side of court:
(Kinexon; 20 Hz); carried out at Motion capture and LPS:
the center and at the side of a MD = 0.61 km/h (+2.8%);
handball field ES = 1.00; r =0.97
(Continued)
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Table 2. (Continued)

Study Population

Short description

Type

Results

MQ

N Sex Age Description

Male
Female

Fornasier- 13 27.0+6.7

Santos etal. [70] | 5

Healthy, active
adults

Three 40-m sprints with a linear
motorized encoder (1080 Sprint;
333 Hz); Laser Speed device
(MuscleLab; 1000 Hz); Radar
(Stalker Pro II Sports Radar Gun;
46.875 Hz); GPS at the upper
back (Vector S7; Catapult; 10 Hz);
Timing gates at 0, 5, 10, 15, 20,
30, 40 m (Witty Microgate)

Convergent
validity;
Intraday
reliability

Validity:

Linear encoder and laser: MD
=-0.11 km/h (-0.4%); ES = 0.03
Linear encoder and radar: MD
=-0.07 km/h (-0.2%); ES = 0.02
Linear encoder and GPS:

MD = 0.00 km/h (0%);

ES =0.00

Linear encoder and timing
gates: MD = 0.07 km/h
(+0.2%); ES = 0.02

Laser and radar: MD = 0.04
km/h (+0.1%); ES = 0.02

Laser and GPS: MD = 0.11 km/
h (+0.4%); ES = 0.03

Laser and timing gates:

MD = 0.18 km/h (+0.6%);
ES=0.04

Radar and GPS: MD = 0.07
km/h (+0.3%); ES = 0.02

Radar and timing gates:

MD = 0.14 km/h (+0.6%);
ES=0.04

GPS and timing gates:

MD = 0.07 (+0.2%); ES = 0.02
Reliability:

Linear encoder: MD = 0.14
km/h (+0.5%); CV = 1.13%
Laser: MD = 0.18 km/h
(+0.6%); CV = 1.11%

Radar: MD = 0.29 km/h
(+1.0%); CV = 1.37%

GPS: MD = 0.25 km/h (+0.9%);
CV =147%

Timing gates: MD = 0.14 km/h
(+0.5%); CV = 1.31%

[=iN ]

—_
(o))

20.1+1.5 Division IT
university team

sports athletes

Female
Male

Ghigiarelli et al.
[71]

(o))

Three 30-m sprints with a laser
speed device (MuscleLab 6000
ML6LDUO02; 2.5 Hz); Video
analysis (MySprint app; Apple
Inc.; 120 fps)

Criterion
validity,
Interday
reliability;
Intraday
reliability

Validity:

Laser and video: MD = 1.12
km/h (+4.0%), ES = 0.53;
r=0.98;ICC =0.92
Reliability:

Intraday: Laser: MD = 0.04—
0.07 km/h (+0.1-0.3%);

ES =0.02-0.08; ICC>0.98;
CV<1.2%

Intraday: Video: MD = NA;
ES =NA; ICC>0.97; CV<1.6%
Interday: Laser: MD = -0.18
km/h (-0.6%); ES = 0.09;
ICC=0.98; CV =1.1%

Elite handball
players

Helland etal. | 17
[65]

Female | 23 +3

Two 30-m sprints with timing
gates (NA) at 5, 10, 15, 20, and 30
m and mono-exponential
modelled MSS

Intraday
reliability

Reliability:
MSS: MD = -0.14 km /h;
CV =1.4%;r=0.99

(Continued)
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Table 2. (Continued)

Study Population Short description Type Results MQ
N Sex Age Description
Highton etal. |12 Male |223+3.6 | Amateurteam | Three 30-m sprints with timing | Convergent Validity: 3
[72] sport players gates and 10-m splits (Speedtrap | validity; 0-10 m; overground: and 0
11, Brower Timing Systems); two | Interday NMT: MD = -6.20 km/h 0
times three 30-m sprints on a reliability, (-40.6%); ES =3.72; r = 0.43
NMT with a strain gauge Intraday 10-20 m; overground and
(Woodway, Force 3.0; 100 Hz) on | reliability NMT: MD = -7.70 km/h
two different days (-38.5%); ES = 5.85; r = 0.50
20-30 m; overground and
NMT: MD = -10.33 km /h
(-52.5%); ES=7.11;1=0.67
Reliability:
Interday: NMT: MD = -0.07
km/h (-0.4%); ES = 0.07;
CV=18%
Intraday: NMT: MD = -0.11-
0.07 km/h (-0.5-0.4%);
ES =0.08-0.10; CV =1.2%
Most subjects reached MSS
during the 20-30 m split during
the overground running.
Hoppeetal. |6 Male |27+2 Team sport Ten times a team sport Convergent Validity: 0
[73] players simulation circuit with a 30-m validity, Timing gates and 10 Hz GPS: | 0
sprint with timing gates at 5,10, | Intraday MD = 0.0 km/h (0%); ES = 0.00
20, and 30 m (Werthner Sport reliability Timing gates and 18 Hz GPS:
Consulting; TDS); GPS at back MD = 0.0 km/h (-0.2%);
(Catapult: 10 Hz); GPS at back ES =0.00
(Exelio stl; GPEXE PRO; 18 Hz); Timing gates and 20 Hz LPS:
LPS at back with 12 antennas MD = 0.72 km/h (+2.1%);
(Kinexon; 20 Hz); MSS was ES =2.00
modelled mono-exponentially Reliability:
10 Hz GPS: MD = -0.36 km/h
(-1.2%); ES = 1.0; CV = 3.3%
18 Hz GPS: MD = 0.0 km/h
(0%); ES =0.0; CV = 3.1%
20 Hz LPS: MD = 0.36 km/h
(+1.2%); ES = 1.0; CV = 1.6%
Johnston etal. |4 Male |29.0+5.0 | Well-trained Ten 50-m- sprints with radar Criterion Validity: 0
[75] adults (Stalker ATS; 31.25 Hz); Two validity; Radar and GPS 1: r = 0.46 3
GPS units at the upper back Intraday Radar and GPS 2:r = 0.36
(Catapult MinimaxX; Team Sport reliability Reliability:
2.5; 5 Hz) GPS: ICC=0.01
Johnston etal. |8 Male |26.1+4.1 |Trainedadults | Eight laps of a team sports Convergent Validity: 0
[74] simulation circuit with a 30-m validity; Timing gates and MinimaxX: | 3
sprint with timing gates and 10-m | Intraday MD = 0.51-0.52 km/h (+2.3%);
split times (Swift Performance); reliability ES =0.22;1r=0.89-0.91
Two GPS units (Catapult Timing gates and GPSports:
MinimaxX S4; 10 Hz); Two GPS MD = -0.51-0.04 km/h;
units (SPI-ProX; GPSports; 15 ES =0.02-0.27 (-2.1-0.1%);
Hz) r=0.64-0.76
MinimaxX and GPSports: MD
= -0.19 km/h (-0.8%); ES = 0.13
Reliability:
Inter-unit: MinimaxX:
MD = 0.01 km/h (0%);
ES=0.0;ICC=0.97
Inter-unit: GPSport: MD =
-0.55 km/h (-2.3%); ES = 0.3;
ICC=-0.14
(Continued)
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Table 2. (Continued)

Study Population Short description Type Results MQ
N Sex Age Description
Lacomeetal. |5 Male |25%5 Elite rugby Five 40-m sprints with radar Criterion Validity: 0
[15] seven players (Stalker ATS II; 48 Hz); GPS at validity Radar and GPS: MD = -0.94
the upper back km/h (-30%), ES=0.78
(Sensoreverywhere V2; Digital Reliability: -
simulation; 16 Hz)
Massard etal. |23 Male |214+38 |Semi- One 40-m sprint with dual- Convergent Validity: 0
[59] professional beamed timing gates and 10-m validity Timing gates and GPS during
football players split times (TT Wireless sprint: MD = -0.3 km/h
SpeedLight); GPS at upper back (-1.0%); ES = 0.21; 1 = 0.84
(MinimaxX S4, Catapult 10 Hz) Timing gates and GPS during
during sprint and matches in matches: MD = 0.8 km/h
preseason and competitive season (+1.9%); ES = 0.39;r = NA
GPS during sprint and GPS
during matches: MD = 1.1 km/
h (+3.0%); ES = 0.66; r = NA
Morin and Séve | 11 Male |24.4+39 | Physical One 100-m sprint in the field Criterion Validity: 1
[60] education with radar (Stalker ATS; 35 Hz); | validity Radar and treadmill: MD =
students One 100-m sprint on a motorized -6.98 km/h (-21.9%); ES = 4.27;
instrumented treadmill with r=0.89
piezoelectric force transducers
(ADAL3D-WR; Medical
Development; 1000 Hz); MSS was
modelled bi-exponentially
Ogrisetal. [61] | 6 Male |22+4 Moderately Six 26.5-m sprints with a motion | Criterion Validity: 0
trained soccer | capture system with 8 cameras validity Motion capture and LPS:
players (Vicon; 50 Hz); LPS with 12 MD = 1.68 km/h (+6.78%)
antennas and the transponder
worn on the back (Ipm04.59;
45.45 Hz)
Roeetal. [62] |9 Male |19.0+0.8 | Professional Three 40-m sprints with radar Criterion Validity: 0
rugby union (Stalker ATS II; 50 Hz); Timing | validity Radar and GPS: MD = 0.25-
player gates with 10-m split times 0.50 km/h (-0.77 - -1.35%);
(Brower Timing Systems); Three ES =0.13-0.25; r>0.95
GPS units on the back (Optimeye Radar and timing gates: MD =
S5; Catapult; 10 Hz) -0.76 km/h (-2.39%); ES = 0.37;
r=0.97
Romero-Franco | 12 Male |214+39 | Trained Six 40-m sprints with radar Criterion Validity: 1
etal. [76] sprinters (Stalker ATS II; 46.88 Hz); Video | validity; Radar and video: MD = 0.25 0
analysis with split times at 5, 10, | Intraday km/h (+0.8%); ES = 0.07;
15, 20, and 30 m (Mysprlnt App’ rehablhty r=10.99; ICC=0.99
Apple Inc,) Reliability:
Video: CV =0.14%
Radar: CV =0.11%
Sagirogluetal. | 16 Male |27.22 +4.70 | Amateur soccer | Three 40-m sprints with radar Criterion Validity: 3
[77] players (Stalker ATS II; 50 Hz); Two validity; Radar and GPS: MD = 0.14 0
GPS-units on the chest (Polar Intraday km/h (+1.6%); ES = 0.02;
Team Pro GPS; 10 Hz) reliability r=0.94
Reliability:
GPS: CV =5-6%
Radar: CV = 6%
Simperingham | 27 (9 for Male |18.6+0.6 | Amateur rugby | Three 30-m sprints with radar on | Intraday Reliability:
etal. [17] Interday union players four different days (Stalker ATS | reliability; Intraday: CV = 1.8%; 3
reliability) 1I; 47 Hz) Interday ICC=0.95 3
reliability Interday: CV = 2.1-2.4%;
ICC =0.83-0.93
(Continued)
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Table 2. (Continued)

Study Population Short description Type Results MQ
N Sex Age Description
Vescovi [63] | 140 Female | 23.9 £2.8 | Professional Two 35-m sprint with timing Convergent Validity: 0
soccer players | gates and split times at 5, 10, and | validity 0-5m and 5-10 m: MD = 2.9
20 m (Brower Timing Systems) km/h (+19.2%); ES = 2.89
5-10 m and 10-20: MD = 3.2
km/h (+17.8%); ES = 3.56
10-20 m and 20-35 m:
MD = 2.2 km/h (+10.4%);
ES=2.44
Reliability: -
Most players reached MSS in
the 20-35 m interval.
Willmott etal. | 14 Male |23+3 Moderately- Two 40-m sprints and a team Convergent Validity: 1
[78] trained adults | sports simulation circuit with a validity; 40-m sprint: 3
20-m sprint and two different Intraday FieldWiz and MinimaxX: MD
GPS devices (FieldWiz; UNA reliability =-0.3-0.1km/h (-1.2 - +0.4%);
Sports Medicine; 10 Hz; Catapult ES =0.05-0.23; 1CC>0.8
MinimaxX S4; Catapult 40-m sprint vs. 20-m sprint
Innovations; 10 Hz) during circuit:
MinimaxX: MD = -3.0 km/h
(-10.8%); ES = 2.04; ICC>0.8
FieldWiz: MD = -2.6 km/h
(-9.3%); ES = 1.41; ICC>0.8
Reliability:
FieldWiZ: MD = 0.1 km/h
(+0.4%); ES = 0.05; CV = 0.9-
2.3%; ICC>0.9
Youngetal. |35(A) Male | NA Professional Club A: 40-m sprint with split Convergent Validity: 3
[64] 30 (B) Australian times at 10 and 20 m and timing | validity Club A:
Rules Football gates (Sw]ft Tlmlng), Club B: 0-10 m and 10-20 m:
players 30-m sprint with split times at 10 MD = 9.95 km/h (+52.4%);
and 20 m and timing gates (KMS; r=094
Fitness Technologies) 10-20 m and 20-40 m:
MD = 2.55 km/h (+8.8%);
r=0.67
Club B:
0-10 m and 10-20 m:
MD = 7.85 km/h (+37.0%);
r=0.94
10-20 m and 20-30 m:
MD = 2.00 km/h (+6.7%);
r=0.77
Zabaloyetal. |19 Male |22.5+53 | Amateur rugby | Two 30-m sprints with radar Criterion Validity: 3
[79] players (Stalker ATS II; 47 Hz); timing validity; Radar and best 5-m-split: 3
gates with split times at 5, 10, 20, | Intraday MD = 0.13 km/h (+0.5%);
and 25 m (Wltty System; rehablhty ES=0.07;r=0.93; ICC =0.96

Microgate)

Radar and best 10-m-split: MD
=-0.30 km/h (-1.0%);
ES=0.14r=0.97, ICC = 0.98
Reliability:

Radar: MD = -0.11 km/h
(-0.4%); CV = 1.14%;
ICC=0.99

Best 10-m-split: MD = -0.04
km/h (-0.1%); CV = 1.47%;
ICC=0.98

Best 5-m-split: MD = -0.11 km/
h (-0.4%); CV = 1.70%;
ICC=0.97

No significant difference in the
20-25 and 25-30-m-splits,
indicating that subjects reached
MSS between 20 and 30 m.

(Continued)
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Table 2. (Continued)

Study Population Short description Type Results MQ
N Sex Age Description
Zabaloyetal. |49 Male | 24.16 +4.08 | Amateur rugby | Two 50-m sprints with timing Validity; Validity: 0
[80] players gates and split times at 10, 20, 30, | Intraday 10-20 m and 20-30 m: 2
and 40 m (Witty System, reliability: MD = 1.04-2.09 km/h (0 -

Microgate)

+35%); ES = 0.62-0.98

20-30 m and 30-40 m: MD =
-0.25-0.22 km/h (0 - +31.1%);
ES =0.07-0.08

30-40 m and 40-50 m: MD =
-0.24-0.65 km/h (0-32.9%);
ES=0.11-0.26

Reliability:

10-m-split: CV = 2.43%;
ICC=0.95

20-m-split: CV = 2.19%;
ICC=0.97

30-m-split: CV = 1.93%;
ICC=0.98

40-m-split: CV = 1.90%;

ICC =0.98

50-m-split: CV = 2.26%;

ICC =0.98

50-58.6% of the players reached
their MSS between 20 and 30 m
or between 30 and 40 m.

The method claimed as the reference method in validity studies is underlined. Criterion validity refers to the comparison with an accepted gold standard method (i.e.,

CPET on a treadmill for MAS and radar, laser, or motion capture for MSS); convergent validity refers to the comparison with any other method. MQ-Methodological

quality (3 = very good; 2 = adequate; 1 = doubtful; 0 = inadequate); MD-Mean difference; ES-Effect size/Cohen s d; ICC-Intraclass Correlation Coefficient; CV-
Coefficient of variation; GPS-Global Positioning System; Hz-Hertz; MSS-Maximal Sprinting Speed; LPS-Local Positioning System; NA-Not Available; NMT-Non-

Motorized Treadmill.

https://doi.org/10.1371/journal.pone.0296866.t002

Table 3. Descriptive overview.

13, and 17 with CPET showed mean differences between -0.27 and -4.43 km/h (ES = 0.20-

3.57; r/ICC = 0.50-0.66). Interday reliability was reported for each test (n = 2). Results for the
mean differences were -0.32-0.20 km/h (ES = 0.03-0.28; r/ICC = 0.76-0.99; CV = 3.9-16.9%).
Intraday reliability was not examined.

Participants [number Age [mean * SD Distribution of sexes [number of Backgrounds [number of studies]
(mean + SD; range)] (range)] studies]
MAS | 693 (20.8+9.1; 8-48) 24.9 + 5.9 years (18.3— Men:n =23 | [6,7, 10, 12, 33-43, 45, Soccer/football/futsal (10, 14, 32, 33, 40-42, 46, 47,
41.2 years) Women: 46, 48, 50-54] players: n = 10 50]
n=3 [14, 32, 47] Sports students:n =5 [35, 38, 49, 52, 53]
Both:n=3 | [13, 44, 49] Runners: n =10 [6, 12,13, 37, 39, 43-45, 48,
Healthy active people: 54]
n=4 [7, 34, 36, 51]
MSS | 936 (27.5 + 47.9; 2-260) 23.5+ 3.3 years (18.6— Men: n =25 | [15,17-19, 55-62, 64, Soccer/football/rugby/ [15,17-19, 56, 58, 59, 61-66,
31.0 years) Women: 66, 67, 69, 72-80] handball: n = 19 71-73,77,79, 80]
n=2 [63, 66] Healthy active people: [68-70, 74, 75, 78]
Both:n=3 |[68,70,71] n=6 [55, 57, 60, 67]
Sports students: n = 4 [76]
Runners:n =1

MAS-Maximal Aerobic Speed; MSS-Maximal Sprinting Speed; SD-Standard Deviation.

https://doi.org/10.1371/journal.pone.0296866.t003
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3.3.2 Maximal sprinting speed. Reference methods used for validity testing. As a gold stan-
dard method to assess MSS, 20-100-m linear sprints with radar or laser measurement were
used in 11 studies investigating validity. 30-40-m sprints with 5- or 10-m split times and tim-
ing gates were used in eight studies, a 40-m sprint with GPS measurement was used in four
studies, 25-26.5-m sprints with a motion capture system were used in two studies, a 45.72-m
sprint with video analysis via a smartphone app was used in one study, and a 40-m sprint with
a linear encoder was also used in one study as a reference method to assess MSS. In one study,
data were collected via online-sources and the reference MSS was modelled mono-exponen-
tially based on the data.

Radar/Laser technology. In one study validity of radar and laser measurement was tested
with a linear encoder as the reference method. The results differed between -0.11 and -0.07
km/h (ES = 0.02-0.03). Intraday reliability was reported four times and ranged from 0.04-0.29
km/h (ES = 0.02-0.08; ICC>0.95; CV <1.8%). Interday reliability was reported two times for
radar/laser measurement with a mean difference of -0.18 km/h (ES = 0.09; ICC = 0.83-0.98;
CV<2.4%).

Timing gates. In two studies validity for the assessment of MSS with timing gates was exam-
ined with radar as the reference method. The results differed between -0.13 and -0.76 km/h
(ES =0.07-0.37; r/ICC = 0.93-0.98). In four studies, 5- or 10-m split times during 30-50-m
sprints were compared with each other, resulting in differences between -0.06 and 9.95 km/h
(ES =0.07-3.56; r/ICC = 0.67-0.94). Intraday reliability for measurements of MSS with timing
gates was reported five times. Results ranged from -0.14-0.14 km/h (r/ICC = 0.95-0.99;

CV =1.14-2.43%). Interday reliability was not reported.

Global and local positioning systems. Validity of GPS or LPS to assess MSS was examined
eight times with radar measurement. The results differed by values between 0.03 and 0.94 km/
h (ES = 0.02-0.78; r/ICC = 0.36-0.98). GPS/LPS was compared four times with video analysis
or motion capture systems. The results differed between -3.31 and 2.23 km/h (ES = 0.03-1.00;
r/ICC = 0.97-1.00). Intraday reliability of GPS/LPS measurements to assess MSS during linear
sprinting was examined 12 times with results differing between -0.36 and 5.54 km/h
(ES = 0-1.0; r/ICC = 0.14-0.97; CV = 0.7-9.77%). Interday reliability was examined one time
with a mean difference of 0.24 km/h (ES = 0.09; CV = 0.7%).

Video analysis via smartphone applications. Validity of video analysis with a smartphone
app was examined two times with radar/laser measurement. The results differed between 0.25
and 1.12 km/h (ES = 0.07-0.53; r/ICC = 0.92-0.99). Intraday reliability was determined two
times with an ICC>0.97 and CV<1.6%. Interday reliability was not examined.

Treadmill sprinting. Validity of a sprint on a motorized treadmill with piezoelectric force
transducers with radar as the reference on a running track was determined one time. The
results showed a mean difference of -6.98 km/h (ES = 4.27; r = 0.89). Interday and intraday
reliability for the non-motorized treadmill was examined one time each with an CV of 1.8 and
1.2%, respectively.

4 Discussion
4.1 Overview

The aim was to systematically review the scientific literature regarding the validity and reliabil-
ity of different methods to assess ASR, i.e., methods to assess MAS and MSS. The high number
of studies and methods included in this review emphasizes the popularity of both MAS and
MSS in research and practice. As a combination of MAS and MSS, ASR has the advantage of
normalizing absolute values for individualizing high-intensity training above MAS to take
individual tolerances to high-intensity efforts into account [1, 4].

PLOS ONE | https://doi.org/10.1371/journal.pone.0296866 January 22, 2024 21/35


https://doi.org/10.1371/journal.pone.0296866

PLOS ONE

Assessing anaerobic speed reserve

Regarding MAS, CPET on a treadmill is mostly used as a gold standard method (21 out of
28 studies; criterion validity), but with different protocols or definitions of MAS. The most
studied methods could be assigned to CPET (n = 19) and time trials (n = 20), followed by
incremental continuous field tests such as the UMTT (n = 12). The least studied methods were
shuttle runs (n = 10). Intraday (n = 1) and interday reliability (n = 3) of methods to assess
MAS were investigated equally but overall very rarely.

With respect to MSS, radar measurements (11 out of 28 studies; criterion validity) and dis-
tances between 20 and 40 m (23 out of 28 studies) are mostly used as gold standard methods
for validity testing. Validity was assessed for GPS/LPS measurements most times (n = 18), fol-
lowed by timing gates including different split distances (n = 8), and video analysis (n = 2).
Radar and laser were (n = 2) validated against a linear motorized encoder. Intraday reliability
(n = 22) was investigated remarkedly more frequently than interday reliability (n = 2).

4.2 Maximal aerobic speed

4.2.1 Cardiopulmonary exercise testing. Although CPET on a treadmill is considered as
the gold standard method to assess MAS, the testing protocols or definitions, i.e., the methods
on how to retrieve MAS based on CPET, are yet to be clarified. The most used protocols are
(square-wave) incremental protocols with and without resting in between the stages with dif-
ferent starting velocities, increments or duration of stages, or protocols based on individual
performance, e.g., starting speed related to theoretical maximal heart rate [6, 7, 10, 12-14, 32,
34-37, 39, 42-46, 48-50, 52]. The definitions of MAS used in the studies were also different,
e.g., the first speed when VO,max occurred with no further specification [6, 39, 45, 46, 48, 49,
52], calculated based on VO, kinetics [7, 32, 34, 35, 43, 44, 50] the first speed of the 30-s inter-
val of VO,max [7, 12, 13, 50], the speed at the onset of the plateau of VO, [10, 42], or the final
speed reached during CPET [14, 35-37]. Regarding validity of CPET on a treadmill to deter-
mine MAS, different incremental continuous protocols yielded similar results when the incre-
ments and stage durations were multiples of each other (e.g. 1 km/h increment and 2 min
duration of stages versus 0.5 km/h increment and 1 min duration of stages) [6]. For the same
increments, longer durations of stages lead to lower results of MAS (-2.1+0.5 —-2.0+1.45 km/
h) [7, 50]. MAS shows significantly higher values when using square wave protocols (with rest-
ing periods) than when examined by incremental continuous protocols [7, 50]. Because differ-
ent protocols used in the CPET yield different results in MAS, no conclusion can be drawn in
consideration of the included studies. However, taken the definition of MAS into account, i.e.,
the first speed associated with VO,max, it is crucial for the subjects to actually reach VO,max
during the treadmill test. That can be verified by the incidence of a VO, plateau or other crite-
ria measures such as blood lactate, respiratory exchange ratio, heart rate, or the rating of per-
ceived exertion [81]. Regarding the protocol, continuous incremental exercises with durations
between 8 and 16 min (e.g., starting at 4 or 6 km/h for recreational subjects and at 8 or 10 km/
h for trained subjects with 1 km/h increments every minute) are suggested to reach VO, max
and might therefore also be suitable for assessing MAS [81, 82]. Additionally, the duration of
stages should potentially be chosen differently depending on the background of the athletes.
For example, athletes accustomed to prolonged running (e.g., long distance runners) might
benefit from longer stages (i.e., 2 or 3 min) whereas athletes accustomed to shorter or more
intense running (e.g., some team sports athletes or 400-m runners) would suffer from neuro-
muscular exhaustion during longer stages and therefore benefit from shorter stages (i.e., 1
min). When MAS was determined at the onset of the plateau of VO,max, i.e., VO, reaching a
steady-state during an incremental treadmill test, the results differed remarkedly from MAS
determined at the 30-s interval of VO,max [10]. These discrepancies might be explained by
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the definition of a leveling-off of VO, lasting at least 1 min [83] and the 30-s interval of
VO,max almost always occurs at the end of an incremental exercise close to the maximal
speed [10, 11]. Further results regarding comparisons of definitions of MAS indicate that the
final speed reached during incremental exercise as well as velocities based on calculations or
extrapolations of VO, to assess MAS are associated with a higher input of anaerobic resources
than the first speed at the steady-state of VO,, i.e. the speed at the onset of the plateau of
VO,max and therefore the first speed associated with VO,max when mainly aerobic resources
are used [35, 39]. Such considerations should be taken into account when assessing MAS with
CPET to determine the first speed associated with VO,max at which energy production is still
largely aerobic [10, 11]. Especially for the purpose of HIIT prescription based on MAS or ASR,
using definitions as the speed of the 30-s interval of VO,max or the final velocity reached dur-
ing CPET instead of the velocity at the onset of the VO, plateau could lead to different adapta-
tions as intended or even overtraining.

The one study addressing interday reliability for MAS determined by CPET reported good
relative reliability. However, since different protocols on the treadmill and different definitions
of MAS are currently used and partly differ regarding their results, further studies should
address validity and especially reliability of a consistent definition of MAS.

4.2.2 Incremental continuous field tests. Léger et al. [84] developed and validated an
incremental continuous field test to indirectly determine VO,max-the UMTT. Further, the
UMTT and variations of it (e.g., VAM-EVAL) were then used to estimate MAS as they are less
time and material consuming and need less expertise to implement than CPET [44, 85].
Regarding the validity of these field tests, the results depend on the protocols and definitions
used in the reference measure and in the field test. In all of the studies (n = 8) investigating the
validity of incremental continuous field tests to estimate MAS, CPET was used as the reference
measure (criterion validity). When the identical protocols were implemented in the CPET and
the field tests, two studies reported good validity [45, 48]. However, one study reported signifi-
cant differences [52]. Lopes et al. [45] and Pallarés et al. [48] validated the UMTT, whereas
Cappa et al. [52] developed a new field test (i.e., University of Catamarca test) and validated it
with CPET on a treadmill with the same protocol. The University of Catamarca test consisted
of a hexagon with 20-m long sides so that the participants ran around corners and not as in the
UMTT on alinear and curved track potentially leading to an earlier exhaustion in the Cata-
marca test [52]. Comparisons of the final speed reached in the UMTT with the MAS calculated
according to Lacour et al. [44] showed good validity [35, 44], whereby heterogenous results
were found when the maximal speed during CPET [35, 36], or the speed associated with
VO,max [6, 45, 48]were used as the definitions of MAS during CPET. The final velocity
reached during the UMTT resulted in higher values (+1.61 km/h) than the speed at the onset
of the VO, plateau (as assessed with CPET) [10]. Therefore, using the final velocity of the
UMTT to estimate MAS and prescribe training, e.g. HIIT, might lead to higher intensities as
intended what can be fatal in terms of maladaptation or even overtraining. Although no study
on reliability could be included, Léger et al. [84] reported good reliability of the maximal meta-
bolic equivalents related to the UMTT.

4.2.3 Time trials. Set-distance time trials with different distances or 5-min time trials are
often used in research and practice to estimate MAS because of an easy implementation even
for larger groups [3, 33]. While the average speed during 5-min time trials achieved similar
results as the final speed reached during CPET or the UMTT in men of different fitness or
amateur soccer players [36, 37, 40], the results on the validity of set-distance time trials are het-
erogeneous. When 1500 or 1610-m time trials were compared to CPET (criterion validity), all
of the studies reported an overestimation of MAS investigating different participants, such as
male and female runners, male Australian rules football players, or male trained soccer players,
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and with different definitions and protocols used in the CPET [10, 12, 43, 44, 46]. Bellenger
etal. [33] and Lundquist et al. [47] investigated set-distance time trials between 1200 and 2200
m with male and female Australian rules football players. However, they used the final speed
reached in the UMTT as the reference measure (convergent validity). For female subjects, the
smallest effect and largest relationship was examined between the 1400-m time trial and the
UMTT [47], whereby for male subjects the smallest effect was found for the 2000-m time trial
[33]. These results indicate that the validity of set-distance time trials depends on which dis-
tance is used for which sex, type of sports, or fitness. For this reason, Bellenger et al. [33] sug-
gested to predict MAS from the running speed for any time trial distance between 1200 and
2200 m with the equation: MAS = average speed * (0.766 + 0.117 * distance). However, the
validity of this equation could not be confirmed for a 1500-m time trial in trained male soccer
players [10]. When the studies investigating criterion validity of time trials with an accepted
gold standard, i.e. CPET, are considered (n = 6), the results indicate that the time or distance
should be selected according to the background of the subject (sex, type of sports, fitness). For
lower fitness or subjects associated with sports based on higher speeds and mainly anaerobic
energy supply, e.g. most team sport players or sprinters, shorter distances might be favorable
(e.g., 1200-1400 m), whereas for (endurance) trained athletes longer distances (e.g., 1500-
2000 m) could reflect an average speed more similar to MAS [10, 36, 37, 43, 44, 46]

4.2.4 Shuttle runs. Shuttle runs are defined by stages with increasing speed or distance
and changes of direction, often by 180°. Most shuttle-runs include active or passive rest [11].
While the peak speed of shuttle runs with passive rest (futsal specific shuttle run; 30-15 IFT)
overestimated MAS assessed during CPET [14, 32], shuttle-runs with active or no rest (Carmi-
natti’s test, 20-m shuttle run) yielded more similar results to CPET (criterion validity) [42, 49].
The passive rest could have provided an opportunity to recover in-between the shuttles so that
a higher final speed was reached [11, 14]. The results for the 30-15 IFT and the 3-min 30-s
endurance capacity test, showed good interday and intraday reliability, respectively [14, 53].
When only studies using an accepted gold standard to assess MAS, i.e. CPET (n = 4; criterion
validity), are considered, most of the studies (two out of three) determining final speed during
a shuttle run could not confirm its validity (large overestimation by shuttle runs) [14, 32].
These results might be mainly due to shuttle runs demanding more anaerobic resources and a
higher energy cost of running because of change of direction movements [11]. These results
indicate that MAS cannot be examined by the final speed reached during a shuttle run.

4.2.5 Other/Individualized tests. Sangan et al. [13] validated a field test that is based on
individual RPE during three stages (RPE 10, 13, and 17) lasting three minutes each. The com-
parisons of the average velocities during the last minutes of the three stages and MAS retrieved
by CPET showed poor criterion validity, while absolute and relative intraday reliability can be
rated as good. While validity for the three-level tests needs to be investigated further with
CPET, validity of a field tests based on RPE cannot be confirmed [13, 51].

4.3 Maximal sprinting speed

4.3.1 Radar/Laser technology. As the MSS reflects the maximal overall possible sprinting
speed a subject can reach, it marks the upper limit of the ASR by providing information about
the maximal physiological, mechanical, and coordinative output during sprinting [1]. Measur-
ing the speed profile during linear sprinting with laser or radar devices is considered as the
gold standard method to examine MSS [18, 76]. One study examined and confirmed conver-
gent validity of both radar and laser measurement during 40-m sprints to assess MSS with a
linear motorized encoder as the reference measure [70]. The validation of accepted gold stan-
dard methods becomes challenging in the absence of alternative gold standards. However,
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previous studies have demonstrated the accuracy of laser and radar devices in assessing various
sprinting characteristics [21]. Both absolute and relative intraday reliability was reported good in all
studies (n = 4) [17, 70, 71, 79] as well as absolute and relative interday reliability (n = 2) [17, 71].

4.3.2 Timing gates. Timing gates are commonly used to assess sprinting characteristics as
they conveniently provide sprinting times for distinct distances [27, 79]. When the average
speed assessed during 5- and 10-m splits was compared to MSS measured with radar or a lin-
ear motorized encoder [62, 70, 79], the results indicate that 10-m splits are also sufficient to
assess MSS with timing gates compared to 5-m splits. Moreover, Zabaloy et al. [79] did not
detect significant differences in the 20-25 and 25-30-m splits indicating that participants
reached MSS between 20 and 30 m. With respect to the total distances for the assessment of
MSS, distances between 20 and 100 m are used in the included studies [60, 69]. Although no
study compared different total distances, results of comparisons of the split times indicate, that
distances between 20 and 40 m should cover an achievement of MSS for team sports athletes
[57, 63, 64, 80]. Conversely, studies investigating trained track and field sprinters revealed an
achievement of MSS between 40 and 70 m [86, 87]. Regarding the intraday reliability of timing
gates during 30-50-m linear sprints, good absolute and relative reliability was reported [65, 70,
79, 80]. Although no studies on interday reliability of assessing MSS with timing gates could be
included in this review, studies investigating other sprinting characteristics (e.g., acceleration)
confirmed interday reliability of timing gates. Therefore, it can be assumed that interday reli-
ability would be acceptable for MSS as well [27, 88]. In sum, timing gates with 5- or 10-m split
times seem to be a valid and reliable method to assess MSS during linear sprints between 20
and 40 m for team sports with indications that elite sprinters might need longer distances to
reach MSS [57, 62-65, 70, 79, 80, 86]. However, no results regarding total distances and split
times for the examination of MSS with timing gates are available for recreational subjects who
might need different distances due to the lack of expertise and lower fitness.

4.3.3 Global and local positioning systems. GPS and LPS have recently become more
accessible and affordable to assess running or sprinting characteristics, e.g. MSS. They allow
receiving live speed and distance data from multiple subjects simultaneously during testing
sessions but also during training or matches [59]. Regarding the validity of GPS measures dur-
ing linear sprinting to assess MSS, some of the studies using radar as the reference method
(n = 6) reported good criterion validity for 10 Hz GPS (three out of four) [18, 62, 77]. How-
ever, Akyildiz et al. [66] examined rather poor criterion validity for 10 Hz GPS with compara-
ble samples (i.e., male amateur soccer players) and sprinting distances (i.e., 40 m). In addition,
5 Hz and 16 Hz GPS also yielded different results in MSS compared to radar (criterion validity)
[15,75]. 20-45 Hz LPS systems obtained rather poor validity when compared to motion cap-
ture [58, 61], indicating that LPS measures are not yet applicable for the assessment of MSS.
These results seem surprising as LPS was considered a valid technology to determine other
running characteristics, though Pino-Ortega et al. [89] point out that validity of LPS is highly
dependent on the data processing. Most of the studies (seven out of 10) reported good intraday
reliability for MSS assessed with 1-20 Hz GPS/LPS [67, 69, 70, 73, 74, 77, 78] and the one
study that assessed interday reliability of 10 Hz GPS showed good absolute reliability [18]. To
conclude, most studies using an accepted gold standard method to assess MSS, i.e. radar tech-
nology, could not confirm criterion validity of GPS or showed inadequate methodological
quality (four out of six studies) [15, 62, 66, 75]. LPS measurements showed poor criterion and
convergent validity in all studies relating to motion capture (n = 2) [58, 61]. Interday (one out
of one study) and intraday reliability (seven out of 10 studies) was reported as good for GPS
and LPS in most studies [18, 67, 69, 70, 73, 74, 77, 78].

4.3.4 Video analysis via smartphone applications. A relatively cheap and easily accessi-
ble method to assess sprint kinematics is video analysis via smartphone applications that
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record time and distance data to calculate for example velocities. Two studies validated a
smartphone app (MySprint App) with laser or radar measurements. Results regarding MSS
showed good criterion validity in male and female team sport athletes and in male trained
sprinters as well as good intraday reliability [71, 76]. The results of these two studies investigat-
ing a smartphone app indicate that this method can be used validly and reliably to assess MSS;
however, with respect to the small number of studies, further investigations are crucial.

4.3.5 Treadmill sprinting. Since MSS is usually measured during linear sprinting on a
(outdoor) track, several environmental conditions can influence the outcome measures.
Therefore, standardizing by implementing treadmills in the laboratory was previously sug-
gested [72]. However, the studies examining (non-) motorized treadmills to assess MSS
showed poor convergent and criterion validity (large ES) as running on a treadmill yielded
much lower MSS than overground running [60, 72]. This difference is likely a result of the par-
ticipants having to overcome the high inherent resistance of the treadmill. Though, intraday
and interday reliability was reported as good [72].

4.4 Strengths and limitations

4.4.1 Strengths. The results of this review should be interpreted concerning its limitations
and strengths as well as the limitations and strengths of the included studies. A strength of this
article is the large number of studies (n = 58) that was included in the analysis. In addition, the
studies’ participants were associated to different backgrounds allowing conclusions for several
fitness and settings for adults. A major methodological strength of this review is the application
of the COSMIN checklist which is especially suited to evaluate the risk of bias of validity and
reliability studies [29, 30].

4.4.2 Limitations. A limitation is the unequal numbers of studies that could be included
for the investigated methods, e.g. only few studies on shuttle runs to estimate MAS or on video
analysis to assess MSS. This issue needs to be addressed in the future, so that clearer conclu-
sions can be drawn. Studies in this article can be criticized since a substantial number of stud-
ies (50%) used not as gold standard accepted reference methods. Methodological quality of
studies reporting validity for the assessment of MSS were mostly rated inadequate or doubtful
(70%). For interday and intraday reliability, 50% of the studies were rated very good or ade-
quate, and 50% were rated doubtful or inadequate. These findings can be explained by the
inclusion criteria, as there was no restriction on the type of studies. Hence, studies in which
validity or reliability assessment for MSS was not the main objective were included as well.
Although they were well designed for their main purpose, the information needed for validity
or reliability assessment was not always provided. Additionally, many studies reporting valid-
ity used very small sample sizes and hence were rated with a low methodological quality.
Another limitation of the included studies is the fact that in studies on MAS as well as MSS
mostly male participants were used and very few female participants. Moreover, in studies
examining MSS mostly team sport athletes were included, potentially because MSS is rather
crucial in team sports and sports teams are attractive samples as they usually consist of more
than 20 players per team [21].

4.5 Practical applications & future research

When performance tests are implemented to monitor individual performance changes or to
retrieve values for training prescription, these methods have to be highly valid and reliable
[90], i.e., with respect to ASR, the methods to assess MAS and MSS. Practitioners and research-
ers should be aware that the results of methods for CPET to assess MAS indicate that the final
speed reached during the test or the speed of the 30-s interval of VO,max are associated with a
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higher input of anaerobic energy supply than when the speed at the onset of the plateau of
VO, is determined. Therefore, the speed at the onset of this plateau seem to reflect true MAS
and should be assessed [10, 91]. The results for time trials indicate that distances need to be
selected based on the fitness, sex, or type of sports of the participants so that the results for
MAS might be valid. We recommend that for subjects with a lower fitness, team sports ath-
letes, or sprinters shorter distances should be used (e.g. 1200-1400 m), while longer distances
are more favorable for endurance trained athletes to estimate MAS (e.g. 1500-2000 m) [10, 12,
33, 43, 47]. In addition, the results for continuous incremental field tests or shuttle runs inde-
pendently of subjects’ fitness [10, 14, 32, 45, 48, 52] point out that these tests are not suitable to
estimate true MAS.

Besides using radar or laser measurement during linear sprinting [17, 70, 79] timing gates
with split times of 5 or 10 m and video analysis with a smartphone application seem promising
when determining MSS [62, 71, 76, 79]. GPS measurements during linear sprinting showed
poor validity and the maximal velocities measured during training and matches [15, 19, 59, 62,
66] as well as the maximal speed achieved during treadmill sprinting could not reach the actual
MSS [15, 19, 59, 60, 62, 66, 72]. However, to delineate between type of sports, sexes, or fitness,
future studies should address population specific validity. From a practical perspective, shorter
total distances (20-40 m) are suggested for recreational athletes or type of sports in which
shorter sprints are common, e.g. team sports such as soccer or handball, whereas trained
sprinters might need distances between 40 and 70 m to reach MSS [57, 62-65, 70, 79, 80, 86].
It is noteworthy that several influencing factors such as wind, temperature, running surface, or
shoes can affect the sprint performance and thus potentially MSS. These factors should there-
fore always be considered when determining sprint performance, especially when assessing
changes in intraindividual performance over time [21].

Both the selection of methods and the evaluation of results for ASR should be based on the
sport-specific requirements. While different team sports such as soccer or volleyball have dif-
ferent game demands (i.e. shorter sprints and lower total distance covered during a volleyball
match compared to soccer), the testing methods might also differ, e.g. lower time trial dis-
tances to assess MAS and lower sprinting distances to assess MSS for volleyball players com-
pared to soccer players. However, future research might focus on these aspects. An overview of
the conclusions and practical applications is presented in Fig 2.

With respect to controlling training interventions, an example of high-intensity-interval
prescriptions with ASR might illustrate the issue of using different methods when assessing the
control parameters. When MAS and MSS are retrieved by CPET and radar measurement,
respectively, a recreational runner might achieve results of 15 km/h for MAS and 28 km/h for
MSS and accordingly an ASR of 13 km/h. However, when for instance the 30-15 IFT is used
instead of CPET to set the lower boundary of ASR, the estimated MAS might yield 19 km/h
what reduces ASR to 9 km/h [14]. The prescription of high-intensity-intervals with the inten-
sity of for example 30% ASR (MAS + 30% ASR) will therefore be noticeably more intense with
MAS retrieved by the 30-15 IFT than with CPET (i.e., 18.9 km/h for true MAS and 21.7 km/h
for 30-15 IFT). Conversely, the intensity would be too low (approx. 18.2 km/h) for the athlete
when MSS is assessed for example during matches or training using GPS [19] (see Fig 3).
Though, only few studies exist on training interventions using ASR [1, 92-94], further research
is needed to fill this gap.

4.6 Conclusions

Beyond assessing single performance parameters, the ASR can provide further insights into an
athlete’s physiological and neuromuscular profile by considering the individual tolerance to
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Fig 2. Overview of conclusions for the testing methods for maximal aerobic speed and maximal sprinting speed. The color grading reflects the rating for
criterion validity—from green indicating good validity to red indicating poor validity. VO2 Oxygen Uptake, MAS Maximal Aerobic Speed.

https://doi.org/10.1371/journal.pone.0296866.9g002

high-intensity exercise. As ASR consists of the parameters MAS and MSS, the methods to
assess these parameters need to be valid and reliable.

MAS can be defined during CPET, yet there are different testing protocols without a con-
sensus about the most appropriate one. Due to physiological considerations based on energy
supply, the speed at the onset of the VO,-plateau seems to be the most appropriate method to
determine true MAS. For field tests, studies’ results on validity are heterogeneous and do not
favor a specific field test (incremental continuous or shuttle runs) for the determination of
MAS. However, results on time trials indicate that distances adapted to the subjects’ sporting
background, fitness or sex might be suitable to estimate MAS.

Regarding MSS, linear sprints using timing gates or video analysis seem to provide valid
and reliable results besides the gold standard method, i.e. radar or laser measurements. The
validity of GPS or sprinting on a treadmill cannot be confirmed. Sprinting distances between
20 and 40 m should be selected for recreational subjects or type of sports in which shorter
sprints are crucial, e.g. team sports, whereas trained track and field sprinters might need longer
total distances (40 to 70 m) to reach MSS.
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Fig 3. Illustration of values for MAS, MAS and ASR when using different testing methods. Presented values are based on the results of Covi¢ et al. [14] for
the MAS data and Djaoui et al. [19] for the MSS data. When GPS is used, the MSS will most likely be underestimated compared to radar (approximately 3 km/
h) (17). MAS will most likely be overestimated when the 30-15 IFT is implemented compared to CPET on a treadmill (approximately 4 km/h) [12]. The ASR
will change accordingly. MAS Maximal Aerobic Speed, MSS Maximal Sprinting Speed, ASR Anaerobic Speed Reserve, CPET Cardiopulmonary Exercise
Testing, GPS Global Positioning System, 30-15 IFT 30-15 Intermittent Fitness Test.

https://doi.org/10.1371/journal.pone.0296866.9003

In particular the use for prescribing training emphasizes the importance of valid and reli-
able measurements of MAS and MSS to achieve optimal and desired intensity based on ASR.
Methods-ideally with a low measurement error and therefore a high reliability-should be
maintained throughout the training routine so that changes in ASR can be attributed to
changes in the individual performance and not to differing results because of the testing
method.

Supporting information
S1 Table. PRISMA 2020 checklist.
(DOCX)

S2 Table. Assessment of methodological quality based on the boxes 6 - 9a of the COSMIN
checklist [29, 30].
(DOCX)

S1 File. Search terms PubMed.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0296866 January 22, 2024 29/35


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0296866.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0296866.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0296866.s003
https://doi.org/10.1371/journal.pone.0296866.g003
https://doi.org/10.1371/journal.pone.0296866

PLOS ONE

Assessing anaerobic speed reserve

Author Contributions

Conceptualization: Maximiliane Thron, Peter Diiking, Ludwig Ruf, Sascha Hértel, Stefan
Altmann.

Data curation: Maximiliane Thron.

Formal analysis: Maximiliane Thron.

Investigation: Maximiliane Thron, Alexander Woll.

Methodology: Maximiliane Thron, Peter Diiking, Ludwig Ruf, Sascha Hirtel, Stefan Altmann.
Project administration: Maximiliane Thron.

Resources: Alexander Woll, Stefan Altmann.

Software: Maximiliane Thron.

Supervision: Sascha Hirtel, Stefan Altmann.

Visualization: Ludwig Ruf.

Writing - original draft: Maximiliane Thron.

Writing - review & editing: Maximiliane Thron, Peter Diiking, Ludwig Ruf, Sascha Hirtel,
Alexander Woll, Stefan Altmann.

References

1. Sandford GN, Laursen PB, Buchheit M. Anaerobic Speed/Power Reserve and Sport Performance: Sci-
entific Basis, Current Applications and Future Directions. Sports medicine. 2021; 51:2017-28; https://
doi.org/10.1007/s40279-021-01523-9 PMID: 34398445

2. Jamnick NA, Pettitt RW, Granata C, Pyne DB, Bishop DJ. An examination and critique of current meth-
ods to determine exercise intensity. Sports Medicine. 2020; 50(10):1729-56; https://doi.org/10.1007/
s40279-020-01322-8 PMID: 32729096

3. Sandford GN, Allen SV, Kilding AE, Ross A, Laursen PB. Anaerobic speed reserve: a key component of
elite male 800-m running. International journal of sports physiology and performance. 2019; 14(4):501—
8; https://doi.org/10.1123/ijspp.2018-0163 PMID: 30300023

4. Blondel N, Berthoin S, Billat V, Lensel G. Relationship between run times to exhaustion at 90, 100, 120,
and 140% of vV O2max and velocity expressed relatively to critical velocity and maximal velocity. Inter-
national journal of sports medicine. 2001; 22(01):27-33

5. Hanley B, Shaw A. Middle-and long-distance running. In: Davson R, Smith PM, Hopker J, Price M, Het-
tings F, Tew G, et al., editors. Sport and Exercise Physiology Testing Guidelines: Volume I-Sport Test-
ing: The British Association of Sport and Exercise Sciences Guide: Routledge; 2022. p. 159-67.

6. Billat LV, Hill DW, Pinoteau J, Petit B, Koralsztein JP. Effect of protocol on determination of velocity at
VO2 max and on its time to exhaustion. Archives of physiology and biochemistry. 1996; 104(3):313—-21
https://doi.org/10.1076/apab.104.3.313.12908 PMID: 8793023

7. Riboli A, Cé E, Rampichini S, Venturelli M, Alberti G, Limonta E, et al. Comparison between continuous
and discontinuous incremental treadmill test to assess velocity at VO2max. J Sports Med Phys Fitness.
2017 Sep; 57(9):1119-25; https://doi.org/10.23736/s0022-4707.16.06393-3

8. DiPrampero P, Atchou G, Briickner J-C, Moia C. The energetics of endurance running. European jour-
nal of applied physiology and occupational physiology. 1986; 55(3):259-66 https://doi.org/10.1007/
BF02343797 PMID: 3732253

9. BillatLV, Koralsztein JP. Significance of the velocity at VO 2max and time to exhaustion at this velocity.
Sports medicine. 1996; 22(2):90—108 https://doi.org/10.2165/00007256-199622020-00004 PMID:
8857705

10. Thron M, Woll A, Klos L, Hartel S, Ruf L, Kloss C, et al. Overestimation of maximal aerobic speed by the
Université de Montréal track test and a 1500-m-time trial in soccer. Frontiers in Physiology. 2022 2022-
October-11;13; https://doi.org/10.3389/fphys.2022.1023257.

11. Buchheit M. The 30-15 intermittent fitness test: 10 year review. Myorobie J. 2010; 1(9):278

PLOS ONE | https://doi.org/10.1371/journal.pone.0296866 January 22, 2024 30/35


https://doi.org/10.1007/s40279-021-01523-9
https://doi.org/10.1007/s40279-021-01523-9
http://www.ncbi.nlm.nih.gov/pubmed/34398445
https://doi.org/10.1007/s40279-020-01322-8
https://doi.org/10.1007/s40279-020-01322-8
http://www.ncbi.nlm.nih.gov/pubmed/32729096
https://doi.org/10.1123/ijspp.2018-0163
http://www.ncbi.nlm.nih.gov/pubmed/30300023
https://doi.org/10.1076/apab.104.3.313.12908
http://www.ncbi.nlm.nih.gov/pubmed/8793023
https://doi.org/10.23736/s0022-4707.16.06393%26%23x2013%3B3
https://doi.org/10.1007/BF02343797
https://doi.org/10.1007/BF02343797
http://www.ncbi.nlm.nih.gov/pubmed/3732253
https://doi.org/10.2165/00007256-199622020-00004
http://www.ncbi.nlm.nih.gov/pubmed/8857705
https://doi.org/10.3389/fphys.2022.1023257
https://doi.org/10.1371/journal.pone.0296866

PLOS ONE

Assessing anaerobic speed reserve

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.
26.
27.

28.

29.

30.

Sandford G, Rogers S, Sharma A, Kilding A, Ross A, Laursen P. Implementing anaerobic speed
reserve testing in the field: validation of vWO2max prediction from 1500-m race performance in elite mid-
dle-distance runners. International journal of sports physiology and performance. 2019; 14(8):1147-50;
https://doi.org/10.1123/ijspp.2018-0553 PMID: 30702359

Sangan HF, Hopker JG, Davison G, McLaren SJ. The Self-Paced Submaximal Run Test: Associations
With the Graded Exercise Test and Reliability. International journal of sports physiology and perfor-
mance. 2021; 1(aop):1-9 https://doi.org/10.1123/ijspp.2020-0904 PMID: 34140417

Covi¢ N, Jeledkovié E, Ali¢ H, Rado |, Kafedzié E, Spori$ G, et al. Reliability, Validity and Usefulness of
30-15 Intermittent Fitness Test in Female Soccer Players. Frontiers in Physiology. 2016 2016-Novem-
ber-17; 7; https://doi.org/10.3389/fphys.2016.00510 PMID: 27909408

Lacome M, Peeters A, Mathieu B, Marrier B, Carling C, Piscione J. Can we use GPS for assessing
sprinting performance in rugby sevens? A concurrent validity and between-device reliability study. Biol-
ogy of sport. 2019; 36(1):25-9; https://doi.org/10.5114/biolsport.2018.78903 PMID: 30899136

Ortiz JG, Teixeira AS, Mohr PA, Salvador PCdN, Cetolin T, Guglielmo LGA, et al. The anaerobic speed
reserve of high-level soccer players: a comparison based on the running speed profile among and within
playing positions. Human Movement. 2018; 2018:65-72

Simperingham KD, Cronin JB, Pearson SN, Ross A. Reliability of horizontal force—velocity—power profil-
ing during short sprint-running accelerations using radar technology. Sports Biomechanics. 2019 2019/
01/02; 18(1):88-99; https://doi.org/10.1080/14763141.2017.1386707 PMID: 29125040

Beato M, Devereux G, Stiff A. Validity and reliability of global positioning system units (STATSports
Viper) for measuring distance and peak speed in sports. The Journal of Strength & Conditioning
Research. 2018; 32(10):2831—7 https://doi.org/10.1519/JSC.0000000000002778 PMID: 30052603

Djaoui L, Chamari K, Owen AL, Dellal A. Maximal sprinting speed of elite soccer players during training
and matches. The Journal of Strength & Conditioning Research. 2017; 31(6):1509—17; https://doi.org/
10.1519/JSC.0000000000001642 PMID: 28538299

Simperingham KD, Cronin JB, Ross A. Advances in sprint acceleration profiling for field-based team-
sport athletes: Utility, reliability, validity and limitations. Sports Medicine. 2016; 46:1619-45; https://doi.
org/10.1007/s40279-016-0508-y PMID: 26914267

Haugen T, Buchheit M. Sprint running performance monitoring: methodological and practical consider-
ations. Sports medicine. 2016; 46(5):641-56; https://doi.org/10.1007/s40279-015-0446-0 PMID:
26660758

Bok D, Foster C. Applicability of Field Aerobic Fitness Tests in Soccer: Which One to Choose? Journal
of Functional Morphology and Kinesiology. 2021; 6(3):69 https://doi.org/10.3390/jfmk6030069 PMID:
34449680

Page MJ, McKenzie JE, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD, et al. Updating guidance for
reporting systematic reviews: development of the PRISMA 2020 statement. Journal of clinical epidemi-
ology. 2021; 134:103—12; https://doi.org/10.1016/j.jclinepi.2021.02.003 PMID: 33577987

Thron M, Duking P, Hartel S, Woll A, Altmann S. Differences in Physical Match Performance and Injury
Occurrence Before and After the COVID-19 Break in Professional European Soccer Leagues: A Sys-
tematic Review. Sports Medicine—Open. 2022 2022/09/30; 8(1):121; https://doi.org/10.1186/s40798-
022-00505-z PMID: 36178557

Cohen J. Statistical power analysis for the behavioral sciences. NY: Academic. 1988
Hopkins WG. How to interpret changes in an athletic performance test. Sportscience. 2004; 8:1-7

Altmann S, Ringhof S, Neumann R, Woll A, Rumpf MC. Validity and reliability of speed tests used in
soccer: A systematic review. PloS one. 2019; 14(8):e0220982; https://doi.org/10.1371/journal.pone.
0220982 PMID: 31412057

Ma L-L, Wang Y-Y, Yang Z-H, Huang D, Weng H, Zeng X-T. Methodological quality (risk of bias)
assessment tools for primary and secondary medical studies: what are they and which is better? Military
Medical Research. 2020 2020/02/29; 7(1):7; https://doi.org/10.1186/s40779-020-00238-8 PMID:
32111253

Mokkink LB, de Vet HCW, Prinsen CAC, Patrick DL, Alonso J, Bouter LM, et al. COSMIN Risk of Bias
checklist for systematic reviews of Patient-Reported Outcome Measures. Quality of Life Research.
2018 2018/05/01; 27(5):1171-9; https://doi.org/10.1007/s11136-017-1765-4 PMID: 29260445

Mokkink LB, Boers M, van der Vleuten CPM, Bouter LM, Alonso J, Patrick DL, et al. COSMIN Risk of
Bias tool to assess the quality of studies on reliability or measurement error of outcome measurement
instruments: a Delphi study. BMC Medical Research Methodology. 2020 2020/12/03; 20(1):293; https:/
doi.org/10.1186/s12874-020-01179-5 PMID: 33267819

PLOS ONE | https://doi.org/10.1371/journal.pone.0296866 January 22, 2024 31/35


https://doi.org/10.1123/ijspp.2018-0553
http://www.ncbi.nlm.nih.gov/pubmed/30702359
https://doi.org/10.1123/ijspp.2020-0904
http://www.ncbi.nlm.nih.gov/pubmed/34140417
https://doi.org/10.3389/fphys.2016.00510
http://www.ncbi.nlm.nih.gov/pubmed/27909408
https://doi.org/10.5114/biolsport.2018.78903
http://www.ncbi.nlm.nih.gov/pubmed/30899136
https://doi.org/10.1080/14763141.2017.1386707
http://www.ncbi.nlm.nih.gov/pubmed/29125040
https://doi.org/10.1519/JSC.0000000000002778
http://www.ncbi.nlm.nih.gov/pubmed/30052603
https://doi.org/10.1519/JSC.0000000000001642
https://doi.org/10.1519/JSC.0000000000001642
http://www.ncbi.nlm.nih.gov/pubmed/28538299
https://doi.org/10.1007/s40279-016-0508-y
https://doi.org/10.1007/s40279-016-0508-y
http://www.ncbi.nlm.nih.gov/pubmed/26914267
https://doi.org/10.1007/s40279-015-0446-0
http://www.ncbi.nlm.nih.gov/pubmed/26660758
https://doi.org/10.3390/jfmk6030069
http://www.ncbi.nlm.nih.gov/pubmed/34449680
https://doi.org/10.1016/j.jclinepi.2021.02.003
http://www.ncbi.nlm.nih.gov/pubmed/33577987
https://doi.org/10.1186/s40798-022-00505-z
https://doi.org/10.1186/s40798-022-00505-z
http://www.ncbi.nlm.nih.gov/pubmed/36178557
https://doi.org/10.1371/journal.pone.0220982
https://doi.org/10.1371/journal.pone.0220982
http://www.ncbi.nlm.nih.gov/pubmed/31412057
https://doi.org/10.1186/s40779-020-00238-8
http://www.ncbi.nlm.nih.gov/pubmed/32111253
https://doi.org/10.1007/s11136-017-1765-4
http://www.ncbi.nlm.nih.gov/pubmed/29260445
https://doi.org/10.1186/s12874-020-01179-5
https://doi.org/10.1186/s12874-020-01179-5
http://www.ncbi.nlm.nih.gov/pubmed/33267819
https://doi.org/10.1371/journal.pone.0296866

PLOS ONE

Assessing anaerobic speed reserve

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Buchheit M. The 30—15 intermittent fitness test: accuracy for individualizing interval training of young
intermittent sport players. The Journal of Strength & Conditioning Research. 2008; 22(2):365-74;
https://doi.org/10.1519/JSC.0b013e3181635b2e PMID: 18550949

Barbero-Alvarez JC, Subiela J, Granda-Vera J, Castagna C, Gémez M, Del Coso J. Aerobic fitness and
performance in elite female futsal players. Biology of sport. 2015; 32(4):339—44 https://doi.org/10.5604/
20831862.1189200 PMID: 28479664

Bellenger CR, Fuller JT, Nelson MJ, Hartland M, Buckley JD, Debenedictis TA. Predicting maximal aer-
obic speed through set distance time-trials. European journal of applied physiology. 2015; 115
(12):2593-8 https://doi.org/10.1007/s00421-015-3233-6 PMID: 26242778

Bernard O, Ouatarra S, Maddio F, Jimenez C, Charpenet A, Melin B, et al. Determination of the velocity
associated with VO2max. Medicine & Science in Sports & Exercise. 2000; 32(2):464 https://doi.org/10.
1097/00005768-200002000-00031 PMID: 10694133

Berthoin S, Pelayo P, Lensel-Corbei G, Robin H, Gerbeaux M. Comparison of maximal aerobic speed
as assessed with laboratory and field measurements in moderately trained subjects. International jour-
nal of sports medicine. 1996; 17(07):525-9 https://doi.org/10.1055/s-2007-972889 PMID: 8912068

Berthon P, Fellmann N, Bedu M, Beaune B, Dabonneville M, Coudert J, et al. A 5-min running field test
as a measurement of maximal aerobic velocity. European journal of applied physiology and occupa-
tional physiology. 1997; 75(3):233-8 https://doi.org/10.1007/s004210050153 PMID: 9088842

Berthon P, Dabonneville M, Fellmann N, Bedu M, Chamoux A. Maximal aerobic velocity measured by
the 5-min running field test on two different fitness level groups. Archives of physiology and biochemis-
try. 1997; 105(7):633-9 https://doi.org/10.1076/apab.105.7.633.11394 PMID: 9693709

Carminatti LJ, Possamai CA, De Moraes M, Da Silva JF, De Lucas RD, Dittrich N, et al. Intermittent ver-
sus continuous incremental field tests: are maximal variables interchangeable? Journal of Sports Sci-
ence and Medicine. 2013; 12(1):165-70 PMID: 24149741

Da Silva D, Machado F. Relation of different methods to estimate maximal aerobic speed with perfor-
mance in recreational/amateur runners. Med Sport. 2015; 68:179-91

Darendeli A, Vitiello D, Billat V, Diker G, Cug M. Comparison of different exercise testing modalities to
determine maximal aerobic speed in amateur soccer players. Science & Sports. 2021; 36(2):105—11

Dillon P, Norris D, Siegler J, Joyce D, Lovell R. Determination of locomotor qualities in elite Australian
Football: A pragmatic approach. Journal of sports sciences. 2021; 39(13):1445-51 https://doi.org/10.
1080/02640414.2021.1876330 PMID: 33596782

Dittrich N, da Silva JF, Castagna C, de Lucas RD, Guglielmo LGA. Validity of Carminatti’s test to deter-
mine physiological indices of aerobic power and capacity in soccer and futsal players. The Journal of
Strength & Conditioning Research. 2011; 25(11):3099-106 https://doi.org/10.1519/JSC.
0b013e3182132ce7 PMID: 21993030

Foster C, Barroso R, Bok D, Boullosa D, Casado A, Cortis C, et al. Simple Approach to Defining Train-
ing Intensity in Endurance Runners. International journal of sports physiology and performance. 2022; 1
(aop):1—4 hitps://doi.org/10.1123/ijspp.2022-0018 PMID: 35661059

Lacour J, Padilla-Magunacelaya S, Chatard J, Arsac L, Barthelemy J. Assessment of running velocity
at maximal oxygen uptake. European journal of applied physiology and occupational physiology. 1991;
62(2):77-82 https://doi.org/10.1007/BF00626760 PMID: 2022207

Lopes TR, AA DA, AC DS, Silva BM. Are heart rate deflection point and peak velocity determined in the
Université of Montréal Track Test valid to approximate aerobic parameters measured in the laboratory?
The Journal of Sports Medicine and Physical Fitness. 2015; 56(5):510-9

Lorenzen C, Williams MD, Turk PS, Meehan DL, Kolsky DJC. Relationship Between Velocity Reached
at VO 2max and Time-Trial Performances in Elite Australian Rules Footballers. International Journal of
Sports Physiology & Performance. 2009; 4(3)

Lundquist M, Nelson MJ, Debenedictis T, Gollan S, Fuller JT, Larwood T, et al. Set distance time trials
for predicting maximal aerobic speed in female Australian Rules Footballers. Journal of Science and
Medicine in Sport. 2021; 24(4):391-6 https://doi.org/10.1016/j.jsams.2020.10.002 PMID: 33317981

Pallarés JG, Cerezuela-Espejo V, Moran-Navarro R, Martinez-Cava A, Conesa E, Courel-lbafiez J. A
new short track test to estimate the VO2max and maximal aerobic speed in well-trained runners. The
Journal of Strength & Conditioning Research. 2019; 33(5):1216-21

Paradisis GP, Zacharogiannis E, Mandila D, Smirtiotou A, Argeitaki P, Cooke CB. Multi-stage 20-m
shuttle run fitness test, maximal oxygen uptake and velocity at maximal oxygen uptake. Journal of
human kinetics. 2014; 41:81 https://doi.org/10.2478/hukin-2014-0035 PMID: 25114734

Riboli A, Coratella G, Rampichini S, Limonta E, Esposito F. Testing protocol affects the velocity at
VO2max in semi-professional soccer players. Research in Sports Medicine. 2021:182-92 https://doi.
org/10.1080/15438627.2021.1878460 PMID: 33487033

PLOS ONE | https://doi.org/10.1371/journal.pone.0296866 January 22, 2024 32/35


https://doi.org/10.1519/JSC.0b013e3181635b2e
http://www.ncbi.nlm.nih.gov/pubmed/18550949
https://doi.org/10.5604/20831862.1189200
https://doi.org/10.5604/20831862.1189200
http://www.ncbi.nlm.nih.gov/pubmed/28479664
https://doi.org/10.1007/s00421-015-3233-6
http://www.ncbi.nlm.nih.gov/pubmed/26242778
https://doi.org/10.1097/00005768-200002000-00031
https://doi.org/10.1097/00005768-200002000-00031
http://www.ncbi.nlm.nih.gov/pubmed/10694133
https://doi.org/10.1055/s-2007-972889
http://www.ncbi.nlm.nih.gov/pubmed/8912068
https://doi.org/10.1007/s004210050153
http://www.ncbi.nlm.nih.gov/pubmed/9088842
https://doi.org/10.1076/apab.105.7.633.11394
http://www.ncbi.nlm.nih.gov/pubmed/9693709
http://www.ncbi.nlm.nih.gov/pubmed/24149741
https://doi.org/10.1080/02640414.2021.1876330
https://doi.org/10.1080/02640414.2021.1876330
http://www.ncbi.nlm.nih.gov/pubmed/33596782
https://doi.org/10.1519/JSC.0b013e3182132ce7
https://doi.org/10.1519/JSC.0b013e3182132ce7
http://www.ncbi.nlm.nih.gov/pubmed/21993030
https://doi.org/10.1123/ijspp.2022-0018
http://www.ncbi.nlm.nih.gov/pubmed/35661059
https://doi.org/10.1007/BF00626760
http://www.ncbi.nlm.nih.gov/pubmed/2022207
https://doi.org/10.1016/j.jsams.2020.10.002
http://www.ncbi.nlm.nih.gov/pubmed/33317981
https://doi.org/10.2478/hukin-2014-0035
http://www.ncbi.nlm.nih.gov/pubmed/25114734
https://doi.org/10.1080/15438627.2021.1878460
https://doi.org/10.1080/15438627.2021.1878460
http://www.ncbi.nlm.nih.gov/pubmed/33487033
https://doi.org/10.1371/journal.pone.0296866

PLOS ONE

Assessing anaerobic speed reserve

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Benhammou S, Mourot L, Mokkedes M, Bengoua A, Belkadi A. Assessment of maximal aerobic speed
in runners with different performance levels: Interest of a new intermittent running test. Science &
Sports. 2021

Cappa D, Garcia G, Secchi J, Maddigan M. The relationship between an athlete’s maximal aerobic
speed determined in a laboratory and their final speed reached during a field test (UNCa Test). J Sports
Med Phys Fitness. 2014; 54(4):424-31 PMID: 25034546

Schnitzler C, Heck G, Chatard J-C, Ernwein V. A simple field test to assess endurance in inexperienced
runners. The Journal of Strength & Conditioning Research. 2010; 24(8):2026—31 https://doi.org/10.
1519/JSC.0b013e3181d2c48d PMID: 20634753

Laursen PB, Francis GT, Abbiss CR, Newton MJ, Nosaka K. Reliability of Time-to-Exhaustion versus
Time-Trial Running Tests in Runners. Medicine & Science in Sports & Exercise. 2007; 39(8):1374-9;
https://doi.org/10.1249/mss.0b013e31806010f5 PMID: 17762371

Barbero-Alvarez JC, Coutts A, Granda J, Barbero-Alvarez V, Castagna C. The validity and reliability of
a global positioning satellite system device to assess speed and repeated sprint ability (RSA) in ath-
letes. Journal of Science and Medicine in Sport. 2010; 13(2):232-5 https://doi.org/10.1016/j.jsams.
2009.02.005 PMID: 19446495

Clark KP, Rieger RH, Bruno RF, Stearne DJ. The National Football League combine 40-yd dash: how
important is maximum velocity? The Journal of Strength & Conditioning Research. 2019; 33(6):1542—
50; https://doi.org/10.1519/JSC.0000000000002081 PMID: 28658072

Ferro A, Villacieros J, Floria P, Graupera JL. Analysis of speed performance in soccer by a playing posi-
tion and a sports level using a laser system. Journal of human kinetics. 2014; 44:143 https://doi.org/10.
2478/hukin-2014-0120 PMID: 25713675

Fleureau A, Lacome M, Buchheit M, Couturier A, Rabita G. Validity of an ultra-wideband local position-
ing system to assess specific movements in handball. Biology of sport. 2020; 37(4):351-7 hitps://doi.
org/10.5114/biolsport.2020.96850 PMID: 33343068

Massard T, Eggers T, Lovell R. Peak speed determination in football: is sprint testing necessary? Sci-
ence and Medicine in Football. 2018; 2(2):123-6

Morin J-B, Séve P. Sprint running performance: comparison between treadmill and field conditions.
European journal of applied physiology. 2011; 111(8):1695-703 https://doi.org/10.1007/s00421-010-
1804-0 PMID: 21210279

Ogris G, Leser R, Horsak B, Kornfeind P, Heller M, Baca A. Accuracy of the LPM tracking system con-
sidering dynamic position changes. Journal of sports sciences. 2012; 30(14):1503-11 https://doi.org/
10.1080/02640414.2012.712712 PMID: 22906154

Roe G, Darrall-Jones J, Black C, Shaw W, Till K, Jones B. Validity of 10-HZ GPS and timing gates for
assessing maximum velocity in professional rugby union players. International journal of sports physiol-
ogy and performance. 2017; 12(6):836—9 https://doi.org/10.1123/ijspp.2016-0256 PMID: 27736256

Vescovi JD. Sprint speed characteristics of high-level American female soccer players: Female Athletes
in Motion (FAiIM) study. Journal of Science and Medicine in Sport. 2012; 15(5):474-8 https://doi.org/10.
1016/j.jsams.2012.03.006 PMID: 22516691

Young W, Russell A, Burge P, Clarke A, Cormack S, Stewart G. The Use of Sprint Tests for Assess-
ment of Speed Qualities of Elite Australian Rules Footballers. International journal of sports physiology
and performance. 2008 01 Jun. 2008; 3(2):199-206; https://doi.org/10.1123/ijspp.3.2.199 PMID:
19208928

Helland C, Haugen T, Rakovic E, Eriksrud O, Seynnes O, Mero AA, et al. Force—velocity profiling of
sprinting athletes: single-run vs. multiple-run methods. European journal of applied physiology. 2019;
119(2):465-73 https://doi.org/10.1007/s00421-018-4045-2 PMID: 30519907

Akyildiz Z, Alvurdu S, Ceylan HI, Clemente FM. Validity and reliability of 10 Hz GPS sensor for measur-
ing distance and maximal speed in soccer: Possible differences of unit positioning. Proceedings of the
Institution of Mechanical Engineers Part P-Journal of Sports Engineering and Technology. 2022;
https://doi.org/10.1177/17543371221098888

Beato M, de Keijzer K. The inter-unit and inter-model reliability of GNSS STATSports Apex and Viper
units in measuring peak speed over 5, 10, 15, 20 and 30 meters. Biology of sport. 2019; 36(4):317-21
https://doi.org/10.5114/biolsport.2019.88754 PMID: 31938002

Chahal AK, Lim JZ, Pan J-W, Kong PW. Inter-Unit Consistency and Validity of 10-Hz GNSS Units in
Straight-Line Sprint Running. Sensors. 2022; 22(5):1888 https://doi.org/10.3390/s22051888 PMID:
35271035

Coutts AJ, Duffield R. Validity and reliability of GPS devices for measuring movement demands of team
sports. Journal of Science and Medicine in Sport. 2010; 13(1):133-5 https://doi.org/10.1016/j.jsams.
2008.09.015 PMID: 19054711

PLOS ONE | https://doi.org/10.1371/journal.pone.0296866 January 22, 2024 33/35


http://www.ncbi.nlm.nih.gov/pubmed/25034546
https://doi.org/10.1519/JSC.0b013e3181d2c48d
https://doi.org/10.1519/JSC.0b013e3181d2c48d
http://www.ncbi.nlm.nih.gov/pubmed/20634753
https://doi.org/10.1249/mss.0b013e31806010f5
http://www.ncbi.nlm.nih.gov/pubmed/17762371
https://doi.org/10.1016/j.jsams.2009.02.005
https://doi.org/10.1016/j.jsams.2009.02.005
http://www.ncbi.nlm.nih.gov/pubmed/19446495
https://doi.org/10.1519/JSC.0000000000002081
http://www.ncbi.nlm.nih.gov/pubmed/28658072
https://doi.org/10.2478/hukin-2014-0120
https://doi.org/10.2478/hukin-2014-0120
http://www.ncbi.nlm.nih.gov/pubmed/25713675
https://doi.org/10.5114/biolsport.2020.96850
https://doi.org/10.5114/biolsport.2020.96850
http://www.ncbi.nlm.nih.gov/pubmed/33343068
https://doi.org/10.1007/s00421-010-1804-0
https://doi.org/10.1007/s00421-010-1804-0
http://www.ncbi.nlm.nih.gov/pubmed/21210279
https://doi.org/10.1080/02640414.2012.712712
https://doi.org/10.1080/02640414.2012.712712
http://www.ncbi.nlm.nih.gov/pubmed/22906154
https://doi.org/10.1123/ijspp.2016-0256
http://www.ncbi.nlm.nih.gov/pubmed/27736256
https://doi.org/10.1016/j.jsams.2012.03.006
https://doi.org/10.1016/j.jsams.2012.03.006
http://www.ncbi.nlm.nih.gov/pubmed/22516691
https://doi.org/10.1123/ijspp.3.2.199
http://www.ncbi.nlm.nih.gov/pubmed/19208928
https://doi.org/10.1007/s00421-018-4045-2
http://www.ncbi.nlm.nih.gov/pubmed/30519907
https://doi.org/10.1177/17543371221098888
https://doi.org/10.5114/biolsport.2019.88754
http://www.ncbi.nlm.nih.gov/pubmed/31938002
https://doi.org/10.3390/s22051888
http://www.ncbi.nlm.nih.gov/pubmed/35271035
https://doi.org/10.1016/j.jsams.2008.09.015
https://doi.org/10.1016/j.jsams.2008.09.015
http://www.ncbi.nlm.nih.gov/pubmed/19054711
https://doi.org/10.1371/journal.pone.0296866

PLOS ONE

Assessing anaerobic speed reserve

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Fornasier-Santos C, Arnould A, Jusseaume J, Millot B, Guilhem G, Couturier A, et al. Sprint Accelera-
tion Mechanical Outputs Derived from Position—or Velocity—Time Data: A Multi-System Comparison
Study. Sensors. 2022; 22(22):8610 https://doi.org/10.3390/s22228610 PMID: 36433206

Ghigiarelli JJ, Ferrara KJ, Poblete KM, Valle CF, Gonzalez AM, Sell KM. Level of Agreement, Reliability,
and Minimal Detectable Change of the MusclelabTM Laser Speed Device on Force—Velocity—Power
Sprint Profiles in Division Il Collegiate Athletes. Sports. 2022; 10(4):57 https://doi.org/10.3390/
sports10040057 PMID: 35447867

Highton JM, Lamb KL, Twist C, Nicholas C. The reliability and validity of short-distance sprint perfor-
mance assessed on a nonmotorized treadmill. The Journal of Strength & Conditioning Research. 2012;
26(2):458-65; https://doi.org/10.1519/JSC.0b013e318225f384 PMID: 22233794

Hoppe MW, Baumgart C, Polglaze T, Freiwald J. Validity and reliability of GPS and LPS for measuring
distances covered and sprint mechanical properties in team sports. Plos One. 2018; 13(2):e0192708
https://doi.org/10.1371/journal.pone.0192708 PMID: 29420620

Johnston RJ, Watsford ML, Kelly SJ, Pine MJ, Spurrs RW. Validity and interunit reliability of 10 Hz and
15 Hz GPS units for assessing athlete movement demands. The Journal of Strength & Conditioning
Research. 2014; 28(6):1649-55

Johnston RJ, Watsford ML, Pine MJ, Spurrs RW, Murphy AJ, Pruyn EC. The validity and reliability of 5-
Hz global positioning system units to measure team sport movement demands. The Journal of Strength
& Conditioning Research. 2012; 26(3):758-65 https://doi.org/10.1519/JSC.0b013e318225f161 PMID:
22310508

Romero-Franco N, Jiménez-Reyes P, Castafio-Zambudio A, Capelo-Ramirez F, Rodriguez-Juan JJ,
Gonzélez-Hernandez J, et al. Sprint performance and mechanical outputs computed with an iPhone
app: Comparison with existing reference methods. European journal of sport science. 2017; 17(4):386—
92 https://doi.org/10.1080/17461391.2016.1249031 PMID: 27806673

Sagiroglu I, Akyildiz Z, Yildiz M, Clemente FM. Validity and reliability of Polar Team Pro GPS units for
assessing maximum sprint speed in soccer players. Proceedings of the Institution of Mechanical Engi-
neers, Part P: Journal of Sports Engineering and Technology. 2021:17543371211047224

Willmott AG, James CA, Bliss A, Leftwich RA, Maxwell NS. A comparison of two global positioning sys-
tem devices for team-sport running protocols. Journal of biomechanics. 2019; 83:324—8 https://doi.org/
10.1016/j.joiomech.2018.11.044 PMID: 30563764

Zabaloy S, Freitas TT, Carlos-Vivas J, Giraldez JC, Loturco I, Pareja-Blanco F, et al. Estimation of max-
imum sprinting speed with timing gates: Greater accuracy of 5-m split times compared to 10-m splits.
Sports Biomechanics. 2021:1-11 https://doi.org/10.1080/14763141.2020.1838603 PMID: 33428549

Zabaloy S, Giraldez J, Gazzo F, Villaseca-Vicufia R, Gonzalez JG. In-season assessment of sprint
speed and sprint momentum in rugby players according to the age category and playing position. Jour-
nal of human kinetics. 2021; 77(1):274-86

Midgley AW, McNaughton LR, Polman R, Marchant D. Criteria for Determination of Maximal Oxygen
Uptake. Sports medicine. 2007 2007/12/01; 37(12):1019-28; https://doi.org/10.2165/00007256-
200737120-00002 PMID: 18027991

Niemeyer M, Knaier R, Beneke R. The Oxygen Uptake Plateau—A Critical Review of the Frequently
Misunderstood Phenomenon. Sports medicine. 2021 2021/09/01; 51(9):1815-34; https://doi.org/10.
1007/s40279-021-01471-4 PMID: 33914281

Meyer T, Kindermann W. Die maximale sauerstoffaufnahme (VO2max). Deutsche Zeitschrift fir Sport-
medizin. 1999; 50(9):285-6

Léger L, Boucher R. An indirect continuous running multistage field test: the Université de Montréal
track test. Canadian Journal of Applied Sport sciences Journal Canadien des Sciences Appliquees au
Sport. 1980; 5(2):77-84

Buchheit M, Simpson MB, Al Haddad H, Bourdon PC, Mendez-Villanueva A. Monitoring changes in
physical performance with heart rate measures in young soccer players. European journal of applied
physiology. 2012 2012/02/01; 112(2):711-23; https://doi.org/10.1007/s00421-011-2014-0 PMID:
21656232

Healy R, Kenny IC, Harrison AJ. Profiling elite male 100-m sprint performance: The role of maximum
velocity and relative acceleration. Journal of Sport and Health Science. 2019; https://doi.org/10.1016/].
jshs.2019.10.002 PMID: 35151419

Majumdar AS, Robergs RA. The science of speed: Determinants of performance in the 100 m sprint.
International Journal of Sports Science & Coaching. 2011; 6(3):479-93; https://doi.org/10.1260/1747-
9541.6.3.479.

Haugen TA, Tgnnessen E, Seiler S. Speed and countermovement-jump characteristics of elite female
soccer players, 1995-2010. International journal of sports physiology and performance. 2012; 7
(4):340-9; https://doi.org/10.1123/ijspp.7.4.340 PMID: 22645175

PLOS ONE | https://doi.org/10.1371/journal.pone.0296866 January 22, 2024 34/35


https://doi.org/10.3390/s22228610
http://www.ncbi.nlm.nih.gov/pubmed/36433206
https://doi.org/10.3390/sports10040057
https://doi.org/10.3390/sports10040057
http://www.ncbi.nlm.nih.gov/pubmed/35447867
https://doi.org/10.1519/JSC.0b013e318225f384
http://www.ncbi.nlm.nih.gov/pubmed/22233794
https://doi.org/10.1371/journal.pone.0192708
http://www.ncbi.nlm.nih.gov/pubmed/29420620
https://doi.org/10.1519/JSC.0b013e318225f161
http://www.ncbi.nlm.nih.gov/pubmed/22310508
https://doi.org/10.1080/17461391.2016.1249031
http://www.ncbi.nlm.nih.gov/pubmed/27806673
https://doi.org/10.1016/j.jbiomech.2018.11.044
https://doi.org/10.1016/j.jbiomech.2018.11.044
http://www.ncbi.nlm.nih.gov/pubmed/30563764
https://doi.org/10.1080/14763141.2020.1838603
http://www.ncbi.nlm.nih.gov/pubmed/33428549
https://doi.org/10.2165/00007256-200737120-00002
https://doi.org/10.2165/00007256-200737120-00002
http://www.ncbi.nlm.nih.gov/pubmed/18027991
https://doi.org/10.1007/s40279-021-01471-4
https://doi.org/10.1007/s40279-021-01471-4
http://www.ncbi.nlm.nih.gov/pubmed/33914281
https://doi.org/10.1007/s00421-011-2014-0
http://www.ncbi.nlm.nih.gov/pubmed/21656232
https://doi.org/10.1016/j.jshs.2019.10.002
https://doi.org/10.1016/j.jshs.2019.10.002
http://www.ncbi.nlm.nih.gov/pubmed/35151419
https://doi.org/10.1260/1747-9541.6.3.479
https://doi.org/10.1260/1747-9541.6.3.479
https://doi.org/10.1123/ijspp.7.4.340
http://www.ncbi.nlm.nih.gov/pubmed/22645175
https://doi.org/10.1371/journal.pone.0296866

PLOS ONE

Assessing anaerobic speed reserve

89.

90.

91.

92,

93.

94.

Pino-Ortega J, Oliva-Lozano JM, Gantois P, Nakamura FY, Rico-Gonzalez M. Comparison of the valid-
ity and reliability of local positioning systems against other tracking technologies in team sport: A sys-
tematic review. Proceedings of the Institution of Mechanical Engineers, Part P: Journal of Sports
Engineering and Technology. 2022; 236(2):73-82; https://doi.org/10.1177/1754337120988236.

Robertson S, Kremer P, Aisbett B, Tran J, Cerin E. Consensus on measurement properties and feasibil-
ity of performance tests for the exercise and sport sciences: a Delphi study. Sports medicine-open.
2017; 3:1-10; https://doi.org/10.1186/s40798-016-0071-y.

Petot H, Meilland R, Le Moyec L, Mille-Hamard L, Billat VL. A new incremental test for VO2max accu-
rate measurement by increasing VO2max plateau duration, allowing the investigation of its limiting fac-
tors. European journal of applied physiology. 2012 2012/06/01; 112(6):2267—76; https://doi.org/10.
1007/s00421-011-2196-5 PMID: 21997677

Julio UF, Panissa VL, Paludo AC, Alves ED, Campos FA, Franchini E. Use of the anaerobic speed
reserve to normalize the prescription of high-intensity interval exercise intensity. European journal of
sport science. 2020; 20(2):166—73 https://doi.org/10.1080/17461391.2019.1624833 PMID: 31132025

Parkes JH, J; Eisenmann JC. Application of the Anaerobic Speed Reserve to game style in junior tennis
players: a preliminary report. Sports Performance and Science Reports. 2022; 1(179)

Dai L, Xie B. Adaptations to Optimized Interval Training in Soccer Players: A Comparative Analysis of
Standardized Methods for Individualizing Interval Interventions. Journal of Sports Science and Medi-
cine. 2023; 22(4):760-8; https://doi.org/10.52082/jssm.2023.760 PMID: 38045737

PLOS ONE | https://doi.org/10.1371/journal.pone.0296866 January 22, 2024 35/35


https://doi.org/10.1177/1754337120988236
https://doi.org/10.1186/s40798-016-0071-y
https://doi.org/10.1007/s00421-011-2196-5
https://doi.org/10.1007/s00421-011-2196-5
http://www.ncbi.nlm.nih.gov/pubmed/21997677
https://doi.org/10.1080/17461391.2019.1624833
http://www.ncbi.nlm.nih.gov/pubmed/31132025
https://doi.org/10.52082/jssm.2023.760
http://www.ncbi.nlm.nih.gov/pubmed/38045737
https://doi.org/10.1371/journal.pone.0296866

