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ABSTRACT

Repeated sprint ability (RSA) is more closely related to match performance outcomes than single-
sprint performance, but the kinetic determinants in youth athletes remain poorly understood.
Therefore, the aim of the study was to explore the kinetic determinants of RSA in youth athletes.
Twenty trained adolescents (15 girls; 14.4 £+ 1.0 years) completed five 15 m repetitions interspersed
with 5-s rest. Velocity was measured during each trial using a radar gun at >46 Hz, following which
the force-velocity-power (F-v-P) profile was fitted to a velocity—-time curve and instantaneous
power and force variables calculated. The mechanical efficiency of force application (Dgf) was the
primary predictor of both single and repeated sprint performance in adolescents. Secondly, hier-
archical analyses revealed the percentage reduction in peak velocity, Dgg, and allometrically scaled
peak force explained 91.5% of the variance in 15 m sprint time from sprints 1-5. Finally, declines in
allometrically scaled peak power were more closely related to declines in peak force than reduc-
tions in velocity. In conclusion, given Dgr was the primary predictor of both single and repeated
sprint performance training programmes targeting RSA need to include technique, and skill acquisi-

ARTICLE HISTORY
Received 13 September 2022
Accepted 12 May 2023

KEYWORDS
Biomechanics; children;
performance; talent

tion, components.

1. Introduction

Repeated sprint ability (RSA), defined as the ability to repeat-
edly reproduce consistent maximal efforts (Girard et al., 2011),
is fundamental to athletic performance in team sports and
routinely assessed in long-term athlete development (LTAD)
programmes and talent identification batteries (Girard et al.,
2011; Mendez-Villanueva et al., 2010; Moran et al., 2016;
Papaiakovou et al., 2009). Indeed, adult athletes are reported
to perform more than 50 individual sprints during an interna-
tional football match (Pons et al., 2021), with many being in
close succession and almost always in game critical scenarios
(i.e., scoring or preventing a goal; Spencer, Bishop, et al., 2004).
Unsurprisingly, therefore, RSA has been more closely related to
performance outcomes than individual sprint ability in adult
team sports (Spencer, Bishop, et al., 2004; Spencer, Lawrence, et
al. 2004). Youth team sports are characterised by similar move-
ment profiles (Buchheit et al., 2010; McLellan & Lovell, 2013),
but the determinants of RSA are likely to be dependent on both
chronological and biological age, although this requires further
investigation. Indeed, determining the mechanisms of RSA in
youth athletes would be pertinent for coaches, talent identifi-
cation, and the development of more comprehensive LTAD
models. However, obtaining a reliable measure of RSA is diffi-
cult given the high intra- and inter-day variability (17-51% in
some cases) and the number of different RSA protocols which
are routinely used confounding direct comparisons between
studies (Altmann et al., 2019).

The development of single-sprint performance during child-
hood and adolescence is thought to be a non-linear process,
with accelerated periods of development around the time of
peak height velocity (PHV; Mendez-Villanueva et al., 2010;
Mujika et al., 2009; Philippaerts et al., 2006; Spencer et al.,
2011). However, changes in RSA and its determinants during
maturation are less well understood (Mujika et al., 2009; Rossi
et al,, 2017). The determinants of RSA have been postulated to
be a combination of physiological (i.e., VOymay Girard et al.,
2011; Meckel et al., 2013; Rumpf et al., 2013) and biomechanical
factors (Girard et al., 2011; Morin et al., 2006, 2011; Rossi et al.,
2017; Rumpf et al., 2013; Rumpf, Cronin, Oliver, et al.,, 2015;
Samozino et al., 2016). From a biomechanical perspective,
sprint performance is suggested to be directly proportional to
peak horizontal force (Fyeai) and peak power (Ppeai) during the
initial acceleration (Morin et al., 2011; Rabita et al., 2015).

An athlete’s capacity to produce Fgeax Whilst running is
well described by the force-velocity relationship (Morin et al.,
2006; Rossi et al., 2017; Samozino, 2018) which characterises
the theoretical limits of the entire neuromuscular system and
the theoretical exponents of Fyeak, Ppeak @and peak velocity
(Vpeaki Samozino et al,, 2016). These mechanical variables
(Fpeakr Ppeaks @nd Vpeq) appear to be the primary determi-
nants of single-sprint performance, irrespective of age or
maturity (r* 0.98-0.99; Rumpf, Cronin, Oliver, et al., 2015).
However, the relative influence of Fpeaks Ppeak and Vpeax on
RSA is less clear and the underpinning mechanisms are
thought to be maturity dependant (Meyers et al., 2015,
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2017a; Papaiakovou et al., 2009; Philippaerts et al., 2006). For
instance, vertical stiffness, a reflection of the ability to tolerate
and overcome gravitational forces, was reported to be the
greatest predictor of sprint performance in pubertal adoles-
cents but not their pre- or post-pubertal counterparts (Rumpf,
Cronin, Mohamad, et al., 2015; Rumpf, Cronin, Oliver, et al,,
2015). Whilst the generalisability of these results is limited by
the derivation of the biomechanical parameters from only the
four fastest consecutive steps on a non-motorised treadmill,
they raise interesting questions regarding the interaction
between maturity and kinetic determinants of performance.

The mechanisms underpinning Fpeak and Ppeax are multi-
faceted and represent a complex interaction between neural,
anthropometric, and morphological factors, alongside indivi-
dual muscle properties (Morin et al., 2006, 2011; Rabita et al.,
2015). Interestingly, the technical ability to apply force (Dgg) has
recently been postulated to be more influential than absolute
Foeak (Morin et al,, 2011; Rossi et al., 2017), highlighting that
technique and skill proficiency may also be of importance.
Whilst the influence of Dgr has been reported in world-class
(Rabita et al., 2015) and masters athletes (Slawinski et al., 2017),
little is known about its role in sprint performance in youth
athletes. It was recently reported that single-sprint Dgg
improved with age in a sample of 68 children and adolescents
(Rossi et al., 2017). However, whether Dg¢ is equally important
for multiple-sprint performance remains largely unknown in
youth athletes and thus further research is required to deline-
ate the potential effects of age and maturation and their inter-
action with training on the determinants of sprint performance.
Therefore, the aim of this study was to assess RSA using radar
technology and biomechanical modelling in trained children
and adolescents to determine the underlying kinetics during
repeated over-ground sprints.

2. Methods

Twenty adolescents (n=15 girls; Table 1) involved in interna-
tional age-group field-hockey tournaments and an LTAD pro-
gramme participated in the study. A pre-screening medical
questionnaire and informed parent/guardian consent were
completed online using a custom-built consent form (Survey
Monkey, Dublin, Ireland). Written participant assent was
obtained on the day of testing. Ethics approval was obtained
from the institutional ethics committee (approval number:
SWA_2019_18) and the study conformed to the Declaration
of Helsinki.

2.1 Experimental procedures

Standing and sitting stature were measured to the nearest 0.1
cm using a Seca 213 portable stadiometer (Seca 213, Seca,

Chino, CA, USA), with body mass measured to the nearest 0.1
kg using a set of electronic scales (Seca 803, Seca, Chino, CA,
USA). Maturity offset was subsequently calculated using the
equations of Mirwald et al. (2002).

The purpose of the repeated sprint protocol was to mimic
gameplay scenarios where near maximal sprints are completed
in quick succession with changes in direction. Velocity was mea-
sured throughout all sprints using a STALKER ATS Il radar gun
(STALKER, Plano, Texas, USA), mounted on a tripod positioned
10 m behind the start line, in accord with manufacturer recom-
mendations. The STALKER ATS Il has a recording frequency of
46.875 Hz, allowing for near-instantaneous power and force vari-
ables to be modelled. Rossi et al. (2017) used radar technology
coupled with macroscopic biomechanical modelling to estimate
force and power variables in field-based settings. This radar
technology has the ability to measure both inbound and out-
bound velocities (Simperingham et al., 2016, 2017), thereby
enabling the quantification of between sprint differences.
Indeed, such high-resolution quantification of the kinetics under-
pinning repeated sprints could not only further our understand-
ing of, but also facilitate targeted interventions to improve, RSA
during childhood and adolescence (Girard et al., 2011; Samozino
et al., 2016; Simperingham et al., 2017). Moreover, radar technol-
ogy has demonstrated high intraday reliability in paediatric
populations (Runacres et al., 2019).

Prior to undertaking the repeated-sprint protocol, partici-
pants undertook a standardised five-minute low-intensity
warm-up, culminating in two 15 m sprints that simultaneously
served as familiarisation with the sprint protocol. Participants
were then given at least 2 min of active rest before completing
the repeated-sprint protocol. The 20 m sprinting lane was
marked by a pair of coloured cones and prior to undertaking
the RSA protocol participants had the opportunity to ask any
questions. For the repeated-sprint protocol, participants com-
pleted five 20 m sprints, turning 180° every 20 m. To minimise
the potential confounding effects of differences in turning
speed between participants and sprints, participants were
required to stop for up to 5 s before accelerating into the
next maximal sprint. A repeated measures ANOVA revealed
that there was no significant difference in the times in between
sprints. Sprint times and kinetic variables were subsequently
derived from the initial 15 m of each sprint to minimise the
effects of deceleration. Participants started from a two-point
standing start to reduce vertical displacement during the early
phase of the sprint and were instructed to start using auditory
cues (i.e, “3...2...1...GO). All sprints were completed on
outdoor AstroTurf pitches, with the mean air temperature and
wind speed being 15.8+0.8°C and 1.6+0.8m - s™', respec-
tively. Verbal encouragement was given to each participant
for the duration of the RSA protocol to ensure that all partici-
pants completed the RSA protocol to the best of their ability.

Table 1. Participant descriptives.

Mean + SD

Age (years)

Height (m)

BMI (kg - m™?)
Maturity Offset (years)

144+1.0
1.66 +0.08
21.1+£3.2
0.75+0.23

Note: BMI = Body Mass Index.



2.2 Data analysis and statistics

Radar technology has the ability to measure both inbound and
outbound velocities (Simperingham et al., 2016, 2017), thereby
enabling the quantification of between sprint differences.
Indeed, such high-resolution quantification of the kinetics
underpinning repeated sprints could not only further our
understanding of but also facilitate targeted interventions to
improve, RSA during childhood and adolescence (Girard et al.,
2011; Samozino et al., 2016; Simperingham et al., 2017). To
assess RSA, the data was first segmented into five sections to
represent each repeated sprint and, subsequently, the first
reading of each new sprint was assigned time 0, and the first
0.3 s deleted in line with previous recommendations
(Samozino, 2018). Using the biomechanical model of
Samozino et al. (2016), the following parameters were derived
for each sprint: time to peak power (t_Ppeak), absolute, relative
and allometrically scaled peak power (Ppeak), mean power
(Pmean), relative mean power (relative Phean), peak and mean
velocity (Vpeak and Viean, respectively), 15 m sprint time (15mT),
absolute, relative, and allometrically scaled peak force (Fpeak),
fatigue rate (FR) and Dgg. Furthermore, to aid comparisons with
previous literature, the fatigue index (FI) was calculated using
the formula reported elsewhere (Mujika et al., 2009).

All statistical analyses were conducted in SPSS (Version 26.0,
IBM, Armonk, NY, USA), with values presented as mean + SD.
Sex differences in anthropometric variables were assessed
using an independent samples t-test, revealing no sex differ-
ences in any anthropometric or repeated sprint parameter, so
data were pooled for subsequent analyses. Allometric scaling,
a common technique to account for body size differences in
children (Welsman & Armstrong, 2019), was performed on P,k
and Fpeak, With a b exponent of 1.54 and 1.87 for Ppeak and Fpeak,
respectively. Following confirmation that all variables were
normally distributed parametric tests were used throughout.
A repeated measures ANOVA was used to compare perfor-
mance parameters between sprints, with Bonferroni correc-
tions applied where necessary. Cohen's d effect sizes were
also calculated to determine trivial (<0.20), moderate (=0.21-<
0.60), large (=0.61-< 0.80), and very large (=0.81) effects
(Cohen, 1988).

Hierarchical linear regressions were used to ascertain the
biomechanical determinants of each 15m sprint repetition.
Allometrically scaled Ppe.c was initially added to the model
due to the emerging associations with single-sprint perfor-
mance in children and adolescents (Rumpf, Cronin, Mohamad,
et al, 2015; Rumpf, Cronin, Oliver, et al., 2015). Subsequently,
predictor variables were entered into the models to determine
the independent association with each repetition’s 15mT, with
inclusion into the model accepted if a significant increase in
explained variance was observed at the 0.05 confidence inter-
val. Collinearity checks were conducted using the variance
inflation factor (VIF), with a VIF <1, between 1 and 5, and
greater than 5 indicating low, moderate and high collinearity,
respectively (Daoud, 2017). If high multi-collinearity was found
between variables, the variable explaining the greatest propor-
tion of variance was included in the model (Daoud, 2017). The
accuracy and suitability of the model was assessed using the
normality of residual values. The correlation coefficients were

JOURNAL OF SPORTS SCIENCES (&) 393

classified according to Hopkins (2006) as trivial (0.0-0.1), small
(0.1-0.3), moderate (0.3-0.5), large (0.5-0.7), very large (0.7-
0.9), or nearly perfect (0.9-1.0). A significant correlation was
evident between the percentage decline in 15mT and allome-
trically scaled Ppeak (R*=0.76; very large, p < 0.01) but Ppea was
not entered into the regression model due to its high collinear-
ity with Vo and Fpear. Declines in Feac were more strongly
related to declines in Ppeax during the repeated sprints (R*=
0.89; very large, p < 0.01) than changes in Vimay (R* = 0.42; mod-
erate, p < 0.05).

To assess the overall RSA, the mean percentage decline from
the first to last sprint was calculated for each mechanical vari-
able, similar to Chaouachi et al. (2010), with a subsequent
hierarchical stepwise linear regression used to ascertain which
variables predicted the decline in performance according to the
15mT. Pearson’s correlations were performed to establish the
relationship between the relative declines in kinetic variables
over the repeated sprints.

3. Results

The repeated measures ANOVA demonstrated a main effect for
sprint number, with post-hoc analyses demonstrating that, as
shown in Figure 1, this was primarily attributable to differences
between the first two sprints and all subsequent sprints. More
specifically, there was a main effect for Py, regardless of how
it was expressed, with post-hoc tests revealing Py, during
sprint 1 was significantly higher than sprint 4 (d = 0.54; Table 2).
Pmeans relative Ppean and Dgge were significantly higher during
sprint 1 compared to all other sprints (Pyean: Fa,76)=23.7, p <
0.01, relative Prean: Fa,76)=24.7, p <0.01, Dgg: Fa,76) =26, p <
0.01). There was an overall effect of sprint number on Ve
(Fa76)=29.4, p < 0.01), Vinean (Fu7e = 17.4, p<0.01) and 15mT
(Fa76)=17.1, p<0.01), with post-hoc analyses revealing that
Vpeak, Vmean and 15mT decreased from sprints 1 to 4, before
increasing slightly in sprint 5 (Table 2). However, as shown in
Figure 1c, there were no significant differences in Fpeay, irre-
spective of whether it was expressed in absolute, relative, or
allometrically scaled units, over the five sprint repetitions (all p
> 0.05). Additionally, t_Pgeax and FR did not significantly change
with each sprint repetition. The mean Fl over the five sprint
repetitions was 11.0 £ 3.9%.

3.1 Biomechanical determinants of repeated sprints

In model 1, in which only allometrically scaled P, was
entered, 74-82% of the variance in the 15mT from sprints
1 to 4 was explained, with the explained variance lower for
sprint 5 only (62%; Table 3). Dgr was found to be
a significant additional predictor of sprint performance for
sprints 1, 2, 3 and 5, increasing the explained variance to
between 84% and 92%. Mean allometrically scaled Pgeax
across the five sprints explained a large proportion of the
variance in the mean 15mT (81%), with the inclusion of
mean Dgr significantly increasing the explained variance to
90%. The hierarchical linear regression revealed that percen-
tage declines in Vihax Was the strongest predictor of 15mT
(37.9%), followed by Dgr (34.7%) and allometrically scaled
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Figure 1. Post-processed representative traces from the five sprint-repetitions for a typical participant showing a) velocity-time profile; b) power-velocity profile; and c)

the force velocity profile.

Fpeak (18.9%). Subsequently, the percentage decline in 15mT
was described by:

Percentage decline in 15mT=-0.903 + (0.629 * V ;,a,) +
(0.143 * Dge) + (0.415 * allometrically scaled Fpeak)

4. Discussion

This study was the first to utilise radar technology in combina-
tion with macroscopic biomechanical modelling to gain greater
insights into the mechanical properties underpinning
repeated-sprint ability in adolescents. The main findings of
the current study indicate that declines in allometrically scaled

Ppeak With repeated sprints are more closely related to declines
in allometrically scaled Fgeac than peak velocity in circa-PHV
adolescents. Moreover, the hierarchical analysis revealed that,
irrespective of sprint number, the kinetic determinants of single
sprints were also key to RSA performance. Finally, Dgr was the
primary predictor of both single- and multiple-sprint kinetics.
The results of this study provide important insights for the
design and implementation of training interventions targeting
improvements in RSA in youth athletes.

Data from non-motorised treadmills in boys (Rumpf, Cronin,
Oliver, et al., 2015) and force platforms in girls (Nagahara et al.,
2019) indicate that Ppeax and Fpeai are key determinants of



Table 2. Sprint variables from each of the 5 x 15 m sprint repetitions.
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Sprint 1 Sprint 2 Sprint 3 Sprint 4 Sprint 5 Significant Differences
t_Ppeak (5) 0.56+0.12 0.52+0.11 0.50+0.12 0.50 £ 0.07 0.53£0.11 -
Ppeak (W) 732.0£268.3 647.9+190.8 659.7 +£238.8 606.2 + 190.7° 643.3+198.8 1-4,d=0.54
Relative Ppear (W - kg™") 126+3.7 11.2+2.6 11.2+2.8 104+22° 11.0+£23 1-4,d=0.72
Scaled Pyear (W - kg™") 79+23 7017 70+17 6.5+1.37 69+14 1-4,d=0.75
Pmean (W) 362.1£95.8 318.0+91.4° 308.2 + 102.0° 287.4+914°° 286.7 +77.6° 1 - All other sprints (d = 0.47-0.86)
2-4,d=0.33
Relative Ppean (W - kg™) 63+14 55+14% 53+1.3° 50+1.2°° 50+ 1.1° 1 - All other sprints (d = 0.57-1.03)
2-4,d=0.40
Vpeak (M - s 5.87 £0.51 5.51+0.50° 5.40+0.48° ¢ 530+045°"¢ 5.61+0.52° 1 - All other sprints (d =0.71-1.16)
2-4,d=0.42
4-5,d=0.64
Vinean (M - 57 4.40+0.40 415+0.30° ¢ 412+0.30° ¢ 405+027% ¢ 435+0.35 1 - Sprints 2,3 and 4 (d=0.71-1.13)
5 — Sprints 2, 3 and 4 (d = 0.58-0.96)
T15m (s) 3.43+£0.31 3.63+£0.29° ¢ 3.67 £0.29° ¢ 3.73+0.28° ¢ 3.47+0.29 1 - Sprints 2,3 and 4 (d=0.71-1.13)
5 — Sprints 2, 3 and 4 (d = 0.58-0.96)
Fpeak (N) 4452 +151.7 421.4+1121 4353 +1394 411.9+£1103 417.7 £1185 -
Relative Fpeqi (N - kg™") 77+20 7314 74+15 7110 72+13 -
Scaled Fpeqi (N - kg™") 36+09 35+0.7 35+0.7 34+04 34+06 -
FR(W.s™") 272.6 £150.8 2457 +99.4 263.9+133.9 243.2£106.1 211.6 £90.2 -
Dpr (% -s-m™") -7.64+1.03 —-8.63 + 1.44° —8.51+1.497 -893+1.19° —8.34+1.45° 1 — All other Sprints (d = 0.40-0.78)

Note: All variables presented as mean + SD. t_Ppeak = Time to Peak Power, Ppeak = Peak power, Pmean = Average power, Vpeak = Peak Velocity, Vmean = Average

velocity, T15m =15m sprint time, Fpeak = Peak Force, FR =Fatigue Rate, DRF

= Mechanical Efficiency Index. 2 significantly different compared to sprint 1, ®

significantly different compared to sprint 2,  significantly different compared to sprint 3, ¢ significantly different compared to sprint 4, © significantly different

compared to sprint 5.

Table 3. Biomechanical determinants of 15 m sprint time for each repetition.

Sprint Number Predictor Variables B Standard Error R

1 Scaled Ppeak —-0.12 0.02 0.78 **
Drr —0.04 0.02 0.84 *

2 Scaled Pyeak —-0.15 0.02 0.74 **
Drr —-0.08 0.02 0.88 **

3 Scaled Ppeak —-0.15 0.02 0.82 **
Drr 0.07 0.02 0.92 **

4 Scaled Ppeak -0.19 0.02 0.79 **

5 Scaled Ppeak —-0.16 0.03 0.62 **
Drge —-0.20 0.02 0.84 **

Note: Scaled Ppc. = Allometrically Scaled Ppeak, Dre = Mechanical Efficiency Index, * p < 0.05, ** p < 0.01.

single-sprint performance during youth. In contrast, the pre-
sent study suggests that Dg, an indication of mechanical effi-
ciency, is a greater predictor of single-sprint performance than
Fpeak- This is in agreement with data in trained youth (Rossi
et al, 2017) and adult (Morin et al., 2011) sprinters, which was
attributed to Fyeax being the sum of both horizontal and ver-
tical forces, with the latter not significantly influencing perfor-
mance (Morin et al., 2006, 2011). However, Dgr represents the
linear decline in the ratio of forces (horizontal: vertical) with
increasing velocity and may therefore be more performance-
orientated (Samozino et al., 2016; Slawinski et al., 2017). Of
note, Dgr has also been reported to significantly decline in
repeated cycling sprints, whereby participant’s force-efficiency
decreased as pedalling frequency increased (Sanderson, 1991).
Whilst it is not possible to exert zero vertical force (and subse-
quently have a ratio of forces of 100%) as this would preclude
running motion (Morin et al., 2006, 2011), future research
should seek to establish optimal values that could improve
both single and repeated sprints.

Allometrically scaled Ppe,x and peak velocity were signifi-
cantly higher in sprint 1 compared to all other sprints (d = 0.54—
1.16), with the decline in allometrically scaled Ppe,k reaching
significance from sprint 4. In contrast, there were no significant
differences between any sprints for Fe,y, regardless of how it
was expressed. Therefore, it was surprising that declines in Foeax

were the primary cause of the reductions in Py« over the
course of the five sprints. Nevertheless, previous research in
children has reported that relative F,..x has a very strong
relationship with step length and flight length (the distance
travelled by the COM from toe-off to touchdown; Lloyd et al.,
2016). Thus, it may be possible that even small changes in
relative Fyeax may negatively impact upon these crucial kine-
matic variables, thereby lowering velocity (Lloyd et al., 2016;
Meyers et al,, 2017b). Of note, allometrically scaled Fpe.x and
Ppeak €xplained significantly more variance in both individual
sprint 15mT and the overall decline in 15mT across the five
sprint repetitions than absolute or relative values. This may be
due to the near-linear relationship observed between Ppea,
Fpeak @and body mass, irrespective of sex (Doré et al., 2005,
2008), with ratio-scaling consequently penalising heavier,
more mature individuals (Nevill, Bate, & Holder, 2005;
Welsman & Armstrong, 2019).

Allometric scaling, unlike conventional ratio scaling, allows
the specific exponent of body mass to be calculated, and is
currently the most robust statistical method to account for
body mass differences in aerobic fitness (Welsman &
Armstrong, 2019). Allometric scaling was utilised within this
study to provide reference values for future studies exploring
the kinetic determinants of RSA in circa-PHV adolescents.
Additionally, by employing allometric scaling, comparisons
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of kinetic RSA determinants across maturity groups are facili-
tated, which is especially relevant as it is likely that the deter-
minants may be maturity dependent. Indeed, circa-PHV
adolescents are often characterised by “adolescent awkward-
ness” caused by rapid growth of limbs in relation to the trunk
inhibiting motor control (Quatman-Yates et al, 2012).
Consequently, the potential reductions in motor control may
explain the importance of Dgr for RSA in this study. However,
future research is warranted to establish the kinetic determi-
nants of RSA throughout maturity.

In the present study, similar mechanical determinants of
single and repeated sprints were evident, therefore suggest-
ing that single- and repeated-sprint ability may be governed
by the same mechanical properties. From a physiological
perspective, declines in Pye.¢ during repeated cycling sprints
have primarily been attributed to neuromuscular fatigue,
arising from increases in blood lactate concentrations and
associated reductions in intramuscular pH (Ratel et al., 2002;
Ratel, Duche, et al., 2006). Such reductions inhibit the ability
to recruit type Il higher-order muscle fibres, with changes in
motor-unit recruitment patterns in the quadriceps, mea-
sured using an electromyogram, explaining 97% of the
total work during repeated cycling sprints, interspersed
with 30 s rest in untrained adults (Girard et al., 2011).
Moreover, a reduction in pH may lead to reductions in
motor co-ordination (Doré et al., 2005; Ratel, Williams,
et al., 2006), which may also explain Dgr as a predictor of
fatigue during repeated sprints. However, although similar
fatiguing pathways seem likely (Ratel, Duche, et al., 2006),
whether the same physiological mechanisms are also
responsible for the declines in running performances
remains to be established.

The trained hockey players in the present study showed
a higher decrement in performance, as measured using Fl
(11.9%), to that reported in highly trained footballers (4.1-
5.5%; Girard & Farooq, 2012; Mujika et al., 2009), likely due to
differences in the repeated-sprint protocol as both groups
were highly trained completing =7 hours week™",
Specifically, most repeated-sprint studies incorporate 10-30
s of rest between repetitions (Meckel et al., 2009; Mendez-
Villanueva et al., 2010; Mujika et al., 2009; Temfemo et al.,
2011), whereas this study utilised a near-continuous protocol.
Whilst it could be argued that incorporating rest between
sprints is more indicative of team-sport scenarios (Mendez-
Villanueva et al.,, 2010), the inclusion of rest periods facilitates
aerobic recovery. Indeed, previous paediatric research found
a significant correlation between aerobic capacity and fati-
gue resistance during repeated-sprint protocols (Mendez-
Villanueva et al., 2007). Moreover, Dupont et al. (2005)
reported that the magnitude of change in sprint time was
negatively correlated with the speed of the pulmonary VO,
kinetics in adults (r*=0.80, p <0.01), with faster pulmonary
VO, kinetics postulated to spare intramuscular phosphocrea-
tine for the later sprints and thereby increase RSA perfor-
mance (Dupont et al., 2005). Therefore, future research
should seek to establish physiological determinants of
repeated-sprint performance in children and adolescents to
further explain the declines in mechanical variables during
sprint running.

It may be pertinent to note that the last sprint (sprint 5) was
faster than sprints 2, 3 and 4, perhaps highlighting that future
research should incorporate an increased number of sprint
repetitions to induce greater fatigue, as well as the potential
role of pacing resulting in sub-maximal sprints (Impellizzeri
et al., 2008; Ratel, Williams, et al., 2006). In the absence of
criteria to determine the maximal effort, it could be postulated
that an element of pacing is involved within all repeated-sprint
protocols, irrespective of recovery period. The present study
utilised specific strategies to increase and maintain motivation
during repeated sprints, including a longer finish line distance
(Mendez-Villanueva et al., 2010) and verbal encouragement
(Mujika et al., 2009; Philippaerts et al., 2006). However, no
studies have examined differences between trials with and
without motivational techniques, so it is unclear whether
these techniques mitigate the role of pacing.

Although there are numerous strengths to this study, cer-
tain limitations must be noted. Data collection was curtailed
by COVID-19 resulting in a relatively small sample size,
thereby limiting generalisability. Given the small sample size,
the results of this study should be interpreted as a preliminary
investigation into the potential underpinning mechanisms of
RSA in highly trained youth. Furthermore, all participants were
classified as circa peak height velocity and so the results of this
study should be interpreted as the kinetic determinants of
RSA in this maturity group only. Whilst the macroscopic bio-
mechanical model used provides an overview of the kinetics
underpinning sprint performance, muscle-specific inferences
cannot be made. Consequently, the specific muscles respon-
sible for the observed power reduction cannot be established,
limiting intervention specificity. Nevertheless, radar technol-
ogy coupled with biomechanical modelling offers
a foundation for quantifying potential sex, training and
maturational differences in RSA.

4.1 Practical recommendations

The results of this study indicate that Dgr was the most impor-
tant factor in determining RSA, suggesting that future interven-
tions and training programmes seeking to improve RSA in
youth should incorporate a focus on technique and skill acqui-
sition components. This is important as many LTAD models
focus almost exclusively on physiological conditioning with
little consideration for the wider determinants of talent devel-
opment. Furthermore, coaches and practitioners working with
youth team sport athletes should endeavour to incorporate
strength, or power, training into their training regimes as
Ppeak Was found to be a key determinant of 15mT.

5. Conclusions

In conclusion, Dgr was the primary determinant of both single-
and repeated-sprint performance in youth and therefore
future training interventions aiming to improve RSA in youth
should include some technique, or skill acquisition, compo-
nents. Future studies should seek to establish the RSA devel-
opment in untrained children and adolescents, so the
trainability of RSA, and any sex, or maturity, differences can
be established.



Highlights

® Mechanical efficiency (Dgg) was the primary determinant of single- and
repeated-sprint performance in youth.

® Declines in peak power with repeated sprints were more closely related
to reductions in peak force than velocity.

® Peak velocity, Dgf, and allometrically scaled peak force explained 91.5%
of the variance in RSA.

Acknowledgments

The authors would like to thank Dr Rachel Hughes and Tim Evans for their
help in the initial design of this study. The authors would also like to thank
all the athletes, coaches, and parents without whom this research would
not have been possible.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the Knowledge Economy Skills Scholarships
(KESS). KESS is a Pan-Wales higher-level skills initiative led by Bangor
University on behalf of the HE sector in Wales. It is partly funded by the
Welsh Government’s European Social Fund (ESF) convergence programme
for West Wales and the Valleys.

ORCID

Adam Runacres
Kelly A Mackintosh
Melitta A McNarry

http://orcid.org/0000-0002-8251-2805
http://orcid.org/0000-0003-0355-6357
http://orcid.org/0000-0003-0813-7477

Data availability statement

The data is available from the corresponding author (Professor Melitta
McNarry; m.mcnarry@swansea.ac.uk) upon reasonable request.

Ethics approval

Ethics approval was granted by the A-STEM Ethics Committee (Approval
Number: SWA_2019_18), and the study was conducted in accordance with
the Declaration of Helsinki.

References

Altmann, S., Ringhof, S., Neumann, R., Woll, A., Rumpf, M. C,, & Mirkov, D.
(2019). Validity and reliability of speed tests used in soccer: A systematic
review. PLos One, 14(8), €0220982. https://doi.org/10.1371/journal.pone.
0220982

Buchheit, M. V., Mendez-Villanueva, A., Simpson, B. M., & Bourdon, P. C.
(2010). Repeated-sprint sequences during youth soccer matches.
International Journal of Sports Medicine, 31(10), 709-716. https://doi.
org/10.1055/5-0030-1261897

Chaouachi, A., Manzi, V., Wong, D. P., Chaalali, A., Laurencelle, L.
Chamari, K., & Castagna, C. (2010). Intermittent endurance and repeated
sprint ability in soccer players. The Journal of Strength & Conditioning
Research, 24(10), 2663-2669. https://doi.org/10.1519/JSC.
0b013e3181e347f4

Cohen, J. (1988). Statistical power analysis for the behavioral sciences (2nd
ed.). Erlbaum.

Daoud, J. (2017). Multicollinearity and regression analysis. Journal of Physics
Conference Series, 949, 012009. https://doi.org/10.1088/1742-6596/949/
1/012009

JOURNAL OF SPORTS SCIENCES (&) 397

Doré, E., Bedu, M., & Van Praagh, E. (2008). Squat Jump performance during
growth in both sexes: Comparison with cycling power. Research
Quarterly for Exercise & Sport, 79(4), 517-524. https://doi.org/10.1080/
02701367.2008.10599518

Doré, E., Martin, R, Ratel, S., Duché, P., Bedu, M., & Van Praagh, E. (2005).
Gender differences in peak muscle performance during growth.
International Journal of Sports Medicine, 26(4), 274-280. https://doi.org/
10.1055/5-2004-821001

Dupont, G., Millet, G., Cuinhouya, C., & Berthoin, S. (2005). Relationship
between oxygen uptake kinetics and performance in repeated running
sprints. European Journal of Applied Physiology, 95(1), 27-34. https://doi.
org/10.1007/500421-005-1382-8

Girard, O., & Farooq, A. (2012). Effects of Ramadan fasting on repeated
sprint ability in young children. Science & Sports, 27(4), 237-240.
https://doi.org/10.1016/j.scispo.2011.09.006

Girard, O., Mendez-Villanueva, A., & Bishop, D. (2011). Repeated-sprint
ability - part i factors contributing to fatigue. Sports Medicine, 41(8),
673-694. https://doi.org/10.2165/11590550-000000000-00000

Hopkins, W.G. (2006). Estimating sample size for magnitude-based infer-
ences. Sportscience, 10, 63-70.

Impellizzeri, F., Rampinini, E., Castagna, C., Bishop, D., Ferrari-Bravo, D.,
Tibaudi, A., & Wisloff, U. (2008). Validity of a repeated-sprint test for
football. International Journal of Sports Medicine, 29(11), 889-905.
https://doi.org/10.1055/5-2008-1038491

Lloyd, R., Meyers, R., Hughes, M., Cronin, J., & Oliver, J. (2016). The relation-
ship between vertical and horizontal stiffness and maximal running
speed in 11 - 15 year old boys. The Journal of Strength & Conditioning
Research, 30, S99.

McLellan, C. P., & Lovell, D. I. (2013). Performance analysis of professional,
semiprofessional, and junior elite rugby league match-play using global
positioning systems. The Journal of Strength & Conditioning Research, 27
(12), 3266-3274. https://doi.org/10.1519/JSC.0b013e31828f1d74

Meckel, Y., Bishop, D., Rabinovich, M., Kaufman, L., Nemet, D., & Eliakim, A.
(2013). Repeated sprint ability in elite water polo players and swimmers
and its relationship to aerobic and anaerobic performance. Journal of
Sports Science & Medicine, 12(4), 738-743.

Meckel, Y., Machnal, O., & Eliakim, A. (2009). Relationship among repeated
sprint tests, aerobic fitness, and anaerobic fitness in elite adolescent
soccer players. The Journal of Strength & Conditioning Research, 23(1),
163-169. https://doi.org/10.1519/JSC.0b013e31818b9651

Mendez-Villanueva, A., Buchheit, M., Kuitunen, S., Douglas, A., Peltola, E., &
Bourdon, P. (2010). Age-related differences in acceleration, maximal
running speed, and repeated sprint-performance in young soccer
players. Journal of Sports Science, 29(5), 477-484. https://doi.org/10.
1080/02640414.2010.536248

Mendez-Villanueva, A., Hamer, P., & Bishop, D. (2007). Fatigue responses
during repeated sprints matched for initial mechanical output. Medicine
& Science in Sport and Exercise, 39(12), 2219-2225. https://doi.org/10.
1249/mss.0b013e31815669dc

Meyers, R., Oliver, J., Hughes, M., Cronin, J. B, & Lloyd, R. (2015). Maximal
sprint speed in boys of increasing maturity. Pediatric Exercise Science, 27
(1), 85-94. https://doi.org/10.1123/pes.2013-0096

Meyers, R., Oliver, J., Hughes, M., Lloyd, R., & Cronin, J. (2017a). Influence of
age, maturity, and body size on the spatiotemporal determinants of
maximal sprint speed in boys. The Journal of Strength & Conditioning
Research, 31(4), 1009-1016. https://doi.org/10.1519/JSC.
0000000000001310

Meyers, R., Oliver, J., Hughes, M,, Lloyd, R., & Cronin, J. (2017b). New insights
into the development of maximal sprint speed in male youth. Journal of
Strength and Conditioning, 39(2), 2-10. https://doi.org/10.1519/SSC.
0000000000000290

Mirwald, R. L., Baxter-Jones, A. D. G, Bailey, D. A., & Beunen, G. P. (2002). An
assessment of maturity from anthropometric measurements. Medicine
and Science in Sport & Exercise Science, 34(4), 689-694. https://doi.org/10.
1249/00005768-200204000-00020

Moran, J., Sandercock, G., Rumpf, M. C., & Parry, D. A. (2016). Variation in
responses to sprint training in male youth athletes: A meta-analysis.
International Journal of Sports Medicine, 38(1), 1-11. https://doi.org/10.
1055/5-0042-111439


https://doi.org/10.1371/journal.pone.0220982
https://doi.org/10.1371/journal.pone.0220982
https://doi.org/10.1055/s-0030-1261897
https://doi.org/10.1055/s-0030-1261897
https://doi.org/10.1519/JSC.0b013e3181e347f4
https://doi.org/10.1519/JSC.0b013e3181e347f4
https://doi.org/10.1088/1742-6596/949/1/012009
https://doi.org/10.1088/1742-6596/949/1/012009
https://doi.org/10.1080/02701367.2008.10599518
https://doi.org/10.1080/02701367.2008.10599518
https://doi.org/10.1055/s-2004-821001
https://doi.org/10.1055/s-2004-821001
https://doi.org/10.1007/s00421-005-1382-8
https://doi.org/10.1007/s00421-005-1382-8
https://doi.org/10.1016/j.scispo.2011.09.006
https://doi.org/10.2165/11590550-000000000-00000
https://doi.org/10.1055/s-2008-1038491
https://doi.org/10.1519/JSC.0b013e31828f1d74
https://doi.org/10.1519/JSC.0b013e31818b9651
https://doi.org/10.1080/02640414.2010.536248
https://doi.org/10.1080/02640414.2010.536248
https://doi.org/10.1249/mss.0b013e31815669dc
https://doi.org/10.1249/mss.0b013e31815669dc
https://doi.org/10.1123/pes.2013-0096
https://doi.org/10.1519/JSC.0000000000001310
https://doi.org/10.1519/JSC.0000000000001310
https://doi.org/10.1519/SSC.0000000000000290
https://doi.org/10.1519/SSC.0000000000000290
https://doi.org/10.1249/00005768-200204000-00020
https://doi.org/10.1249/00005768-200204000-00020
https://doi.org/10.1055/s-0042-111439
https://doi.org/10.1055/s-0042-111439

398 A. RUNACRES ET AL.

Morin, J. B., Edouard, P., & Samozino, P. (2011). Technical ability of force
application as a determinant factor of sprint performance. Medicine and
Science in Sport & Exercise, 43(9), 1680-1688. https://doi.org/10.1249/
MSS.0b013e318216ea37

Morin, J. B., Jeannin, T., Chevallier, B., & Belli, A. (2006). Spring-mass model
characteristics during sprint running: Correlation with performance and
fatigue-induced changes. International Journal of Sports Medicine, 27(1),
158-165. https://doi.org/10.1055/5-2005-837569

Mujika, I., Spencer, M., Santisteban, J., Gioriena, J. J., & Bishop, D. (2009).
Age-related differences in repeated-sprint ability in highly trained youth
football players. Journal of Sport Sciences, 27(14), 1581-1590. https://doi.
0rg/10.1080/02640410903350281

Nagahara, R., Haramura, M., Takai, Y., Oliver, J, Wichitaksorn, N.,
Sommerfield, L., & Cronin, J. (2019). Age-related differences in kinematics
and kinetics of sprinting in young females. Scandinavian Journal of
Medicine & Science in Sports, 29(6), 800-807. https://doi.org/10.1111/
sms.13397

Nevill, A. M., Bate, S., & Holder, R. L. (2005). Modeling Physiological and
Anthropometric Variables Known to Vary with Body Size and Other
Confounding Variables. American Journal of Physical Anthropology, 128
(S41), 141-153. https://doi.org/10.1002/ajpa.20356

Papaiakovou, G., Giannakos, A. Michailidis, C., Patikas, D., Bassa, E.,
Kalopisis, V., Kotzamanidis, C. ... Kotzamanidis, C. (2009). The effect of
chronological age and gender on the development of sprint perfor-
mance during childhood and puberty. The Journal of Strength &
Conditioning Research, 23(9), 2568-2573. https://doi.org/10.1519/JSC.
0b013e3181c0d8ec

Philippaerts, R. M., Vaeyens, R. Janssens, M., van Renterghem, B.,
Matthys, D., Craen, R., Malina, R. M., & Malina, R. M. (2006). The relation-
ship between peak height velocity and physical performance in youth
soccer players. Journal of Sport Science, 24(3), 221-230. https://doi.org/
10.1080/02640410500189371

Pons, E., Ponce-Bordon, J. C,, Diaz-Garcia, J., Lépez Del Campo, R., Resta, R.,
Peirau, X., & Garcia-Calvo, T. (2021). A longitudinal exploration of match
running performance during a football match in the Spanish La Liga: A
four-season study. International Journal of Environmental Research and
Public Health, 18(3), 1133. https://doi.org/10.3390/ijerph18031133

Quatman-Yates, C. C., Quatman, C. E., Meszaros, A. J., Paterno, M. V., &
Hewett, T. E. (2012). A systematic review of sensorimotor function during
adolescence: A developmental stage of increased motor awkwardness?
British Journal of Sports Medicine, 46(9), 649-655. https://doi.org/10.
1136/bjsm.2010.079616

Rabita, G., Dorel, S., Slawinski, J., Saez de Villarreal, E., Courtier, A., Samozino, P.,
& Morin, J. (2015). Sprint mechanics in world class athletes: A new insight
into the limits of human locomotion. Scandinavian Journal of Medicine in
Sport & Exercise, 26(5), 583-594. https://doi.org/10.1111/sms.12389

Ratel, S., Duche, P., Hennegrave, A., Van Praagh, E., & Bedu, M. (2002). Acid-
base balance during repeated cycling sprints in boys and men. Article.
Journal of Applied Physiology, 92(2), 479-485. https://doi.org/10.1152/
japplphysiol.00495.2001

Ratel, S., Duche, P., & Williams, C. (2006). Muscle fatigue during
high-intensity exercise in children. Review. Sports Medicine, 36(12),
1031-1065. https://doi.org/10.2165/00007256-200636120-00004

Ratel, S., Williams, C., Oliver, J., & Armstrong, N. (2006). Effects of age and
recovery duration on performance during multiple treadmill sprints.
Article. International Journal of Sports Medicine, 27(1), 1-8. https://doi.
org/10.1055/5-2005-837501

Rossi, J., Slotala, R., Samozino, P., Morin, J. B., & Edouard, P. (2017). Sprint
acceleration mechanics changes from children to adolescent. Computer
Methods in Biomechanics and Biomedical Engineering, 20(sup1), 181-182.
https://doi.org/10.1080/10255842.2017.1382922

Rumpf, M., Cronin, J.,, Mohamad, I., Mohamad, S., Oliver, J., & Hughes, M.
(2015). The effect of resisted sprint training on maximum sprint kinetics
and kinematics in youth. European Journal of Sport Science, 15(5),
374-381. https://doi.org/10.1080/17461391.2014.955125

Rumpf, M., Cronin, J., Oliver, J., & Hughes, M. (2013). Vertical and leg stiffness
and stretch shortening cycle changes across maturation during maximal
sprint running. Human Movement Science, 32(4), 668-676. https://doi.
org/10.1016/j.humov.2013.01.006

Rumpf, M., Cronin, J.,, Oliver, J.,, & Hughes, M. (2015). Kinematics and
kinetics of maximum running speed in youth across maturity.
Pediatric Exercise Science, 27(2), 277-284. https://doi.org/10.1123/pes.
2014-0064

Runacres, A., Bezodis, N. E., Mackintosh, K. A., & McNarry, M. A. (2019). The
reliability of force-velocity-power profiling during over-ground sprinting
in children and adolescents. Journal of Sports Sciences, 37(18),
2131-2137. https://doi.org/10.1080/02640414.2019.1622316

Samozino, P. (2018). A simple method for measuring force velocity and
power capabilities and mechanical effectiveness during sprint running.
In J. B. Morin (Ed.), Biomechanics of training and testing: Innovative
concepts and simple field methods (pp. 237-269). Springer.

Samozino, P., Rabita, G., Dorel, S., Slawinski, J., Peyrot, N, Saez de
Villarreal, E., & Morin, J. B. (2016). A simple method for measuring
power, force, velocity properties, and mechanical effectiveness in sprint
running. Scandinavian Journal of Medicine & Science in Sports, 26(6),
648-658. https://doi.org/10.1111/sms.12490

Sanderson, D. (1991). The influence of cadence and power output on the
biomechanics of force application during steady state exercise in com-
petitive and recreational cyclists. Journal of Sport Science, 9(2), 191-203.
https://doi.org/10.1080/02640419108729880

Simperingham, K., Cronin, J., Pearson, S., & Ross, A. (2017). Reliability of
horizontal force-velocity-power profiling during short sprint-running
accelerations using radar technology. Sports Biomechanics, 18(1), 1-12.
https://doi.org/10.1080/14763141.2017.1386707

Simperingham, K., Cronin, J., & Ross, A. (2016). Advances in sprint accelera-
tion profiling for field-based team-sport athletes: Utility, reliability, valid-
ity and limitations. Sports Medicine, 46(11), 1619-1645. https://doi.org/
10.1007/540279-016-0508-y

Slawinski, J., Termoz, N., Rabita, G., Morin, S., Dorel, J., Samozino, P., &
Samozino, P. (2017). How 100-m event analyses improve our under-
standing of world-class men’s and women’s sprint performance.
Scandinavian Journal of Medicine & Science in Sports, 27(1), 45-54.
https://doi.org/10.1111/sms.12627

Spencer, M., Bishop, D., & Lawrence, S. (2004). Longitudinal assessment of
the effects of field-hockey training on repeated sprint ability. Journal of
Science & Medicine in Sport, 7(3), 323-334. https://doi.org/10.1016/
$1440-2440(04)80027-6

Spencer, M., Lawrence, S., Rechichi, C., Bishop, D., Dawson, B. &
Goodman, C. (2004). Time-motion analysis of elite field hockey, with
special reference to repeated-sprint activity. Journal of Sports Sciences, 22
(9), 843-850. https://doi.org/10.1080/02640410410001716715

Spencer, M., Pyne, D., & Mujika, I. (2011). Fitness determinants of
repeated-sprint ability in highly trained youth football players. Journal
of Sports Physiology and Performance, 6(4), 497-508. https://doi.org/10.
1123/ijspp.6.4.497

Temfemo, A, Lelard, T, Carling, C, Mandengue, S., Chlif, M., & Ahmaidi, S.
(2011). Feasibility and reliability of a repeated sprint test in children age
6 to 8 years. Pediatric Exercise Science, 23(4), 549-559. https://doi.org/10.
1123/pes.23.4.549

Welsman, J., & Armstrong, N. (2019). Interpreting aerobic fitness in youth:
The fallacy of ratio scaling. Pediatric Exercise Science, 31(2), 184-190.
https://doi.org/10.1123/pes.2018-0141


https://doi.org/10.1249/MSS.0b013e318216ea37
https://doi.org/10.1249/MSS.0b013e318216ea37
https://doi.org/10.1055/s-2005-837569
https://doi.org/10.1080/02640410903350281
https://doi.org/10.1080/02640410903350281
https://doi.org/10.1111/sms.13397
https://doi.org/10.1111/sms.13397
https://doi.org/10.1002/ajpa.20356
https://doi.org/10.1519/JSC.0b013e3181c0d8ec
https://doi.org/10.1519/JSC.0b013e3181c0d8ec
https://doi.org/10.1080/02640410500189371
https://doi.org/10.1080/02640410500189371
https://doi.org/10.3390/ijerph18031133
https://doi.org/10.1136/bjsm.2010.079616
https://doi.org/10.1136/bjsm.2010.079616
https://doi.org/10.1111/sms.12389
https://doi.org/10.1152/japplphysiol.00495.2001
https://doi.org/10.1152/japplphysiol.00495.2001
https://doi.org/10.2165/00007256-200636120-00004
https://doi.org/10.1055/s-2005-837501
https://doi.org/10.1055/s-2005-837501
https://doi.org/10.1080/10255842.2017.1382922
https://doi.org/10.1080/17461391.2014.955125
https://doi.org/10.1016/j.humov.2013.01.006
https://doi.org/10.1016/j.humov.2013.01.006
https://doi.org/10.1123/pes.2014-0064
https://doi.org/10.1123/pes.2014-0064
https://doi.org/10.1080/02640414.2019.1622316
https://doi.org/10.1111/sms.12490
https://doi.org/10.1080/02640419108729880
https://doi.org/10.1080/14763141.2017.1386707
https://doi.org/10.1007/s40279-016-0508-y
https://doi.org/10.1007/s40279-016-0508-y
https://doi.org/10.1111/sms.12627
https://doi.org/10.1016/S1440-2440(04)80027-6
https://doi.org/10.1016/S1440-2440(04)80027-6
https://doi.org/10.1080/02640410410001716715
https://doi.org/10.1123/ijspp.6.4.497
https://doi.org/10.1123/ijspp.6.4.497
https://doi.org/10.1123/pes.23.4.549
https://doi.org/10.1123/pes.23.4.549
https://doi.org/10.1123/pes.2018-0141

	Abstract
	1. Introduction
	2. Methods
	2.1 Experimental procedures
	2.2 Data analysis and statistics

	3. Results
	3.1 Biomechanical determinants of repeated sprints

	4. Discussion
	4.1 Practical recommendations

	5. Conclusions
	Highlights
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Data availability statement
	Ethics approval
	References

