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ORIGINAL INVESTIGATION

Does biologically categorised training alter the perceived exertion and
neuromuscular movement profile of academy soccer players compared to
traditional age-group categorisation?
Jamie Salter a,b, James Blacka, James Mallettc,d, Steve Barrett e, Christopher Towlson c, Jonathan
D. Hughesb and Mark De St Croix b

aSchool of Science, Technology and Health, York St John University, York, England; bSchool of Sport and Exercise, University of
Gloucestershire, Gloucester, England; cFaculty of Health Sciences, University of Hull, Hull, England; dHull City FC, Hull, England;
ePlayermakerTM, London, UK

ABSTRACT
The individual response to load is multifactorial and complicated by transient temporal changes in
biological maturation. The period surrounding peak height velocity exposes potentially “fragile”
individuals to systematic, age-related increases in training loads. Bio-banding allows
practitioners to manage the biological diversity and align training to the
individual development needs . This study explores the acute impact of maturation on
neuromuscular performance and perceived intensity through comparing both chronological and
bio-banded training sessions. 55 male soccer players (mean ± SD; age 13.8 ± 1.4 years) were
recruited from an EPPP academy. Following a warm-up and standardised sub-maximal run (30–
15IFT), players competed in five bouts of 5-min 6v6 small-sided games (SSGs) before repeating
the standardised sub-maximal run. The sessions were repeated on three occasions with
chronological SSGs and the same with bio-banded SSGs wearing foot-mounted inertial
measurement units (PlayerMakerTM) with differential ratings of perceived exertion used to
quantify internal loads. Mixed linear modelling indicated maturity-specific pre–post differences
in neuromuscular response, stride length and cadence having contrasting responses pre-
(reduced) and post-PHV (increased), and larger changes in post sessions stiffness for pre- (∼18.6
kN·m−1) and circa-PHV (∼12.1 kN·m−1) players. Secondly, there were small to large differences in
neuromuscular response (RSI, stride length, stiffness, and contact time) and perceptions of
intensity between conditions, with bio-banding generally reducing pre–post changes. Bio-
banding may therefore offer a mechanism to prescribe maturity-specific training loads which
may help to alleviate the impact of repeated exposure to high-intensity activity, thus reducing
injury risk whilst promoting long-term player development.

Highlights
. Utilising a sub-maximal running protocol (30–15IFT) with foot mounted accelerometers can

detect maturity specific responses to football specific training activity, which aligns with
subjective perceptions of intensity.

. Chronologically derived small-sided games elicit different acute responses between players of
varying maturity status, which is somewhat negated when bio-banded small-sided games are
used instead.

. Bio-banding training sessions may offer practitioners a practical way of managing maturity-
specific trainings load to reduce injury risk and promote long-term players development.

KEYWORDS
Maturation; training load;
bio-banding; injury risk

Introduction

The period surrounding peak height velocity (PHV)
exposes potentially “fragile” individuals to systematic,
age-related increases in training loads (van der Sluis
et al., 2015). Temporal changes associated with the
rapid growth of both soft and hard tissue observed in

this period have been associated with increased injury
risk in adolescent footballers, particularly apophyseal
and overuse related injuries (McKay et al., 2019; Monas-
terio et al., 2021). The individual response to load is
influenced by several factors such as tissue morphology,
cross-sectional area, density, and stiffness properties
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(Kalkhoven et al., 2021) resulting in varied dose-
responses amongst pubertal populations. The frequency
and intensity of training schedules often limit recovery
time between training sessions (i.e. <72 h) with adoles-
cent training loads regularly superimposed on top of
academic and recreational activities (Phibbs et al.,
2018). Reduced recovery time and additional “stressors”
(i.e. exams, academic pressure) can contribute to injury
incidence and may predispose athletes to amplified
injury risk (Gustafsson et al., 2017). In some academies,
often only subjective internal training loads are
measured (i.e. ratings of perceived exertion) (Salter
et al., 2020b) which can have poor agreement
between coach and player rated intensity (Macpherson
et al., 2019), and may consequently complicate dose-
responses interpretations. Combined, these issues
make “managing” adolescent workloads complex in
comparison to elite adult environments, where often
training prescription is wholly controlled by experienced
support staff utilising a combination of internal and
external markers of training and recovery (West et al.,
2020), with players of a greater anatomical, biological,
and physiological stability.

Small-sided games (SSGs) are an efficient and com-
monly applied method to combine technical proficiency,
tactical and spatial awareness, speed, agility whilst
offering a conditioning stimulus (Riboli et al., 2020). The
composition of SSGs can be altered by manipulating par-
ameters including pitch-size, number of players, duration,
rules, and goalkeeper inclusion to suit the objectives of
the session andmicro-cycle (Riboli et al., 2020). FA Guide-
lines (Football Association, 2012) stipulate pitch sizes for
academy fixtures, with 11-a-side area per player (m2)
ranging from 187 (U13–14) to 292 m2 (>U16) across the
Youth Development Phase (YDP). Naturally, SSGs utilise
tighter areas per player, with studies ranging from 52 to
128 m2 (Fenner et al., 2016; Guard et al., 2021; Riboli
et al., 2020), which significantly influences both internal
and external markers of load. Typically, smaller area
sizes are associated with higher physiological and per-
ceptual responses and a concomitant increase in accel-
erative and high magnitude decelerative loads, but
reduce high velocity running exposure (Guard et al.,
2021; Riboli et al., 2020). It is common for SSGs to be per-
formed using multiple bouts (e.g. 4–6) of shorter dur-
ations (e.g. 4–5 min) with regular recovery (i.e. 2–3 min)
to facilitate the maintenance of the required intensity
(Fenner et al., 2016; Guard et al., 2021; Riboli et al.,
2020). Standardising the duration, dimensions, rules,
and number of players offers practitioners a valid and
useful tool to regulate variations in external loads to facili-
tate quantification of acute changes in neuromuscular
performance (Rowell et al., 2018).

Transient temporal modifications in soft and hard
tissue during maturation, stimulated by hormonal and
anthropometrical development combined with
exposure to mechanical load produces an individual
stress-response matrix athletes (Salter et al., 2020a;
Waugh et al., 2012). Tendon mechanical load-adaptation
profiles respond to changes in load, which is also
influenced by maturation related changes in body
mass and force production capabilities (i.e. muscle
mass and motor unit recruitment) (Waugh et al., 2012).
Maturational adaptations such as fibre type compo-
sition, pennation angle, tendon size and stiffness and
co-contraction directly influence the kinetic ability of
adolescent athletes (Radnor et al., 2018) which ulti-
mately influences their dynamic control and injury risk.
Although the sequential development of these
musculo-tendinous properties is known, the timing
and tempo of these is inconsistent and therefore may
result in individuals competing with peers more (or
less) proficient at utilising these properties to produce/
absorb forces (Radnor et al., 2018). Naturally, this has
implications for talent identification, development, per-
formance, and injury risk and should therefore be mon-
itored and load exposure aligned appropriately.

Utilising standardised running activity as part of a
training session is growing in prevalence and offers prac-
titioners the ability to assess the status of, or changes in
movement profiles of athletes (Leduc et al., 2020). The
relative expense of microelectromechanical systems
(MEMS) to quantify these changes is often inaccessible
for academies who more commonly employ self-
reported perceptions of intensity as an integral part of
their load monitoring strategy (Salter et al., 2020b). Ses-
sional ratings of perceived exertion (sRPE) are a valid and
common way to monitor the psycho-physiological per-
ceptions of intensity within soccer (Fanchini et al.,
2016), and widely used in academy settings. More
recently applied differentiated-RPE (i.e. breathlessness,
leg muscle and cognitive/technical) may help to dis-
tinguish between central and peripheral constructs
and provide insight into individual responses (Wright
et al., 2020). By collating such data, coaches and prac-
titioners can begin to recognise how the composition
of training sessions can influence the stress-response
and ultimately injury risk.

Bio-banding has been utilised across sport to group
individuals based on biological maturation rather than
chronological age, primarily for talent identification and
development purposes (Cumming et al., 2017). Typically,
players falling within established maturity thresholds
(e.g. 88–96% of predicted adult height percentage
[PAH%]) are periodically grouped together for training
sessions and/or competition that supplements the age-
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specific programme, irrespective of their chronological
age. This approach reduces the biological heterogeneity
between players and allows individuals that are either
pre-, mid-, or post-PHV to compete against similar
counterparts, reducing any biological advantages
(Cumming et al., 2017). Naturally, reducing the hetero-
geneity within sessions consequently smooths the
inter-individual responses due to players possessing
similar biological make up. Therefore, supplementing
the chronological programme with bio-banded activi-
ties, may offer practitioners a feasible method to better
control load exposure by manipulating the composition
and frequency of high-intensity actions to preserve “at
risk” athletes whilst ensuring appropriate developmental
loads for those not at risk (Salter et al., 2021). Therefore,
this study has two primary outcomes, (a) to explore the
impact of maturity status on acute neuromuscular per-
formance and psycho-physiological perceptions; and
(b) to observe the acute effect of chronological versus
bio-banded sessions on neuromuscular performance
and psycho-physiological perceptions.

Methods

Participants

Fifty-five male soccer players (mean ±SD; age 13.8 ±1.4
years; stature 164.3 ±11.5 cm; body mass 52.7 ±10.3 kg;
PAH% 91.3 ±5.3) were recruited from the U12–U16 age-
groups of an EPPP academy (Table 1). Percentage of pre-
dicted adult height (PAH%) (Khamis & Roche, 1994) was
used to determine maturity status, using self-reported
parent stature corrected for over-estimation (Epstein
et al., 1995). Participants were subsequently categorised
as either pre-PHV (<88%; n = 20), circa-PHV (88–93%; n
= 19) or post-PHV (>93%; n = 16). Participants were eli-
gible to take part if they were registered with the
academy, free from injury and available to take part in
full training. Participants typically completed three train-
ing sessions (90 mins) and one competitive match each
week. Due to the difference in movement profiles, goal-
keepers were excluded from the analysis, but were per-
mitted to participate in the sessions alongside outfield
players. All participants provided written consent with
parents providing written assent following ethical
approval from the University of Gloucestershire ethics
panel in accordance with the Declaration of Helsinki.

Procedures

Data for each group was collected over a 6-week period
during normal training sessions for the academy, separ-
ated by 7-days (i.e. once weekly). Following an initial

familiarisation session, three consecutive weeks of
chronological SSGs were followed by three consecutive
weeks of bio-banded SSGs. All data were collected at
the same time of day (evening) at the same training
venue using natural grass pitches in weather condition
between 13 and 21°C.

At the start of each session players completed a stan-
dardised FIFA11+ (Stage 1 and 3) warm up. Players were
familiar with this as part of their normal warm-up
routine, which was standardised to facilitate accurate
observation of the SSG intervention. Following this,
players performed a standardised sub-maximal run
using the audio controlled 30–15IFT, with starting vel-
ocity set at 10 km·h−1 (Buchheit, 2008). Each 30-second
shuttle across the 40 m area was separated by 15-
second passive recovery with the velocity increasing
by 0.5 km·h−1 each shuttle up to and including
12.5 km·h−1. It is acknowledged that from a relative
intensity perspective, these speeds are different for
U12 and U16 players, however 12.5 km·h−1 represents
79–89% maximal aerobic speed (MAS) in these age-
groups respectively (Mendez-Villanueva et al., 2012),
which results in all players performing sufficiently sub-
maximally and at a similar intensity. Participants were
instructed to run at a consistent pace throughout and
to keep in time with the audio cue. Players then com-
peted in five bouts of 5-min 6v6 (including GK) SSG on
a playing area 45×36 m (135m2 per player), each bout
separated by 2-min passive recovery. It is acknowledged
that the area per player changes for competitive
matches between U12 (187 m2) and U16 (292 m2) and
that this study deliberately confined play to a tighter
relative space (Football Association, 2012). These dimen-
sions align with previous research utilising SSG type-
activity (Fenner et al., 2016; Guard et al., 2021; Riboli
et al., 2020, 2021) and it was deemed important to fix
the area size to investigate the research question,
rather than be confined by chronologically informed
pitch dimensions. SSGs were supervised by age-group
coaches who could verbally coach and encourage
throughout. Corners and throw-ins were replaced by
short passes by the nearest player and a multi-ball
system was employed to keep intensity high. Where
there were more than 6 players assigned to a team,
these were included as “bounce” players on the periph-
ery for both chronological and bio-banded SSGs, with
rolling subs utilised throughout to keep non-playing
time minimal. In some cases, there were varying
numbers of bounce players (between 1 and 4) which
may have influenced the loads experienced by players
(i.e. more bounce players result in slightly less playing
time per player). Chronological (week 1–3) and bio-
banded (week 4–6) teams were selected by coaches
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using data provided by the research team (i.e. PAH%) to
ensure that an even distribution of playing positions and
quality across the 6-a-side teams. The U15 and U16
squads routinely trained together due to carrying
lower numbers of players, therefore this was maintained
for the SSGs. Following the SSGs, same sub-maximal
running protocol was repeated to measure acute
changes in neuromuscular movement patterns.

To examine movement profiles a foot-mounted iner-
tial measurement unit (IMU) housed within custom sili-
cone straps was used (PlayerMakerTM, Tel Aviv, Israel).
The device, located on the lateral aspect of the calcanei,
includes 1000 Hz IMU microprocessor, and comprises of
a triaxial 16 g accelerometer and triaxial gyroscope
(MPU-9150, InvenSense, California, USA) (Waldron
et al., 2021). The PlayerMakerTM system calculates
whole-body accelerometery-based metrics which
permits detection of the orientation and translation of
the participants limbs during gait cycles and through
algorithms can detect heel strike, toe-off, zero-velocity
and non-gait patterns (e.g. ball contact). This is then
computed through a Kalman filter to provide locomotor
specific metrics. Previously, locomotion data has been
limited to laboratory-based research through the use
of movement analysis or force plate assessments but
the contemporary and sophisticated IMU with the
PlayerMakerTM device has facilitated much needed
applied insights to locomotor movement (Verheul
et al., 2020). The efficacy of the time-motion properties
associated with PlayerMakerTM compared to more tra-
ditional trunk mounted accelerometers has been
reported in previous work (Waldron et al., 2021). As a
result, mean ground contact time, flight time, stride
length and cadence were calculated for the pre–post
sub-maximal 30–15IFT and interpreted to examine adap-
tations in locomotion owing to neuromuscular
responses. Data is subsequently synchronised to the
manufactures cloud-based software system and
exported to Excel (Microsoft, Redmond, USA) for analysis
(Waldron et al., 2021). Reactive Strength Index (RSI) was
calculated using equation 1 from data derived from
PlayerMakerTM units during the sub-maximal 30–15IFT.
Additionally, absolute, and relative leg stiffness were
then measured from contact times and flight times.
Absolute leg stiffness (kN·m−1) was calculated using

equation 2 where Kleg refers to leg stiffness, M is total
body mass, Tc refers to ground contact time and Tf is
equal to flight time. To account for the influence of
mass on leg stiffness and leg length onmechanical prop-
erties of locomotion between participants, absolute
values of leg stiffness were divided by body mass and
leg length to provide a dimensionless value of relative
leg stiffness (De Ste Croix et al., 2017).

RSI = jumpheight (m)/ ground contact time (s) (1)

Kleg = [M∗p(Tf + Tc)]/Tc2[(Tf + Tc/p)− (Tc/4)] (2)

Psycho-physiological perceptions of intensity were
measured using sessional rating of perceived exertion
(sRPE) alongside differential rating of perceived exertion
(d-RPE) for breathlessness (RPE-B), leg muscle exertion
(RPE-L) and cognitive/technical (RPE-T) demands.
Players individually provided their rating in arbitrary
units (Au) using the centiMax scale (CR100®) (Borg &
Borg, 2002) with verbal anchors to provide confidential
responses free from conformation bias within 15-mins
post-session (Wright et al., 2020).

Data analysis

Baseline data was visually inspected throughQ-Q plots of
the raw data. All data were approximately normal except
for flight time which showed a slight deviation at each
tail. To analyse the impact of maturation (model 1) and
then chronological age or biologically categorised
matches (model 2) mixed linear modelling (SPSS v25
IBM Corp) was used to examine differences between
fixed effects (model 1: maturity status; model 2: categor-
isation), with player identity included as a random effect
(intercept; variance components) to account for repeated
observations within players. Raw change scores (i.e. post
session RSI – pre session RSI) of each variable were com-
puted and used the dependant variable, with mean
centred baseline pre-session values used as a covariate
to account for individual difference and regression to
the mean. Secondly, to determine the differences in
psycho-physiological perceptions (i.e. sRPE) of intensity
between maturity groups and categorised SSGs a
between-groups ANOVA was conducted. Effects were
deemed to be statistically significant at a Bonferroni

Table 1. Mean ± SD anthropometrical and predicted adult height data for U12–U16 age groups.
Characteristic U12 (n = 14) U13 (n = 14) U14 (n = 13) U15 (n = 7) U16 (n = 7)

Age (years) 12.1 ± 0.3 13.2 ± 0.2 14.0 ± 0.3 15.2 ± 0.3 16.3 ± 0.1
Stature (cm) 153.6 ± 6.8 157.7 ± 6.2 169.2 ± 7.6 175.1 ± 6.5 177.9 ± 8.1
Body Mass (kg) 45.6 ± 7.2 45.6 ± 5.1 54.1 ± 7.4 61.7 ± 5.6 67.7 ± 7.6
Sitting Height (cm) 77.1 ± 3.3 78.8 ± 2.9 84.3 ± 4.1 88.9 ± 3.0 100.7 ± 18.5
PAH (%) 85.6 ± 19.9 88.1 ± 1.9 93.0 ± 2.4 97.2 ± 0.8 99.2 ± 1.2
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adjusted alpha level of P < 0.05 with data presented as
means (± SD) with 95% confidence intervals (CI)
(Hopkins et al., 2009), alongside Cohens d effect sizes
(i.e. psycho-physiological perceptions) using standard
published thresholds (Cohen, 1992).

Results

Anthropometric characteristics are provided in Table 1.
Sub-group analysis of the chronologically categorised
SSGs demonstrates that there are moderate to large
increases in absolute stiffness across all maturity
groups during the session (Table 2). Additionally, the
pre-PHV and Circa-PHV groups experience a small
reduction in stride length with Circa-PHV having a simul-
taneous small reduction in cadence. Both the pre-PHV
and Circa-PHV reduce their stride length post session
by ∼4.3 cm whilst the post-PHV group increase theirs
by 0.69 cm, indicating a between-group difference of
>5 cm. A similar outcome is observed between Circa-
PHV cadence reduction (−3.93 s/m) and post-PHV
cadence increase (1.53 s/m), resulting in a between-
group difference of 5.4 s/m (Table 2). Additionally, the
post-session increases in absolute stiffness for post-
PHV (12.16 kN·m−1) is approximately a third of the pre-
and circa-PHV groups (∼18.6 kN·m−1), with relative
stiffness reducing in pre-PHV (−1.07 kN·m−1) but increas-
ing post-PHV (0.83 kN·m−1).

Table 3 illustrates noteworthy (small to moderate)
differences between chronologically and bio-banded
SSGs for several neuromuscular variables, including RSI,
contact time, absolute stiffness, stride length and
cadence. In general (except for cadence and relative
stiffness) bio-banded categorisation reduced the magni-
tudeofwithin-session change inneuromuscular perform-
ance. Although effect sizes illustrate small to large
differences in severalmarkers of performance, only absol-
ute stiffness, stride length and cadence produced statisti-
cally significant differences (P = <0.05) (Table 3). Players
almost unanimously perceived bio-banded training ses-
sions to be less intense across both sRPE and all dRPE con-
structs, but only RPE-T (post-PHV) showed a significant
statistical difference (Table 4), with all responses being
categorised as “Moderate” or “Heavy” on the centiMAX
CR100 scale. There were consistently small to moderate
reductions in sRPE, RPE-B, RPE-L and RPE-T for the pre-
PHV and post-PHV with the circa-PHV group reporting
trivial differences or a small increase in RPE-L.

Discussion

This study intended to explore the within-session impact
of maturity status on neuromuscular performance and

psycho-physiological response, whilst observing the
effect of standardising both chronological and bio-
banded training sessions. Primary findings indicate
that the introduction of bio-banded training sessions
does minimise the decrement in neuromuscular and
locomotor markers and ratings of perceived intensity
for players across the maturation spectrum.

Table 2 indicates that despite being exposed to the
same training session, players experience different
stress-responses according to their maturity status. For
example, all groups experienced a moderate (pre-PHV)
or large (mid and post-PHV) within-session increase in
absolute stiffness. Yet the post-PHV group saw an
increase only two-thirds that of pre- and circa-PHV.
The elevated but comparatively smaller pre–post
session change in absolute stiffness in post-PHV
players is likely explained by tendon stiffness maturity,
as tendons reach adult values around PHV (Radnor
et al., 2018; Tumkur Anil Kumar et al., 2021) suggesting
that post-PHV players may tolerate mechanical loads
better than less mature counterparts. These moderate
(pre-PHV) to large (circa-PHV) changes in post-session
stiffness values support the notion that less mature indi-
viduals have limited “energy-saving” mechanisms and
therefore experience greater reductions in performance
which may heighten injury risk (Tumkur Anil Kumar et al.,
2021). Additionally, less mature individuals may not have
the ability to create optimal tendon stiffness via appro-
priate muscle activation or motor unit recruitment,
causing the muscle to yield under force (Radnor et al.,
2018). Combined, muscle yielding, and elevated levels
of lower limb stiffness are speculated to be associated
with an higher risk of overuse, bone-related injuries
which aligns with injury epidemiology for adolescent
athletes (Read et al., 2018). Mechanistically, it is pro-
posed that increased stiffness leads to amplified
loading rates and peak forces and subsequently aug-
mented shock to the lower extremity, which ultimately
increases the mechanical stress on bony structures and
musculotendinous unit, initiating a causal pathway for
injury (Kalkhoven et al., 2021). This mechanistic theory
links to the work of Ratel (2016) whereby less mature
individuals may experience more central fatigue which
compromises the neuromuscular system to a greater
extent than peripheral fatigue. Although tentative
findings, this may offer potential insight into the
higher relative prevalence of musculotendinous and
apophyseal injuries observed during maturation in
academy soccer, particularly in the U12–U14 age-
groups (Read et al., 2018). The changes in stiffness out-
lined above, may also contribute to the post-session
stride length reduction for pre- and circa-PHV players
(∼4.3 cm) and increased (∼0.7 cm) for post-PHV
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players. Higher levels of stiffness are associated with a
more efficient stretch-reflex, which can lead to shorter
contact times and better force production capabilities
(Radnor et al., 2018). This may explain why post-PHV
players slightly increased stride length, whilst pre- and
circa-PHV reduced theirs, likely owing to a greater
post-session decrement in force production capacity.
The trivial changes in contact and flight times for all
groups limit this notion to speculation, with further
exploration required to confidently support claims.

Bio-banded training sessions produced significant
differences in pre–post response for absolute stiffness,
stride length and cadence, whilst offering small to large
changes in RSI and contact time (Table 3). The only
marker to offer greater change (trivial) in the bio-
banded condition was relative stiffness, which considers
both limb length and body mass within the calculation,
thus catering for maturation to some extent (De Ste
Croix et al., 2017). From a load management point of
view, these relatively smaller pre–post changes offer
promising early indications that bio-banding may help
to stabilise the negative stress-response for players
across maturity groups. Of all markers, the impact on
absolute stiffness was most notable, which may have
indirectly (positively) impacted contact time, RSI, and
stride length to stimulate less “shock” to the athletes
and therefore ultimately moderating injury risk. Not
only do these changes indicate that acute changes in

neuromuscular performance are stabilised, but they also
surmise that reduced pre–post change performance
requires less recovery time ahead of the next session (Kell-
mann et al., 2018). Theoretically, these differences could
be attributable to the changes in technical demands
during bio-banded activity (Abbott et al., 2019; Lüdin
et al., 2021), whereby players were more evenly
matched physically and therefore able to express them-
selves technically without the large biological diversity
apparent in chronological SSGs. Evidence indicates that
bio-banded activity involves less long-range passing (par-
ticularly for pre- and circa-PHV) and dribbling, and more
shots on goal with limited differences in external load
profiles between chronological and bio-banded games
(Abbott et al., 2019; Lüdin et al., 2021). This may result
in less emphasis on physical attributes and offer a
reduced dose–response, which may be advantageous in
some, but not all sessions as exposure to match-specific
loads are important for injury prevention. Although
these findings are novel, and therefore conscious of over-
stating findings, but this could potentially reduce the like-
lihood of accumulative fatigue, which is associated with
the high prevalence of gradual onset overuse type
injury within the adolescent soccer population (Williams
et al., 2017). Thus, the inclusion of bio-banded training
sessions may offer coaches a useful tool to help moderate
the stress-response of players in varying stages of matu-
ration simultaneously.

Table 2. Pre–post differences (95% confidence interval) in neuromuscular markers for each maturity group with significance (P) and
effect size (d ).

Variable

Pre-PHV Circa-PHV Post-PHV

Pre–Post Diff (95%
CI)

P-
value Cohens d

Pre–Post Diff (95%
CI)

P-
value Cohens d

Pre–Post Diff (95%
CI)

P-
value Cohens d

RSI −0.029 (−0.18–0.12) 0.99 −0.05 −0.087 (−0.29–
0.11)

0.99 −0.12 −0.06 (−0.19–0.07) 0.99 −0.13

Contact Time (s) 0.028 (−0.03–0.09) 0.99 0.15 0.001 (−0.07–0.07) 0.99 0.01 0.01 (−0.04–0.06) 0.99 0.06
Flight Time (s) −0.02 (−0.05–0.01) 0.76 −0.19 0.001 (−0.03–0.03) 0.99 0.01 −0.02 (−0.04–0.01) 0.58 −0.21S
Absolute Stiffness
(Kleg)

18.69 (12.8–24.5) <0.001 1.01L 18.65 (11.14–26.2) <0.001 0.78M 12.16 (6.72–17.62) <0.001 0.71M

Relative Stiffness
(Rleg)

−1.07 (−6.87–4.74) 0.99 −0.06 0.02 (−7.44–7.48) 0.99 0.001 0.83 (−4.57–6.25) 0.99 0.05

Stride Length (cm) −4.32 (−8.12 to
−0.51)

0.01 −0.31S −4.31 (−8.66–0.05) 0.055 −0.27S 0.69 (−3.88–2.50) 0.99 −0.06

Cadence (s/m) 2.63 (−1.32–6.59) 0.72 0.18 −3.93 (−7.29−1.14) 0.40 −0.20S 1.53 (−1.79–4.85) 0.99 0.12
S, small effect size; M, moderate effect size, L, large effect size.

Table 3. Within participant pre–post change values (Mean ± SD) for chronological and bio-banded training sessions with mean
difference presented with 95% confidence intervals and effect size (d) for neuromuscular markers.
Variable Chronological SSG Bio-banded SSG Mean Difference(95% CI) P-value Cohens d

RSI −0.54 ± 0.30 −0.43 ± 0.23 −0.11 (−0.10–0.79) 0.818 0.39S

Contact Time (s) 0.17 ± 0.11 −0.02 ± 0.33 0.02 (−0.01–0.05) 0.189 0.88L

Flight Time (s) −0.00 ± 0.08 −0.00 ± 0.05 −0.00 (−0.02 to −0.02) 0.677 0.01
Absolute Stiffness (Kleg) 14.41 ± 19.72 −1.66 ± 4.86 16.07 (10.94–21.21) 0.000* 1.01L

Relative Stiffness (Rleg) −0.26 ± 21.4 −2.29 ± 7.46 2.03 (−3.65–7.71) 0.481 0.11
Stride Length (cm) −2.69 ± 7.97 1.96 ± 14.57 −4.66 (−7.93 to −1.39) 0.005* 0.43M

Cadence (s/m) 0.69 ± 8.41 −2.84 ± 7.02 3.54 (1.03–6.05) 0.006* 0.44M

S, small effect size; M, moderate effect size, L, large effect size.
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RPE was generally lower during bio-banded training
sessions (Table 4), which opposes previous work (Abbott
et al., 2019; Lüdin et al., 2021). Pre- and post-PHV players
rated all components of differential RPE less intense
(small or moderate) when bio-banded SSGs were used,
versus chronologically aged where perceptions of inten-
sity were less homogenic. Circa-PHV players showed a
similar trend for sRPE and RPE-T, but rated RPE-L more
intense (small) in bio-banded sessions. These differences
are likely influenced by the reduced biological diversity
within these sessions resulting in perceived lower relative
intensities. For example, the pre-PHV group rated every
RPE construct lower in bio-banded sessions, likely
because this approach eases the emphasis on physical
characteristics and offers opportunity for individuals to
flourish technically and tactically (Abbott et al., 2019;
Cumming et al., 2017; Lüdin et al., 2021). Similarly, the
post-PHV group rated the bio-banded sessions relatively
lower intensity than chronologically categorised sessions,
but comparatively higher than both the pre- and circa-
PHV groups for all constructs. Therefore, although group-
ing the most mature players together reduces perceived
intensity, players still consistently rate these sessions
higher thanpre- circa-PHVplayers. Again, froma loadman-
agement perspective these data illustrate that using bio-
banded training sessions can reduce the perceived
stress-response for players of all maturities and offer a
mechanism by which coaches can modify training stimu-
lus, which may be a useful to manage chronic training
loads. Importantly, these self-reported markers of internal
load concur with more objective data provided by the
PlayerMakerTM IMUs, in that locomotorandneuromuscular
responses alignwithperceptionsof intensity. This is impor-
tant based on the limited availability of these IMU devices
to academy settings due to cost and resource implications
and thus offer insightful additions to the research which
needs to be explored further using similar contemporary
methods.

Due to the contemporary nature of the technology
used, there is a need to validate PlayerMakerTM within
adolescent populations in future research. However,
previous evidence supports the use of triaxial acceler-
ometery to assess whole body loads such as stiffness
to infer neuromuscular fatigue and/or performance
(Verheul et al., 2020) with the time-motion efficacy
of PlayerMakerTM devices supported through early
research (Waldron et al., 2021). All players were from
the same soccer academy which limit the generalis-
ation of these findings to the wider soccer network,
particularly those with a differing socio-economic
and ethnic diversity. The research design (multiple
repetitions of each condition) was intended to accom-
modate some missed sessions; however, these were
slightly more prevalent than envisaged (i.e. injury,
absence, covid-19) which may have limited the out-
comes of the study. Unfortunately, this is one of the
primary barriers to applied adolescent research and
therefore these conclusions should be considered
exploratory findings, with follow-up work on this line
required. Practically, it was occasionally difficult to
maintain the 135 m2 area per player specified in the
methodology. Due to the number of players at each
session, coaching needs, and logistics this did vary
slightly on occasions but not deemed to have signifi-
cant impact on the outcomes explained. Finally, it is
acknowledged that the use of natural turf instead of
artificial pitches may have influenced ground contact
quality in variable weather conditions and therefore
neuromuscular metrics. Whilst increasing ecological
validity, we accept that subtle changes in ground con-
dition may impact reliability of neuromuscular values
and impact self-reported perceptions of intensity.
However, all changes reported reflect pre–post
session changes in performance and would have
been completed on the same ground condition each
day.

Table 4. Ratings of perceived exertion (Au) for chronological and bio-banded SSG sessions with mean difference and 95% confidence
intervals (95% CI) and effect size (d).
Variable Maturity group Chronological SSG (Mean ± SD) Bio-banded SSG (Mean ± SD) Mean difference [AU](95% CI) P-value Cohens d

sRPE Pre-PHV 47.1 ± 12.3 40.5 ± 10.3 6.6 (−0.7–13.6) 0.139 0.56M

Circa-PHV 44.1 ± 16.1 40.7 ± 10.5 3.4 (−5.3–11.9) 0.993 0.23S

Post-PHV 50.9 ± 12.2 46.9 ± 11.2 3.95 (−3.4–11.3) 0.863 0.33S

RPE-B Pre-PHV 43.5 ± 13.7 37.5 ± 12.5 5.9 (−1.5–13.4) 0.292 0.45S

Circa-PHV 37.5 ± 15 37.6 ± 14.2 −0.1 (−9.1–8.9) 0.999 0.01
Post-PHV 46.1 ± 11.1 43.1 ± 11.6 2.84 (−4.7–10.4) 0.994 0.26S

RPE-L Pre-PHV 45.4 ± 15.4 38.3 ± 11.7 7.1 (−0.2–14.2) 0.078 0.51M

Circa-PHV 39.8 ± 10.9 43.1 ± 10.9 −3.2 (−11.9–5.44) 0.993 0.30S

Post-PHV 47.6 ± 10.1 44.4 ± 11.2 3.1 (−4.2–10.6) 0.975 0.31S

RPE-T Pre-PHV 39.3 ± 11.9 35.3 ± 14.5 4.1 (−3.3–11.3) 0.826 0.31S

Circa-PHV 37.6 ± 12.5 36.7 ± 14.8 0.9 (−7.8–9.7) 0.999 0.07
Post-PHV 43.8 ± 11.5 35.2 ± 13.4 8.6 (1.14–16.1) 0.016* 0.71M

SD, standard deviation; 90% CI, 90% confidence intervals; PHV, peak height velocity; sRPE, sessional rating of perceived exertion; RPE-B, breathlessness; RPE-L,
leg muscle exertion; RPE-T, technical/cognitive exertion.

*Denotes significance p < 0.05; S, small effect size; M, moderate effect size.
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Practical applications

Current chronologically categorised development path-
ways permit significant within-session biological diver-
sity, which harvests complexity around the
management of individual stress-responses. Based on
the high relative prevalence of non-contact, growth-
related injuries within this population, it is important
that technical, medical and support staff adopt a proac-
tive approach to load management for all players.
Although tentative based on study limitations, this
study illustrates the potential positive impact that bio-
banded training may have on load management for
players. Bio-banded sessions elicit a smaller pre–post
decrement in neuromuscular performance, particularly
on metrics associated with injury risk with similar
reduced ratings of perceived exertion. Findings also
identify that there were small to moderate differences
in the way in which maturity groups responded to the
sessions, which advocates a maturity-specific approach
to load exposure. Based on this, practitioners should
actively seek opportunities to integrate bio-banded
training activity alongside chronologically categorised
sessions within their training schedules. Bio-banding
may alleviate the consistent stress placed on less
mature players as part of age-derived sessions without
compromising the development of those more mature
and able to tolerate greater workloads. In doing so,
coaches can up- or down-regulate bio-banded session
composition and intensities as desired to help ease the
turbulent period through maturation for talented
young soccer players.
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