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ABSTRACT: A rapidly emerging area of interest in high-pressure environments is that of pupillometry, where
handheld quantitative infrared pupillometers (HQIPs) are able to track psycho-physiological fatigue in a fast,
objective, valid, reliable, and non-invasive manner. However, the application of HQIPs in the context of athlete
monitoring is yet to be determined. Therefore, the main aim of this pilot study was to examine the potential
usefulness of a HQIP to monitor game-induced fatigue inside a professional female basketball setting by
determining its (1) test-retest repeatability, (2) relationship with other biomarkers of game-induced fatigue, and
(3) time-course from rested to fatigued states. A non-ophthalmologic practitioner performed a standardized
Pupil Light Reflex (PLR) test using a medically graded HQIP among 9 professional female basketball players
(2020-2021 Euro Cup) at baseline, 24-h pre-game (GD-1), 24-h post-game (GD+ 1) and 48-h post-game (GD+2).
This was repeated over four subsequent games, equalling a total of 351 observations per eye. Two out of seven
pupillometrics displayed good ICCs (0.95-0.99) (MinD and MaxD). Strong significant relationships were found
between MaxD, MinD, and all registered biomarkers of game-induced fatigue (r = 0.69-0.82, p < 0.05), as
well as between CV, MCV, and cognitive, lower-extremity muscle, and physiological fatigue markers (r = 0.74-0.76,
p < 0.05). Three pupillometrics were able to detect a significant difference between rested and fatigued states.
In particular, PC (right) (F = 5.173, n? = 0.115 p = 0.028) and MCV (right) (F = 3.976, n* = 0.090 p = 0.049)
significantly decreased from baseline to GD+2, and LAT (left) (F = 4.023, n? = 0.109 p = 0.009) significantly
increased from GD-1 to GD+2. HQIPs have opened a new window of opportunity for monitoring game-induced
fatigue in professional female basketball players. However, future research initiatives across larger and
heterogenous samples, and longer investigation periods, are required to expand upon these preliminary findings.
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TIN'T RO D U C T 1O N 15000

In high-performance sports, excessive levels of fatigue can inhibit
the desired adaption to training, increase injury risk, and potentially
hinder athletic performance [1]. Therefore, continuously exploring
new ways to quantify player readiness is considered a priority with-
in elite sporting organizations [1, 2]. In light of this pursuit, numer-
ous fatigue monitoring tools have emerged [1, 2]. However, from
a practical perspective, traditional fatigue monitoring tools often
remain exhaustive (e.g., maximal-effort physical testing) [2, 31, sub-
jective (e.g., self-reported questionnaires) [2, 4], invasive (e.g., blood
sampling) [2, 5], expensive (e.g., electroencephalogram) [2, 6], or
relatively slow to conduct (e.g., 5-min recordings of heart rate indi-
ces in standing and lying postures) [7]. Hence, there’s an ongoing
need for innovative solutions that enable real-time, multi-modal,
non-invasive, cost-effective, valid, and reliable insights into player
fatigue, and in turn, improve the day-to-day decision-making pro-
cesses of coaches and support staff personnel [1, 2].

Some of the most promising innovations to date in this space have
emerged from collaborative initiatives between engineers, developers,
scientists, and practitioners who operate in high-pressure environ-
ments (i.e., transatlantic flights, space shuttle missions, military com-
bat, medical surgery, long-haul truck driving, etc.) as a lack of oper-
ational readiness in these positions could lead to lethal
consequences [8, 9, 10]. Consequently, pupillometry has gained a rap-
id surge in interest by the research community across high-stake in-
dustries [9, 10]. Pupillometry can be defined as the study of the the
central opening of the iris through which light passes before reaching
the lens and being focused onto the retina [11]. Because the pupils
are directly innervated by the second cranial nerve (CN II) and third
cranial nerve (CN I1) [11], measuring pupil reflexes provides an ob-
jective representation of the autonomic nervous system (ANS) [12-15]
as well as cognitive, emotional, physical, and physiological status in
real time [16, 17, 18]. Since the first discovery of pupillometry as
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a human fatigue detection tool in 1936 [19], the field has rapidly ad-
vanced in recent years due to the emergence of Handheld Quantita-
tive Infrared Pupillometers (HQIPs) [19, 20, 21, 221. In particular,
HQIPs are now able to repeatedly measure the pupil diameter (1 mea-
surement every 30 ms) with a minimum detectable change
of < 0.03 mm (i.e., practical error of 0.88% in relation to the aver-
age pupil diameter) [22, 23]. Consequently, a vast range of Intensive
Care Units (ICUs) settings [24] and high-stake occupations are pro-
gressively integrating HQIPs as a first-point-of-care instru-
ment [25, 26, 271.

Surprisingly, the use of modern HQIPs in professional sports re-
mains bounded by a few use cases (e.g., concussion-related diag-
nostics [28, 29, 30] and “quiet eye” analytics [31]). While some re-
searchers have introduced HQIPs as a method to evaluate ANS
function in athletes [12, 14, 15], the validity and reproducibility of
their methods and findings remains unclear. For instance, the inves-
tigations typically followed a cross-sectional study design, adopted
non-standardized and non-validated pupil testing procedures, exe-
cuted in laboratory conditions, and involved only amateur and sub-
elite athletes. Besides the application of HQIPs to monitor ANS func-
tion, researchers have also demonstrated its effectiveness to monitor
cognitive effort (i.e., pupil dilation can be viewed as an indirect in-
dex of effort in cognitive control tasks across the domains of updat-
ing, switching and inhibition) [32]. This could imply an important
discovery as player performance and fatigue originates from the com-
plex state of both physiological and psychological processes [33].
Hence, HQIPs may potentially reveal itself as a multi-model at mon-
itoring instrument.

Acknowledging the inherent potential of HQIPs, and appreciating
the efforts made by previous researchers on this research line, this
pilot study aims to explore the potential usefulness of a medically
graded HQIP to monitor game-induced fatigue in nine professional
female basketball players by determining (1) the test-retest repeat-
ability, (2) the relationship between pupillometrics and other bio-
markers of game-induced fatigue, and (3) the time-course of pupil-
lometrics from baseline and 24 h before games up to 24 h and
48 h following games. In turn, the reported baseline findings and
methodological framework may serve as a valuable reference for fu-
ture research initiatives on this topic.

MATERIALS AND METHO DS 15
Experimental approach to the problem

This pilot study followed a prospective observational study design
and was conducted in non-experimental conditions, so the coaching
staff, support staff personnel, and participants did not receive any
input from the research team. Training data, competitive schedule
and fixture outcomes were supplied by the coaching staff of the team.
Two weeks prior to the investigation period, a baseline pupil test was
performed after two consecutive off days (i.e., no scheduled or or-
ganized practices or workouts during these days) to optimize physi-
cal and psychological recovery. Subsequently, the participants played
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four home games over a 5-week investigation period (1 week apart,
all games commenced between 8:00 — 8:30 PM). For each game,
a pupil testing sequence was executed at the following timepoints:
24-h pre-game (GD-1), 24-h post-game (GD+1), and 48-h post-
game (GD+2). All pupil tests were completed and performed inside
a standard clinical testing room during regular pre-practice physio-
therapy session hours (6:00 PM — 7:30 PM) to emulate a standard-
ized clinical testing time and environment.

Participants

Nine female Belgian professional basketball players (n = 9) com-
peted in the 2020-2021 Euro Cup Women's Basketball Tournament
and voluntarily participated in this study. All participants were aged
18 years or older (range: 18-33 years; mean age: 21.20 + 4.92 years),
with a mean height of 181 +5.36 (cm) and body mass of
80.61 +10.73 (kg). Based on positional groupings: 45% were
grouped as Posts, 33% as Guards, and 22% as Wings. Based on
the role: 55% were starters and 45% non-starters.

Players were not eligible to participate when they encountered at
least one of the following criteria: < 18 years of age; unable to par-
ticipate in individual and/or team practices due to injury or illness at
any point of the investigation period; unable to sit for testing; histo-
ry in genetic syndromes, neurologic pathologies (including intracra-
nial masses) or intraocular pathologies that would affect pupillary
function (e.g. uveitis, cataracts, diabetes, glaucoma, optic nerve dys-
function); ingestion of alcoholic and/or caffeinated foods, drinks, or
substances within < 12 h of any pupil examinations; use of ergo-
genic aids and/or medical support that may have altered the neuro-
physiological state of the athlete at any point of the investigation pe-
riod. Prior to the investigation, this study was approved by the
Institutional Review Board of UCAM University, Murcia, Spain (code:
CE122002) and conformed to the requirements of the European
Union General Data Protection Regulation and United States Health
Insurance Portability and Privacy Act with adherence to the tenets
of the Declaration of Helsinki with Fortaleza actualization 2013 [34].
All test procedures strictly adhered to the World Health Organization
(WHO), European Commission, and local government safety guide-
lines regarding scientific research during the COVID-19 pandemic.

Iesting procedure

To verify whether any pupillometrics could detect a significant change
in game-induced fatigue and recovery, participants were instructed
to go through a comprehensive fatigue test battery at each allocated
timepoint (i.e., baseline, GD-1, GD+1, GD+2). The fatigue test
battery consisted of the pupil test in combination with four other
fatigue tests: cognitive fatigue test (i.e., visuomotor reaction
time) [35, 361, lower-extremity muscle fatigue test (standing pos-
tural sway) [37, 381, perceptual fatigue test (self-perceived exer-
tion) [38], and ANS fatigue test (heart rate variability indices) [40-44].
More specifically, upon arrival to the clinical testing room, the play-
er was instructed to wear the Polar H10 heart rate chest strap (Polar
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Electro Oy, Kempele, Finland) and complete a 5-min heart rate vari-
ability (HRV) test in rested condition and seated posture using the
EliteHRV software (Asheville, NC, United States) [44] on an iPhone
SE (Apple Inc., Los Altos, California, United States). The Polar
H10 was selected based on its underlying support as a medically
graded heart rate sensor [40, 41] and the EliteHRV was selected
based on its ability to record, store, and export HRV data in a secure
and user-friendly manner [44]. Particularly, the natural log of the
root-mean-square difference of successive normal RR intervals (In-
RMSSD) was used for HRV analyses given its well-documented sup-
port for monitoring physiological fatigue in young female basketball
players [41] as well as numerous other sport athletes [43]. Follow-
ing the HRYV test, the player completed two subsequent Sway tests
using the Sway Medical, Inc. software (Tulsa, Oklahoma, United
States) [35-38] via touch screen display as well as tri-axial acceler-
ometry (i.e., motion detection) on an iPad (6™ generation) by Apple
Inc. (Los Altos, California, United States). The Sway test protocols
have been established as an objective and reliable method for as-
sessing reaction time, impulse control, timed visual processing, and
working memory [35-38]. Particularly, the first Sway test examined
the cognitive fatigue status through the Simple Reaction Time (SRT)
test (ms) [35]. During this test, the player held the iPad horizon-
tally (landscape mode) and moved it as fast possible in any direction
when the screen display changed from a white to orange color. Each
SRT test started after a variable delay of 2-4 s in order to prevent
the player from anticipating the stimulus ahead of time. Each player
completed five trials. The fastest and the slowest SRT scores were
excluded in order to remove outliers and reflect only the typical re-
sponse times of the player [34]. Subsequently, the scores of the three
remaining trials were averaged to calculate the individual score for
each player. Following the SRT test, the player performed the Sway
Balance test, which quantified postural sway during the performance
of a series of tasks to reflect lower-extremity muscle fatigue [45].
Specifically, the Sway Balance test consisted of five stance conditions

TABLE 1. Descriptions of All Pupillometrics.

(10-s in duration per stance) on a firm surface and with the eyes
closed. The postural sway was quantified through the iPad’s triaxial
accelerometer, and the units that corresponded with the accelerations
were used to calculate the final proprietary Sway Balance score [38].

Subsequently, the test administrator manually performed the stan-
dard Pupil Light Reflex (PLR) test [12, 28] in each player’s eye re-
spectively, using the NeurOptics NPi-200 pupillometer (NeurOptics,
Laguna Hills, CA, U.S.A.), a medically graded HQIP (Class | medi-
cal device as listed under 21CFR 886.1700) [11, 46]. More spe-
cifically, this HQIP integrated a calibrated full-field white light stim-
ulus with peak wavelengths comprised of red, green, and blue at
a fixed intensity (1000 Lux) and fixed flash duration (0.8 s) to sim-
ulate a standard pupil light reflex (PLR) [11, 46]. Subsequently, this
HQIP digitally registered the pupil light response as a video (sam-
pling rate of 30 Hz) for a duration of 3.5 s, followed by a display of
numeric results on a screen for each eye respectively [11, 46]. The
device highlighted an outline of the pupil and graphed its displace-
ment over time with an accuracy of 0.03 mm (i.e., practical error of
0.88% in relation to the average pupil diameter) [11, 46]. Scotopic
lighting conditions (434-440 lumen/m?) were verified prior to each
pupil exam by measurement of luminance of less than 2 Lumens
with a luminometer (Dr. Meter LX1330B Digital Illuminance/Light
Meter, Hisgadget, Union City, CA, U.S.A.) at the level of the players’
eyes. Furthermore, normal forehead temperature was measured and
controlled (35.4 °C to 37.4 °C) prior to each test via a forehead ther-
mometer (iProven DMT-489, Beaverton, Oregon, U.S.A.). Each pu-
pil test was conducted sitting stationary looking straight ahead. Each
player was prompted to maintain a forward head posture and bin-
ocular viewing conditions in a seated position throughout the test.
The non-test eye was fixated on a neutral wall at 3-m distance to
the chair’s front leg. The right eye was tested first, immediately fol-
lowed by the left eye. This sequence was completed three consecu-
tive times using 60-s intervals to allow sufficient recovery of the pu-
pil before the next light stimulus [11, 46, 47]. A retest was taken

Pupillometrics Units Description
MaxD Maximum Diameter Mm  Maximum pupil size before constriction.
MinD  Minimum Diameter Mm  Pupil diameter at peak constriction.
PC Percentage of Change % The change in pupil size over time, computed as:
PC = (M) +100
axD
LAT Latency mm/s Time of onset of constriction following initiation of the light stimulus.
cv Constriction Velocity mm/s  Average of how fast the pupil is constricting after exposure to light.
MCV Maximum Constriction Velocity mm/s  Represents the maximum velocity of pupil constriction.
DV Dilation Velocity mm/s  The average pupillary velocity when, after having reached the peak constriction,

the pupil tends to recover and dilate back to the initial resting size.
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whenever the HQIP was held incorrectly, or blinking was detected
by the HQIP. All pupil tests were relatively quick to conduct and did
not exceed ~4 min in duration per player, and ~60 min in total du-
ration for the entire team. Notably, ease of use was reported by the
test administrator (i.e., performance coach without previous clinical
experience in using HQIPs). In particular, a total of 351 pupillary
measurements were recorded in each eye, without any interference
with the daily predetermined schedule of the team.

The selected HQIP extracted seven pupillometrics, which repre-
sented parameters of both the Sympathetic Nervous System (SNS)
function and Parasympathetic Nervous System (PNS) function [11].
Furthermore, the HQIP used an algorithm to calculate the overall re-
activity of the pupil (proprietary score), called the Neurological Pupil
Index (NPi) [11]. However, the authors excluded the NPi pupillometric
from the final analyses as the company did not publicly provide any
details on the computation of the NPi. Descriptions and calculations
for the seven remaining pupillometrics are presented in Table 1.

Finally, within < 1 h following any practice or game, the players
completed an online survey to record their RPE score based on Borg's
rate of perceived recovery status scale of 100 points [38], in which
0 means ‘very poorly recovered/extremely tired,” 20 represents ‘poor-
ly recovered/very tired,” 40 means ‘minimally recovered/ tired,’ 50 de-
notes ‘slightly recovered/somewhat tired,” 60 signifies ‘moderately
recovered,” 80 represents ‘well recovered,’ and 100 represents ‘very
well recovered/highly energetic’ [39].

Statistical Methods

Prior to the statistical analyses, normal distribution of the dataset
was confirmed (Shapiro-Wilkinson test; n > 50). Participant demo-
graphic information, including: age, height, body mass, playing po-
sition and role were calculated using descriptive statistics. The pupil-
lometrics were compared between the left and the right eye through
a paired t-test. The intraclass correlation coefficients (ICCs) were
computed to examine test-retest reliability for each pupillometric
using the thresholds outlined by Martins et al. (2014) for the as-
sessment of technological equipment in research and clinical practice:
very poor: ICC < 0.70, poor: ICC = 0.70-0.90, moderate:
ICC = 0.90-0.95, good: ICC = 0.95-0.99, and very good: ICC
> 0.99 [48]. The Pearson’s Product Moment Correlation (r) examined
the linear relationship between each pupillometric and various oth-
er measures of game-induced fatigue and recovery, including: per-
ceptual fatigue (i.e., average daily Borg Rating of Perceived Exertion
scores) [39], lower-extremity muscle fatigue (i.e., Sway Balance
Error Scoring System test scores) [45]; cognitive fatigue (i.e., Sway re-
action time score) [34], and ANS fatigue (i.e., INnRMSSD) [42]. The
Pearson’s correlation coefficients were interpreted using the reference
standards by Hopkins et al. (2009): trivial: r < 0.1; small:
0.1 < r < 0.3;moderate: 0.3 < r < 0.5;large: 0.5 < r < 0.7;
very large: 0.7 < r < 0.9; nearly perfect: r > 0.9; perfect:
r = 1 [49, 501]. To explore whether any pupillometrics differed
between rested conditions (baseline and GD-1) and fatigued
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conditions (GD+1 and GD+2) at the group level, the Levene test
was applied as a derivation of the classical one-way analysis of the
variance (ANOVA) to compute the F-statistics, Effects sizes (expressed
as “n? or Eta Squared), Coefficient of Variation (CV), absolute and
relative differences, Confidence Intervals at 95% (CI95), and p-
values. The post-hoc Tukey test was examined for pairwise com-
parisons. The n? was interpreted with the following thresholds: small
effect: 12 = 0.01; medium effect: n> = 0.06; large effect:
n2 = 0.14 [49, 50]. Additionally, the magnitude of these differ-
ences were visually presented by a ‘percentage difference’ in which
postgame data (value) was subtracted by either baseline data or
pregame data (value) represents, and divided by the baseline or
pregame data (value). The significance of all inferential statistics was
set for p < 0.05. All analyses were performed at 95%-Confidence
Interval. All statistical tests were performed using IBM SPSS Version
28.0.0.0.

RIE'S U LTS 5000
Descriptive statistics

A paired sample t-test revealed statistically significant difference
between left and right eye pupillometrics at the group level (mean
difference = -0.034; p-value < 0.001). Therefore, all statistical
tests and analyses were performed and analyzed for each eye sep-
arately. The normative data (means and standard deviations) of all
pupillometrics (at the group level) of both eyes are displayed in
Table 2a and Table 2b.

Test-retest repeatability

Table 3 displays the ICC’s of all pupillometrics, which range from
very poor to good (0.286 to 0.963). Particularly, LAT, DV, and MCV
showed very poor ICCs (< 0.70), whereas CV and PC showed poor
ICCs (0.70-0.90). However, MinD (left eye), and MaxD (both eyes)
showed good ICCs (0.95-0.99). Minimal measurement bias was
detected for all pupillometrics with the maximum bias for the left
eye being +2.9% (MaxD) and right eye being +1.98% (MaxD). The
average bias across all pupillometrics was 0.001 =0.450. When
comparing baseline (BL) to post-game (GD+ 1 and GD+2) timepoints,
the smallest read difference (SRD) was widest for MaxD (R = 0.340;
L = 0.318) and MCV (R = 0.304; L = 0.263), and least for LAT
(R = 0.005; L = 0.005) and DV (R = 0.074; L = 0.085). When
comparing pre-game (GD-1) to post-game (GD+1 and GD+2) time-
points, the SRD was widest for MaxD (R = 0.285; L = 0.266) and
MCV (R = 0.249; L = 0.199) and least for LAT (R = 0.007;
L = 0.007) and DV (R = 0.066; L = 0.068).

Relationships with other biomarkers of game-induced fatigue

With regards to perceptual fatigue, the findings demonstrated a very
large positive significant correlation between average RPE and MinD
(r=0.78, p < 0.05) and MaxD (r = 0.77, p < 0.05). With regards
to lower-extremity muscle fatigue, Sway Balance (left and right)
showed a very large positive significant association with MaxD, MinD,
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TABLE 2A. Descriptive statistics of all pupillometrics (right eye).

N Mean S.td'. Std. 95% Cl Min Max
Deviation Error  Lower Bound Upper Bound
MaxD (right) GD-1 35 6.3223 1.02479 .17322 5.9703 6.6743 4.01 8.11
GD+1 35 6.3500 1.01662 17184 6.0008 6.6992 3.97 7.91
GD+2 34 6.3224 1.06745 .18307 5.9499 6.6948 4.16 8.22
Baseline 8 6.4775 1.06054 .37496 5.5909 7.3641 4.63 7.97
Total 112 6.3421 1.02446 .09680 6.1502 6.5339 3.97 8.22
MinD (right) GD-1 35 3.9794 .76203 .12881 3.7177 4.2412 2.58 5.85
GD+1 35 3.9837 .69930 .11820 3.7435 4.2239 2.58 5.23
GD+2 34 4.0256 .73358 .12581 3.7696 4.2815 2.62 5.65
Baseline 8 3.8788 .76868 27177 3.2361 4.5214 2.74 5.38
Total 112 3.9876 72542 .06855 3.8518 4.1234 2.58 5.85
PC (right) GD-1 35 .3720 .03437 .00581 .3602 .3838 .28 44
GD+1 35 .3769 .03151 .00533 .3660 .3877 .32 44
GD+2 34 .3703 .03389 .00581 .3585 .3821 27 42
Baseline 8 4013 .03796 .01342 .3695 4330 .32 43
Total 112 3751 .03404 .00322 .3687 .3815 .27 A4
CV (right) GD-1 35 3.2737 46457 .07853 3.1141 3.4333 2.38 4.37
GD+1 35 3.3029 42080 .07113 3.1583 3.4474 2.37 4.23
GD+2 34 3.2750 45240 .07759 3.1171 3.4329 2.42 4.13
Baseline 8 3.4250 46605 .16477 3.0354 3.8146 2.65 4.08
Total 112 3.2940 44317 .04188 3.2110 3.3770 2.37 4.37
MCYV (right) GD-1 35 5.3266 .77629 13122 5.0599 5.5932 3.49 6.52
GD+1 35 5.1871 1.10929 .18750 4.8061 5.5682 .63 7.04
GD+2 34 5.2035 .66672 .11434 4.9709 5.4362 4.02 6.37
Baseline 8 5.7250 .66002 .23335 5.1732 6.2768 4.85 6.61
Total 112 5.2741 .86056 .08132 5.1130 5.4352 .63 7.04
LAT (right) GD-1 35 2131 .02898 .00490 .2032 2231 17 .30
GD+1 35 .2223 .02787 .00471 2127 .2319 .17 .27
GD+2 34 2147 .02135 .00366 .2073 2222 .17 .27
Baseline 8 .2150 .01604 .00567 .2016 .2284 .20 .23
Total 112 .2166 .02573 .00243 2118 2214 .17 .30
DV (right) GD-1 31 1.4132 .25639 .04605 1.3192 1.5073 1.02 2.28
GD+1 34 1.3756 .20289 .03480 1.3048 1.4464 .90 1.82
GD+2 32 1.3850 .24336 .04302 1.2973 1.4727 .97 2.14
Baseline 7 1.4343 .24845 .09391 1.2045 1.6641 1.18 1.84
Total 104 1.3937 .23263 .02281 1.3484 1.4389 .90 2.28
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TABLE 2B. Descriptive statistics of all pupillometrics (left eye).

N Mean S'td.. Std. 95% Cl Min Max
Deviation Error  Lower Bound Upper Bound
MaxD (left) GD-1 35 6.0817 .99069 16746 5.7414 6.4220 3.49 7.68
GD+1 35 6.0891 95812 .16195 5.7600 6.4183 3.65 7.56
GD+2 34 6.1238 97442 16711 5.7838 6.4638 3.94 7.85
Baseline 8 6.2650 1.03907 .36737 5.3963 7.1337 4.39 7.73
Total 112 6.1099 .96662 .09134 5.9289 6.2909 3.49 7.85
MinD (left) GD-1 35 3.7314 .64574 .10915 3.5096 3.9532 2.34 5.21
GD+1 35 3.6911 .60097 .10158 3.4847 3.8976 2.45 4,92
GD+2 34 3.7662 .63090 .10820 3.5460 3.9863 2.48 5.20
Baseline 8 3.7687 .66827 23627 3.2101 4.3274 2.77 4,95
Total 112 3.7321 62115 .056869 3.6157 3.8484 2.34 5.21
PC (left) GD-1 35 .3851 .03568 .00603 .3729 3974 .30 44
GD+1 35 .3929 .03259 .00551 .3817 4041 .32 47
GD+2 34 .3847 .02339 .00401 .3765 .3929 .34 44
Baseline 8 .3975 .02964 .01048 3727 4223 .36 44
Total 112 .3883 .03087 .00292 .3825 3941 .30 47
CV (left) GD-1 35 3.3491 .56844 .09608 3.1539 3.5444 1.60 4.21
GD+1 35 3.2971 45486 .07689 3.1409 3.4534 2.18 4.16
GD+2 34 3.3165 46990 .08059 3.1525 3.4804 2.17 4.32
Baseline 8 3.4075 .56835 .20094 2.9323 3.8827 2.23 3.96
Total 112 3.3271 149930 .04718 3.2337 3.4206 1.60 4.32
MCYV (left) GD-1 35 5.4780 .81903 .13844 5.1967 5.7593 3.20 6.67
GD+1 35 5.3737 77775 13146 5.1065 5.6409 3.45 6.77
GD+2 34 5.3509 .73337 12577 5.0950 5.6068 3.64 6.91
Baseline 8 5.6800 1.02745 .36326 4.8210 6.5390 3.94 7.18
Total 112 5.4213 .79076 .07472 5.2732 5.5693 3.20 7.18
LAT (left) GD-1 35 .2320 .02753 .00465 2225 2415 .20 27
GD+1 35 .2186 .02992 .00506 .2083 .2288 17 27
GD+2 34 2118 .02167 .00372 2042 .2193 17 27
Baseline 8 .2063 .03420 .01209 1777 .2348 .13 23
Total 112 .2198 .02828 .00267 2145 .2251 .13 27
DV (left) GD-1 34 1.3765 24277 .04164 1.2918 1.4612 .96 1.84
GD+1 33 1.3009 21842 .03802 1.2235 1.3784 .87 1.79
GD+2 33 1.3936 .24903 .04335 1.3053 1.4819 .94 2.09
Baseline 7 1.5057 43412 .16408 1.1042 1.9072 .82 2.04
Total 107 1.3669 .25499 .02465 1.3180 1.4158 .82 2.09




Pupillometry as a new window to player fatigue?

TABLE 3. ICC scores for all 7 pupillometrics

ICCs (Clgs)

Pupillometrics

Left

Right
MaxD (mm) 0.955 (0.937-0.968)"
MinD (mm) 0.945 (0.920-0.962)"
PC (%) 0.756 (0.680-0.819)"

CV (mm/sec)
MCV (mm/sec)

0.755 (0.679-0.818)"
0.626 (0.528-0.714)"

0.963 (0.949-0.974)™
0.955 (0.935-0.970)™
0.749 (0.674-0.813)"
0.827 (0.770-0.873)™
0.667 (0.575-0.748)"

LAT (sec) 0.452 (0.335-0.566)" 0.287 (0.165-0.413)"
DV (mm/sec) 0.501 (0.379-0.616)" 0.656 (0.558-0.742)"
** p < 0.001

TABLE 4. Pearson’s correlation coefficients between the 7 pupillometrics and other biomarkers of game-induced fatigue and recovery.

Pupillometrics Sway SRT INRMSSD Sway Balance (Right) Sway Balance (Left) Average RPE
MaxD 0.70* -0.82* 0.77* 0.79* 0.77*
MinD 0.69* 0.77* 0.78* 0.78* 0.78*
PC -0.17 0.22 -0.28 -0.20 0.28
cv -0.62 0.74* -0.75* -0.75* 0.45
MCV -0.62 0.74* -0.75* -0.76* 0.44
Lat 0.14 -0.22 -0.10 -0.10 0.10
DV -0.20 0.22 -0.10 0.00 0.24

* Coefficients presented in bold are significant (p < 0.05)

CV, and MCV (r = 0.75-0.78, p < 0.05). With regards to cognitive
fatigue, a large significant positive relationship was identified between
Sway SRT scores and MinD (r = 0.69, p > 0.05) and a very large
significant positive relationship between Sway SRT scores and MaxD
(r=0.70, p > 0.05). Finally, with regards to physiological fatigue,
a very large positive significant relationship was detected between
INRMSSD scores and MinD (r = 0.77, p < 0.05), CV (r = 0.74,
p < 0.05), and MCV (r = 0.74, p < 0.05) whereas a very large
inverse significant relationship was found between MaxD and In-
RMSSD (r = -0.82, p < 0.05) (Table 4). All significant correlations
have been highlighted in bold in table 4. Overall, the combination
of MaxD, MinD, CV and MCV demonstrated to be the most repre-
sentative of overall game-induced fatigue.

Time course of pupillometrics following games (at the group
level)

Initially, the ANOVA analysis revealed that there was no statistically
significant difference in pupillometrics between rested states (base-
line and GD-1) and fatigued states (GD+1, GD+2) (p < 0.05),
except for LAT (left) in which a medium-to-large difference was

detected (F = 4.023, 12 = 0.109 p = 0.009). In particular, a post-
hoc Tukey HSD test revealed that LAT (left) on GD-1
(0.232 £0.027 mm/s) was significantly higher than on GD+2
(0.212+0.216 mm/s) (mean difference = 0.202, std. er-
ror = 0.006, p = 0.013, n? = 0.101), thus the time from onset of
the light stimulus to pupil constriction in the left eye typically took
longer on GD-1 than on GD+2. Although LAT (left) was the only
pupillometric that could detect a statistically significant change be-
tween rested conditions and fatigued conditions (p < 0.05), small-
to-moderate effect sizes were detected for PC (right) (1% = 0.052,
p = 0.121), MCV (right) (1? = 0.026, p = 0.410), LAT (right)
(m? = 0.023, p = 0.470), PC (left) (n? = 0.021, p = 0.518), and
MCV (left) m? = 0.013, p = 0.587). All other pupillometrics showed
very small (n”? < 0.01) and non-significant effects (p > 0.05) across
all timepoints. With regards to the magnitude of change between
timepoints (% difference using Equation 1), the largest differences
were found between baseline and GD+2, in which MCV (both eyes)
represented the largest relative difference (left = -7.77%;
right = -5.64%) (Table 5a and 5b; Figure 1).
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TABLE 5A. ANOVA results of the pupillometric changes between baseline (BL) and post-game timepoints (GD+1 and GD+2)

ANOVA BL to GD+1 BL to GD+2

results Difnf/claerae’r:ce I;'s:r(!(;r F " P Difnf/tlaer‘;:ce l?ri%r F 7 P
MaxD (mm) (R) 127 406 .101 .002 .752 .155 407 .137 .003 713
MinD (mm) (R) -.104 .287 142 .003 .709 -.146 .288 .255 .006 616
PC (%) (R) .024 .013 3.623 .081 .064 .030 .013 5.173 115 .028
CV (mm/s) (R) 122 .175 .528 .013 A72 .150 175 .704 .017 406
MCV (mm/s) (R) .537 .337 1.884 .040 .197 .521 .338 3.976 .090 .049
LAT (s) (R) -.007 .010 0.502 .012 483 .000 .010 .001 .000 971
DV (mm/s) (R) .058 .097 451 011 .506 .049 981 234 .006 .631
MaxD (mm) (L) .175 .383 213 .005 .647 141 .384 .133 .003 718
MinD (mm) (L) .077 246 .104 .003 748 .002 247 .000 .000 .992
PC (%) (L) .004 .012 136 .003 714 .012 012 1.752 .042 .193
CV (mm/s) (L) .110 .197 .350 .008 .557 .091 .198 .225 .006 .638
MCV (mm/s) (L) .306 312 .896 .021 .349 .329 312 1.116 .027 .297
LAT (s) (L) -.012 .010 1.050 .025 312 -.005 .010 .333 .008 .567
DV (mm/s) (L) .204 .168 3.464 .084 .070 112 .169 .885 .023 .353

* Coefficients presented in bold are significant (p < 0.05)

TABLE 5B. ANOVA results of the pupillometric changes between pre-game (GD-1) and post-game timepoints (GD+1 and GD+2)

ANOVA y — GD-1 to GD+1 y — GD-1 to GD+2

results DiffeiZZce Erro.r F 7 P Diffee;ZZce Erro.r F " P
MaxD (mm) (R) -.028 -.248 .013 .000 910 -.000 .249 .000 .000 1.000
MinD (mm) (R) -.004 175 .001 .000 .981 -.046 176 .066 .001 0.799
PC (%) (R) -.004 .008 .380 .006 .540 .001 .008 430 .001 0.836
CV (mm/s) (R) -.029 .106 .076 .001 784 -.001 .107 .000 .000 0.991
MCV (mm/s) (R) .139 .205 371 .005 544 .123 .207 498 .007 0.483
LAT (s) (R) -.009 .006 1.810 .026 .183 -.001 .010 .065 .001 0.800
DV (mm/s) (R) .037 .058 435 .007 512 .028 .059 .201 .003 0.656
MaxD (mm) (L) -.007 .233 .001 .000 975 -.042 .235 .032 .000 0.859
MinD (mm) (L) .040 .150 .073 .001 .788 -.034 .151 .051 .001 0.822
PC (%) (L) -.007 .007 .892 .013 .348 .000 .007 .004 .000 0.952
CV (mm/s) (L) .052 .120 .179 .003 674 .032 121 .068 .001 0.796
MCV (mm/s) (L) .104 .190 .298 .004 .587 .104 .190 460 .007 0.500
LAT (s) (L) .013 .006 3.819 .053 .055 .020 .006 11.469 .146 0.001
DV (mm/s) (L) .075 .061 1.790 .027 .186 -.017 .061 .82 .001 0.776

* Coefficients presented in bold are significant (p < 0.05).
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FIG. 1. The percentage difference of pupillometrics between test moments.
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The main purpose of this pilot study was to explore the potential
usefulness of HQIPs in the context of monitoring game-induced fatigue
in professional female basketball players. The reported findings may
not only serve as a benchmark for future comparisons and hypoth-
esis testing in athletic populations that includes PLR data from au-
tomated pupillometry, but also provide point estimates and variance
for PLR measures, as well as inferential statistics to describe the
effect of game-induced fatigue on pupillary behaviour, when used in
naturalistic elite sports environment. Overall, the main findings of
this pilot study suggest that (1) two out of seven pupillometrics
represented good repeatability scores (MinD and MaxD)
(ICC = 0.95-0.99), (2) Statistical significant relationships were
found between MaxD, MinD, and all other biomarkers of game-in-
duced fatigue (r = 0.69-0.82, p < 0.05), as well as between CV,
MCV, and biomarkers of cognitive, lower-extremity muscle, and
physiological game-induced fatigue (r = 0.74-0.76, p < 0.05), and
(3) Statistically significant differences were found between rested
and fatigued states for three pupillometrics: PC (right) and MCV
(right), and LAT (left) (p < 0.05).

The test-retest repeatability

In response to the first research question, good ICCs were reported
for two out of seven pupillometrics, in particular: MinD (left) and
MaxD (left and right) (0.95-0.99). Conversely, poor ICCs were re-
ported for CV and PC (0.70-0.90) and very poor ICCs were re-
ported for LAT, DV, and MCV (< 0.70). Nevertheless, the smallest
read difference was extremely narrow for LAT in both eyes
(0.005-0.007) as well as DV in both eyes (0.066-0.085). Therefore,
the quantification of the maximum and minimum pupil diameter
seem to be least prone to errors or noise due to external factors when
examining professional female basketball players. However, this re-
mains to be questioned as to the best of the authors knowledge,
Swanson et al. (2017) [51] were the only researchers that provided

open access to ICC results from PLR tests using the Neuroptics NPi-
200 in an athletic population (i.e., 186 collegiate athletes across
eight sports) [511. Unfortunately, the only pupillometric reported in
their investigation was the Neurological Pupil Index (NPI) (i.e., a pro-
prietary score generated by the manufacturer). Furthermore, the PLR
tests were completed at different time intervals, executed by multiple
trained test administrators, and focused on a different use case (i.e.,
the detection of traumatic brain injury instead of fatigue monitoring).
In turn, meta analyses and comparative inferences remain challeng-
ing. From a general viewpoint, the ICCs reported in this pilot study
tend to follow the trend of various HQIPs applied in different use
cases. For instance, Zheng et al. (2022) [52] also reported that LAT
was the least reliable of all pupillometrics (i.e., very poor ICC of 0.65)
using the RAPDx pupillometer (Konan Medical, Irvine, California,
USA) and Chopra et al. (2020) [53] reported moderate to good ICCs
for MinD and MaxD (ICC > 0.90) using the same RAPDx pupil-
lometer.

Taking into account the abovementioned limitations, combined
with the overall lack of consistency and transparency in pupillometric
research over the past 50 years (as recently highlighted by an inter-
national panel of pupillometry experts across disciplines) [47], fu-
ture researchers may use this pilot study as a baseline framework
and prioritize transparency and standardization when executing their
initiatives on this research topic.

The relationship between pupillometrics and other biomarkers of
game-induced fatigue

In response to the second research question, four pupillometrics were

identified as the strongest indicators of game-induced fatigue in pro-

fessional female basketball players. In particular, MaxD and MinD

represented the strongest indicators for all other biomarkers of game-

induced fatigue (r = 0.69-0.82, p < 0.05), whereas CV and MCV

were identified as the strongest indicators for cognitive, lower-ex-

tremity muscle, and physiological biomarkers of game-induced fatigue
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(r = 0.74-0.76, p < 0.05). Hence, keeping track of these four
pupillometrics on a daily basis may present a multi-modal solution
to better understanding the psycho-physiological processes that un-
derpin game-play fatigue in elite sports settings. However, the lack
of existing literature on pupillometry in relation to sports-specific
fatigue creates barriers for deeper comparative analyses. From a gen-
eral perspective, the reported findings in this pilot study tend to align
with previous investigations that examined the role of pupillometry
in acute human fatigue. For instance, previous researchers have
revealed strong relationships between multiple pupillometrics and
biomarkers of HRV indices (e.g., INnRMSSD) [12, 14, 15, 541, as
well as lower-extremity muscle fatigue (e.g. Postural Sway) [55, 56],
subjective ratings of effort and tiredness from prolonged listening and
attentional efforts) [57], subjective ratings of perceived exertion from
muscular contraction during a power grip task [58]. Neverthelesss,
there was a clear lack of consistency in terms of the selected testing
timeframes (i.e., measuring before, during, or after given tasks or
events), testing conditions (i.e., naturalistics vs. laboratory settings),
selected HQIPs (i.e., self-engineered vs. commercial instruments),
extracted pupillometrics (i.e., standard vs. proprietary scores and
algorithms), and none of the investigations involved professional
basketball competition. Acknowledging these limitations, and given
that pupil responses vary based on the sport and context in which
players participate in [kaltsatou, filipel, more detailed comparative
analyses remain inappropriate at this point of time. Hence, a vigilant,
transparent, and consistent research strategy is required to expand
upon our existing knowledge regarding this use case.

The time-course of pupillometrics from rested to fatigued states

In response to the third research question, three pupillometrics were
capable of detecting a significant change from rested states (baseline
and GD-1) to fatigued states (GD+1 and GD+2). In particular, PC
(right) (F = 5.173, > = 0.115 p = 0.028) and MCV (right)
(F = 3.976, n° = 0.090 p = 0.049) significantly decreased from
baseline to GD+2, while LAT (left) (F = 4.023, »° = 0.109 p = 0.009)
significantly increased from GD-1 to GD+2. Hence, at timepoints
where residual fatigue was expected to remain present (48 h follow-
ing games), the pupils constricted slower (MCV), with a smaller
magnitude (PC), while it took longer to begin its constriction phase
(LAT). This further supports the underlying physiological concept of
pupillary behavior as LAT can be regarded as an index of sympatho-
vagal balance (i.e., higher values indicate sympathetic domi-
nance) [14], whereas PC and MCV can be regarded as an index of
parasympathetic activity (i.e. higher values indicate parasympa-
thetic dominance) [14]. Hence, this confirms, at least in part, that
the players’ ANS were not fully reverted to normal levels 48-h fol-
lowing games. Interestingly, this trend of LAT, PC, and MCV is incon-
sistent with earlier findings by Kaltsatou et al. [14] who examined
the immediate effects of physical exertion (maximal ergometer stress
test) on pupillary behavior in power -and endurance-trained athletes.
Specifically, in their investigation, LAT decreased, while MCV and PC
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increased from peak exertion to 5-min following the test (when heart
rate return to baseline levels). Consequently, similar to how sports
scientists typically evaluate traditional game-induced fatigue markers
(e.g. Heart Rate Variability indices) [59, 60, 611, the before-after,
day-to-day, and week-to-week fluctuations in pupillometics should
be analyzed distinctively and individually, and contextualized against
other external factors.

It is also important to acknowledge that the reported findings in
this pilot study does not inform about the underlying factors that may
have contributed to its overall acute fatigue state, nor does it imply
the practical relevance of it. For instance, in a recent systematic re-
view on post-game recovery kinetics in team ball sport athletes,
Doeven et al. [62] highlighted the many covariables that play an in-
fluential role on the recovery dynamics of each player (e.g., menstru-
al cycle, physical fitness, role within the team, playing time, exer-
tion, playing level, playing style, age, gender, genetic make-up, game
location, preceding travel duration, opponent quality, imposed work-
load, lifestyle habits, sleep quantity and quality) [62]. Hence, future
researchers are encouraged to integrate these cofactors in future in-
vestigations in order to pinpoint the underlying mechanisms for pu-
pillary change following games. Additionally, to determine the prac-
tical relevance of these changes, future researchers may include
predetermined anchor points that are practically relevant to their or-
ganization (e.g., specific injury occurrence per minute of activity ex-
posure, on-court game-play performance metrics, pre-game alert-
ness levels) [1, 59, 60]. This anchoring approach, often referred to
as the Minium Clinical Important Difference (MCID), would allow
practitioners to track pupillometrics per player over time and trans-
form them into a prediction or prescription tool informing the onset
to critical states via real-time alerting or traffic-light based visualiza-
tion systems [59, 60, 61, 621. For instance, Umesh et al. (2015) [63]
were able to predict a self-reported Visual Analogue Scale (VAS) state
of sleepiness score of > 6 (the target variable) by using a MCV thresh-
old value (age adjusted) of 2.8, with a sensitivity of 83% and spec-
ificity of 84%. Similarly, future researchers could determine the MC-
ID’s for MaxD, MinD, CV, and MCV against their self-determined
threshold values.

Finally, emerging technologies may enable faster interventions in
the future. For instance, Stoeve et al. (2022) [64] created a VR-
based stress test during a football goalkeeping scenario, and achieved
a performance of 87.3% accuracy through the Random Forest clas-
sifier, claiming a comparable outcome to state-of-the-art approach-
es fusing eye tracking data and additional biosignals. Given the strong
resurgence and further democratization of VR, Mixed Reality (MR)
and augmented reality (AR) based eye-tracking applications in re-
cent years [65-68], new opportunities may arise to accelerate pu-
pillometric research in the context of real-time athlete monitoring.

In summary, the findings of this pilot study promotes HQIPs as
a potential instrument for monitoring game-induced fatigue in female
professional basketball players. From an ergonomic standpoint, the
PLR testing routine took little time and effort on the practitioner’s
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side, and good test-retest repeatability scores were reported for two
pupillometrics (MaxD and MinD). Additionally, strong relationships
were found for four pupillometrics (MaxD, MinD, CV, and MCV) and
all other biomarkers of game-induced fatigue, and three pupillo-
metrics were able to distinguish rested states from fatigued states
(LAT, PC, and MCV). Although these preliminary findings tend to
support the potential adoption of pupillometry as an athlete moni-
toring tool in elite sports settings, researchers should remain cau-
tious when drawing conclusive inferences as the dataset was extract-
ed from a relatively small and homogenous sample, tracked over
a relatively short timeframe (4 games across 5 weeks). Therefore,
future researchers should aim to cover a larger and more heteroge-
nous sample across various time intervals to allow for more precise
estimations of “normal pupillary behaviour” in elite athletes. The re-
cent technological advancements in HQIPs that are compact and
versatile (e.g., smartphone-based and VR-based pupillome-
ters) [63—-70] may further accelerate and facilitate investigations on
this topic.

CONCLU SO /N S 155
HQIPs have opened a new window of opportunities for sports practi-
tioners given its ease of use and ability to extract objective insights on
player fatigue in a quick, reliable, valid, and non-invasive character.

Overall, the pupillometrics MinD, MaxD, CV, and MCV were identified
as the most promising indicators of game-induced fatigue in female
professional basketball players. However, it's important to acknowledge
that this research line is still in its infancy, and the findings stem from
a small homogenous sample, thus the statistical inferences remain
indicative rather than confirmative or directive. However, future re-
searchers are encouraged to leverage this pilot study as a baseline
framework for future investigations, and ensure standardization is
prioritized throughout the process in order to maximize the reproduc-
ibility of findings across a variety of sports, timeframes, contexts, and
use cases.
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TINTRO D U C T 1O N 15000

The high energy request of the organism during intensive efforts and
the need for rapid anaerobic ATP resynthesis lead to the release of
protons that decrease blood pH, and cause muscle acidification [1].
This occurs predominantly during high-intensity exercises and train-
ing programs, such as high-intensity interval training (HIIT) and/or
high-intensity functional training (HIFT). It is well known that in-
creased muscle acidification is one of the main suppressors of the
ability to perform high-intensity exercise [2]. Moreover, HIIT/HIFT
may influence homeostatic disturbances not only directly through
the acid-base balance, but also indirectly affecting the various hae-
matological and biochemical markers. However, post-exercise

changes in these indices, especially haematological and muscle
damage-specific markers, are equivocal.

White blood cell (WBC) count increases immediately after intense
exercise [3, 4, bl. Furthermore, despite an increase in WBC after
HIIT and continuous aerobic exercise, WBC elevation is remarkably
higher for HIIT than continuous aerobic exercise [6]. In addition, shifts
in post-exercise haematological markers are related to an increase in
the percentage of lymphocytes (LYM%) [4, 5, 6], monocytes
(MON%) [4], and a decrease of granulocytes (GRA%) [6]. However,
changes of the aforementioned markers are not always repeatedly re-
corded [6]. Similarly, ambiguous positions relate to exercise-induced
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changes of platelets (PLT), red blood cells (RBC) count and heamo-
globin (HGB) concentration [3, 5, 7, 81.

Moreover, in most studies, relating to changes in blood biochem-
ical markers, post-exercise increases in lactate dehydrogenase
(LDH) [9], creatine kinase (CK) [3, 8, 9], alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) [10] activities or
urea [11] and magnesium [7] concentrations have been shown, al-
though changes in these indicators after intense efforts have not al-
ways been shown [10].

It is interesting to note that the aforementioned biochemical chang-
es are sensitive to pH reductions induced by high-intensity exercise,
which may affect the haematological profile in blood due to the role
of haemoglobin as a buffer in the body [12] and increasing the risk
of osmotic fragility of erythrocytes [13]. Furthermore, acidosis re-
sulting from chronic kidney disease stimulates the activity of the
ubiquitin-proteasome pathway and the formation of glucocorticoids,
which contribute to the degradation of muscle proteins, and thus to
an increase in blood urea concentration [14]. It would be reason-
able to assume that this mechanism may also be reflected in acido-
sis resulting from highly intensive exercise.

While it is unwise to interfere with training and reduce the inten-
sity of exercise (which may negatively affect adaptation and sports
performance), an alternative to support the body’s buffering needs
is nutritional and/or supplementation support. Alkalizing agents, such
as sodium bicarbonate (NaHCOs), improve CrossFit-like perfor-
mance [15] and have significant ergogenic effects [16] through in-
creasing blood buffering capacity [17], which allows greater hydro-
gen ion (H*) binding, H*/lactate shuttle from working myocytes, and
increases extra-cellular pH [16, 18].

NaHCOj; intake increases pH, through an elevation of bicarbon-
ate ion (HCO3™) concentration in the blood, which may be benefi-
cial in exercises heavily reliant on anaerobic metabolism [16]. Ex-
cessive sodium bicarbonate administration may induce severe
alkalaemia, hypernatraemia and hypokalaemia [19]. However, in
sport practice commonly supplemented doses ranging from 0.1 to
0.5 g-kg gy NaHCO; [16, 201 do not appear to be a cause for con-
cern. The ideal supplementation method appears to be ingestion in
a solution or gelatine capsules at a dose of > 0.3 g-kg™'gy NaH-
CO3 60-180 min before exercise [16, 20, 21]. However, there are
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also reports that do not confirm this positive influence of NaH-
CO3 [22, 23]. This may be due to the large diversity of the organ-
ism’s individual response to this agent and supplementation proto-
cols [20, 24], or related to digestive system problems that can appear
in some people [18, 25]. Due to lower tolerance, some athletes
choose lower doses (~0.2 g-kg™'gy) and lengthening the time be-
tween NaHCOj; intake and exercise starting (~180 min), which may
also have an ergogenic benefit [16, 20, 26]. On the other hand,
Grgic et al. [20] reported the use of higher doses (0.4-0.5 g- kg™ *gy)
did not provide any additional benefits compared to the dose of
0.3 g- kg~ 'y NaHCO;. Therefore, despite performance effects, it is
crucial to investigate the multidirectional impact of NaHCO; on whole-
body homeostasis during intense exercise.

It is not known to what extent acute HIIT/HIFT-induced changes
in haematological and biochemical indicators are modulated by NaH-
CO3 supplementation. Extracellular buffering capacity elevation
through NaHCO; intake, proportionally to the administered dose,
may enhance acid-base balance during efforts and could translate
into changes in haematological and blood biochemical markers. The
aim of this study was to verify the extent to which NaHCO3 would
affect the acute changes of haematological and blood biochemical
markers following intense exercise. We hypothesized that NaH-
CO3 would minimize exercise-induced changes in these markers in
a dose-dependent manner.

MATERIALS AND METHOD 'S 15—
Participants
Thirty-four Cross-Fit-trained participants were initially enrolled in the
study. Due to personal and professional reasons (business trips)
4 subjects (3 males (M)/1 female (F)) dropped-out of the study.
Thirty athletes (16M/14F) completed the whole study protocol and
were included in the analyses. The participants were regularly train-
ing HIFT in CrossFit-affiliated clubs in Poznan (“Hangar” and “Staj-
nia CrossFit") and Szczecin (“Papaj CrossFit") in Poland (Table 1).
The inclusion criteria were: a valid and up-to-date medical certif-
icate that confirmed the athlete’s ability to practice sports, good gen-
eral health, at least 4 years of training experience and participation
in a minimum of four CrossFit workout sessions a week. The exclu-
sion criteria were: current injury, health-related contraindication,

TABLE 1. Somatic and physiological characteristics of participants training Cross-Fit® (n = 30).

Characteristics Mean = SD 95% CI
Age [years] 30.6+4.3 (29.0-32.2)
Body mass [kg] 73.8x12.1 (69.3-78.3)
Fat-free mass [kg] 59.8+11.5 (55.4-64.1)
Fat mass [%] 19.1+£5.5 (17.1-21.2)
Body height [cm] 175+9 (172-178)

SD - standard deviation; Cl — confidence interval
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declared general feeling of being unwell and unwillingness to follow
the study protocol.

The local institutional review board reviewed and approved the
study protocol (Bioethics Committee at Poznan University of Medical
Sciences, reference number: 1000/18 of 11 October 2018). The study
protocol was also registered at ClinicalTrials.Gov (NCT03810404).
All procedures were conducted in accordance with the ethical stan-
dards of the 1964 Declaration of Helsinki and written informed con-
sent was obtained from all participants before their participation in
the study began.

The required sample size was calculated a priori using a comput-
er statistical package Statistica 13.3 (StatSoft, Inc., Tulsa, OK, USA)
based on results of other studies [27, 28]. It was estimated that
a sample size of 28 would be suitable for detecting a difference be-
tween blood pH measurements to obtain a power of approximately
90% (a = 0.05) in analysis of variance (ANOVA) with repeated mea-
surements (RM) within factors.

Study design

Supplementation of various NaHCO5 doses was evaluated in a ran-
domized, multi cross-over, placebo (PLA)-controlled double-blind
trial. The protocol of the study consisted of five visits (T;-T5) for each
participant (Figure 1). In T1, a control (CTRL) phase was carried out
where all tests without supplementation or PLA administration were
performed. During subsequent visits (T,—Ts), studies were conduct-
ed after three different doses of NaHCO3 and PLA intake depending
on a randomization-based supplementation order.

All participants had substantial experience in performing the ex-
ercise procedures. They were also obligated to eat a standardized
meal (containing 2 g of carbohydrates per kilogram of body mass
(BM), 30 g of protein and at least 7 ml of water per kilogram of BM)
two hours before each visit. Diet of the participants was monitored
by an experienced dietician who ensured that athletes met all rec-
ommended criteria in terms of nutritional standards [29]. Further-
more, participants did not follow any specific nutritional strategy and
did not change any nutritional aspects during the study protocol.

The study visits (T;-T5) were separated by at least 7-days of
washout.

Supplementation

The NaHCO; doses were provided relative to fat-free mass (FFM). The
dose of supplemented NaHCO3 was considered as LOW (0.15 g kg™ ey
of NaHCOQ5), MEDIUM (0.25 g- kg™ ¢py of NaHCO3, MED) and HIGH
(0.35 g- kg !eey of NaHCO5). NaHCOj; in the form of powder was
used (Alkala N, Sanum-Kehlbeck GmbH & Co. KG, Germany; contain-
ing 89.1% of NaHCO3, 9.9% of potassium bicarbonate, and 1.0%
of sodium citrate). PLA preparation was provided in a similar powder
form and contained sodium chloride in an equimolar amount of so-
dium as MED NaHCOs. All preparations were dissolved in approxi-
mately 750 mL of fluid (600 mL of water and 150 mL of orange
juice). Juice was provided as a source of CHO to alleviate Gl

symptoms [18, 25, 30] and improve the taste of the preparations.
Athletes were obligated to drink the preparations 2 h before the exer-
cise tests within 5 min and were supervised by a member of the re-
search team.

Anthropometric measurements

Anthropometric measurements were performed according to recom-
mendations as described previously [31]. Body mass and height
were measured using a professional medical scale (WPT 60/150 OW,
RADWAG, Radom, Poland). Body composition and total body water
were assessed via bioelectric impedance, using Bodystat 1500MDD
(Bodystat Inc., Douglas, UK).

Exercise tests

The exercise battery started 2 h after NaHCO3/PLA intake (or fluid
intake at CTRL — T, visit). Each visit consisted of two classic 30-s
Wingate tests (WANT_1 and WANT_2) separated by CrossFit-specif-
ic benchmarks: a) Wall Balls (performed for 3 min) and (after
a 30 s transition break) b) Burpees (performed for 3 min). The Wall
Balls task started exactly 5 min after the completion of WANT 1,
and WANT _2 started 5 min after the completion of the Burpees task.
The actual high-intensity active effort lasted a total of 7 min.

The exercise tests were always preceded by a standardized
10min warm-up as previously described [31]. WANnTs were per-
formed on a Monark 894E cycloergometer (Varberg, Sweden) and
external loading was adjusted individually at 7.5% body weight [31].
During the CrossFit-specific benchmarks, the participants were in-
structed to perform as many repetitions of each exercise as they
could during 3 min. Repetitions were accounted for, only if the par-
ticipant completed a full range of motion required for each exer-
cise. The only difference in CrossFit-specific benchmarks between
female and male participants was the weight of the medicine ball
during wall balls (6 and 9 kg for females and males) [32]. Partic-
ipants were verbally encouraged to exert maximum effort through-
out the exercise tests.

Biochemical analyses

Capillary blood was obtained from the fingertip, at rest before supple-
mentation (2 h before exercise), 3 min after (post-exercise) and 45 min
(recovery) after exercise. Blood was collected according to the ap-
plicable and standardized procedures, from the finger of the non-
dominant hand using Medlance Red lancet-spike (HTL-Zone, Berlin,
Germany) with a 1.5 mm blade and 2.0 mm penetration depth.
A heparinized capillary sample (65 ul; Radiometer, Copenhagen,
Denmark) was taken to determine pH using a blood gas analyzer
(ABL90 FLEX, Radiometer, Copenhagen, Denmark). Additionally,
300 pl of capillary blood was collected in a Microvette CB 300 tube
(Sarstedt, Niimbrect, Germany) containing EDTA dipotassium salt as
an anticoagulant for WBC and their individual fractions (LYM%, MON%,
GRA%), RBC, HGB, haematocrit (HCT) and PLT determination on
a haematology analyzer (Mythic18, Orphee, Geneva, Switzerland);

u BioLoGy oF SpPoRrT, VoL. 41 Nol, 2024 19




Krzysztof Durkalec-Michalski et al.

Assessed for eligibility (34 CrossFit® participants) -
C
Excluded (n=0) g
— Mot meeting inclusion criteria (n=0) =
Refused to participate (n=0) =
+ w
Enrollement to protocol (n=34), preliminary tests and familiarization (T) —
l c
o
Randomization to cross-over supplementation sequence (n=34) g
=
| } I } l —
NaHCO;5: 0.15 g-kg Yy || NaHCO5: 0.25 g-kglemy || NaHCO5: 0.35 grkgterm
i _Pre-supplementation _
Resting (A)
BlOOdcollection 6
=
2
> .
iy ’ 120 min
-
= >
I T 3
g Wall ball shots Burpees —~ B 5
E . WAI'IT 1 |. WARNRT 2 %
g 3@ vt E
& E = PR ~1 - 8 ]
£ :B L: = “‘5 . l 2 S £
" . 1omin_ = 3 - T A § §
E “Rest:5 mm — smn Fest:308 L Res'{:-grgi_rr 0= |.u =
CrossFit®-specific benchmarks [C5B)
3 min after exercise .
---------------------- Post-exercise (B)
BlOOdcollect'lon 6
Recovery (C)
<45 min after exercise_ BIOOG.siccion @

Drop-outs (n=4)

(S

(n = 30; 16 males and 14 females)

Results analysis

FIG. 1. A flow chart of the study design.

CTRL - control visit, without supplementation or placebo treatment; HIGH — visit with high NaHCO; dose (0.35 g-kg~
LOW - visit with low NaHCO;3; dose (0.15 g-kg~

1 ) .
Fat-Free Mass/»

L tree Mass); MED — visit with medium NaHCO; dose (0.25 g-Kg™ ratrree Mass);

NaHCO; — sodium bicarbonate; PLA — placebo; To—Ts — numbers of study visits; WANT — 30-s Wingate Anaerobic Test.
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(0.25 g-Kg Lrat-rree mass); NaHCO3 — sodium bicarbonate; PLA — placebo.

LLILVVThe values of the phase, which number is in the superscript, are significantly lower than the values at which they are presented;
ABCThe values of the moment, which letter is in the superscript, are significantly lower than the values at which they are presented.

and after plasma separation concentration of urea and creatinine, and
ALT, AST, CK, and LDH activities on the Accent 220S automatic
biochemical analyser (Cormay, tomianki, Poland). Another 300 ul of
capillary blood was collected in a Microvette CB 300 Z tube (Sarstedt,
Nimbrect, Germany) with a clotting activator, in which the serum
concentration of magnesium was marked also on the Accent 220S
automatic biochemical analyzer.

Additionally, to avoid misinterpretation of blood parameter results
due to different hydration status of participants on different visits,
haematology indicators were related to the number of cellular com-
ponents (WBC, RBC, HGB, PLT) and all biochemical parameters
were converted using the haematocrit correction formula [33, 34].

Statistical Analysis

Data are presented as the mean and standard deviation (+ SD) and
the 95% confidence interval for the mean (95% Cl). The studied
variables were checked for normal distribution using the Shapiro-Wilk
test. For the comparison of the results between the five visits (T;-Ts)
and collection moment (rest, post-exercise and recovery), repeated
measures ANOVA were performed for normally distributed data. For

data that was not normally distributed, the Friedman ANOVA test
was selected. Post-hoc (Tukey HSD test for parametric statistics and
post hoc for Friedman for nonparametric statistics) analyses were
then conducted for statistically significant data. The level of signifi-
cance was set at p < 0.05. Statistical analysis was performed using
a computer statistical package STATISTICA 13.3 (StatSoft, Inc.,
Tulsa, OK, USA).

RES U LTS 1500
The resting (rest) values of all haematological, biochemical and blood
gas measures did not differ significantly from one another across
T,-Ts.

Blood pH value
All blood pH results are presented in Figure 2.

An exercise-induced decrease in pH (p < 0.001) was shown be-
tween post-exercise vs. resting values for each visit (NaHCO3's, CTRL,
PLA). However, in the recovery period, pH returned or even signifi-
cantly exceeded (in MED and HIGH) the resting values after
NaHCOs;.
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TABLE 2. Summary of the level of blood haematological parameters resting, post-exercise and recovery in the five visits of the study
(n = 30).

Indicator Measurement STUDY VISITS [Mean = SD (95% CI)] pValue
time CTRL (1) LOW (I1) MED (111) HIGH (IV) PLA (V)
. 7.7+1.6 7.6+1.9 76+1.7 7.7+1.7 74+1.9
o o esting () (7.1-8.3) (6.9-8.3) (7.0-8.2) (7.0-8.3) (6.7-8.1) 0.286
% D Postorercise () 13239 13.1+25%  13.1x27%¢  13.3+28%  132+2.9% . o
= (11.8-14.6) (12.2-14.1) (12.1-14.1) (12.2-14.3) (12.1-14.3) '
c2 9.6+ 2.8/IILIVVA 8.1+23 8.4+26 8.0+2.2 8.3+2.6"
=8 Recovey©@ " (g6-107) (7.2-9.0) (7.4-9.4) (7.1-8.8) 7493 <000
p-Value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
—~ Resting (A) 35.1+7.0° 35.1+6.7¢ 35.0+7.4° 34.3+6.6° 35.7+7.1° 0.833
S (32.4-37.7) (32.6-37.6) (32.2-37.7) (31.8-36.7) (33.0-38.3)
38 Post-exercise (B) 44.1 +8.2AC 46.4+75C  47.1+6.4°C  449+8.7°C  47.0x9.8°C  0.048*
g (41.0-47.2) (43.6-49.2) (44.7-49.5) (41.7-48.1) (43.3-50.6)
s Recovery (C) 23.0=7.7 28.3+8.2 28.8+9.2 28.6+9.4' 28.3+10.2' 0.004
% (20.2-25.9) (25.3-31.4) (25.4-32.3) (25.1-32.1) (24.5-32.1)
p-Value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
B Resting (A) 6.7+1.7° 6.8+1.9 7.2+1.8 7.1+23 6.8+2.3 0.467
X (6.1-7.4) (6.1-7.5) (6.5-7.9) (6.2-7.9) (6.0-7.7)
g Post-exercise (B) 7.2+1.8° 7.5+1.6M 7.8+1.7 75+1.6 7.4+13AC 0.200
= (6.5-7.9) (6.9-8.1) (7.1-8.4) (6.9-8.1) (6.9-7.9)
g Recovery () 6.1+2.2 6.7+1.7 7.5+2.6 7.4+2.9 6.7+1.9 0.012
= (5.3-6.9) (6.1-7.3) (6.5-8.4) (6.3-8.5) (6.0-7.4)
p-Value < 0.001 < 0.001 0.209 0.121 0.001
- Resting (A) 58.2+7.78 58.1+7.18 57.8+7.6° 58.7 +6.9° 57.5+7.98 0.714
& (55.4-61.1) (55.4-60.8) (55.0-60.7) (56.1-61.2) (54.6-60.5)
8 postexercise (B) 48.7+9.0 46.1+7.8 452+6.8 47.6+9.2 45.6+10.4  0.037*
g (45.3-52.0) (43.2-49.0) (42.6-47.7) (44.1-51.0) (41.7-49.5)
El Recovery (C) 70.9+8.9"MIVVAB 65 0+84A8  63.7+9.9"  64.0+10.1*® 65.0+10.5"® < 0.001
g (67.6-74.2) (61.8-68.1) (60.0-67.4) (60.2-67.7) (61.1-68.9)
p-Value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
. 5.96+0.59 8 5.94+0.598 5.92+0.558¢ 5.91+0.538¢ 590+0.55°
Resting (A) 0.119
- d (5.74-6.19) (5.72-6.16) (5.71-6.12) (5.71-6.10) (5.70-6.11)
ST postexercise (B) 5.88+0.59" 5.86 +0.60 5.81+0.54 5.82+0.53 5.83+0.55 0.033
S (5.66-6.10) (5.63-6.08) (5.61-6.01) (5.62-6.02) (5.62-6.03)
e 2 Recovery (C) 5.96+0.60""V8  594+059® 588+0.53® 5.88+0.52° 5.89+0.56° 0.007
© (5.74-6.18) (5.72-6.16) (5.68-6.08) (5.69-6.08)  (5.68+6.10)
p-Value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Resting (A) 10.84+0.408¢ 10.63+0.48%C 10.75+0.45%C 10.75+0.485¢ 10.63+0.46BC 0.076
< (10.69-10.98)  (10.45-10.81) (10.58-10.91) (10.57-10.94) (10.45-10.80)
% J Post-exercise (B) 10.56 +0.47"V  10.29+0.54 10.35+0.51 10.43+0.62 10.35+0.52 0.004
2 g (10.38-10.74)  (10.09-10.49) (10.16-10.54) (10.20-10.66) (10.16-10.54) :
s E Recovery (C) 10.71+0.37"8  10.46+0.55® 10.51+0.50®° 10.56+0.60° 10.47+0.538 0.015
T (10.57-10.84)  (10.26-10.67) (10.32-10.69) (10.33-10.78) (10.27-10.66) :
p-Value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
- Resting (A) 269+ 95 28088 273+89 272+78 279+97 0.081
= (234-305) (247-313) (240-306) (243-301) (242-315)
= Post-exercise (B) 302+114 319+ 113 308+ 907C 302 +93MC 307 +107* 0.368
8 (259-344) (277-361) (275-342) (268 = 337) (267-347) '
T 264 +97 282+94 288+86 267 =82 288+92
5 Recoery© (208 300) (247-317)  (256-320)  (237-298)  (254-322) ~ O0¢!
p-Value 0.131 0.001 < 0.001 0.002 0.001

Cl — confidence interval; CTRL — control visit, without supplementation or placebo treatment; HIGH — visit with high NaHCO5 dose
(0.35 g kg™ ratrree Mass); LOW — visit with low NaHCO; dose (0.15 g Kg 'ratrree Mass); MED — visit with medium NaHCO; dose
(0.25 g- kg earrree mass); NaHCO3 — sodium bicarbonate; PLA — placebo; SD — standard deviation

LLILVYThe values of the phase, which number is in the superscript, are significantly lower than the values at which they are presented
ABCThe values of the moment, which letter is in the superscript, are significantly lower than the values at which they are presented
*The post-hoc test did not show any significant difference between the terms
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TABLE 3. Summary of the level of blood biochemical parameters resting, post-exercise and recovery in the five visits of the study
(n = 30).

STUDY VISITS [Mean = SD (95% ClI)]

Indicator Measurement time p-Value
CTRL () LOW (1) MED (I11) HIGH (IV) PLA (V)
) 7.2+2.08 7.3+2.18C 7.2+2.08 7.0+1.8% 7.2+1.098
Resting (A) 0.955
= (6.5-8.0) (6.5-8.0) (6.4-7.9) (6.4-7.7) (6.5-7.9)
5] _ 7.0+1.9 6.6+1.7 6.4+1.7 6.6+1.8 6.6+1.6
€ Post-exercise (B) 0.455
E (6.3-7.7) (6.0-7.3) (5.8-7.0) (5.9-7.2) (6.0-7.2)
3 7.3+1.98 7.0+1.98 6.8+1.8% 7.0+1.98 7.1+1.88
S Recovery (C) 0.621
(6.6-8.0) (6.3-7.7) (6.2-7.5) (6.3-7.7) (6.4-7.7)
p-Value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
) 1.01+0.14 0.97+0.13 1.01+0.16 1.01 £0.15 0.99+0.11
o Resting (A) 0.455
3 (0.96-1.07) (0.92-1.02) (0.95-1.07) (0.96-1.07) (0.95-1.03)
E _ 1.04+0.14 1.00+0.12 1.01 +0.13 0.99+0.14 1.00+0.12
= Post-exercise (B) 0.178
E (0.98-1.09) (0.95-1.05) (0.96-1.06) (0.94-1.04) (0.95-1.04)
K 1.15+0.19%A8 1.09+0.14*® 1.11+0.16*® 1.08+0.16"% 1.09+0.14"8
S Recovery (C) 0.034
S (1.08-1.22) (1.03-1.14) (1.06-1.17) (1.02-1.14) (1.04-1.15)
p-Value < 0.001 < 0.001 < 0.001 0.005 < 0.001
— . 32.4+10.4 32.8+13.6 31.4+95 33.2+13.8 31.8+104
= Resting (A) 0.865
= (28.5-36.3) (27.7-37.9) (27.8-34.9) (28.1-38.4) (27.9-35.7)
° 8 _ 34.6+10.6% 352x147°¢ 325+9.6" 359+143" 345x11.3%
£ 5  Postexercise (B) 0.610
S5 (30.7-38.6) (29.7-40.7) (29.0-36.1) (30.6-41.3) (30.3-38.7)
- C
< s 34.1+10.2% 34.2+13.5" 32.7+9.7 35.3+14.3* 33.2+10.6"
e Recovery (C) 0.272
= (30.3-37.9) (29.1-39.2) (29.0-36.3) (30.0-40.7) (29.2-37.1)
© p-Value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
—_ , 37.1x11.2 34.9+9.8 33.9+7.1 34.3+10.5 33.6+7.4
= Resting (A) 0.378
= (32.9-41.3) (31.2-38.5) (31.3-36.6) (30.4-38.2) (30.8-36.3)
28 Post e (B) 39.6+125% 36.6x10.9" 352x7.3" 36.0x11.1"  35.7+9.2" 0.348
85 ost-exercise .
s 3 (34.9-44.3) (32.6-40.7) (32.5-38.0) (31.9-40.1) (32.3+39.1)
o
L8 38.9+12.7% 36.1+10.8 36.0+10.3 36.4+11.7% 35.3+7.8
o Recovery (C) 0.218
= (34.1-43.6) (32.1-40.1) (32.2-39.8) (32.0-40.8) (32.4-38.2)
© p-Value < 0.001 0.006 0.014 < 0.001 0.026
, 409.3+360.6 346.3+259.4 388.0+339.2 361.7+255.4 324.2+238.7
| Resting (A) 0.615
=) (274.7-543.9) (249.5-443.2) (261.3-514.6) (266.4-457.1) (235.0-413.3)
9 , 462.9+414.6" 389.5x281.7" 427.6+369.5" 404.1 £282.2% 372.3+258.94
S Post-exercise (B) 0.371
= (308.1-617.8) (284.3-494.7) (289.6-565.6) (298.7-509.5) (275.6-469.0)
2 R © 472.3+441.2% 392.3x282.0" 441.9+379.1" 405.8+278.3" 374.8+257.3% 0.471
= ecover .
o Y (307.6-637.1) (287.0-497.6) (300.4-583.5) (301.8-509.7) (278.7-470.9)
(&)
p-Value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
. 417 +75 407 +80 412 +50 400+ 57 420+79
= Resting (A) 0.731
3 (389-445) (377-436) (394-431) (378-421) (391-450)
o 9 , 456 + 814 450+ 914 452 = 51AC 429 = 644 463 =954
£ © Post-exercise (B) 0.195
S g%ﬂ (426-486) (417-484) (433-471) (405-453) (427-498)
- £ 442 + 69 425+ 82 446-122 420+ 704 440+ 80
= Recovery (C) 0.306
o (416-468) (395-456) (401-492) (394-446) (410-470)
©
p-Value 0.002 0.001 < 0.001 0.003 < 0.001
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TABLE 3. Continue.
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STUDY VISITS [Mean = SD (95% CI)]

Indicator Measurement time p-Value
CTRL (I) LOW (II) MED (llI) HIGH (IV) PLA (V)
] 98.1+16.4 98.8+13.5 100.0+13.0 98.2+15.2 99.9+13.3
—_ Resting (A) 0.351
= (92.0-104.2) (93.7-103.8) (95.2-104.9) (92.5-103.9) (95.0-104.9)
@]
1S ) 112.1+20.7A¢ 111.2+15.9* 109.5+14.8* 109.0+15.9" 110.5=19.0"
= Post-exercise (B) 0.538
@ (104.3-119.8) (105.3-117.2) (104.0-115.0) (103.1-115.0) (103.4-117.6)
£ 107.8+16. 7% 112.7+145"" 111.9+155* 110.7+17.6" 112.9+1809'A
) Recovery (C) 0.003
S (101.5-114.0) (107.3-118.1) (106.2-117.7) (104.1-117.2) (105.8-120.0)
p-Value < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

ClI — confidence interval; CTRL — control visit, without supplementation or placebo treatment; HIGH — visit with high NaHCO5; dose
(0.35 8- kg Yratrree mass); LOW — visit with low NaHCO5; dose (0.15 g- kg lratrree mass); MED — visit with medium NaHCO; dose
(0.25 g- kg ratrree mass); NaHCO3 — sodium bicarbonate; PLA — placebo; SD — standard deviation

LLILNVVThe values of the phase, which number is in the superscript, are significantly lower than the values at which they are presented
ABCThe values of the moment, which letter is in the superscript, are significantly lower than the values at which they are presented

Differences were also visible after exercise (p < 0.001) between
all NaHCO; doses and PLA. Additionally, post-exercise and recovery
blood pH was greater HIGH in comparison to the other visits. Fur-
thermore, at recovery, pH was higher in LOW and MED than CTRL
and PLA (p < 0.001).

Blood Haematological Markers
All haematological results are presented in Table 2.

There were differences at recovery between visits for almost all
haemotological measures (out of PLT count). For RBC count and HGB
concentration, these differences were also apparent at post-exercise.
WBC count (p < 0.001) and GRA% (p < 0.001) were higher in CTRL
than all other study visits. Significant differences were shown for per-
centage of LYM (p = 0.004). MON% was higher only for MED vs.
CTRL (p = 0.012). In the case of RBC count at post-exercise, CTRL
was higher than MED (p = 0.033) and at recovery, CTRL was high-
er than MED, HIGH and PLA (p = 0.007). HGB concentration post-
exercise was significantly higher in CTRL vs. LOW and PLA (p = 0.004),
and at recovery CTRL was higher than LOW (p = 0.015). Further-
more, an increase at post-exercise vs. resting values were shown in
all study visits for: “WBC count and LYM%, while GRA%, RBC count
and HGB concentration were decreased. Post-exercise MON% was
greater vs. resting and recovery values in LOW (p < 0.001) and PLA
(p = 0.001). PLT count was higher for all doses of NaHCO3; (LOW,
p = 0.001; MED, p < 0.001; HIGH, p = 0.002) at post-exercise in
comparison to resting and recovery values, and PLA post-exercise vs.
rest (p = 0.001).

Comparison between resting and recovery values showed differ-
ences for all study visits only for LYM%, GRA% and HGB concentra-
tion. WBC count had higher recovery values in CTRL (p < 0.001)
and PLA (p < 0.001), but not any NaHCO3 visit. For MON%,
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decreased values at recovery vs. rest were shown only in CTRL
(p < 0.001), and for RBC count in MED (p < 0.001) and HIGH
(p < 0.001).

WBC count and LYM% were decreased (p < 0.001) at recovery
vs. post-exercise in all visits, while there was an increased %GRA,
RBC count and haemoglobin concentration (p < 0.001). Addition-
ally, MON% was lower at recovery vs. post-exercise in CTRL, LOW
and PLA, as was PLT count in LOW, MED and HIGH.

Blood Biochemical Markers
All biochemical results are presented in Table 3.

There were significant differences between visits only for magne-
sium and creatinine concentration at recovery. Blood magnesium
concentration was higher in CTRL vs. HIGH (p = 0.034), while cre-
atinine concentration was lower in CTRL vs. LOW and PLA
(p = 0.003).

There was an increase at post-exercise vs. rest in all study visits
for ALT, AST, CK, and LDH, and creatinine, while urea concentra-
tions were decreased. There were no significant differences for mag-
nesium concentration.

Some of the exercise-induced biochemical markers returned to
their resting values after a short period of recovery (except magne-
sium and creatinine concentrations, and ALT and CK activities). More-
over, in comparison to resting values, lower urea concentration
(p < 0.001) was observed only in LOW, while higher AST occurred
in HIGH (p < 0.001) and CTRL (p < 0.001). LDH was higher at
recovery than at rest in HIGH (p = 0.003).

Urea and magnesium concentration were increased (all p < 0.001)
at recovery vs. post-exercise in all visits. Additionally, lower ALT in
LOW (p < 0.001), creatinine concentration in CTRL (p < 0.001)
and LDH in MED (p < 0.001) were shown.
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DISCU'S'S 1O N 15
To our knowledge, this study is the first to assess different NaH-
CO3 dose supplementation-induced changes for haematological and
biochemical indicators at rest, immediately after high-intensity exer-
cises and after a 45-min recovery period. Undertaking such research
could be extremely important to broaden the definition of the effect
of this ergogenic agent to human (athlete) metabolism.

Resting values of pH and all haematological and biochemical
blood indices did not differ across the five study visits (CTRL, NaH-
CO5’s, PLA), which proves the homogeneity of the group for the stud-
ied indicators. This is an important aspect of research in order to
properly compare the studied variables.

Post-exercise changes in blood pH values after taking different
NaHCO; doses compared to CTRL and PLA, were improved and con-
sistent with those reported so far in the literature [27, 28, 30, 35].
The higher the NaHCO; dose, the lower the post-workout acidifica-
tion of the organism and more effective recovery of the index values
back to resting values. Such an improvement in regeneration, acid-
base balance indicators, when using NaHCO5 before exercise was
also presented in the work by Siegler et al. [36] and Miindel [37].
On the other hand, taking NaHCO5 after exercise did not accelerate
acid-base balance recovery, as indicated by Gurton et al. [38]. Thus,
it seems clear that the ingestion of NaHCO5 has to be performed be-
fore efforts and preferably according to specific absorption time [16].

Interestingly, post-exercise WBC counts returned to baseline val-
ues faster with all NaHCO5 doses than with CTRL or PLA. However,
these results did not have a direct impact on individual leukocyte sub-
populations. The percentage values of LYM and GRA, despite differ-
ences between the CTRL phase and the remaining visits of study, do
not indicate any effect of NaHCOj intake. In contrast, MON% remained
stable throughout the study period with MED and HIGH NaHCO; sup-
plementation doses. Such differences might be explained by the fact
that the WBC count increases to counter exercise-induced inflamma-
tion [39]. Moreover, acidification of the body contributes to such an
increase in inflammation [401. Thus, if athletes supplement alkaline
agents before exercise (e.g. with NaHCO3), inflammation may not be
aggravated by acidosis and blood leukocytes count will be able to re-
turn to the resting state faster. Furthermore, extracellular buffering
support may also hamper low blood pH-induced increase of the con-
centration of magnesium (Mg), due to the release of magnesium ions
from complexes with proteins (mainly albumin), which, while buffer-
ing the blood, replace Mg with hydrogen (H*) ions [41].

No effect of NaHCO3 supplementation was noted for the HGB
concentration and PLT count. Nevertheless, a relationship between
NaHCO; MED or HIGH dose supplementation and the lower RBC
count between recovery vs. resting values was found. This is a sur-
prising result as reducing the acidity of the organism should reduce
the risk of osmotic fragility of erythrocytes [42] and thus more RBC
with increased buffering capacity would be expected. However, the
mechanism of this phenomenon (a decreased of RBC count after
NaHCO3 supplementation or metabolic alkalosis) is unknown and

according to our literature review no research has been carried out
in this respect.

Physical effort, especially of a high intensity nature, leads to sub-
stantial changes in the activity of intramuscular enzymes, especial-
ly CK and LDH [43]. The elevated level of these indicators persists
for a long time after finishing intensive exercise and their return to
reference values may last even several days [44]. Alkalizing factors,
i.e. NaHCO3, should hypothetically protect muscles against increased
damage by hydrogen ions generated during intense exercise. It should
be noted that physical efforts also lead to an increase in body tem-
perature, which can additionally damage cells. Interestingly, studies
on cell cultures indicate that the presence of NaHCO5; combining
with vitamin C protects them from heat damage by increasing their
antioxidant capacity [45]. In addition, studies in horses show that
the administration of NaHCO; reduces the symptoms of rhabdomy-
olysis [46]. After adding this supplement to the diet, the activity of
muscle enzymes such as CK and AST were significantly reduced [46].
Similar results should be expected in athletes, although we did not
show this in the current study as there was no relationship between
the dose of NaHCO; and their protective role against muscle fibers.
However, it should be underlined that no studies have been conduct-
ed in this aspect. In addition, our investigation indicated that NaH-
CO3 does not affect the urea concentration in blood which confirm
similar observations in animal (rats) in vivo studies [47].

It could also be assumed that highly-trained athletes may have
a strengthened buffering capacity potential, while less trained ath-
letes seems to be more dependent on additional NaHCO3 supple-
mentation [48]. In our work, studied participants had substantial
training experience (at least 4 years of training experience), so the
lack of changes of muscle metabolites and enzymes activity may be
the result of their adaptation to HIFT effort.

The strength of the described research is related primarily to the
multi-crossover research design and novelty of supplementation of
various FFM-adjusted doses in each participant. Much attention was
also paid to compliance and control of the protocol, and use of rec-
ommended research methods allowing for biochemical monitoring
and induction of innovatory divided high-intensity exercises proce-
dure. It is important that the haematological and biochemical indica-
tors determined constitute a kind of novelty in this matter. In addition,
they were attended by people who train CrossFit on a daily basis, so
the efforts established in the test protocol were familiar to them. It is
also important to note that the participants of the research were high-
ly involved in it and received feedback at the end, which increased
their compliance and awareness of supplementation with NaHCOs;.

Interestingly, it could be suggested that the observed similarities
in analyzed results could be linked to the equimolar amount of sodium
in NaHCO; and PLA which should be confirmed in further studies.

Finally, the presented study brings a lot of new and important sci-
entific and practical approaches. It seems important to monitor the
influence of bicarbonate not only on acid-base balance, but also on
other blood measures (haematological and biochemical).
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CONCLU SO N S 5
The present study confirms the positive and dose-dependent alkaliz-
ing effect of NaHCO5 after exercise and during a short term recovery
period which may be desirable in terms of effective sport practice.
The use of NaHCO3 supplementation has a similar effect on haema-
tological markers as a placebo apart from MON%, or WBC count,
where a beneficial effect of supplementation on the faster return of
the above-mentioned indicators to resting values was observed. Nev-
ertheless, supplementation with NaHCO; did not affect the post-
exercise and recovery efficiency changes of the blood biochemical
indicators in any way. The role of sodium intake in this process
warrants further studies.
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ABSTRACT: This study aimed to examine the effect of goalkeeper distribution on offensive team performance,
during the 2018/2019 and 2019-2020 seasons of the Women Spanish La Liga. A total of 10,868 distributions,
during 376 matches were analyzed by systematic observation. Two UEFA PRO coaches designed an ad hoc
observation instrument “GOALDFOOT" and one observer coded the data after a training process. An intra-
observer reliability kappa index of 0.94 was established. Results show how the offensive effectiveness of the
goalkeepers was similar to outfield players, with 0.4% of possessions ending in a goal, 2.2% ending in an
attempt on goal, with 79.4% ending unsuccessfully. The goalkeeper lost possession from their distribution
32.5% of the time. Multivariate analysis identified several predictors of goalkeepers’ distributions. The results
show that teams classified in the middle zone of the final classification of the regular league had 1.2 times
more probability of being successful compared with the lowest ranked teams (p < 0.05). Goalkeeper’s distribution
beginning during Open play after a transition, represented an increase success rate of almost 3 times compared
to being performed from a free kick (p < 0.05). Passes from outfield players to a goalkeeper made from distant
zones to the own goal, decreased the probability of success (p < 0.001). The pitch location of the distribution
outcome near to the opponent goal offered the best probability of success. In conclusion, the most effective
offensive sequences occur with dynamic transitions initiated with short passes. This information can provide
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The specific position of afootball goalkeeper has undergone a remark-
able evolution in recent times. A key factor in this transformation, is
the regulatory change that prevents the goalkeeper from receiving
the ball from a teammate with their hands (1992). This rule allows
opponents to press the ball, while the goalkeeper is in possession of
the ball, and forces the goalkeeper to play the ball with their feet,
requiring greater technical mastery [1, 2]. The goalkeeper has ceased
to be solely responsible for the defence of the goal, to have a much
more active role, both in the defensive and offensive phases of open
play. For example, Pérez-Mufoz et al. [3] demonstrated the percent-
age of offensive technical actions represents 64.72% of goalkeeper
actions during a match. Furthermore, research has identified the
predominant technical-tactical actions in football goalkeepers in the
Spanish La Liga are foot controls, short passes and goal kicks [1, 41.

Offensively, the football goalkeeper has become another outfield
player, starting, and giving continuity to the game, offering a pass

option to the player with the ball and becoming a fundamental part
in determining the team’s offensive game model. Defensively, in ad-
dition to being responsible for defending the goal, on many occasions,
they are also required to play away from it and to become another
defender in defensive transitions [5, 6]. Consequently, this role has
increased its relevance in today’s football, and it would be interesting
to know how the goalkeeper participates in the offensive phase of the
team and their importance in its performance. However, scientific
knowledge, to date, is scant. In the limited research, there has been
investigations into the number and type of offensive and defensive
technical actions performed by goalkeepers during matches [3] and
a comparative analysis of the technical-tactical actions of goalkeep-
ers based on the competitive category and the location of the match,
which reported significant differences in both cases [11. The only study
like the one we propose here, is that of Seaton and Campos [7], who
found significant differences in the type of distribution and the
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success of these, between goalkeepers of teams of different skill lev-
els. But research to date has not attempted to establish a direct rela-
tionship between the characteristics of the goalkeeper’s offensive par-
ticipation and the team'’s offensive performance.

If we focus on women's football, the number of works published
to date is even lower. We have only found the work of Sainz de Ba-
randa et al. [6], who carried out an analysis of the technical-tacti-
cal actions of the goalkeepers of the Women’s FIFA World Cup 2011,
to determine the relationship between these actions and the quali-
fying results of their respective teams, concluding that the goalkeep-
ers of the teams that surpassed the group stages have a greater of-
fensive participation, as well as a greater number of passes completed
successfully in different areas of the field. While the goalkeepers of
the unclassified teams show greater defensive actions, such as saves
inside the penalty area, foot saves and failed punches. Therefore,
we have not found any previous work that analyses whether there
is a direct relationship between the type of distribution made by the
goalkeeper and the team'’s offensive performance in any women'’s
football competition.

Consequently, due to the non-existent scientific evidence on the
influence of the offensive participation of the goalkeeper in the re-
sult of the offensive phase of the team in football, we propose the
objectives of describing the characteristics of the offensive sequenc-
es in the offensive participation of the goalkeeper in the 2018/19
and 2019/20 seasons of the Women Spanish La Liga, to identify
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the Key Performance Indicators (KPI) in these game situations and,
finally, to understand how these indicators can predict the final re-
sult of offensive sequences.

For this, we used an observational methodology, since, in team
sports and specifically in football, notational analysis through sys-
tematic observation is an effective and objective instrument to col-
lect information and identify the most relevant events that occur in
them. As Carling et al. [8] highlights when affirming that match anal-
ysis has taken a transcendental role in sports. In many cases, obser-
vation is the only scientific method that allows data collection direct-
ly from the participants in competition without disturbing their action.
This observation is typically performed by recording the data through
an ad hoc observation instrument while participants act in their nat-
ural context [9].

The results will offer information on the characteristics of the dis-
tributions with the highest probability of offensive success, which
players and coaches can use to apply it to their teams, to aid with
performance improvement.

MATERIALS AND METHODS
Design and sample

The specific design corresponding to this systematic observation,
according to Anguera et al. [10], was a nomothetic/follow up/multi-
dimensional (N/F/M) design. Moreover, the recording used an intra-
sessional follow-up observation (frame-by-frame analysis of different
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Analyis of Goalkeepers in the Women Spanish La Liga

TABLE 1. Criteria, categories, and codes to observational instrument

Criteria Category Code
Location Home: The observed team plays at home HM
L Away: The observed team plays away from home AW
Team quality Best teams: The best five ranked teams at the end of the regular league Gl
TQ Medium teams: The six teams classified in the middle zone of the final classification of the regular league G2

Bottom teams: The five lowest ranked teams at the end of the regular league G3
Time 0-15 Minutes: The goalkeeper distribution started within 0-15 minutes of the match time 0-15
T 15-30 Minutes: The goalkeeper distribution started within 16-30 minutes of the match time 15-30
30-45 Minutes: The goalkeeper distribution started within 31 minutes — half time 30-45
45-60 Minutes: The goalkeeper distribution started within 45-60 minutes of the match time 45-60
60-75 Minutes: The goalkeeper distribution started within 61-75 minutes of the match time 60-75
75-90 Minutes: The goalkeeper distribution started within 76 minutes — full time 75-90
Final Result Win: The attacking team has scored more goals than the opponent and won the match FW
FR Draw: The attacking team has scored equal goals to the opponent and draw the match FD
Loss: The attacking team has scored fewer goals than the opponent and lost the match FL
Match Winning: The team in possession has scored more goals than the opposition and at the time of the WS
Status goalkeeper distribution
MS Drawing: The team in possession has scored equal goals to the opposition at the time of the goalkeeper DR
distribution or no goals had been scored
Losing: The team in possession has scored fewer goals than the opponent at the time of the goalkeeper LS
distribution
Distribution  Direct: The goalkeeper distributes the ball to an attacking outfield player or an area of space in the middle DR
D or offensive locations of the pitch, the outfield player must have enough control over the ball to be able to
have a deliberate influence on the ball’'s subsequent direction
Indirect: The goalkeeper distributes the ball to a defensive outfield player in the defensive zones of the ID
pitch, the outfield player must have enough control over the ball to be able to have a deliberate influence
on the ball’s subsequent direction
Distribution  Goal Kick: The distribution of play was started by the goalkeeper from a goal kick GK
Type Free Kick: The distribution of play was started by the goalkeeper from a free kick FK
b Open play to continue the possession: The distribution of play was started by the goalkeeper from open OoP
play after a pass from a player from the same team
Open play after transition: The distribution of play is started by the goalkeeper from open play after OR
the recovery of the ball and to start the offensive transition
Distribution  Inside the box: The goalkeeper started the distribution inside the penalty area 1B
Zone DZ Outside the box: The goalkeeper started the distribution outside the penalty area OB
Defensive High Press: A player from the opposing team is pressing the goalkeeper when they start the distribution HG
Pressure DP | ow Press: The goalkeeper started the distribution without an opposition player near them LW
Number of  0: No passes were completed, including the goalkeeper distribution, before an outcome was performed 0
passes 1-3: 1-3 passes were completed including the goalkeeper distribution before an outcome was performed 1-3
NP 4-6: 4-6 passes were completed including the goalkeeper distribution before an outcome was performed 4-6
> 6: More than 6 complete passes occurred including the goalkeeper distribution before an outcome was > 6
performed
Pitch Defensive: The ball is distributed by the goalkeeper into the defensive zone of the pitch DF
L‘?C*a.tiO”.Of Middle Defensive: The ball is distributed by the goalkeeper into the middle defensive zone of the pitch MD
E;_%”bunon Central: The ball is distributed by the goalkeeper into the central zone of the pitch CE
Middle Offensive: The ball is distributed by the goalkeeper into the middle offensive zone of the pitch MO
Offensive: The ball is distributed by the goalkeeper into the offensive zone of the pitch OF

u BioLoGy oF SpPoRrT, VoL. 41 Nol, 2024 3 1




Claudio A. Casal et al.

TABLE 1. Continue

Criteria Category Code
Pitch Defensive: The outcome of play is performed in the defensive zone of the pitch DF
Location of  Middle Defensive: The outcome of play is performed in the middle defensive zone of the pitch MD
gtj(t)come Central: The outcome of play is performed in the central zone of the pitch CE

Middle Offensive: The outcome of play is performed in the middle offensive zone of the pitch MO
Offensive: The outcome of play is performed in the offensive zone of the pitch OF
Pitch Zone  @: Goalkeeper does not receive the ball by an outfield player (7}
of First Pass  pefensive: The ball is passed by the outfield player to the goalkeeper into the defensive zone of the pitch DF
by Ouftfield . . . i . . .
y Luthe Middle Defensive: The ball is passed by the outfield player to the goalkeeper into the middle defensive MD
Play zone of the pitch
PZFPO P
Central: The ball is passed by the outfield player to the goalkeeper into the central zone of the pitch CE
Middle Offensive: The ball is passed by the outfield player to the goalkeeper into the middle offensive zone ~ MO
of the pitch
Offensive: The ball is passed by the outfield player to the goalkeeper into the offensive zone of the pitch OF
QOutcome Goal: When the whole of the ball crosses over the line, between the goal posts and under the crossbar, GO
ouT provided no offence has been committed by the scoring team. The referee awarded a goal
Attempt ON Target: An attempt on goal by the attacking team that were heading towards the goal which AO
was saved by the goalkeeper or blocked by a defensive player of the opposing team
Attempt OFF Target: An attempt by the attacking team which was not directed between the dimensions of AF
the goal including hitting the crossbar or goal posts
Set-play: A set piece was awarded to the attacking team in the form of a free kick, corner, penalty kick or SP
throw-in
Loss of Possession: The attacking team lost possession of the ball through the ball going out of the
dimensions of the pitch or an opposing team player regaining possession of the ball, with enough control to  LP
have a deliberate influence over the ball's subsequent direction
Goalkeeper Loss of Possession: The attacking team lost possession of the ball through the ball going out of LG
the dimensions of the pitch or directly to an opposition player directly from the goalkeeper’s distribution of
the ball
Returned to Goalkeeper: The team with possession pass the ball back to the goalkeeper. The goalkeeper RG

has enough control over the ball to have a deliberate influence over the ball’'s subsequent direction

matches) and was captured, post event, using the ad hoc observation
instrument. Data analyzed is of type IV [111.

All teams (n = 18) and 376 games from the 2018/19 and
2019/20 seasons of La Liga Iberdrola were analyzed, resulting in
10,868 goalkeepers' distributions, cropped from full game footage
obtained from InStat Ltd (http://instatsport.com). The recording of
the information was carried out respecting the behavior spontaneity
of the players and in their natural environment. According to the Bel-
mont Report [12], the use of public images for research purpose
does not require informed consent or the approval of an ethical
committee.

Observation instrument
Anguera et al. [13] guidance was followed for the creation of the
observation instrument. First, a hierarchical range of behavior units
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was established, which was implemented through the adoption of
basic criteria for behavior segmentation. The creation of the observa-
tion instrument was based on the following pillars: i) a previous theo-
retical framework; ii) criteria and categories compiled empirically in
other observational studies; iii) and, finally, novel criteria that were
tested in this work. The methodological steps implemented were the
following: First, the problem was identified, and an expert scientific
group was formed, comprising of two academic (with PhDs in Phys-
ical Activity and Sports Sciences) and UEFA PRO coaches, with more
than ten years of experience in observational methodology and per-
formance football analysis. After consulting the theoretical framework
and empirical evidence, a first post-event exploratory observation was
made. Then, and after a discussion by the group of experts, the prob-
lem was divided into smaller units. Subsequently, an ad hoc observa-
tion instrument, denominated GOALDFOOT (Table 1), consisting of
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field format and category systems, was created, and tested in order
to find weaknesses in the instrument itself. Then, after further discus-
sion by the group of experts, the observation instrument was read-
justed. Finally, the post-event viewing was carried out, to finalize the
implementation of the observation instrument. The field format was
divided into five zones parallel to the goal [141], (Figure 1).

Procedure and reliability

Data were coded by one observer and prior to the coding process,
and to reduce intra-observer variability, eight training sessions, last-
ing two hours, were carried out following the Losada and Manolov [15]
criteria and applying the criterion of consensual agreement [16] among
the observer and the principal investigator, so that recording was
only done when agreement was produced. A total of 857 distributions
were analyzed in the training sessions. An intra-observer reliability
test was conducted through reassessment of 1,087 goalkeeper dis-
tributions (10%), [171 randomly selected, four weeks after the initial
analysis [18]. Cohens’s Kappa coefficient calculation [19] was used
to quantify the intra-observer reliability of the data collected by the
researcher. Reliability of each category is presented in Table 2, with
the number of passes presenting the lowest value (0.85), considered
excellent according to Fleiss et al. [20] scale.

Data analysis

In accordance with the aims of the study, both descriptive (frequen-
cy distribution tables) and inferential statistics (bivariate and multi-
variate analysis) were used in the analysis. The bivariate analysis
(Pearson’s x°) examined the association between the outcome and
explanatory variables and the effect size was calculated from the
contingency coefficient. The effect size was calculated and described
as small (ES = 0.10), medium (ES = 0.30) or large (ES > 0.50) [21].
For multivariate statistical analysis, first, we recoded the Outcome

TABLE 2. Intra-observer reliability values for notational analysis
data quantified using a Cohen’s Kappa calculation

Criteria Intra-rater value
Time 1.00
Distribution 1.00
Distribution Type 1.00
Distribution Zone 0.94
Defensive Pressure 0.89
Number of Passes 0.85
Pitch Location Distribution 0.96
Pitch Location Outcome 0.87
Pitch Zone of First Pass by Outfield Play 0.92
Outcome 0.98
KTotal 0.94

into three new criteria: Successful (goal, attempt on and off target),
unsuccessful (loss of possession, goalkeeper loss of possession) and
possession continued (set-play). All distribution, which resulted in
a return to goalkeeper were excluded (1,011), as this was deemed
a neutral outcome, and began a new goalkeeper distribution, there-
fore resulting in the final analysis of 9,857 distributions. Multino-
mial logistic regression analysis was then used to examine which
factors significantly influenced the outcome sequences involving the
goalkeeper. Our reference category in the regression analysis was the
unsuccessful outcome, and the results of the multinomial logistic
regression analysis are presented as odds ratios. We also calculated
the effect size [22] based on the coefficient of determination R
R program (v.3.4.1) using “nnet” library was used to run all analyses,
and the level of significance for each performance indicator was set
at 5% (p < 0.05) as usual in comparable scientific studies [23].

RIES U LTS 1500
Descriptive and bivariate analysis

A total of 10,868 goalkeeper distributions were analyzed within the
study, with an average of 28.9 per game, of which 0.4% ended in
a goal, 2.2% ended with an attempt and in 79.4% of the occasions
there was a loss of possession. The goalkeeper loss possession 32.5%
of the time. Table 3 displays the results of the descriptive and bi-
variate analysis of the offensive play in which there was an offensive
intervention by the goalkeeper. The best (p < 0.001), win (p < 0.001)
and winning teams (p = 0.005) achieved more exits than the rest
of the teams. There were significant differences (p < 0.001) between
direct and indirect distributions. Indirect distributions were more
successful than the direct distribution which usually ended with
goalkeeper loss of possession (92.6%). Goalkeeper distributions were
most common from Open play (38%). The offensive sequences with
4-6 passes were the most successful (p < 0.001). The pitch location
distribution resulting in the most unsuccessful outcome was the of-
fensive zone, with the middle defensive zone being the most suc-
cessful (p < 0.001).

Multivariate analysis

Table 4 shows the results of the multinomial analysis comparing the
unsuccessful results (NEX) with the successful ones (EX) and with
continuing possession of the ball (CP). The model explained 87.66%
of the changes in outcome of offensive sequences with goalkeeper
distribution, suggesting that it is a good fit with the data. The ac-
curacy of the test dataset was 0.17% higher compared to the train-
ing dataset, therefore we did not have an overfitting problem. The
coefficient of determination R?y has a small value of 0.165, accord-
ing to the Cohen’s scale [21], (small, ES = 0.21-0.49; medium,
ES = 0.50-0.70 or large, ES > 0.80).

Compared to the bottom teams (3), the medium teams (2) were
1.2 times more likely to continue possession. The open play after
transition achieved 2.7 more probability of success than distribution
from free kicks. Increasing the number of passes in offensive
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TABLE 3. Absolute frequencies, percentage occurrence of total distribution and association with outcome

Outcome
EX NEX CP x>

Attempt Off Attempt On Goal GK Loss of Loss of Set play  Returned to  P-value ES

Target Target Possession  Possession Goalkeeper
Location 0.174

Home 70 (53.4%) 51 (46.8%) 29 (64.4%) 1529 (47.7%) 2757 (50.8%) 441 (47.0%) 490 (48.5%)

Away 61 (46.6%) 58 (53.2%) 16 (35.6%) 1678 (52.3%) 2670 (49.2%) 497 (53.0%) 521 (51.5%)
Team Quality < 0.001 0.08

Best teams 79 (60.3%) 59 (54.1%) 29 (64.4%) 892 (27.8%) 2208 (40.7%) 365 (38.9%) 488 (48.3%)
Medium teams 28 (21.4%) 36 (33.0%)  12(26.7%) 1246 (38.9%) 1822 (33.6%) 349 (37.2%) 317 (31.4)
Bottom teams 24 (183%) 14 (12.8%) 4(89%) 1069 (33.3%) 1397 (25.7%) 224 (23.9%) 206 (20.4%)

Time 0.579
0-15 17 (13%) 19 (17.4%) 12 (26.7%) 524 (16.3%) 1093 (20.1%) 174 (18.6%) 202 (20.0%)

16-30 19 (14.5%)  21(19.3%) 6(13.3%) 474 (14.8%) 926 (17.1%) 171 (18.2%) 193 (19.1%)

31-HT 22 (16.8%) 12 (11%) 4 (8.9%) 483 (15.1%) 857 (15.8%) 156 (16.6%) 202 (20.0%)

46-60 22 (16.8%) 14 (12.8%) 10 (22.2%) 511 (15.9%) 864 (15.9%) 131 (14.0%) 159 (15.7%)

61-75 24 (18.3%) 14 (12.8%) 9(20.0%) 488 (15.2%) 814 (15.0%) 144 (15.4%) 134 (13.3%)

76-FT 27 (20.6%) 29 (26.6%) 4 (8.9%) 727 (22.7%) 873 (16.1%) 162 (17.3%) 121 (12.0%)

Final Result < 0.001 0.050
Draw 30(22.9%) 28 (25.7%) 3 (6.7%) 772 (24.1%) 1225 (22.6%) 213 (22.7%) 190 (18.8%)

Loss 36 (27.5%) 31 (28.4%) 8(17.8%) 1241 (38.7%) 2037 (37.5%) 337 (35.9%) 363 (35.9%)

Win 65 (49.6%) 50 (45.9%) 34 (75.6%) 1194 (37.2%) 2165 (39.9%) 388 (41.4%) 458 (45.3%)

Match Status 0.005 0.039
Drawing 55 (42.0%) 49 (45.0%) 18 (40.0%) 1505 (46.9%) 2577 (47.5%) 440 (46.9%) 435 (43.0%)

Losing 28 (21.4%) 26 (23.9%) 5(11.1%)  848(26.4%) 1421 (26.2%) 249 (26.5%) 257 (25.4%)

Winning 48 (36.6%) 34 (31.2%) 22 (48.9%) 854 (26.6%) 1429 (26.3%) 249 (26.5%) 319 (31.6%)

Distribution < 0.001 0.142
Direct 34(26.0%) 36 (33.0%) 14 (31.1%) 2970 (92.6%) 1699 (31.3%) 313 (33.4%) 47 (4.6%)

Indirect 97 (74.0%) 73 (67.0%)  31(68.9%) 237 (7.4%) 3728 (68.7%) 625 (66.6%) 964 (95.4%)

Distribution Type < 0.001 0.074
Free Kick 4 (3.1%) 1(0.9%) 1(2.2%) 234 (71.3%) 243 (4.5%) 293.1% 38 (3.8%)

Goal Kick 16 (12.2%) 18 (16.5%) 5(11.1%) 947 (29.5%) 1343 (24.7%) 209 (22.3%) 261 (25.8%)

oP 59 (45.0%) 50 (45.9%)  21(46.7%) 1084 (33.8%) 2133 (39.3%) 397 (42.3%) 449 (44.4%)

OR 52 (39.7%) 40 (36.7%) 18 (40.0%) 942 (29.4%) 1708 (31.5%) 303 (32.3%) 263 (26.0%)

Distribution zone 0.208

Inside box 109 (83.2%) 89 (81.7%)  41(91.1%) 2759 (86.0%) 4728 (87.1%) 830 (88.5%) 919 (90.9%)
Outside box 22 (16.8%) 20 (18.3%) 4 (8.9%) 448 (14.0%) 699 (12.9%) 108 (11.5%) 92 (9.1%)

Defensive pressure 0.06
High press 20 (15.3%) 15 (13.8%) 10 (22.2%) 912 (28.4%) 801 (14.8%) 155 (16.5%) 74 (7.3%)
Low press 111 (84.7%) 94 (86.2%)  35(77.8%) 2295 (71.6%) 4626 (85.2%) 783 (83.5%) 937 (92.7%)

Number of passes < 0.001 0.272
0 0(0.0%) 0(0.0%) 2(44%)  3203(99.9%)  7(0.1%) 82 (8.7%) 2 (0.2%)

1-3 39(29.8%) 34 (31.2%) 12 (26.7%) 3(0.1%)  3770(69.5%) 591 (63.0%) 807 (79.8%)

4-6 54 (41.2%) 34 (31.2%) 17 (37.8%) 0(0.0%) 1136 (20.9%) 171 (18.2%) 161 (15.9%)

> 6 38(29.0%) 41 (37.6%) 14 (31.1%) 1(0.0%) 514 (9.5%) 94 (10.0%) 41 (4.1%)
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TABLE 3. Continue

Pitch Location of Distribution < 0.001 0.213
Defensive 17 (13.0%) 10 (9.2%) 8 (17.8%) 0(0.0%) 1066 (19.6%) 167 (17.8%) 403 (39.9%)

MD 8 (67.2%) 6 (60.6%) 27 (60.0%) 11(0.3%) 3079 (56.7%) 522 (55.7%) 590 (58.4%)

Central 3(17.6%) 27 (24.8%) 5(11.1%) 3(0.1%) 1100 (20.3%) 144 (15.4%) 16 (1.6%)

MO 3(2.3%) 5 (4.6%) 3(6.7%) 0 (0.0%) 166 (3.1%) 23 (2.5%) 0 (0%)

Offensive 0(0.0%) 1(0.9%) 2(44%)  3193(99.6%)  16(0.3%) 82 (8.7%) 2 (0.2%)

Pitch Location of Outcome 0.532
Defensive 0(0.0%) 0(0.0%) 0 (0.0%) 40 (1.2%) 40 (0.7%) 17 (1.8%) 950 (94%)

MD 0(0.0%) 0(0.0%) 1(2.2%) 611 (19.1%) 736 (13.6%) 214 (22.8%) 59 (5.8%)

Central 0(0.0%) 0(0.0%) 2 (4.4%) 1916 (59.7%) 1742 (32.1%) 319 (34.0%) 1(0.1%)

MO 44 (33.6%) 28 (25.7%) 4(8.9%) 603 (18.8%) 1983 (36.5%) 270 (28.8%) 0(0.0%)

Offensive 87 (66.4%)  81(743%)  38(84.4%) 37(1.2%) 926 (17.1%) 118 (12.6%) 1(0.1%)

Pitch Zone of First Pass by Outfield Play 0.416 ---
7] 72 (55.0%) 59 (54.1%) 24 (53.3%) 2136 (66.6%) 3309 (61.0%) 542 (57.8%) 562 (55.6%)

Defensive 10 (7.6%) 7 (6.4%) 5(11.1%) 222 (6.9%) 375 (6.9%) 70 (7.5%) 81 (8%)

MD 41 (31.3%) 39 (35.8%) 16 (35.6%)  795(24.8%) 1594 (29.4%) 304 (32.4%) 339 (33.5%)

Central 8 (6.1%) 4 (3.7%) 0(0.0%) 54 (1.7%) 144 (2.7%) 22 (2.3%) 29 (2.9%)

MO 0(0.0%) 0(0.0%) 0(0.0%) 0(0.0%) 5(0.1%) 0(0.0%) 0(0.0%)

EX: successful; NEX: unsuccessful; CP: continued possession; OP: Open play to continue the possession; OR: Open play after
transition; MD: Middle defensive; MO: Middle offensive; ES: Effect Size calculated as contingency coefficient

sequences were more likely to continue possession and finish suc-
cessfully. Switching from making a pass from an outfield play from
the DF zone to the MD or MO meant a decrease in the probability of
continuing possession or finishing successfully. In relation to PLO,
the zones furthest from the own goal (CE, MO and OF), compared
to DF, showed greater probabilities of not succeeding than of con-
tinuing possession. All the zones furthest from the goalkeeper report-
ed higher odds of success than non-success.

DISCU'S'S 1O N 155
The aim of this study was threefold: to analyse how goalkeeper’s
distributions are produced in Women Spanish La Liga in terms of
habitual practices, incidence, and efficiency, to identify KPI's and to
check the power predictive of these KPI's. Here, the average number
of goalkeeper's distribution was 28.9 per game which is similar to
previous observations in men’s [24, 25] and women’s football [6]
which analyzed the goalkeeper offensive actions.

Distributions from the goalkeeper, resulting in goals scored (0.4%)
and attempts (2.2%) were low, with 79.4% of offensive sequences
ending unsuccessfully, with the goalkeeper losing possession 32.5%
of the time. These values are slightly lower than those reported by
Ivén-Baragafio et al. [26] who indicate that the possession of female
teams end with no success in 75% of the occasions, 9% ended in
a shot, and 1.1% with a goal. Maneiro et al. [27] also report

slightly higher result, with 69% of ball possession ending unsuccess-
fully, 2.1% ending in a goal and 11.2% ending in shot. Although we
must consider that in both studies the offensive sequences analyzed
were initiated by all the players, not only the goalkeepers. Sainz de
Baranda et al. [6] found that 37.7% of the attacks started by the
goalkeeper lead to a loss of possession. Despite the matches corre-
sponding to the FIFA Women’s World Cup being analyzed in these
studies, the goalkeeper’s offensive efficiency was like that of the out-
field players.

The bivariate analysis shows that the best teams, win and win-
ning teams had more successful distributions than the rest of the
teams. Surprisingly, two factors that, a priori, could influence the
outcome of the offensive sequences, such as match location and de-
fensive pressure, have not shown significant differences. Match lo-
cation has been identified as a key factor in the offensive performance
of women'’s teams [28] and defensive pressure over the goalkeeper,
could lead to an increase in the number of errors, however, these cir-
cumstance did not led to a decrease in the goalkeeper’s offensive ef-
fectiveness which coincides with work in men'’s football [29]. A pos-
sible explanation is an increase in the goalkeepers technical-tactic
skill level with the feet, who are increasingly used to solve one-on-
one offensive situations. Another possible explanation, is that oppos-
ing team only put pressure on the goalkeeper, but did not close the
passing lines to their teammates, resulting on this type of pressure
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being ineffective. However, as pressure of teammates was not mea-
sured here, it is necessary to continue investigating these situations
to understand the influence of these two factors on the offensive per-
formance of goalkeepers and included the pressure over the rest of
offensive player.

Indirect distributions were more effective in comparison to direct
distributions. Logically, indirect distributions involve short passes to
nearby players hence will be more effective in comparison to long
passes to more distant players using a direct distribution. The prob-
ability of losing possession of the ball during direct distributions is
higher, due to lower precision of the pass and greater difficulty of the
reception with defensive players having increased time to decide and
act to intercept or win the ball. In addition, a long pass by a goal-
keeper in women's football does not usually exceed the midfield zone,
so a second play against will be a disadvantage for the team as the
defensive line faces the team’s midfield and forward lines.

The greatest offensive participation of the goalkeeper consisted
of giving continuity to the game, giving support to their teammates,
and starting the game after an offensive transition. In addition, these
interventions have shown greater effectiveness than static actions.
Similarly, Sainz de Baranda et al. [6] indicated that the kick pass
was most frequently used offensive action. This is a fundamental cir-
cumstance in today’s football to ensure possession of the ball is re-
tained when the team has no chance of progressing forwards, with
back passes to the goalkeeper ensuring possession of the ball and
result in more passing options by increasing the available field of
play space. This situation means that the offensive participation of
the goalkeeper has increased considerably, as corroborated by the
work of Sainz de Baranda et al. [6] who suggest the goalkeeper had
become another outfield player to keep possession of the ball and
offer new attacking possibilities.

The number of passes also turned out to be an indicator of the
offensive performance of goalkeeper distributions. As happens with
possessions without the intervention of the goalkeeper, possessions
with a greater number of passes offer greater guarantees of success
than those of short duration. Finally, pitch location of distribution
has also been shown to be a key performance indicator in goalkeep-
er's distributions. The goalkeeper’s distributions were more effective
to the middle defensive zone and were less effective to the offensive
zone. These can be explained, like indirect distributions as the goal-
keeper's short passes are to the areas closest to their goal and pose
less risk than long passes to areas further away and with greater de-
fensive density.

The multivariate analysis has allowed us to find five predictors of
the outcome of the goalkeeper distributions (Team quality, Distribu-
tion type, N° passes, Pitch zone of first pass by outfield play and
Pitch location outcome). Being a team with a medium performance
level offered 1.2 times more chances of being successful in offen-
sive sequences in which the goalkeeper participates, supporting pre-
vious research that indicated the goalkeeper of higher level teams
were more successful in distributions [6, 7, 30]. These results are
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likely explained by the higher technical-tactical level of the players
of the best teams and by the tactical of these teams. The bottom
teams usually have less tactical predisposition to start the offensive
phase by playing the ball short.

Starting a goalkeeper distribution through Open play after transi-
tions, that is, with a dynamic offensive transition, meant an increase
of almost 3 times compared to doing it through a free kick. This re-
sult supports the idea of previous studies that indicate that transi-
tions offer greater probabilities of offensive success than offensive
sequences that start in a static way [29, 31, 32], due to the defen-
sive imbalance of the rival team.

Number of passes also revealed as a good predictor, specifically,
increasing the number of passes, increases the probability of suc-
cess by more than 3 times, coinciding with the studies that indicate
that possessions of longer duration are more effective offensively than
those of short duration [14, 29, 31, 33, 34]. Here, the start of the
offensive sequence is carried out from a position far from the oppo-
nent’s goal and, therefore, it will be necessary to make a minimum
of passes to be able to take the ball towards the goal area.

The passes of an outfield player with the highest probability of
success were from the defensive zone. Receiving passes from further
away areas, slightly lowered the chances of success and of continu-
ing possession of the ball. The explanation of these results may be
the same as that indicated for the type distributions (greater distance
of the pass, less precision, greater difficulty in reception, and great-
er defensive possibilities).

Finally, Pitch location of outcome was the best predictor of distri-
bution outcome. However, this data does not provide very relevant
information, because it is obvious that the closer the offensive se-
quence ends to the rival goal, the greater the chances of success it
will have, as the highest percentage of goals and shots are made
from areas close to the rival goal [22].

The results of this research allow us to know the usual practices
of the goalkeeper’s distributions in elite women’s football, their key
performance indicators and how to modify these indicators to increase
their effectiveness. This information can be used to design training
programs with specific loads for goalkeepers and to try to promote the
reproduction of behaviors that favor success and avoid less favorable
behaviors in these game situations. In addition, this information could
help coaches to select the strategy to execute this type of game situ-
ations and to justify their decisions to their players.

This study does includes some limitations. Firstly, only one na-
tional league has been analyzed, so the results will only be extrapo-
lated to this population. In addition, since this is a league with large
differences in team quality between the participating teams, the qual-
ity of opposition in the analyzed games could be a variable that af-
fects the outcome of the analyzed actions. For this reason, future re-
search approaches should be directed towards the study of different
national leagues and/or national team championships to obtain a more
homogeneous sample of matches. Lastly, this aspect could help to
improve the predictive power of the statistical models proposed. In
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TABLE 4. Multinomial logistic regression predicting to scoring, achieve scoring opportunity and continued possession vs. loss

possession (Reference Category).

Goalkeeper’s Distribution OQutcome

CP EX
Predictor B P Odds ratio IC (95%) B P Odds ratio IC (95%)
Team Quality
1 0.02 0.80 1.0249 0.84-1.24 0.26 0.19 1.30 0.87-1.93
2 0.18 0.04 1.2037 1.00-1.44 0.09 0.63 1.10 0.73-1.65
3#
Match Location
Home 0.16 0.06 0.85 0.73-0.97 0.16 0.24 0.85 0.64-1.11
Away*
Time
16-30 0.14 0.23 1.15 0.91-145 -0.02 0.90 0-97 0.62-1.52
31-HT 0.15 0.21 1.16 0.91-1.49 -0.20 0.39 0.81 0.50-1.30
46-60 -0.02 0.84 0.97 0.75-1.26 0.07 0.77 1.07 0.66-1.72
61-75 0.12 0.32 113 0.88-1.47 0.07 0.76 1.07 0.67-1.72
76-FT 0.16 0.19 1.18 0.91-1.52 0.39 0.09 1.48 0.93-2.34
0-15*
Final Result
Draw 0.09 0.39 1.09 0.88-1.36 0.22 0.32 1.24 0.80-1.93
Win 0.16 0.15 118 0.94-1.48 0.35 0.12 141 0.90-2.23
Loss*
Match Status
Drawing -0.05 0.63 0.94 0.76-1.18 -0.06 0.76 0.93 0.59-1.46
Winning -0.10 0.42 0.89 0.68-1.17 0.03 0.90 1.03 0.61-1.72
Lossing”
Distribution zone
Outside box 21.31 0.06 1.80e0+9  1.20e0+9-2.69e0+9 34.41 0.072 8.85¢+14 5.06e0+14-1.55e+15
Inside box*
Dristribution Type
Goal Kick 0.17 0.40 1.19 0.78-1.82 0.59 0.21 1.80 0.70-4.60
Open Play Continue  -0.27 0.68 0.75 0.20-2.88 0.42 0.69 1.52 0.18-12.36
Open Play Transition  0.38 0.06 1.46 0.97-2.20 0.98 0.03 2.68 1.10-6.51
Free Kick*
Distribution
Indirect -0.01 0.90 0.98 0.76-1.26 -0.33 0.20 0.71 0.43-1.19
Direct”
N° passes
4-6 0.09 0.35 1.10 0.90-1.34 0.74 < 0.001 2.10 1.51-2.91
> 6 0.35 0.007 1.42 1.10-1.85 1.15 < 0.001 3.19 2.22-4.57
1-3*
Pitch Zone o First Pass by Outfield Play
Central -0.04 0.88 0.96 0.55-1.67 0.09 0.84 1.09 0.46-2.59
Middle Defensive 0.08 0.60 1.08 0.81-1.45 -2.60 < 0.001 0.07 0.07-0.07
Middle Offensive -27.70 < 0.001  9.25e-13 9.25e-13-9.25¢-13 -24.92 < 0.001  1.50e-11 1.50e-11-1.50e-11
Defensive®
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Pitch Location of Distribution

Central 0.01 0.95 1.01 0.71-1.43 0.47 0.17 1.60 0.81-3.15
Middle Defensive 0.09 0.41 1.09 0.88-1.34 0.08 0.71 1.08 0.71-1.65
Middel Offensive 0.21 0.47 1.23 0.70-2.15 0.19 0.70 1.20 0.47-35.50
Offensive -0.55 0.58 0.57 0.08-4.13 1.24 0.30 3.46 0.34-35.50
Defensive”

Pitch Location of Outcome

Central -0.88 0.003 0.42 0.23-0.74 8.42 < 0.001 453825 1374.93-14979.48
Middle Defensive -0.38 0.19 0.68 0.38-1.20 8.70 < 0.001  6042.99 1246.18-29303.86
Middle Offensive -1.14 < 0.001 0.32 0.18-0.57 11.80 < 0.001 133801.63  71905.97-248976.22
Offensive -1.25 < 0.001 0.28 0.16-0.52 13.37 < 0.001 640716.10 345793.16-1.19¢0+6
Defensive®

Defensive Pressure

High 26.47 0.08
#

3.14e+11

Low

2.13e+11-4.62e+11 13.25 0.10

565577.77  32459.43-98548.55

#, Reference category; B, Beta coefficient; Cl, Confidence interval; p < 0.05, p < 0.01, p < 0.001.

this work we have only analyzed the pressure exerted on the goal-
keeper, but not on the rest of the field players, nor have we analyzed
the passing lanes offered by the outfield players, when the goalkeep-
er had possession, nor the spatial layout of the outfield players, both
from the observed team and from the opponent. Therefore, future
work could take these issues into consideration when designing the
observation instrument, since it could help explain some of the re-
sults obtained. Considering these results, the technical staff should
train the goalkeeper-initiated offensive dynamic transitions with the
characteristics that show the results to increase performance in these
game situations.

CONCLU SO N S /5
According to the results obtain in the current research, it can be
concluded that the offensive effectiveness of the goalkeepers is like
that all of outfield players, since the success of the exit of offensive
sequences with goalkeeper’s participation is like that of outfield play-
ers. The greatest offensive participation of the goalkeeper is carried

out to give continuity to the game and in dynamic offensive transitions,
the latter being the ones that offer a greater probability of success.
To increase success in these game situations, passes to the goal-
keeper should be from the defensive zone and the goalkeeper should
send the ball to the near zones by means of a short pass and the
offensive sequence should be built with 3—6 passes. Direct distribu-
tions by the goalkeeper, by means of long passes to areas away from
the goal, frequently end with a loss of possession by the goalkeeper.
Therefore, the goalkeeper plays an important role in ensuring pos-
session of the ball and giving continuity to the game and in dy-
namic offensive transitions.
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ABSTRACT: We investigated the ecological validity of an inertial measurement unit (IMU) (Vmaxpro) to assess
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sufficient for the prediction of L-V variables and the 1RM. Our data indicate the sensor to be suitable for
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Measuring movement velocity during strength training has become
an increasingly important and versatile method for training monitor-
ing and evaluation in both athletic [1] and clinical [2] populations.
For example, training loads may be individualised by relative veloc-
ity loss thresholds [1], leading to favourable power adaptations com-
pared to traditional strength training based on the percentage of the
1-repetition maximum (1RM) [3]. Furthermore, due to the linear
load-velocity (L-V) relationship in multi-joint exercises, the determi-
nation of velocity at submaximal loads (i.e. within 30-80% of the
1RM) can be used as a time-efficient non-demanding method to
predict the 1RM [41. In line with this, other L-V relationship variables
can provide a more complete evaluation of neuromuscular capacities.

As such, the load-axis intercept (i.e., load at zero velocity: Ly), the
velocity-axis intercept (i.e., velocity at zero load: v,) and the area
under the line of the L-V relationship (Aj.. = Lo-Vvo/2) can be used
to evaluate the ability of muscles to produce maximal force, velocity
and power, respectively [5].

Optical 3-dimensional (3D) motion capture systems (MoCap, e.g.
Vicon) are considered the gold standard for assessing movement ve-
locity [6]. However, since this method is labour intensive and expen-
sive, more practical technologies such as linear position-velocity
transducers (e.g. GymAware, T-Force) and wearable wireless iner-
tial measurement units (IMUs, e.g. Myotest, OUTPUT) are gaining
popularity. Apart from the portability as well as the simplicity of use,
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linear position-velocity transducers and IMUs have the advantage of
providing direct feedback on the movement velocity. In turn, using
feedback was shown to have a positive impact on the movement ve-
locity [7], possibly resulting in better power adaptations [8]. While
linear position-velocity transducers are attached to the body or the
barbell by a cable extension, IMUs are wireless and more cost-effec-
tive. However, IMUs are based on the combination of signals from
multiple sensors (i.e., accelerometers, gyroscope and magnetic sen-
sors) to estimate movement velocity, and therefore the validity and
reliability of IMUs should be considered carefully [9].

One commercially available triaxial IMU that is gaining popular-
ity among practitioners worldwide is the Vmaxpro sensor (Blaumann
& Meyer-Sports Technology UG, Magdeburg, Germany). However,
scientific data on the validity and the reliability of the Vmaxpro are
lacking. In our previous study, the sensor showed high validity
(R? = 0.935) compared to the criterion device (i.e., Vicon) and mod-
erate to high interclass correlation coefficients (ICCs) for intra-day
(ICC: 0.662-0.938; p < 0.05) and inter-day reliability (ICC:
0.568-0.837; p < 0.05) for the evaluation of mean velocity (MV)
in the deep squat (SQ) [10]. The data, however, were obtained in
a Smith machine with a guided barbell pathway. One advantage of
IMUs is their capability to assess movement velocity in three axes,
and the validity and the reliability of IMUs are influenced by the type
of the resistance exercise [11].

Considering this, we aimed to investigate the ecological validity
and test-retest reliability of the Vmaxpro using free weights in both
bench press (BP) and SQ exercise. Furthermore, to better understand
how the possible deviation of the Vmaxpro influences training

Boris Dragutinovic et al.

practice, we assessed the validity of the Vmaxpro to predict L-V vari-
ables (i.e., Lg, vg, Ajine) @and the 1RM. Taken together, the aims of our
study were to investigate: (1) the ecological validity of the Vmaxpro
during an 1RM test; (2) the ecological validity for the prediction of
L-V variables; (3) the ecological intra-day reliability; and (4) the eco-
logical inter-day reliability.

MATERIALS AND METHOD'S 15—
Studly design

The study employed a repeated-measures design (Figure 1), with
participants completing a total of 4 sessions. During the first visit,
participants were familiarised with the BP and SQ protocols and
performed an incremental BP and SQ 1RM test. In the following
three sessions (i.e. sessions 2—4), the participants performed an
experimental session with 3 repetitions at 4 different loads (i.e., 30,
50, 70, and 90% of 1RM). The participants completed all sessions
separated by a minimum of 48 h. Throughout all sessions, the MV
for BP and SQ was assessed using the Vmaxpro (index device) and
a MoCap (Vicon 3D Motion Systems, Oxford, United Kingdom), which
was considered as the criterion device.

Participants

Twenty-three strength-trained men (age: 25 + 3 years; height:
184.2 +7.7 cm; body mass: 82.3 = 8.2 kg; relative BP 1RM:
1.08+0.21 kg- kg bodyweight!; relative SQ 1RM: 1.37 +0.28 kg- kg
bodyweight™!) completed the incremental 1RM test to determine the
ecological validity of the Vmaxpro. Out of these participants, seventeen
men (age: 25 =+ 3 years; height: 182.6 =6.2 cm; body mass:

el

incremental 1RM test >48h

m >48h

| submaximal experimental session

(validity)

(intra- and interday reliability)

7

3 repetitions with 30%/50%/ 70%/
90% of the 1RM (12 in total)

2 min Pause between each repetition

3 repetitions with 30%/50%/ 70%/
90% of the 1RM (12 in total)

2 min Pause between each repetition

ll'&] = bench press; w = squat

FIG. 1. Study design. 1RM = one-repetition maximum.
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Validity and reliability of the Vmaxpro sensor

82.1+5.1 kg; relative BP 1RM: 1.15 +0.18 kg- kg bodyweight™*;
relative SQ 1RM: 1.44 +0.26 kg-kg bodyweight™?) further partici-
pated in the second part of the study, consisting of 3 additional ex-
perimental sessions with submaximal loads to determine the intra- and
inter-day reliability of the sensor. Participants were eligible to partici-
pate in the study if they (1) were non-smokers; (2) had no chronic or
acute injuries; (3) were between the ages of 18 and 40; (4) were
physically active; and (5) had at least 1 year of strength training ex-
perience prior to enrolment in the study. All participants were in-
structed about possible risks associated with the study. A medical
history questionnaire was reviewed and written informed consent was
provided prior to inclusion. This study was approved by a local insti-
tutional ethic review board and was conducted according to the Dec-
laration of Helsinki.

Procedures
In order to standardise the execution of the movement throughout
every repetition in the 1RM test and the experimental sessions,
participants’ standing position and grip width were marked using
a tape and the participants’ BP and SQ depth was controlled using
safety bars. To reduce the biological within-subject variance, all rep-
etitions were performed with a controlled eccentric phase until the
reversal point (i.e., contact of the bar and the safety bar) [12]. Ad-
ditionally, participants were instructed to hold the position for a mo-
mentary pause of 1.5 seconds before performing the concentric phase
with maximal velocity [13]. The 1RM was assessed in both BP and
SQ (in that order). Testing started with a 5-minute warm-up at an
individualised load (i.e., 1.5 times body weight) on a stationary
cycle ergometer, followed by 10 repetitions with the unloaded bar
(i.e., 20 kg) in both exercises. After performing the initial individu-
alised load (i.e., 30% of the estimated 1RM), the load was progres-
sively increased until the participants were unable to lift the load
with the correct technique and without assistance. Every load was
performed only once with 2 minutes rest in between. In order to
investigate the ecological intra- and inter-day reliability of the Vmax-
pro across the entire MV range, the experimental sessions consisted
of 3 repetitions at 30, 50, 70, and 90% of the 1RM (12 repetitions
in total) for both BP and SQ (in that order), separated by 2 minutes
of rest between each repetition. The warm-up and execution of the
movement were similar to those performed during the 1RM test.
To obtain the MV of each repetition, the Vmaxpro sensor was at-
tached to the barbell on the basis of the manufacturer’s specifica-
tions (i.e. in the centre of the barbell, Figure 2). Instant velocities
were recorded at a sampling rate of 200 Hz and were calculated us-
ing the Vmaxpro application (version 1.1.4) that was connected to
an 10S device (IPhone 11/IPhone 12; Apple, Inc., Cupertino, CA)
via a Bluetooth 5.0 connection. Additionally, the MV was obtained
using a MoCap with 3 infrared high-speed cameras (Vicon Motion
Systems, Oxford, United Kingdom) with 1 reflective marker placed
on the end of the barbell (Figure 2). The data were recorded at a fre-
quency of 200 Hz using the software Vicon Nexus (version 2.6). The

FIG. 2. Position of the reflective marker and the Vmaxpro on the
barbell.

mean concentric resultant velocities (V,es1a0:) Were then manually
calculated by summing up the velocities for all three axes
(Vyesuitant = /vxz +v,2 +v,2). The initiation of the concentric phase
was determined at the point where V120 > O, While the end of the

concentric phase was defined as the point where Vg tan: < O.

Calculation of L-V variables and 1RM

Mathematical calculation of the L-V variables and the 1RM requires
the respective maximal MV at three or more incremental sub-maximal
loads, which can be chosen within a range of 30-80% of the esti-
mated 1RM [14]. Therefore, the L-V variables were calculated based
on the highest MV at 30, 50 and 70% 1RM of each submaximal
experimental session (sessions 2—4), for both Vmax and MoCap data.
The calculation of the L-V variables and the 1RM was based on
a least-square linear regression model (L [V] = Ly—sV). L, represents
the load at zero velocity and s is the slope of the L-V relationship.
The maximal velocity at zero load (vo) was calculated as follows:
Vo = Ly/s, while the maximal power capacity (A;,.) was defined as
the area under the L-V curve: A, = Lo vo/2. For calculation of the
predicted 1RM, the following equation was used: 1RM = (v;gy-vo)/s,
where v;gy is defined as the MV at the maximal load obtained by
the MoCap during the incremental 1RM test.

Statistical analyses

Normality of distribution was assessed by the Shapiro-Wilk test. To
enable a differentiated perspective on the validity and reliability of
the Vmaxpro as well as to ensure comparability to other studies,
multiple measures of validity and reliability were used. For validity
analysis, the agreement of the differences between the index and
criterion (index — criterion) was assessed by Bland-Altman analy-
sis [15]. Additionally, the Pearson product-moment correlation
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coefficient r was calculated between the index and the criterion for
data of the incremental 1RM test, as well as the L-V variables (i.e.,
Lo, Vo, Ajine) and the predicted 1RM, and classified as trivial (r < O.
1), low (0.1 <r < 0.3), moderate (0.3 <r < 0.5), high (0.5<r < 0.7),
very high (0.7 <r < 0.9), and nearly perfect (r > 0.9) [16]. To
analyse whether the validity is velocity dependent, additionally a lin-
ear regression analysis was performed. Analysis of heteroscedastic-
ity of errors within the linear model was performed using the studen-
tized Breusch-Pagan test. In the case of non-normally distributed
residuals, a modified studentized Breusch-Pagan test was performed.
Additionally, for validity analysis, the mean absolute percentage error
(MAPE) between the index and the criteria was calculated as follows:
MAPE = (|Vmax-MoCap|) / Vmax- 100.

In order to provide information on how the possible deviation of
the Vmaxpro influences training practice, the proportion of Vmax
data of the incremental 1RM test, the submaximal strength sessions
(for all loads together and separated by the intensities) and the L-V
variables (i.e., Lo, Vo, Ajine) Within fixed absolute differences to the
MoCap were calculated as follows: n(|Vmax-MoCap| < x)/
n(|Vmax-MoCap|)- 100, where n is defined as the number of mea-
sures and x is defined as the fixed absolute difference. The follow-
ing fixed absolute differences were used to provide a range of prac-
tically relevant deviations (in m-s~!) between Vmax and the
MoCap: <0.01,<0.02,<0.05,<0.1, <0.2 for the velocities dur-
ing the 1RM test, the submaximal sessions and vq. Furthermore, for
the predicted L, and the 1RM the following fixed absolute differenc-
es (in kg) were used: < 1, < 3,<5, <7, <10, while for the A;,. the
proportion of Vmax data is displayed for the following absolute dif-
ferences (inm-s~!-kg): <0.5,<1,<2,<5,<10.

For the determination of intra-day reliability, we evaluated the MV
assessed at each load (i.e., 30, 50, 70 and 90% 1RM) within each
session (3 repetitions at each load, separately during sessions 2-4).
Additionally, for inter-day reliability, we evaluated the mean MV at
each load (i.e., 30, 50, 70 and 90% 1RM) between the submaxi-
mal experimental sessions (2—4). For both inter- and intra-day reli-
ability, coefficients of variation (CV) were calculated for each indi-
vidual. Since the CV of MoCap indicates the actual variance (i.e.
biological variance) between the repetitions, the absolute difference
of the CVs between MoCap and Vmaxpro represents the variance
caused by the Vmaxpro. Therefore, the ‘true’ CVs for the Vmaxpro
were calculated as follows: CVymaxpro = (|20SCVymax-CVocap | ), Where
CVs < 10% were considered as a measure for acceptable reliabili-
ty [171. All CVs were calculated in Excel (Microsoft Corporation, ver-
sion 2201, Redmond, USA), while all other statistical analyses were
performed using SPSS (IBM SPSS Statistics, version 28, Chicago,
IL). Statistical significance for all tests was set a p < 0.05.

RES U LT S 15000
Validity — incremental 1RM test

For BP and SQ, 170 out of 197 repetitions (85.9%) and 197 out of
208 repetitions (94.7%), respectively, were assessed by Vmaxpro
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TABLE 1. Proportion of Vmax data [%] within fixed absolute
difference compared to the MoCap.

velocities during 1RM-test [m-s'']

+/- <0.01 <0.02 <0.05 <0.1 <0.2
BP 26.05 36.74 49.30 65.12 73.49
Re] 21.86 37.67 57.67 74.42 86.98
velocities during submaximal session with 30% 1RM [m-s]
+/- <0.01 <0.02 <0.05 <0.1 <0.2
BP 15.75 23.97 48.63 73.29 84.25
sQ 19.18 30.82 63.70 84.25 93.84
velocities during submaximal session with 50% 1RM [m-s]
+/- <0.01 <0.02 <0.05 <0.1 <0.2
BP 23.97 39.73 67.12 78.77 89.04
sQ 18.49 32.19 67.12 89.04 96.58
velocities during submaximal session with 70% 1RM [m-s]
+/- <0.01 <0.02 <0.05 <0.1 <0.2
BP 34.46 56.76 82.43 95.27 98.65
sSQ 28.38 45,95 79.73 91.22 97.97
velocities during submaximal session with 90% 1RM [m-s']
+/- <0.01 <0.02 <0.05 <0.1 <0.2
BP 53.57 68.57 86.43 98.57 100.00
sSQ 37.86 58.57 83.57 92.14 97.86
L, kgl
+/- <1 <3 <5 <7 <10
BP 22.00 44.00 70.00 86.00 88.00
Re] 10.00 22.00 32.00 42.00 54.00
Vo [m-s1]
+/- <0.01 <0.02 <0.05 <0.1 <0.2
BP 12.00 18.00 40.00 62.00 88.00
Re] 10.00 16.00 38.00 72.00 90.00
Ajne Im-s-kgl
+/- <0.5 <1 <2 <5 <10
BP 22.00 30.00 64.00 88.00 98.00
Re] 10.00 16.00 30.00 54.00 74.00
1RM [kgl
+/- <1 <3 <5 <7 <10
BP 22.00 52.00 78.00 88.00 90.00
Re] 12.00 30.00 48.00 50.00 66.00

and hence included in the validity analysis. The distribution of miss-
ing data in relation to different MVs is illustrated in Figure S1. The
mean bias of the MVs assessed by the Vmaxpro and MoCap was
0.02 m-s™! (standard deviation [SD]: 0.11 m-s™!; limits of agree-
ment [LoAl: 0.21 m-s~!) and 0.01 m-s~! (SD: 0.11 m-s~!; LoA:
0.21 m-s7!) for BP and SQ, respectively (Figure 3). The Pearson
product-moment correlation coefficient r was 0.935 and 0.900 (both
p <0.01) for BP and SQ, respectively. Regression analyses revealed
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FIG. 3. Bland-Altman analysis with limits of agreement for bench press (A) and squat (B) data (= 1.96 SD).

a statistically significant linear relation between the Vmaxpro and
the MoCap BP (F(1, 171) = 1175.52; p <0.01; R? = 0.874) and
SQ(F(1,197) = 835.82; p <0.01; R? = 0.810). When comparing
the differences of the criterion and index (i.e., Vmaxpro vs. MoCap)

with the MV of the criterion, regression analyses showed a statisti-
cally significant linear association for BP (F(1, 153) = 11.81;
p = 0.001; R? = 0.072) with f(AVmaxpro - MoCap) = -0.0389x
+ 0.042 and SQ (F(1, 197) = 7.31; p = 0.007; R? = 0.031) with
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FIG. 4. Bland-Altman analysis with limits of agreement (= 1.96 SD) for

both bench press and squat L-V variables and 1RM.

f(AVmaxpro - MoCap) = -0.1142x + 0.085 (Figure 3). The mean  Validity — L-V variables and 1RM

MAPE across all loads for Vmaxpro compared with the MoCap was ~ The mean bias and the LoA for the calculated 1RM and L-V variables
12.32+15.03% and 11.94 + 15.91% for BP and SQ, respective- by the index and criterion are displayed in Figure 4. The Pearson
ly. The proportion of Vmax data obtained from the 1RM test within ~ product-moment correlation coefficients r for the calculated L-V vari-

fixed absolute differences compared to the MoCap is displayed in  ables and the 1RM between the index and criterion ranged from
Table 1. 0.8081t00.942 (allp <0.01) and from 0.615t0 0.741 (all p <0.01)
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for BP and SQ, respectively (Table 2). The R? ranged from 0.652 to
0.887 (all p <0.001) and from 0.378 to 0.548 (all p < 0.001) for
BP and SQ, respectively. The proportion of the calculated L-V variables
and the 1RM based on the Vmax data within fixed absolute differ-
ences compared to the MoCap is displayed in Table 1.

Reliability — submaximal experimental session

The results of the intra-day and inter-day reliability analysis for both
exercises are displayed in Tables 3 and 4, respectively. Mean intra-day
CVs ranged from 2.4% t0 9.7% and 3.7% to 8.6% for BP and SQ,
respectively. Mean inter-day CVs ranged from 3.5% to 5.9% and
3.2% to 6.7% for BP and SQ, respectively.

DISCUS'S 1O /N 15
The aim of the study was to assess the ecological validity, as well as
intra-day and inter-day reliability, of the Vmaxpro sensor duringa 1RM
test and at submaximal loads (i.e., 30, 50, 70 and 90% of the 1RM)

using free weights in both BP and SQ. Additionally, to gain a better
understanding of how the possible deviation of the Vmaxpro influ-
ences training practice, we examined the validity of the Vmaxpro to
predict L-V relationship variables (i.e., Lq, vo, Ajine) and the 1RM in
both exercises. The validity analysis revealed a nearly perfect cor-
relation between data derived from the Vmaxpro and MoCap for both
exercises. However, compared to the MoCap, the Vmaxpro showed
a systematic overestimation of the MV across all loads that is decreas-
ing with higher MVs in BP and SQ. The comparison between the L-V
variables and the 1RM derived from Vmaxpro and the MoCap showed
a very high to nearly perfect and a high to very high validity for BP
and SQ with a systematic overestimation for all variables. The
Bland-Altman analysis, however, indicated high LoA, particularly for
the SQ L-V variables and the 1RM. The CVs for the intra-day and
inter-day reliability of the Vmaxpro were within an acceptable range
for all loads in both exercises.

TABLE 2. Mean values of the L-V variables and the predicted 1RM with the respective r, R?> and mean absolute percentage error
(MAPE) for Vmax and the MoCap. BP = bench press, SQ = squat.

BP Vmax MoCap r R? MAPE [%]
Ly [kgl 102.98+17.38 101.58+17.18 0.925 (< 0.001**) 0.856 (< 0.001**) 4.46+4.40
Vo [Im-s7!] 1.66+0.22 1.65+0.23 0.808 (< 0.001**)  0.652 (< 0.001**) 6.01 £5.07
Ao [m-s™l-kgl  52.32+£8.66 51.61+8.56  0.927 (< 0.00I**) 0.859 (< 0.001**) 4.30 = 4.30
1RM [kgl 95.12+17.58 93.60+16.90 0.942 (< 0.001**) 0.887 (< 0.001**) 4.06+4.31

sSQ Vmax MoCap r R? MAPE [%]
Lq [kgl 182.76 +70.71 165.87 +31.69 0.740 (< 0.001**)  0.548 (< 0.001**) 10.65+16.18
Vo [Im-s!] 1.32+0.20 1.35+0.14 0.615 (< 0.001**) 0.378 (< 0.001%*%*) 7.00x£7.18
Ajine [M-s71- kgl 92.04 +35.30 83.61+15.84 0.741 (< 0.001**)  0.549 (< 0.001**) 10.51 +£15.86
1RM [kg] 142.96 +42.59 133.09+26.25 0.627 (< 0.001**) 0.393 (< 0.001%*%*) 9.48+14.30

TABLE 3. Mean MV and intra-day coefficient of variance (CV) of repetitions 1-3 in sessions 2—4 separated by the different intensities

and exercises. BP = bench press, SQ = squat.

Session 2 Session 3 Session 4

Vmax BP MV [m-s] CV [%] MV [m-s] CV [%] MV [m-s?] CV [%]
30% 1.12+0.16 8.7+9.9 1.10+0.21 7.3+7.4 1.10+0.23 9.7+15.5
50% 0.80+0.13 8.7+8.9 0.84+0.11 6.2+7.2 0.82+0.11 5.6+5.8
70% 0.58+0.11 3.7+4.3 0.57+0.09 5.4+6.9 0.57+0.09 43+572
90% 0.34+0.14 24+1.7 0.32+0.07 4.5+5.8 0.30+0.07 56+7.5

Vmax SQ MV [m-s!] CV [%] MV [m-s?] CV [%] MV [m-s?] CV [%]
30% 0.95+0.18 7.8+13.4 0.95+0.17 8.6+13.8 1.00+0.15 6.3+9.7
50% 0.79+0.14 3.9+45 0.78«0.15 48+7.1 0.81+0.10 4.6+8.8
70% 0.64 +0.07 3.7+3.4 0.64+0.08 3.9+48 0.64+0.14 4.7+7.4
90% 0.45+0.09 4.4+54 0.45+0.08 4.8+5.9 0.44+0.13 55+7.8
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TABLE 4. Mean MV and inter-day coefficient of variance (CV) between sessions 2—-4 separated by the different intensities and exercises.

BP = bench press, SQ = squat.

Mean velocity [m-s] CV [%]

Vmax BP Session 2 Session 3 Session 4

30% 1.12+0.13 1.10+0.15 1.10+0.17 5.9+7.5

50% 0.80+0.11 0.86+0.11 0.82+0.10 5.6+6.9

70% 0.58+0.10 0.57+0.07 0.56+0.09 3.5+3.1

90% 0.45+0.08 0.44+0.07 0.44+0.12 5.6+9.0
Vmax SQ Session 2 Session 3 Session 4

30% 0.95+0.12 0.95+0.14 0.99+0.11 3.7+5.7

50% 0.81+0.06 0.79+0.08 0.81+0.08 3.2+3.0

70% 0.64+0.06 0.64 +0.07 0.66+0.10 3.2+x4.6

90% 0.45+0.08 0.44+0.07 0.44+0.12 6.7+10.8

Compared with our previous data on the Vmaxpro to assess the
MV validity during a guided barbell SQ [10], our present data indi-
cate lower validity when using free weights (R = 0.935 vs. 0.810).
This, however, can at least partially be explained by the degrees of
freedom (3 axes vs. 1 axis). It appears that the Vmaxpro is not able
to detect the changes in movement trajectory during free weight ex-
ercises with sufficient accuracy. In contrast to our findings, a recent
study examining the validity of the Vmaxpro for the assessment of
the MV during a free-weight SQ and hip thrusts reported good to ex-
cellent validity, indicated by low LoA (0.1 m-s™* and 0.12 m-s™}
for SQ and hip thrusts, respectively) [18]. However, it needs to be
considered that this study used a linear position transducer but not
the gold standard (optical 3D motion capture system) as the criteri-
on. Therefore, these results should be interpreted with caution. When
comparing the validity of the Vmaxpro to assess the MV in both ex-
ercises, the LoA during the 1RM test in our study show comparable
validity for BP and SQ (0.21 m-s~! vs. 0.20 m-s~1). To the best of
our knowledge, there are no existing data on the validity of the Vmax-
pro to assess the MV in free weight BP exercise. However, when
compared to another IMU (i.e., PUSH Band), the Vmaxpro showed
a lower mean bias, but higher LoA (mean bias: 0.10 +0.06 m-s™!,
LoA: 0.13 (extracted with the WebPlotDigitizer, Pacifica, California,
USA, Version: 4.4) [19]) for assessing MV during a 1RM test [20].
When compared to data on the validity to the Beast sensor [20, 211,
the Vmaxpro demonstrated higher validity in both BP and SQ. Re-
gardless of the exercise, the validity of the Vmaxpro is comparable
or higher, when compared to other commercially available IMUs [9].

In line with a previous study [10], we found a slight overestima-
tion of the MV compared with the MoCap for both BP and SQ dur-
ing the 1RM test. However, contrarily to our previous results, the
systematic bias decreased with higher MVs, indicating higher valid-
ity at higher MVs (i.e., lower loads). A potential explanation for
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poorer validity at lower MVs remains speculative at this point but
could be related to a larger variance in the movement trajectory dur-
ing slower repetitions. These conflicting results do, however, rein-
force the arbitrariness regarding the systematic over/underestimation
at different MVs within the same IMU that we described previous-
ly [10]. Furthermore, it was intriguing that a high proportion of rep-
etitions (14.1% and 5.3% for BP and SQ, respectively) during the
1RM test was not assessed by the Vmaxpro. As indicated by Fig-
ure S1, this appeared to be mostly the case at low MVs during BP.
Obviously, a justification for this cannot be given but it needs to be
noted that the manufacturer’s user manual specifies that only
MVs > 0.15 m-s~* are detected by the sensor. In our data, howev-
er, this was only the case for 9 of the 36 non-acquired data points.
This high proportion of missing data, especially for BPF, is a major
limitation of the sensor and should be considered when using the
sensor in practice.

In order to provide valuable information on how the possible de-
viation of the Vmaxpro influences training practice, the proportion of
Vmax data within fixed absolute differences to the MoCap was cal-
culated. For example, during velocity-based training (VBT) with the
fastest repetition at 0.5 m-s~! and a typically used velocity thresh-
old of 20% [22], an underestimation of the MV of 0.1 m-s~! could
already lead to a termination of the set, even without an actual loss
in MV. In our study, MVs around 0.5 m-s~! were reached at loads
of 70% and 90% of the 1RM. The majority of MVs (~ 80%) as-
sessed by the Vmaxpro at these loads are, however, within an ac-
ceptable absolute difference (< 0.05 m-s™!) to the MoCap. Thus, it
seems that the Vmaxpro could be a valid IMU for assessing the MVs
during VBT for recreational purposes. However, whether the accura-
cy of the sensor is sufficient for individual requirements has to be
judged in a case-specific manner. Especially when using VBT for the
development of explosive strength determinants, an exact estimation
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of the MV is necessary to avoid undesired fatigue caused by an over-
estimation of the MV. Therefore, practitioners should consider the
absolute deviation in MV between the Vmaxpro and the gold stan-
dard (displayed in Table 1) to estimate whether this deviation could
negatively influence the chronic development of the desired strength
training parameter and based on that to evaluate whether use of the
Vmaxpro is helpful in training practice.

For BP and SQ, the correlation between the L-V variables and the
1RM derived from Vmaxpro and the MoCap was very high to nearly
perfect and high to very high, respectively. However, the Bland-Alt-
man analysis indicated high LoA for the SQ L-V variables and the
1RM (e.g. 55.16 to 74.91 kg for the 1RM) with a systematic over-
estimation (e.g. 9.87 kg for the 1RM). This overestimation can be ex-
plained, to some extent, by a limited number of extreme outliers in
the Bland-Altman plots (Figure 4). In turn, it needs to be considered
that the biological inter-day variance of the MV for submaximal
loads [23] affects the predicted L-V variables and the 1RM. This high
inter-day variance may exceed the displayed differences between the
data derived by the Vmaxpro and the MoCap. Thus, a high propor-
tion of predicted L-V variables and the 1RM, especially for the BP, ap-
pears to be within an acceptable absolute difference for monitoring
these variables. However, practitioners and athletes should be aware
of the deviation in both L-V variables and the 1RM derived from the
Vmaxpro, because in some elite sports a more precise estimation of
the 1RM is essential. Furthermore, it needs to be addressed that the
L-V variables and the 1RM were calculated based on the highest MV
of 3 repetitions at each intensity, reducing the influence of possible
outliers. Therefore, when aiming to calculate L-V variables and the
1RM based on the MVs assessed by the Vmaxpro, practitioners are
advised to use more than one repetition for each load.

Regarding the reliability of the Vmaxpro, our study revealed ac-
ceptable (< 10%) intra-day and inter-day CVs for all loadings. There-
fore, the reliability of the Vmaxpro can be classified as higher com-
pared to the Beast sensor and comparable to the PUSH band [20].
However, the high standard deviation (up to 15.47%), especially for
low load intra-day CVs, indicates large variations of the reliability

between different measurements/individuals. Whether this can be
explained by interindividual differences in the execution of the exer-
cises needs to be addressed in future studies.

When interpreting our data, some limitations need to be consid-
ered. Firstly, we used only one Vmaxpro device; therefore, it cannot
be ruled out that the observed error was device-specific. Further-
more, we did not use two sensors at the same time; thus, we did
not assess the intra-device agreement (i.e. Vmaxprol vs. Vmaxpro2).
Furthermore, factors such as the strength training experience, an-
thropometric data and, thus, the range of motion could influence the
validity. Future studies should address possible differences in valid-
ity, for example in a heterogenous sample including different strength
levels and anthropometrics.

CONCLU SO N S 15
Taking our findings together, the Vmaxpro seems to have acceptable
validity for most recreational purposes. However, the lower validity
at higher loads (i.e., lower velocities) may be of concern when using
nearly maximal loads and/or using low velocity loss thresholds during
VBT. Moreover, it was intriguing that a relatively high number of
repetitions during the 1RM test (i.e., 14.1% and 5.3% for bench
press and squat, respectively) were not assessed by the Vmaxpro in
the present study. Whether this is a common observation specific to
the device needs to be assessed in future studies. Also, the wide
limits of agreement for the 1RM prediction may be sufficient for
recreational purposes but not for elite sport settings where already
small deviations may lead to undesired training results. In terms of
the reliability, our data indicate the sensor to be suitable for monitor-
ing changes in performance within the same individual in different
settings of VBT (i.e., using velocity loss thresholds for training mon-
itoring or assessing chronic changes in movement velocity).
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Validity and reliability of the Vmaxpro sensor

Supplemental figure

FIG. S1. Distribution of missing SQ and BP data in relation to different MVs, indicating a high proportion of missing data at low MVs,

particularly in the BP exercise.
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ABSTRACT: Modified exercise prescription in judo is commonly used to activate the energy systems in different
magnitudes. In order to study the physiological and rating of perceived exertion (RPE) responses according to area
sizes (i.e., 4mx4m,6mx6mand 8 m x 8m)and training mode variations (i.e., groundwork, ne-waza; standing
combat only, tachi-waza; and free combat, free randori), eighteen male judo athletes (age: 22.6 = 1.8 years) were
randomly assigned, on separate days, to 9 experimental conditions (3 area sizes X 3 training modes) with each
condition lasting 4 min. Delta lactate [La] was calculated based on the blood lactate values measured before and
after every condition. Heart rate (HR) was measured during and after each bout and RPE recorded at the end of
each combat. The results showed that mean and peak HR, percentage of maximum HR (% HR,,,,), delta [La] values
and RPE scores were lower in 4 m x 4 m compared to 6 mx 6 m and 8 m x 8 m, and in groundwork training
mode compared to standing combat and free randori (all p < 0.001). Furthermore, the 6 m X 6 m condition induced
lower delta [La] values than 8 m x 8 m (p < 0.001) and free randori resulted in higher RPE scores than standing
combat (p = 0.001). In conclusion, different training variables can be easily manipulated in a variety of different
ways to specifically activate the energetic systems. Focusing on groundwork, the 6 m X 6 m area size was found
to be the most suitable condition to induce a higher cardiovascular response, while the standing combat and free
randori in 6 m X 6 m resulted in increased glycolytic activation compared to the groundwork condition.
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TIN'T RO D U C T 1O N 155000

Judo competition is physiologically demanding; therefore, a high
level of aerobic and anaerobic fitness is required [1]. Exercise is
prescribed in such a manner as to activate and thus train different
physiological systems, thereby enhancing judo athletes’ abilities
to cope with, prepare for and recover from training and competi-
tion [1]. In support of this, several previous studies in judo were
conducted to improve training programmes aiming for competition
success by developing the physical fitness as well as the techni-
cal-tactical skills [1, 2, 3]. It is relevant to note that physiological
and perceptive responses were studied in various judo-specific
exercises. It was reported that continuous uchi-komi exercises (i.e.,
technique repetition without throwing) induced low glycolytic de-
mands while the intermittent protocols resulted in higher demands,
suggesting therefore that the uchi-komi training modality may

improve aerobic and anaerobic fitness [1, 2, 4]. When the technique
repetition training modality was performed by throwing the partner
(i.e., nage-komi), different physiological responses were recorded
based on the technique used [1]. Specifically, when seoi-nage (i.e.,
an arm technique) was used during nage-komi, the oxidative de-
mand was higher compared to o-uchi-gari (i.e., a leg technique) [5].
Regarding training mode, it has been previously shown that con-
tinuous randori (i.e., combat or fight practice; sparring) elicited
higher cardiovascular strain compared to the intermittent rando-
ri [6]. Additionally, ne-waza sessions (i.e., groundwork combat)
have been reported to be less demanding in terms of glycolytic
activation (inferred from blood lactate concentration) compared
with standing combat, which can be a more appropriate mode for
aerobic fitness development for judo athletes [71].
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Recently, Ouergui et al. [3] investigated the physiological respons-
es and rating of perceived exertion (RPE) during different judo com-
bat conditions in female judo athletes. They found that RPE scores
were higher in 4 m X 4 m compared with 8 m x 8 m area size. The
post-combat lactate [La] values were higher in 4 m x 4 m compared
to6m x 6 mand 8 mx 8 m area size, and in free randori compared
with the 3:1 ratio condition. However, no changes were reported for
heart rate (HR) values. It is known that there are several differenc-
es regarding a judo match’s time-motion characteristics between
male and female judo practitioners (e.g., male judo athletes spend
longer time in standing combat than female judo athletes) [8], which
may be related to hormonal [9], cardiovascular and anaerobic ca-
pacity [10], as well as technical-tactical [10, 11] aspects. Thus,
based on these male-female differences [8, 9, 10, 11, 12], it seemed
unlikely that the outcomes obtained with female judo athletes [3]
would be replicated in male judo athletes. To the authors’ knowl-
edge, no studies have investigated the physiological responses and
perceived exertion in male judo combat when altering area size and
varying the training mode.

Therefore, the aim of this study was to examine the effect of al-
tering area sizes (A mx4 m, 6 mx 6 mand 8 mx 8 m) and train-
ing mode variation (groundwork, standing combat and free randori)
on physiological (i.e., [La] and HR responses) and RPE responses
in male judo athletes. It was hypothesized that physiological and
perceptive responses would be higher in 4 m x4 m compared to
other area sizes [3], while lower responses would be attributed to
groundwork in comparison to standing combat due to its high ener-
getic demand (most of the throwing techniques used are with the
maximum physical lever) [13]. When considering both area size and
training mode, the main hypothesis was that 4 m x 4 m in standing
combat would induce the largest responses.

MATERIALS AND METHOD'S 1
Participants

A priori power analysis was calculated using the G*Power software
(Version 3.1.9.4, University of Kiel, Kiel, Germany) using the F test
family (ANOVA: repeated measures, within-between interaction).
The analysis revealed that a total sample size of 12 subjects would
be sufficient to find significant differences (effect size f = 0.25,
a = 0.05) with an actual power of 83.16%. Eighteen male judo
athletes volunteered to participate in this study (mean = SD, age:
22.6 = 1.8 years; height: 174.6 = 2.6 cm; body mass: 73.3 = 4.4 kg;
and judo experience: 9.8 = 1.5 years). All athletes were grouped
according to their weight divisions [lightweight (-73 kg) and half-mid-
dleweight (-81 kg) categories] and had participated regularly in judo
tournaments for more than 2 years. They were also undertaking
a similar training regime (3-5 times a week, 2 hours per session).
The athletes did not present any medical restrictions during the ex-
perimental period and refrained from any strenuous exercises 48 hours
before each experimental session. This study was conducted accord-
ing to the Declaration of Helsinki for human experimentation and

o4 .
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approved by a local research ethics committee. Written informed
consent was obtained after a detailed explanation about the aims
and risks involved in the investigation.

PROCED U RS 500000
Study design

Based on variation inareasize (A mx4m,6mx6mand8mx8m)
and training mode (groundwork, standing combat and free randori),
9 experimental conditions were randomly performed during a maxi-
mum period of 30 days with recovery duration of at least 48 h (but
not more than 72 h) between 2 successive sessions [3]. Before each
condition, the athletes were assigned to a standardized warm-up
session (i.e., 15 minutes of jogging and dynamic stretching). The
baseline measures were determined after 3 minutes of passive rest.
The sessions were always conducted at the same time of the day
(10 am to 12 pm) and took place at the training centre with daily
controlled temperature (~20°C). All athletes competed against each
other, were exposed to the same match duration and were instruct-
ed to continue the combat even when an ippon was scored [3]. The
experimental protocol was directed by 2 investigators ensuring the
athletes’ safety. One week before the beginning of the investigation,
the judo athletes were familiarized with the tests and the randori
sessions order. They accomplished the 20 multistage shuttle run
test [14] to determine their maximal HR (HR,,5,).

Study measures

Blood samples were taken 10 min before and immediately after each
condition from the fingertip, after which [La]l was measured using
the Lactate Pro2 Analyzer (Arkray, Tokyo, Japan). Blood lactate con-
centration at pre- and post-conditions was determined and delta
lactate (A) was calculated for the main analyses. Heart rate was
measured continuously with a 5-second interval using a telemetric
system (Polar Team2 Pro System, Polar Electro QY, Kempele, Finland).
A transmitter belt worn by each judo athlete communicated via Blue-
tooth to sideline software for display of multiple players’ HR. The
Polar Pro sensor was handed out to all judo athletes before the start
and was then collected at the end of the experimental conditions.
After the completion of each condition, data were uploaded, and HR
was analysed through Polar Flow (Polar Electro Oy, Kempele, Finland).
For each data collection, the athletes wore the same transmitter belt
to prevent recording differences. HRpre, mean (HRmean) and peak
(HRpeak) values were used for the analysis. After being familiarized
with the scale, athletes reported their RPE scores using a CR-10
scale [15] 30 min after each combat session.

Statistical analysis

The statistical analysis was performed using SPSS 20.0 statistical
software (SPSS Inc, Chicago, IL, USA). Univariate normality was
checked and confirmed using the Kolmogorov-Smirnov test. Data were
analysed using a two-way analysis of variance (area size [4 m X 4 m,
6 mx6 m, and 8 mx 8 m], training mode [groundwork, standing
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combat and free randori]) with repeated measurements to compare
HRmin, HRmean, HRpeak, %HR,,, delta lactate and RPE. The sphe-
ricity was tested and confirmed using the Mauchly test. The Bonfer-
roni test was used as a post-hoc procedure. Standardized effect size
(Cohen’s d) analysis was used to interpret the magnitude of differ-
ences between variables and classified according to Hop-
kins [16]: < 0.20 (trivial); 0.20-0.60 (small); 0.60-1.20 (moderate);
1.20-2.0 (large); 2.0-4.0 (very large); and > 4.0 (extremely large).
Moreover, upper and lower 95% confidence intervals of the difference
(95% Clds) were calculated for corresponding variation. The statisti-
cal significance level was set at p < 0.05.

RE S U LT S /5000000
The mean value of HR,,, recorded during the multistage 20-m
shuttle run test was 199 =+ 4 beats-min~*. Figure 2 presents heart
rate, delta lactate concentration [Lal and session rating of perceived
exertion (RPE) responses to different experimental conditions result-
ing from the interaction between area size and training mode.

For HRmin values, there was no area size, no training mean and
no interaction effects (p > 0.05).

For HRmean, HRpeak and %HR,,. there was an area size effect
(Fp,153 = 29.769, F;153 = 9.747 and F, 153 = 31.050, respective-
ly; all p < 0.001), with 4 m x4 m resulting in lower values than
6mx6 mand 8 mx8 m (HRmean: 95%Cld= -15;-7 and -12;-
4; d=-1.24 and -0.81 (large and moderate); HRpeak: 95%Cld=
-6;-1 and -6;-1; d=-0.46 and -0.48 (moderate for both compari-
sons); %HRmax : 95%Cld= -7;-4 and -6;-2; d=-1.28 and -0.81
(large and moderate); all p<0.001).. Moreover, a training mode main
effect was detected for the same HR parameters (F, 155 = 34.048,
F,153 = 118.058 and F,, 153 = 35.597, respectively; all p < 0.001),
with groundwork eliciting lower values in comparison to free rando-
ri and standing combat (HRmean: 95%Cld= -15;-8 and -12;-5;
d=-1.42 and -0.87 (large and moderate); HRpeak: 95%Cld= -16;-
11 and -16;-11; d=-2.31 and -2,23 (very large for both compari-
sons); %HRmax: 95%Cld= -8;-4 and -6;-3; d=-0.87 and -1.5
(moderate and large); all p<0.001). For delta lactate, there was an
area size effect (F, 153 = 31.050; p < 0.001), with 4 m x 4 m pro-
ducing lower values than 6 mx6 m and 8 x 8 m ((95%Cld= -2;-
0.13 and -3;-2; d=-0.47 and -1.44 (moderate and large); p=0.29
and p<0.001, respectively) and 6 m x 6 m resulting in lower
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FIG. 1. Area size and training mode main effects on heart rate, delta lactate concentration [La] and session rating of perceived exertion
responses during different experimental conditions. * different at p < 0.05: Delta lactate was higher in standing combat compared
to groundwork; Session RPE was higher in 8 m x 8 m in comparison to 4 m x 4 m. ** different at p < 0.01: Session RPE was lower
in standing combat compared to free randori. *** different at p < 0.001: HRmean, HRpeak and %HR . were lower in 4 m X 4 m compared
to 6 mx 6 mand 8 mx 8 m; HRmean, HRpeak, %HR,,, and session RPE were lower in groundwork compared to standing combat
and free randori; session RPE was higher in 6 m x 6 m compared to 4 m X 4 m; delta lactate was higher in 8 m X 8 m in comparison
to 4 mx4 mand 6 mx 6 m; delta lactate was higher in free randori compared to groundwork. a.u. arbitrary unit; RPE: rating of
perceived exertion; HRpeak: peak heart rate; HRmean: mean heart rate; %HR,,,: percentage of maximum heart rate.
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values than 8 mx 8 m (95%Cld= -2;-1; d=-1.01 (moderate);
p<0.001). Moreover, a training mode main effect was detected
(F2,153 = 35.597; p < 0.001), with groundwork resulting in lower
values in comparison to free randori and standing combat (95%Cld=
-2;-1 and -2;0; d=-0.83 and -0.4 (moderate and small); p<0.001
and =0.015, respectively). Finally, for session-RPE there was an
area size effect (F, 153 = 9.574; p < 0.001), with 4 m x4 m re-
sulting in lower values than 6 mx 6 m and 8 m x 8 m (95%Cld=
-1;-0.16 and -1;-0.13; d=-0.51 and -0.37 (small for both compar-
isons ); p<0.001 and p=0.014, respectively). Moreover, a training
mode main effect was detected (F; 53 = 119.034; p < 0.001),
with groundwork resulting in lower values in comparison to free ran-
dori and standing combat (95%Cld=-2;-2 and -2;-1; d=-3.08 and
-2.29 (very large for both comparisons); p<0.001, for both

Nizar Houcine et al.

comparisons) and standing combat resulting in lower values com-
pared to free randori (95%Cld=-1;-0.16; d=-0.63 (moderate);
p=0.001) (Figure 1).

When considering both area size and training mode, an interac-
tion effect was found in HRmean (F, 153 = 34.048; p = 0.001), with
groundwork in 4 m x4 m eliciting lower values in comparison to
6mx6m(95%Cld = -16; -3; d = -1.45, large; p = 0.001) and
lower values during the standing combat in 4 m x4 m compared to
6mx6mand 8 mx8 m (95%Cld = -26; -13 and -20; -7;
d =-3.12 and -1.74, very large and large; p < 0.001, for all com-
parisons), and higher values in the standing combat in 6 m X 6 m com-
paredto 8 mx 8 m (95%Cld = 0;13;d = 0.79, moderate; p = 0.045).
For HRpeak, there was an interaction effect (F, ;53 = 5.493;
p < 0.001), with free combat in 8 m x 8 m generating higher values
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FIG. 2. Heart rate, delta lactate concentration [La] and session rating of perceived exertion (RPE) responses during different experimental
conditions resulting from the interaction between area size and training mode. * different at p < 0.05: HRmean was lower during
standing combat in 8 m X 8 m compared to 6 m X 6 m; HRpeak was lower during free combat in 4 m x4 m compared to 8 m X 8 m;
%HR .« Was lower during standing combat in 8 m x 8 m compared to 6 m x 6 m; Session RPE was lower during free combat in
4 m x4 mcompared to 6 m x 6 m. ** different at p < 0.01: HRmean and %HR,,,, were lower during groundwork in 4 m X 4 m compared
to 6 mx6 mand 8 mx8 m. *** different at p < 0.001 HRmean, HRpeak, %HR,, and session RPE were lower during standing
combat in 4 mx 4 m compared to 6 mx 6 m and 8 mx 8 m. a.u. arbitrary unit; RPE: rating of perceived exertion; HRpeak: peak
heart rate; HRmean: mean heart rate; %HR,,.: percentage of maximum heart rate.
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in comparison to 4 mx4 m (95%Cld =1;8; d=0.86, moderate;
p = 0.03) and lower values during the standing combat in
4 mx4 mcomparedto 6 mx6 mand 8 mx 8 m (95%Cld = -14;
-5and-13;-4;d=-2.11and-1.77, very large and large; p < 0.001,
for all comparisons). Additionally, for %HR,, an interaction effect
was detected (F; 155 = 5.049; p = 0.001), with higher values in
6 m X 6 m area size during groundwork compared to 4 mx4 m in
the same condition (95%Cld = 2;8; d=1.47, large; p = 0.001),
lower values during the standing combat in 4 m x 4 m in comparison
to6 mx6 mand 8 mx8m in the same condition (95%Cld = -13;
-7and-10;-4;d =-2.96 and -1.53, very large and large; p < 0.001,
for all comparisons), and higher values in the standing combat in
6 mXx6 m compared to 8 mx 8 m in the same condition
(95%Cld = 1;6; d = 0.79, moderate; p = 0.041). Finally, an inter-
action effect was revealed for session RPE (F, 153 = 4.047; p = 0.004),
with free randori in 4 m X 4 m producing lower values in comparison
to 6 m X 6 min the same condition (95%Cld = -1;-0.13;d = -0.99,
moderate; p = 0.012), lower values during the standing combat in
4 m x4 mcompared to 6 mx 6 mand 8 mx 8 m in the same con-
dition (95%Cld = -2; -1 and -2; -0.49; d = -1.65 and -1.42, large
for both comparisons; p < 0.001, for both comparisons).

DISCU'S'S 1O /N 15
The present study showed that 4 m x 4 m induced lower HR mean,
HR peak, %HR,.,, delta lactate and session-RPE values in com-
parison to 6 mx 6 m and 8 m x 8 m areas as well as lower values
in groundwork in comparison to standing combat and free randori.
Higher RPE scores were recorded in free randori compared to stand-
ing combat and lower delta lactate values in 6 m x 6 m compared
to8 mx8m.

Regarding the interaction between area size and training mode,
the 4 m x 4 m in groundwork condition elicited lower HR mean and
9%oHR .« Values in comparison to the 6 m X 6 m in the same condi-
tion. As it was reported that male judo athletes used more immobili-
zation, arm-locks, and choke techniques [171], the transition between
these different ne-waza techniques needs larger spaces to apply than
the 4 m x4 m area, which can interrupt the transition’s continuity.
However, specific time-motion analysis studies need to be conducted
comparing these area sizes to check whether this explanation can be
confirmed. Additionally, in the present study, lower HRmean and
%HR, .« Values were recorded in the 4 m x4 m area size compared
to 6 mx 6 mand 8 m x 8 min the standing combat. This result sug-
gests that performing standing techniques in 4 m x4 mis an irrele-
vant combination to stress the cardiovascular system compared to
larger areas such as 6 m x 6 m and 8 m x 8 m. This may be explained
by the fact that male judo athletes spend more time on performing
standing techniques with high frequency of sacrifice techniques [8].
Suitable execution of such techniques requires a large space; there-
fore, 6 mx6 m and 8 m x 8 m would be the ideal areas to execute
these techniques. Conversely, the 4 m x4 m area was not suitable
for these techniques as it limits the offensive attempts of judo athletes

via the execution of these techniques, which is confirmed by lower
HR values in this area size. Furthermore, a 6 mx 6 m area in the
standing condition elicited higher HR mean values (180 + 7 beats- min~*,
corresponding to 91% of HR,,;,) than in 8 mx 8 m with the same
training mode. This result was similar to what was previously report-
ed in other investigations [18, 19, 201, suggesting, therefore, that this
condition may stimulate as close as possible the competition’s phys-
iological demands. This result can be supported by the fact that stand-
ing combat in 6 m X 6 m may provide athletes opportunities to spend
more time in gripping disputes, to execute more attacks and use com-
plex combinations [21], resulting in higher physiological demands [22].
However, the 8 m x 8 m area size may result in additional wasted
time in displacement without contact [23], which may lower the phys-
iological responses. It is relevant to note that the highest HRpeak val-
ues were recorded in the 8 m x 8 m free randori condition compared
to 4 m x4 m. Recently, it was observed that male judo athletes pre-
fer to perform a variety of gripping [24], combined with arm tech-
nique [17] followed by groundwork attacks [24], that cannot be eas-
ily executed in reduced areas (i.e., 4 m x 4 m) but are well conducted
in larger ones, such as 8 mx 8 m. It has been suggested that arm
techniques result in increased cardiovascular responses compared to
leg and hip techniques [5]. The findings cited above may explain our
results regarding differences in HR peak responses between area siz-
es in free randori condition unless a technical analysis of these con-
ditions disproves it. Thus, to obtain cardiovascular responses that
mimic those observed during official judo combats (i.e., HR peak rang-
ing from 190 to 200 beats- min~! [20]), the free randori condition in
8 mx 8 m (HRpeak = 197 + 4 beats-min~!) can be the most ap-
propriate training combination. Likewise, HRpeak values recorded in
the present investigation are contradictory to those previously report-
ed by Ouergui et al. [3] in the 8 m x 8 m free randori executed by fe-
male judo athletes. These differences in physiological responses be-
tween sexes can be explained by a difference in the physical fitness
and the expertise level (i.e., elite versus non-elite) [22, 25, 26] be-
tween male and female judo athletes investigated in our study and by
Ouergui et al. [3].

Session RPE scores in the present study showed an interaction
between conditions, while no interaction for delta lactate was found.
The lowest scores recorded were in 4 m x4 m compared to
8 m x 8 m during standing combat condition. It is well known that
the gripping phase (i.e., holding the judogi) is one of the components
of standing techniques [27]. Also, senior male judo athletes tend to
hold the judogi for a long time [19, 28]. However, the grip duration
seems shorter in the smaller area as the match is interrupted when
the athletes leave the combat area, which is more likely to happen
in a smaller area (4 m x4 m) and may affect the judo athlete’s en-
gagement and their RPE scores. Therefore, this may explain our re-
sults such as lower session RPE scores in 4 m x 4 m during stand-
ing combat. In addition, 4 m x4 m in standing combat and free
randori training modes resulted in lower session RPE values com-
pared to when athletes performed in 6 m x 6 m area. This may be
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explained by the fact that the 4 m x4 m area can result in a lower
attack volume, while the larger area would be more appropriate to
perform attacks without interruption. Indeed, senior middleweight
male judo athletes’ (similar weight category in the present study) to-
tal combat time (233 + 78 s) was longer compared to other weight
categories, which may result in a higher attack volume [23].

It is known that judo attack phases are characterized by high-in-
tensity actions stimulating the glycolytic system [4, 29, 30, 31],
which may reflect the RPE scores obtained within the standing and
free combat conditions in 6 m x 6 m. To highlight that, HR outcomes
in the present study were higher in the 6 m x 6 m condition. There-
fore, this higher physiological strain may explain the RPE scores as
RPE and HR are correlated [32]. Additionally, this result may be ex-
plained by the fact that standing techniques need a larger area to be
performed, especially with expert level judo athletes [21], who use
a larger range of movements, such as incorporating more frequent-
ly throwing opponents forwards and backwards [33]. However, our
results are not in line with those reported by Ouergui et al. [3] in fe-
male judo combat, or with striking combat sports [34, 351, which
may be explained by the sex difference concerning physical fit-
ness [22] and technical actions involved [8, 33]. Furthermore, in
striking combat sports, the distance control is different from grap-
pling combat sports, with wider distance maintained throughout the
match interspersed by powerful actions (e.g., kicks, punches, elbow,
or knee attacks) [34, 35], whereas in grappling combat sports, the
opponents stay in close contact to execute the throwing tech-
niques [3]. Therefore, area and training mode affect these athletes
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differently. The lack of analysis of technical and tactical behaviours
for each condition performed is a limitation of the present study. This
analysis could provide relevant information to explain the changes
in physiological responses in the different experimental conditions.

CONCLU S| O /N S 15—
The study’s findings indicated that different training variables (i.e.,
area size of combat and type of combat) can be manipulated to dif-
ferentially stress the energetic systems among male judo athletes.
Namely, standing combat and free randori training modes are more
appropriate to induce higher glycolytic activation and the
6 mx 6 m standing combat condition is closer to mimicking the
physiological demands of the competition. In addition, the
4 m x 4 m groundwork condition could be involved in the transition
phase of periodization due its lower solicitation of the glycolytic sys-
tem, or for technical and tactical purposes, resulting in lower training
intensity. These outcomes would be useful for judo and fitness coach-
es when prescribing exercise regimes, although their long-term train-
ing effects need to be investigated.
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The optimal development of young athletes requires a sound under-
standing and awareness of child development [11. It is advised that
sport’s national governing bodies implement practical and effective
policies/procedures for assessing and monitoring growth and matu-
ration in young athletes, and educate coaches, sports scientists, and
medical practitioners on physical development in youth [1]. Indi-
vidual differences in maturity status and timing impact athletic per-
formance, athlete selection biases, training effects, and injury risk
in young athletes. Information pertaining to the growth and matura-
tion of young athletes can be used for several purposes. These include,
(i) differentiating between athletes who are early, on-time, or delayed
in maturation, (ii) more accurately evaluating physical fitness, ath-
letic performance and future potential, (iii) identifying when athletes
enter developmental stages where they may be at greater risk for

injury (i.e., adolescent growth spurt), (iv) grouping athletes by ma-
turity for training and/or competition (i.e., bio-banding), and/or (v) in-
forming the design, implementation and evaluation of training and
conditioning programmes [2, 3]. The effectiveness of these strategies
is, however, dependent upon the validity and reliability of the meth-
ods used to estimate growth and/or maturation.

The processes of growth and maturation are related yet distinct [4].
Growth refers to changes in body size, composition, and/or physique;
whereas maturation refers to the process of progress towards the adult
or mature state [4]. Common measures of growth include height and
weight, which can be assessed in terms of status (cm. or kg.) and/or
velocity (e.g., gains in cm. or kg., per annum). Maturation occurs,
and can be estimated, within multiple biological systems, including
skeletal, dental, endocrine, sexual, and somatic characteristics.
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Skeletal age (SA) is considered the most reliable and valid method for
estimating maturation status and can be estimated from birth to
late-adolescence [4]. Radiographs of the hand-wrist are generally used
to estimate SA with several methods (protocols) available, including
the Greulich-Pyle [5], Fels [6], and the Tanner-Whitehouse methods
(TW1, TW2 & TW3) [7-91.

SA derived from radiographs of the hand-wrist provide valid and
reliable estimates of biological maturation status in youth; however,
this index is not without limitations [10]. Radiographs are expen-
sive, time intensive, and require specialists trained in the use and
interpretation of skeletal hand-wrist x-rays. Assessments of SA via
x-ray also involves exposure to small radiation doses [11]. Although
the dose presents minimal risk, decisions to request radiographs
must provide evidence that the benefits of performing the procedure
outweigh the potential health risks to the athlete. Consequently, the
use of skeletal hand x-rays to estimate maturation status in young
athletes is increasingly limited to cases where there are medical con-
cerns regarding the growth/health/injury status of the child or when
his/her chronological age is unknown.

Advances in digital imaging technologies and machine learning
have led to the development of imaging software, such as BoneX-
pert, that automatically estimates SA from digitalised skeletal
hand-wrist radiographs [12]. BoneXpert uses a three-layer imaging
process to (i) reconstruct and validate the bone borders and archi-
tecture (ii) determine and validate SA, and (iii) average and adjust
SA to the Greulich-Pyle method and/or transform these values to the
TW3 or Fels stages and estimates of SA. BoneXpert provides a stan-
dardised, cost effective, and less time-intensive alternative for esti-
mating SA, yet still requires the procurement of the hand-wrist x-ray.

Ultrasound has been proposed as an alternative, automatic, and
non-invasive method for estimating SA in youth [13]. Ultrasound
methods estimate SA by deducing the velocity at which sound waves
pass through specific bones sites, generally the distal radius and/or
ulna epiphysis [13]. As ultrasound does not involve ionizing radiation,
it presents no risk to the child and can be used more frequently. Strong
correlations have been reported between estimates of SA derived from
sonography and skeletal hand-wrist x-rays using the Greulich-Pyle
method [13, 14]. These studies have, however, included broad age
ranges from early childhood to late adolescence [13, 14]. Associa-
tions between estimates of biological maturation are inflated when
considering children across broad age ranges and the capacity of so-
nographic methods to differentiate between children of varying ma-
turity status within narrower age bands remains unclear. Existing so-
nographic methods have also been criticised for relying upon single
sites of assessment and over- and under-estimating SA in late and
early maturing youth, respectively [15].

A particular limitation of existing sonographic methods for estimat-
ing SA is the reliance upon single or limited numbers of bone sites
(i.e., radius and/or ulna). The epiphyses of the radius and ulna are
ideal sites as they are present from early childhood and represent two
of the last bones in the hand-wrist to attain full maturity [4, 10].
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Nevertheless, there is substantial variance in the rates and ages at
which the radius and ulna achieve maturity [11], introducing the po-
tential for significant error and limiting their suitability as exclusive
sites for estimating SA. The validity and reliability of sonographic meth-
ods could be improved by increasing the number of sites within the
assessment procedure. Emerging evidence suggests that sonograph-
ic techniques (BAUSport) that utilise multiple assessment sites (e.g.,
radius, ulna, carpals, phalanges) may provide more reliable and val-
id estimates of SA [16]. Further research examining the validity and
reliability of these new methods is, however, warranted.

Considering the preceding discussion, the purpose of this inves-
tigation was to examine the validity of two automatic methods for
estimating SA in a combination of male and female athletes. Specif-
ically, estimates of SA and SA-CA derived from invasive (BoneXpert)
and non-invasive (BAUSport) automatic methods for estimating SA
were compared against estimates of SA derived from the Fels proto-
col. The capacity of both automatic methods to correctly identify par-
ticipants as early, on-time and late maturing relative to the Fels pro-
tocol was also investigated. Bland Altman analyses were also
performed to examine the degrees of agreement between the esti-
mates of SA provided by the automatic methods and the Fels proto-
col. The Fels method was selected as the reference standard, as it
uses a comprehensive and diverse set of criteria for estimating SA
and includes an accompanying standard error [171].

MATERIALS AND METHOD 'S 15—
Participants

The sample include 85 male and (n = 13) female soccer, volleyball,
handball, and basketball players registered with a multisport academy
in Catalonia, Spain. Participants were aged between 9 and 17 years
(M = 13.0 years, SD = 1.6 years). A post-hoc power analysis for
correlational analyses (G*Power version 3.1.9.6) [18] based upon
current sample size, the lowest value for designating a large effect
(r = 0.5), and a minimum probability value of .05, indicated sufficient
statistical power (= .99). As all protocols for estimating skeletal age
were sex specific, male and female participants were combined for
all analyses. Further, there was not adequate statistical power to con-
duct the analyses for the female participants alone.

Ethical procedures

Data collection was approved by Clinical Research Ethics Committee
of the Sports Administration of Catalonia. Participants and their par-
ents and/or guardians were informed of the nature and purpose of
the study in advance of data collection before providing both written
consent and assent for participation. Ethical approval for the analy-
sis of anonymised data was approved by the Research Ethics Ap-
proval Committee for Health at the lead author’s host institution.

Measures
The data collection was conducted over a 10-month period. Matu-
rity status assessments were conducted following standardised
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procedures for skeletal hand-wrist x-rays and use of the BAUSport
system. All participant assessments were conducted on a single day
by the Academy’s Medical Service Department as part of the an-
nual medical and health screening programme for registered athletes.

Skeletal Age: Radiographs

Dorso-palmar radiographs of the left hand-wrist were procured to
estimate skeletal age (SA) using the Fels method [6]. The x-ray ex-
aminations were performed using standardised procedures by two
medical doctors, each with over 15 years’ experience in Paediatric
Sports Medicine. Digital images (DICOM files) were then generated
from each radiograph to estimate SA using the BoneXpert 3.0 imag-
ing software [19]. The BoneXpert software provide estimates of SA
in accordance with the Fels. Greulich-Pyle, and TW3 protocols. One
participant’s DICOM image was unable to be processed by BoneXpert.
Accordingly, this participant was excluded from all analyses pertain-
ing that required estimates of SA derived from BoneXpert. Participants
presenting an SA equal or greater to, or equal lesser than, one year
of their chronological age were categorised as early or late maturing,
respectively. Participants with a SA falling within +- 1 years of their
chronological age were categorised as ‘on time'.

SA was estimated independently by a single Academy medical
doctor specialising in paediatric sports medicine who was trained in
the use of the Fels protocol and associated software (Felshw.com)
as part of his professional and medical training. A subsample of 20 of
radiographs were also assessed by the lead author. Both assessors
were blinded to one another’s SA estimates and the estimates de-
rived from the BAUSport and BoneXpert systems. The intra-class
correlation (ICCs) between the independent investigators’ estimates
of SA using the Fels protocol was positive, strong, and statistically
significant (r = .99, p < .001). The absolute (A.TEM) and relative
technical errors of measurement (R.TEM) between the independent
assessors estimates of SA using the Fels protocol across the subsam-
ple was .42 years and 3.2 percent, respectively, with the lead au-
thor reporting a slightly lower mean estimate for SA (-0.23 years).

Skeletal Age: Ultrasound

The BAUSport instrument system with accompanying software, pro-
duced by SonicBone Medical Ltd., Rishon LeZion, Israel, was used
to estimate SA based upon ultrasound assessment of three skeletal
locations on the left hand-wrist. Assessments were conducted by
three medical professionals in the academy’s Medical Services De-
partment who were trained in the use of the BAUSport system. These
sites include the distal radius and ulna’s secondary ossification cen-
tres on the epiphysis at the hand-wrist: the growth plate of metacar-
pal lll and the shaft of the adjacent proximal phalange, and the
distal metacarpal epiphysis. Information, based upon the speed at
which high frequency waves of an ultrasound pulse propagate through
bone and distance attenuation factors (i.e., decay rate), is fed into
an integrated algorithm using the scoring method designed by Tanner
and Whitehouse (TW2 method). The algorithm then provides the

estimate of SA and future adult stature. The time durations for the
scans at each of the various sites was 12 seconds for the radius and
ulna, and four seconds for the proximal phalange and distal meta-
carpal. Total time for completing the assessment is approximately
five-to-ten minutes per participant. The BAUSport system has previ-
ously demonstrated high levels of repeatability and validity in young
athletes and the general population [16, 20-22].

Statistical Analyses

A series of statistical analyses were conducted to the investigate the
degree to which the automatic estimates of SA agreed with the refer-
ence standard (Fels), including ICCs to examine associations between
the estimates of SA and SA-CA; A.TEM and R.TEM to determine the
magnitude of the differences between the automatic estimates of SA
with the reference standard; Bland-Altman plots to examine the de-
gree to which the automatic methods estimates of SA agreed with
the estimates provided by the reference method; one-sample mean
T-tests to identify the presence of fixed effect biases between auto-
matic estimates of SA and the Fels standard; and cross tabulation
analyses using Cohen’s Kappa coefficient to determine the agreement
amongst the methods in classifying participants as early, on-time,
and late maturing.

Outliers

Prior to the main analyses, the data were investigated for outliers.
Outliers represent data points that differ significantly from other ob-
servations and may occur due to chance or experimental error. A strat-
egy whereby any participant presenting an estimate of SA that differed
by more than three years from at least two of the four SA estimates
derived from other methods, was used to identify, and remove outli-
ers. One skeletal year approximates one standard deviation in skel-
etal age among youth of the same age. Two male participants, ap-
proximating two percent of the original sample, were removed based
upon SA estimates derived from the BAUSport (n = 1) and BoneXpert
(n = 1) protocols and the exclusion criteria.

RIES U LTS 15000
Descriptive analyses

Descriptive statistics for age, SA and the discrepancy between skel-
etal and chronological age (SA-CA) are presented for the total sample
and by sex in Table 1. For all the automatic estimates of SA, except
the BAUSport system, the reference method (Fels Practitioner) pro-
duced a higher mean value. Of note, all the mean values for SA in
the male participants were higher than the equivalent value for
chronological age; whereas the mean values for SA in the female
participants approximated, or fell below, the mean value for chrono-
logical age.

Intra-class correlations
ICCs (one-tailed) using mixed effects and absolute agreement were
performed to examine the magnitude and direction of the associations
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TABLE 1. Descriptive statistics for chronological age and estimated skeletal age (SA) across methods by sex and for the total sample.

Males (n = 70, ?69)

Females (n = 13)

Total (N = 83, ©82)

M (SD) M (SD) M (SD)
Chronological age 13.3 (1.5) 11.5(1.3) 13.0 (1.6)
SA FELS Practitioner 14.3 (2.3) 11.2 (1.6) 13.8 (2.4)
SA BAUSport 14.5 (2.4) 11.6 (1.8) 14.0 (2.5)
SA FELS BoneXpert 14.0 (2.3)? 11.0 (1.5) 13.5 (2.4)°
SA GP BoneXpert 13.8 (2.3)? 10.7 (1.5) 13.3 (2.5)°
SA TW3 BoneXpert 13.4 (2.2) 10.3 (1.4) 12.9 (2.4)°

TABLE 2. Comparison of methods for estimating skeletal age against the Fels method in male and female adolescent athletes aged

11 to 17 years.

ICC SA ICC SA-CA A.TEM Years R.TEM Kappa
BAUSport .98° 93¢ 49 3.49% 71°
BoneXpert GP .98° .95°¢ A5 3.38% .54°
BoneXpert TW3 .96° .88° .67 5.07% .35°
BoneXpert Fels .99°¢ .97°¢ .35 2.60% .63°¢

Note: SA = skeletal age, CA = Chronological Age, ICC = Intraclass correlation, A.-TEM = Absolute Technical Error of Measurement,
= p < .001.

R.TEM = Relative Technical Error of Measurement, °

p<.01,¢

TABLE 3. Bland Altman analyses comparing methods for estimating skeletal age against the Fels method (FELSpgact-Comparison
Method) in male and female adolescent athletes aged 11 to 17 years.

Est. Bias (SD) ULOA (95%) LLOA (95%) LOA Range r
BAUSport -.23 (.65) 1.05 -1.50 2.55 -21
BoneXpert GP A4 (.46) 1.35 -.46 1.81 -12
BoneXpert TW3 .82 (.47) 1.74 -.09 1.83 .07
BoneXpert Fels .22 (.45) 1.10 -.66 1.76 -.07
Note: ULOA = Upper Level of Agreement; LLOA = Lower Level of Agreement.
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FIG. 2. Intraclass correlations and scatterplots for estimates of
skeletal age and the discrepancy between skeletal and chronological
age (SA-CA) as estimated by the BAUSport systems and Fels
protocol.

FIG. 1. Intraclass correlations and scatterplots for estimates of
skeletal age derived from the BAUSport system and Fels protocol.
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FIG. 3. Bland-Atiman plot illustrating the degree of agreement
between estimates of skeletal age (SA) derived from the Fels and
BAUSport protocols.

between the automatic estimates of SA and the reference method
(Table 2). One-tailed analyses were selected on the basis that esti-
mates of SA and SA-CA are expected to correlate positively across
protocols. A separate series of equivalent analyses were conducted
for the discrepancies between SA and chronological age (SA-CA)
(Table 2). All estimates of SA and the SA-CA were positively and
significantly correlated with the reference method. The correlations
for SA were strong in magnitude ranging from .96 (BoneXpert TW3)
to .99 (BoneXpert Fels). The correlations for SA-CA were also statis-
tically significant and strong in magnitude yet presented a greater
range of variation (BoneXpert TW3 r = .88; BoneXpert Fels r = .97).
Accompanying scatterplots for the correlations between the non-in-
vasive automatic method (BAUSport System) and the Fels method
are presented in Figures 1 and 2 for SA and SA-CA, respectively.

A.TEMs and R.TEMs were calculated for all estimates of SA, rel-
ative to the reference standard, and are presented in Table 2. The
A.TEM. values ranged from .35 (BoneXpert Fels) to .67 (BoneXpert
TW3) years. The R.TEM. values ranged from 2.60% (BoneXpert Fels)
to 5.07% (BoneXpert TW3).

Cross tabulation analyses using percentage of agreement values
and Cohen's Kappa coefficients examined the degree of concordance
between the automatic estimates of SA and the Fels reference proto-
col in classifying participants as early, on-time, and late maturing. All
methods presented Kappa coefficient values that were statically sig-
nificant, thereby indicating agreement between the automatic meth-
ods and the reference method (Table 2). The concordance value was
highest for the BAUSport system, which presented a good level of
agreement (Kappa = .71); and lowest for the BoneXpert TW3 meth-
od which demonstrated moderate agreement (Kappa = .35).

Bland-Altman analyses with accompanying linear regression anal-
yses were conducted for each of the automatic estimates of SA and

the reference standard. Mean differences (estimated bias) between
the estimates of SA and the 95% upper and lower levels of agreement
were calculated for each plot (Table 3). A regression line (two-way)
was fitted to the scatter plots to identify systematic or proportional bi-
ases (Table 3). The estimated mean differences between the automat-
ic estimates of SA and the reference method were all statistically sig-
nificant (one sample means t-tests), indicating the presence of fixed
biases. The estimated biases range from -.23 (BAUSport) to .82 (Bon-
eXpert TW3). The range between the 95% upper and lower levels of
agreement resulting from the Bland-Altman analyses varied across
methods from 1.76 years (BoneXpert Fels) to 2.55 years (BAUSport).
None of the methods (presented statically significant associations be-
tween the mean estimate of SA and degree of agreement between the
estimates of SA. The Bland-Altman plot for the BAUSport estimate of
SA and the Fels reference standard is presented in Figure 3.

DISCUS'S 1O /N 155
This study investigated the validity of two automatic methods for
estimating skeletal age in athletes aged 9 to 17 years. The ICCs in-
dicated a series of strong and positive associations between the au-
tomatic estimates of SA and the Fels reference method. These findings
are consistent with previous research using the BAUSport and Bon-
eXpert systems [16]. Highly positive ICCs are desirable when compar-
ing estimates of SA in validation studies and suggest a high degree
of association between the estimates. They do not, however, reflect
the extent to which the estimates of SA agree and/are equivalent to
one another. Two methods can be strongly correlated yet produce
markedly different estimates of SA. The TW3 method, for example,
correlates strongly with other estimates of SA, yet produces lower
estimates of SA [11]; as occurred in the current study. Equally, the
broad age range of the current sample (9 to 17 years) likely inflated
the magnitude of the observed correlations between the estimates of
SA. That is, correlations among estimates of SA tend to be smaller
when considered in restricted age samples [23]. Thus, these results,
although promising, should be interpreted with caution.

The ICCs for the SA-CA discrepancy provided a more rigorous test
of validity, as age-associated variance in maturation was controlled for.
All the automatic estimates of SA-CA demonstrated positive and sta-
tistically significant associations with the reference method. The mag-
nitude of the correlations was strong, varying from .88 (BoneXpert
TW3) t0.97 (BoneXpert Fels), suggesting that the automatic methods
can provide valid estimates of SA-CA discrepancies. This observation
is promising as the capacity of sonographic methods to effectively dif-
ferentiate between children of similar ages, yet varying maturity sta-
tus, has been questioned [15]. The more fixed geometrical position in
which the hand-wrist is positioned when using the BAUSport system
and greater number of assessment sites may afford greater validity and
reliability when estimating SA via ultrasound.

For the BoneXpert software, the A.TEM and R.TEM values varied
from -.35 to -.67 years and 2.60 to 5.07%, respectively, with all
three protocols underestimating SA relative to the reference. The A. TEM
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and R.TEM values were greatest for the BoneXpert TW3 method,
which is consistent with previous research [10]. The A.TEM and
R.TEM for SA derived via the BAUSport system were comparable to,
and fell between, the equivalent values for the BoneXpert estimates.
The A.TEM and R.TEM values that are considered acceptable in an-
thropometry vary relative to the skill of the practitioner, complexity
of the assessment, and opportunity for error [24]. Whereas an in-
ter-investigator Relative TEMs of below 7.55% are considered ac-
ceptable for less precise measures, such as skinfolds, values below
1.5% are considered acceptable for more precise measures (e.g.,
height, weight) [24]. As the methods for estimating SA employ sep-
arate protocols, one might posit a R.TEM of below 5% to be accept-
able in comparing levels of agreement between methods [24]. Ap-
plying this criterion, all methods, except for the BoneXpert TW3
protocol, presented R.TEM. values that would be considered
acceptable.

The automatic methods for estimating SA all demonstrated statis-
tically significant degrees of agreement with the reference methods in
categorizing participants as early, on-time, and late maturing. The
non-invasive BAUSport system demonstrated the highest degree of
concordance, achieving a good level of agreement, strong enough to
be considered clinically significant. The degree of concordance be-
tween the BoneXpert and Fels methods varied across protocols, rang-
ing from to moderate (TW3) to good (Fels). Accordingly, both the
BAUSport and BoneXpert systems appear to be appropriate methods
for identifying youth as early, on time and late maturing.

Although all of methods presented statistically significant fixed
biases when compared against the standard; only the BAUSport sys-
tem presented a negative bias, which is consistent with previous re-
search [16]. None of the methods identified a proportional bias with
the Fels refence standard, suggesting no systematic errors associat-
ed greater or lesser estimates of SA. The difference between the 95%
upper and lower levels of agreement varied across methods, rang-
ing from 1.76 years (BoneXpert Fels) to 2.55 years (BAUSport). The
latter finding is worthy of further consideration. Although the BAUS-
port system presented the smallest fixed bias and demonstrated the
highest level of agreement in categorising participants as early,
on-time, and late, it also produced the widest limits of agreement.
A closer inspection of the participants that presented the greatest
discrepancies between the BAUSport and Fels estimates of SA failed
to reveal any influence of participant age and/or maturity status.
A potential explanation for the wider levels of agreement is inconsis-
tent use of the BAUSport system. Variance in the positioning of the
hand or marking of anatomical sites when using the BAUSport sys-
tem may have contributed to greater discrepancies in the estimation
of SA across cases. More rigorous training on the use of the BAUS-
port system and its protocols may be important in terms of deter-
mining the degree of training required to optimally ensure method-
ological fidelity and reduce any extreme errors in estimation of SA.

Practical implications of the current study should be considered.
Collectively, the results support the use of the BoneXpert software
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and BAUSport system as automatic methods for estimating SA in
young athletes. The BAUSport system demonstrated the highest lev-
el of agreement with the reference method when classifying youth
as early, on-time and late maturing. BoneXpert performed best when
employing Fels protocol, however, the observation of positive fixed
biases across all three protocols indicated a tendency for all three
protocols to underestimate SA. Accordingly, estimates of SA derived
from the BoneXpert software should be interpreted with caution and
not treated as directly interchangeable with values derived from the
reference method.

As the BAUSport system does not require exposure to radiation
it provides a particular advantage when estimating maturation sta-
tus in youth; especially in contexts where regular screening and mon-
itoring of growth and maturation status may be advised (e.g., clini-
cal cases, youth sports). In terms of estimating SA and SA-CA the
BAUSport method performed as well as the BoneXpert software, al-
though it produced marginally higher estimates of SA than the ref-
erence method. Thus, SA estimates derived from the BAUSport sys-
tem cannot be considered as directly interchangeable with those
derived from the reference method. As with all methods, caution is
required when interpreting BAUSport estimate of SA at the individ-
ual level. The cost-effective, non-invasive, and time-efficient nature
of the BAUSport system increases the opportunities for researchers
and practitioners performing estimates of SA in countries where spe-
cialised equipment or personnel may not be readily available. Ideal-
ly all estimates of SA should be considered and interpreted in paral-
lel with other indices of growth and maturation status, such as height/
weight velocity, percentage of predicted adult stature, and/or chang-
es in physique, appearance, and/or secondary sex characteristics [10].
The Premier League's Growth and Maturity Screening Programme,
for example, considers multiple sources of information to assess the
growth and maturational status of registered academy players every
three-to-four months [25]. Combined with non-invasive estimates of
SA, such information could provide greater insight as to the physi-
cal development of young athletes, optimising their training, athlet-
ic development, health, and safety.

Limitations of the current investigation must be noted. First, the
results are limited to a small sample of Spanish academy athletes
aged 9 to 17 years, the majority of whom were male. It is difficulty
to generalise these findings across the sexes or other sports and fu-
ture studies with larger samples of male and female athletes are re-
quired. Male athletes are also more likely to present limited variance
in maturity due to inherent selection biases towards early maturers.
As maturity selection biases are less common in female sports, fe-
male samples may provide more rigorous and representative tests of
the validity and reliability of these methods. In contrast, clinical sam-
ples tend to demonstrate negative SA-CA discrepancies. The magni-
tude of the correlations between estimates of SA may also have been
artificially inflated relatively broad age range. That said, the strong
correlations remained strong for the SA-CA discrepancy, where age
associated variance in maturity was effectively controlled for.
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In conclusion, the current findings support the use of BAUSport as
an alternative, practical and non-invasive methods for the estimation
of SA in young athletes. In comparison to the established methods
for estimating SA in youth, the BAUSport and BoneXpert systems
both performed well and especially in relation to the categorization
of youth as early, on-time, and delayed in maturation.
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ABSTRACT: Boxing is a combat sport linked to muscle damage (e.g., soreness, rising creatine kinase [CK])
and energetic biomarkers (e.g., urea, glucose). These factors have not, however, been examined dynamically
in terms of day-to-day, lagged and reciprocal effects during normal training. This study investigated the dynamic
interplay between muscle damage and energetics in male boxers during a short training block. Thirteen amateur
boxers were monitored over 16 consecutive days during early-season training. The participants were assessed
each morning for plasma CK, urea, glucose, and creatinine (days 1 and 16 only) concentrations, before self-reporting
muscle soreness (1-10 scale). Within-person contemporaneous (lag-0) and temporal (lag-1) networks were
estimated using multilevel vector autoregression. Muscle soreness, CK, urea, and glucose presented different
trajectories with training, but with some heterogeneity reflecting within-person variances (47% to 78%). The
contemporaneous network yielded a significant positive edge (or correlation) between CKand soreness (r = 0.44),
along with negative CK-glucose and glucose-urea edges. More significant edges emerged in the temporal
network, with soreness linked to CK (r = 0.19), glucose (r = -0.28) and urea (r = 0.22), whilst the CK-glucose
edge sign switched. In summary, daily fluctuations in muscle damage and energetic activity, which presented
in a normal physiological range, were highly variable among boxers during early-season training. Within-person
networks indicated some interrelatedness between CK, soreness, urea, and glucose, although the nature and
presence of these relationships were contingent on temporal ordering. These inconsistences reflect the pleiotropy
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Boxing is a combat sport characterized by short duration, high-in-
tensity bursts of physical activity and impact [1, 2, 3]1. Physiologi-
cally, boxing matches and sparring are associated with high-energy
turnover, leading to activation of energetic biomarkers (e.g., glucose,
cortisol, lactate) and micro-injuries that provoke an inflammatory
response [2, 3, 4, B]. Many factors can influence these parameters
(at rest or after exercise) among boxers, like age and training sta-
tus [11, whether the activity is traumatic (i.e., real boxing) or simply
muscular work (i.e., shadow boxing) [6], dietary factors (e.g., protein
supplementation) [7], and any post-exercise recovery strategies
used [8]. Whilst this work is informative, little is known about the
training response of boxers [9, 10]. In particular, how these factors
interact on day-to-day basis, including lagged and reciprocal effects,
in an ecological training environment.

This research sought to disentangle the daily interplay between
muscle damage (i.e., muscle soreness, CK) and energetic activity
(i.e., urea, glucose) in male boxers during a short training block.
Measurements were collected over 16 consecutive days. We first

examined the group and individual trajectories over time, before si-
multaneously modeling the entire dataset using multivariate network
analyses. By taking a network approach, we view the muscle dam-
age-recovery process as a “dynamical system” in which the factors
described affect, and are affected by, each other on different time
scales. Within-person networks were emphasized to accommodate
individual-specific responses to exercise-induced muscle damage
(EIMD) [4, 11, 12]. As an exploratory study, no firm hypotheses
were generated.

MATERIALS AND METHOD S
Participants

Thirteen amateur male boxers were recruited for this study, with
a mean (= SD) age and body mass of 25.1 + 1.5 years and
67.1 +13.2 kg, respectively. The athletes were classified as elite
performers, who were competing at a national and/or international
level, with an average training experience of 11.1 = 1.5 years. The
participants did not report taking any drugs, doping agents or special
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supplements at the time of this study (or prior to), nor did they report
any injuries or medical problems that would affect the study results
or their ability to train. Ethical approval was obtained from the Insti-
tute of Sport — National Research Institute, Poland, with full adher-
ence to ethical standards in sport and exercise research [13]. For
example, each athlete received a full briefing on the study aims,
experimental procedures, and potential benefits, before providing
written and verbal informed consent. Participation was completely
voluntary, so they could leave the study at any time without prejudice.

Studly design

A longitudinal, observational study was undertaken involving the
daily assessment of male boxers for muscle damage and energetic
activity over 16 consecutive days. Data were collected across an
early-season training block, which represented the first training camp
in February (Polish winter months) following a 1-month detraining
period. All athletes were housed together where they completed the
same training regime, followed a similar sleep-wake schedule, and
consumed a similar diet via a set daily menu. Individual dietary intake
was not strictly monitored during this study, but we anticipated that
typical macronutrient needs for athletes (e.g., 50-60% carbohydrates,
10-20% protein, 20-30% fat) would be naturally adhered to. We
assumed high calorie intake by these athletes without energy restric-
tion, as required for preparatory training, and adequate hydration
throughout. The modality, intensity and format of training was the
same for all athletes during this preparatory period; see below for
more specific details.

Athlete training comprised of moderate- to high-intensity exercise
that included a combination of; (1) general physical conditioning (e.g.,
shuttle runs, push-ups, pull-ups, skipping) in both interval and con-
tinuous formats, (2) heavy bag work in interval format to simulate
a boxing contest (3-5 x 3-min rounds, 1-min recovery), (3) one-on-one
boxing drills involving pad work with a trainer, (4) full-contact spar-
ring (3 x 3-min rounds, 1-min recovery) with both participants wear-
ing gloves and head protection. The sparring workouts were preced-
ed by shadow boxing and some bag work, as a warm-up procedure.
The boxers completed 1-2 training sessions a day, each lasting
~1 hour, with exercise intensity gradually increasing (i.e., greater work
to recovery ratio) from day 1 up to day 16. Exercise intensity was
subjectively assessed by the coach and training staff using visual /
verbal cues of perceived effort, movement quality, and fatigue. The
study participants were scheduled to train on Monday to Saturday of
each week with Sundays free of any physical activity.

Assessments

Capillary blood samples (~200 uL) were collected from the earlobe
into heparinized tubes. The tubes were centrifuged and the plasma
portion was extracted into another tube for storage in a -80° C freez-
er. Each sample was tested for creatinine (in umol/L), CK (in U/L),
urea (in mmol/L), and glucose (in mmol/L) concentrations using
a biochemical analyzer (Biotecnica Instruments, Italy) and reagents
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supplied by the manufacturer. Note that plasma creatinine was as-
sessed on days 1 and 16 only. Capillary-based measurements of CK,
urea, and glucose [14, 15, 16] are reliable and also valid, compared
with venous blood collections, although the measured concentrations
are not always interchangeable between blood compartments.

General muscle soreness was assessed daily by self-report and
anchored on a 1 (= no pain) to 10 (= extremely painful) Likert
scale [12, 17]. These data were collected with a time-framed ques-
tion (i.e., how sore are your major muscle groups right now?), after
which the participant was shown a card with all possible ratings and
explanations. Body mass was measured to the nearest 0.1 kg on
days 1 and 16 using electronic scales (Seca, Germany), with sub-
jects wearing training shorts and a shirt, but without shoes.

Statistical analyses

Data were analyzed in the R programming environment [18]. First,
descriptive means and SDs were calculated for all variables, based
on averages of all within-person results. Intraclass correlation coef-
ficients (ICC) were also calculated for selected variables (i.e., soreness,
CK, urea, glucose) to extract the variance components. In other words,
is the observed variability due to within-person (e.g., CK changes
over time for all subjects) or between-person (e.g., CK differences
among subjects) sources. Next, a visual inspection of the variable
trajectories was conducted to identify group patterns and individual
differences from the group mean. To do this, we plotted the smoothed
means of the study population using a generalized additive model,
overlaying all individual data points.

Two within-person networks were estimated using multilevel vec-
tor autoregression (VAR) in the mIVAR package [19]. The first is
a temporal network reflecting within-person partial correlations of
the average person at lag-1 (1-day), and second is a contempora-
neous network reflecting within-person partial correlations of the av-
erage person at the same measurement occasion (lag-0). In network-
ing parlance, correlations between variables are termed edges and
variables are termed nodes [20]. Prior to analysis, checks for VAR
assumptions of stationarity, multivariate normality, and linearity were
performed. To meet these assumptions, the glucose data were re-
gressed onto time and the residuals saved as the new variable. The
study design ensured that the VAR assumption of equidistant inter-
vals was met. In line with recent studies using different dynami-
cal-system modeling approaches [21, 22, 23], all time-series data
were standardized within a person prior to network estimation. The
ensuing network edges were thresholded at p < 0.05. No edge ad-
justments were made for multiple comparisons, as we wanted to err
on the side of discovery.

RES U LTS 150
The descriptive and stability results are presented in Table 1. Athlete
ratings of muscle soreness, although stimulus and timing dependent,
are similar to other EIMD studies on untrained adults [12, 171 and
male boxers [7]. The concentration measures of plasma creatinine,
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FIG. 1. Time-series plots for the muscle damage and energetic variables in male boxers. The solid black line represents the smoothed
trajectory, with the shaded region indicating the 95% CI. The dotted lines represent the individual time series. Key: CK = creatine
kinase.
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CONTEMPORANEOUS NETWORKS TEMPORAL NETWORKS
A. Group dynamics B. Group dynamics

Sore
CK < Urea
Glucr

C. High CK responder (id 2) D. High CK responder (id 2)

E. Low CK responder (id 10)

FIG. 2. Within-person contemporaneous and temporal networks between the muscle damage and energetic variables in male boxers.
Blue edges represent positive correlations and red edges indicate negative correlations. The mIVAR software hides non-significant
edges in the group network, but cannot hide the same edges in subject networks. Key: CK = creatine kinase, Glucr = glucose
residuals, Sore = muscle soreness.
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TABLE 1. Descriptive and reliability statistics for the muscle damage and energetic variables in

male boxers across a short training

block.

Variables Mean SD ICC Sample range (min — max)
Soreness (1-10) 4.17 1.37 0.22 1-9
Creatinine (umol/L)* 84.7 3.64 na 54-118
CK (U/L) 650 297 0.52 88-2573
Urea (mmol/L) 6.72 0.82 0.53 4.1-10.0
Glucose (mmol/L) 4.59 0.28 0.25 4.0-5.6

Key: CK = creatine kinase. *Assessed on days 1 and 16 only.

CK, urea, and glucose all lie within a normal physiological range,
and overlap reported values in other boxing studies [1, 2, 4, 5, 6,
7,9, 10, 241]. All ICCs were small to moderate for muscle soreness
and the plasma biomarkers, varying between 0.22 and 0.53, which
means that 22% to 53% of the variances originated at the be-
tween-person level. Thus, the remaining variances (47% to 78%)
can be attributed to within-person sources.

Regarding the group response, muscle soreness rose immediate-
ly after study inception, peaking on days 4-5 before declining slow-
ly over the remaining days (Figure 1A). For plasma CK (Figure 1B),
we saw a more gradual concentration increase up to day 7, followed
by a slow decline over time. A relatively flat trajectory was observed
for plasma urea concentration (Figure 1C), whereas plasma glucose
activity (Figure 1D) was undulating over the 16-day period. Impor-
tantly, all variable measurements were characterized by large indi-
vidual variability. T-test analyses (day 1 vs. day 16) revealed a non-sig-
nificant decrease in body size (-0.4%, p = 0.118), but a significant
increase in creatinine concentration (3.8%, p = 0.040).

Three significant edges emerged in the within-person contempo-
raneous network (Figure 2A), between the soreness and CK (r = 0.44),
CK and glucose (r = -0.18), and glucose and urea nodes (r = -0.29).
More significant connections were identified in the within-person
temporal network (Figure 2B), with soreness exhibiting positive edg-
es with CK (r = 0.19) and urea (r = 0.22), and a negative edge with
glucose (r = -0.28). A positive urea and CK edge also emerged
(r = 0.28) and the negative CK-glucose edge in the contemporane-
ous network was now positive (r = 0.25). To establish whether indi-
viduals differed in system dynamics, we explored the corresponding
networks for boxers displaying the highest CK (id 2, Figure 2C and
Figure 2D) and lowest CK means (id 10, Figure 2E and Figure 2F).
For both participants, the contemporaneous and temporal networks
were largely similar to the group response and each other.

The mIVAR package [19] can disaggregate time-series data to
additionally estimate a between-person network, although the edg-
es between nodes are biased when N is low. Consequently, we have
not presented the between-person network in this study.

DISCU'S'S 1O /N 15
This study sought to disentangle the day-to-day dynamics between
muscle damage and energetics in male boxers within an ecological
training environment. As a group, the muscle soreness, CK, urea,
and glucose trajectories revealed different training patterns, but with
a large degree of heterogeneity that arguably reflects within-person
variances (from 47% up to 78%) from the mean. Within-person
network analyses revealed some interrelatedness between these out-
comes in the contemporaneous network, with more (but not always
consistent) edges emerging in the temporal network.

Across different sports and levels of eliteness, initial return to
structured training after the off-season period results in elevated con-
centrations of EIMD biomarkers [25]. The muscle soreness and CK
profiles of our boxing sample concur with this evidence, increasing
over the first few days of early-season training and remaining some-
what elevated thereafter. Among boxing populations, the induction
of EIMD is likely due to mechanical, metabolic, and oxidative stress-
ors arising from repeated and initially unaccustomed exercise, com-
bined with the physical trauma of full-contact sparring, heavy bag
work, and related boxing drills [4, 6, 9, 10]. Other potential moder-
ators of EIMD include training intensity [9], the number and locali-
ty of punches received when competing (or sparring) [5], dietary in-
take (e.g., soy protein) [7], and use of any post-sparring recovery
intervention [8]. We further demonstrated a positive within-person
edge between soreness and CK in both networks; a finding that sup-
ports evidence from untrained adults [11, 12, 17] and male box-
ers [7] that muscle soreness and CK concentration tend to rise and
fall in parallel or with a short lag.

Other results generated by the network models were contradicto-
ry. In the temporal network, greater muscle soreness correlated with
higher urea and lower glucose levels 1-day later, whereas the same
edges were absent based on time-matched (contemporaneous) com-
parisons. Daily fluctuations in urea and glucose concentrations were
also related in the latter, but not the former, network. Finally, a CK
and glucose edge emerged in both networks, but was differently ex-
pressed in the contemporaneous (negative) and temporal (positive)
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models. The pleiotropic role of energy biomarkers in muscle contrac-
tions, glycemic control, the inflammatory insult, and muscle recov-
ery, could explain this diversity. Hence, it is problematic to limit these
results to the silo of EIMD, especially when athletes are performing
multiple training sessions each day and week to achieve different
physiological responses. Rather, they should be interpreted from the
broader prism of training and recovery, with muscle damage as a sec-
ondary outcome. Adding to these difficulties, upstream signals like
pro-inflammatory cytokines (e.g., IFNy, TNF) and glucocorticoids
(e.g., cortisol) can affect glucose homeostasis [26, 271, and notwith-
standing the direct effect of dietary intake on energetic biomarkers
like glucose.

Our data indicate a high degree of individual variability in muscle
damage and energetics, as seen in boxers [4, 5, 9], rugby play-
ers [28, 29], and untrained adults [11, 12, 171. Physical impacts in
a sporting contest can affect CK release [28, 29] and thus, drive this
individuality, but sparring impacts from boxing were not measured.
Others have highlighted the role of genetic factors. As an example,
the highly variable CK response to exercise was attributed to polymor-
phisms in genes that encode proteins involved in CK release [11]. On
the other hand, the network profiles of the highest CK (mean 1353 U/L)
and lowest CK (mean 212 U/L) responder indicate similar dynamical
interplay. This raises the intriguing possibility of adaptive mechanisms
that synergize the training response to compensate for differences in
baseline and reactive physiology, or it could reflect a predisposition
that favors natural selection to the inherent demands of boxing. To
test the uniformity and strength of these networks, one could take
a case-study approach over several weeks and months of data collec-
tion [23, 301, thereby ensuring a more detailed and personalized in-
spection of EIMD to address questions around different training phase
and/or workload effects [25].

On a practical level, the selected EMID and energetic biomarkers
appear to be indicative of training responsivity and/or functional con-
nectivity and thus, should form part of a standing testing battery in
boxers. Researchers, coaches, and practitioners could also benefit
from the creation of within-person networks, either for a training
squad or individual athletes. One could explore the structure of a mul-
tivariate dataset, as we have, with network representations helping
to communicate intricate patterns of interrelatedness [20]. For in-
stance, we identified more edges in the temporal network, which
suggests that a daily testing schedule and investigation of lagged ef-
fects can extract more meaningful results for boxers. Further possi-
bilities exist to generate causal hypotheses for testing [20], such as
our observation of coherent network patterns (across all boxers and
high and low CK responders) reflecting training synergy or natural
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selection. The network approach further aligns to contemporary per-
spectives of sport processes that encompass complex systems prin-
ciples (e.g., interdependence, temporal nestedness, circular causal-
ity) [23, 31, 321. This conceptual shift from traditional models (e.g.,
univariate and non-lagged analyses, pre and post design) can better
capture when, how, and why, different biomarkers interact in a sports
environment, allowing a more targeted approach to athlete training,
assessment and evaluation.

Caution should still be exercised when interpreting the current
findings. Only a limited number of variables were collected and we
did not quantify the training stressors, in particular sparring impact,
each day. Moreover, the networks were estimated from sparse sam-
pling and we fixed the temporal network at lag-1, which precludes
detection of correlations that exist within, or beyond, the 1-day sam-
pling interval. As a delimitation, any inferences are specific to male
boxers of a similar age and amateur status, as well as the specific
phase of training. The lack of a body-fat assessment is another lim-
itation. Rapid weight loss can also affect CK and other energetic bio-
markers in combat-sport athletes [33]. However, this work was con-
ducted early in the boxing season and weight cutting for competition
was not a goal, and prior weight cutting (> 1 month earlier) was not
deemed relevant. Future work on boxers would benefit from study
replication over a longer time period, with added biochemical (e.g.,
cytokines, neutrophils), endocrine (e.g., cortisol, testosterone) and/
or performance (e.g., muscle power, fatigue) measures [3], along-
side a detailed anthropometric assessment (via bioimpedance or dual
x-ray absorptiometry) to determine how changes in body composi-
tion affect blood biochemistry. Combining this information with dai-
ly exercising loads, including sparring impacts and their location
(e.g., head vs. body), would help construct a more comprehensive
ontology of training, EIMD, and recovery processes.

CONCLU SO /N S 15000
To summarize, day-to-day fluctuations in muscle damage and ener-
getic activity, which occurred in a normal physiological range among
male boxers, were found to be highly variable during early-season
training. Within-person network analyses identified some interrelat-
edness between the study outcomes, although the strength, direction,
and even presence, of these relationships were contingent on tem-
poral (lag-O vs. lag-1) ordering. We attribute these inconsistences to
the pleiotropy of energy biomarkers in training and recovery.
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of EFI in match analysis and to identify the key indicators that influence the match and provide a reference for
coaches' tactical design and training. Data were derived from the FIFA website, including EFI data for 48 matches
at the group stage of the Qatar World Cup. A total of 46 indicators were used for analysis and the average
values of the corresponding indicators for the different competition results were used in the analysis to identify
the key index that determines the outcome of the competition. Apart from scoring more goals and having more
assists, winning teams had significantly more attempts on target than drawing and losing teams (p < 0.05);
Winning teams had significantly more attempts inside the penalty area, completed defensive line breaks and
receptions behind the defensive line than losing teams (p < 0.05). There is no difference in possession between
matches with different results (p > 0.05). Goals were significantly correlated with completed defensive line
breaks and receptions behind the defensive line (r = 0.27-0.30, p < 0.01). Attempts on target was significantly
positively correlated with receptions, final third entries and line breaks (r = 0.31-0.67, p < 0.01) and negatively
correlated with defensive pressures applied (r = -0.35, p < 0.01). The efficiency of the offense is more important.
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Football technical indicators reflect a team’s athletic performance
and influence the outcome of a match, and therefore receive a great
deal of attention from practitioners [1-3]. The FIFA World Cup, as
the highest-level soccer tournament at the international level for
national teams, has received particular attention from researchers
for its influence and competitive nature [1, 4-9].

For example, Castellano et al. [5] combined the 2002, 2006,
and 2010 World Cups and found that the number of shots, shots on
goal, and possession were the most influential factors in the game,
consistent with the results of subsequent analyses of 2014 and
2018 [1, 4]. Liu et al. [1] found in 2014 World Cup that posses-
sion and short passing increased winning possibilities by 11% and

24%, respectively, while crosses and dribbles decreased the proba-
bility of winning by 29% and 12%, respectively. Yi et al. [10] found
accordingly a higher probability of winning for teams with a posses-
sion style in the 2018 World Cup. An analysis of possession by high
level teams at the 2010-2018 World Cup found that possession in
one’s own defensive zone increases the likelihood of goals through
multiple passes in short periods of time [9].

However, there is some dispute in the research about the simple
use of higher or lower possession. In some tournaments, superior pos-
session does not lead to higher win rates [11], and distinguishing the
main areas when in possession is more critical [12]. In addition, re-
cent studies found that crosses have a positive impact on the

u BioLoGy oF SpPoRrT, VoL. 41 Nol, 2024 77



outcome of matches [13, 141, contrary to previous findings [1, 15].
More precisely, the 2018 World Cup data show a higher probability
of scoring from out-swinging crosses and the losing teams prefer to
take middle crosses and late crosses [16]. Moreover, 69.9% of goals
were scored from short passes, 13.6% from long passes and 16.5%
from mixed passes [171].

To sum up, the notational analysis of the World Cup has produced
some results, but the indicators are relatively conventional. Conclu-
sions such as more shots on target help teams win are difficult for
teams to apply in practice. There is a need to find more nuanced tech-
nical indicators that can help teams improve their performance.

Based on this, FIFA has launched Enhanced Football Intelligence
(EFT) to provide a more intelligent and refined reference for match
analysis. In the 2022 World Cup, FIFA assembled a data analysis
team and started to use this indicator for relevant statistics. Each
game will have its unique analytical data during and after the live
broadcast. As new data to be used from 2022, the EFI has different
characteristics from the previous data. For example, defensive height
can distinguish a team’s defensive starting position; possession in
contest adds an insightful third dimension to possession statistics,
which cannot be clearly calculated at the moment of scramble in pre-
vious data. EFI has several times more data points in the competition
than previous data counting methods. The factual data in the match
can be processed in 2 seconds with its high-speed algorithm and fed
back to the officials quickly. It can provide both factual data during
the match and during the post-match evaluation. If EFI data are com-
bined with video and other metrics such as running patterns, it will
provide practitioners with a clearer understanding of the game. In fact,
EFl is already being used in the Women’'s U20 World Cup in August
2022, providing a powerful aid for match analysts.

Considering that EFI has just been used in the competition, it is
necessary to study its effectiveness in analysing the match. There-
fore, the aim of this study is to compare the differences in technical
indicators between the results of different matches and the relation-
ship between EFI and attempts on target.

MATERIALS AND METHOD'S 1
Sample and variable

The data are taken from the official FIFA website (https://www.fifa.
com/fifaplus/en/tournaments/mens/worldcup/qatar2022), which is
freely available. Another four success rate figures (line breaks, de-
fensive line breaks, passes and crosses) were calculated from FIFA
data for analysis. During matches in the knockout rounds more goals
were scored than during matches group stage (3.1 vs 2.5 goals).
Since almost one third of the knockout games went into extra time,
and the data provided by FIFA are inclusive of extra time data and
not for the 90 minutes separate, only matches in the group stage
(48 games, 96 cases (38 won, 20 drew, 38 lost)) were selected as
the object of study. The definition of the EFI data is provided on the
official FIFA website (https://www.fifatrainingcentre.com/en/fwc2022/
efi-metrics/efi-metrics-pdfs.php) and Table 1 shows the variables
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analysed in this paper. Since this study is an observational study
without any intervention on the subjects, no ethical proof is required.

Statistical analysis

Data were processed using SPSS 26.0 (IBM, Armonk, NY, USA), and
data were expressed as mean = standard deviation. Normality was
checked by Kolmogorov-Smirnov tests. To compare the difference
between win, draw and loss figures, one-way ANOVA was used for
normal data, the Levene test was used for the homogeneity-of-vari-
ance test, the least significant difference (LSD) test was used for
post-hoc tests when the variance was homoscedastic, and Tamhane’s
T2 test was used when the variance was not homoscedastic. The
chi-square test was used to determine the difference between teams
with different possession rates, passing success rates, and line break-
ing success rate. K-sample independent tests were used for non-
normal data. A non-parametric correlation test was performed using
Spearman correlation. The criteria for correlation are as follows:
r = 0.1-0.29 = small, 0.3-0.49 = medium, 0.5-0.69 = large,
0.7-0.89 = very large, 0.9-0.99 = almost perfect, and 1 = per-
fect [18]. The significance level was defined as p < 0.05.

RIS U L TS 15
In the group stage, there was a total of 120 goals, of which 36% were
scored in the first half. Among all the indexes provided by FIFA, only
goals, goals conceded, goals inside the penalty area, goals outside
the penalty area, assists and attempts on target were significantly
different between winning, drawing and losing teams (p < 0.05).
Winning teams had significantly more goals, goals inside the penalty
area, assists, and attempts on target than drawing and losing teams
(p < 0.05). Winning teams scored significantly more goals outside
the penalty area, had more attempts inside the penalty area, more
receptions behind the defensive line, completed more defensive line
breaks, had a higher success rate of defensive line breaks, and more
forced turnovers than losing teams (p < 0.05). Drawing teams had
significant fewer yellow cards than losing teams (p < 0.05). No sig-
nificant difference was found in other data (Tables 2 and 3).

The number of goals was correlated with completed defensive line
breaks and receptions behind the defensive line (p < 0.01) with no
other EFI data correlated with number of goals (Table 4). Attempts
on target were significantly positively correlated with attempted line
breaks, completed line breaks, attempted defensive line breaks, com-
pleted defensive line breaks, receptions between midfield and defen-
sive lines, receptions behind the defensive line and all the area of fi-
nal third entries (r = 0.31-0.67, p < 0.01), and negatively correlate
with defensive pressures applied (r = -0.35, p < 0.01) (Table 4).
A two-factor linear regression model was constructed on the attempts
on target and receiver data, as these indicators are particularly impor-
tant for technical and tactical purposes and have the highest correla-
tion coefficient (Figures 1 and 2). The R? for the attempts on target
was 0.40 for receptions between midfield and defensive lines and
0.48 for receptions behind the defensive line.
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TABLE 1. Selected technical match variables.

Variable Measurements

Goal (n) A team succeeds in scoring a goal
Conceded (n) Goal scored by opponent

§ Goal Inside the Penalty Area (n) The shot before the goal took place in the penalty area
Goal Outside the Penalty Area (n) The shot before the goal took place outside the penalty area
Assists (n) A pass that gets converted into a goal by another player
Attempts (n) An attempt to score a goal

@ Attempts On Target (n) Shots where the target is within the range of the goal

g Attempts Off Target (n) Shots where the target is outside the range of the goal

<

Attempts Inside the Penalty Area (n)  Shots that occur inside the penalty area

Attempts Outside the Penalty Area (n) Shots that occur outside the penalty area

c Total (%) Percentage of total time that a team has been in full control of the ball
S

ﬁ In Contest (%) The ball was not always fully controlled by both sides of the game

Q and the percentage of the total game time that was spent with contested
o possessions.

Left Channel (n) The ball is successfully distributed or carried into the last third of the left
channel of the final third, which consists of the left sideline, the extension of
the left penalty area line and the offensive third of the field.

Left Inside Channel (n) The ball is successfully distributed or carried into the last third of the left inside
channel of the final third, which consists of the extended area of the left goal
area line, the extended area of the left penalty area line and the offensive third

” of the pitch.

Q

E Central Channel (n) The ball is successfully distributed or carried into the last third of the central

o channel of the final third, which consists of the extended area of the left goal

E area line, the extended area of the right goal area line, and the offensive third

= of the pitch.

=

& Right Inside Channel (n) The ball is successfully distributed or carried into the last third of the right
inside channel of the final third, which consists of the extended area of the
right goal area line, the extended area of the right penalty area line and the
offensive third of the pitch.

Right Channel (n) The ball is successfully distributed or carried into the last third of the right
channel of the final third, which consists of the right sideline, the extension of
the right penalty area and the offensive third of the field.

Total (n) A clear and deliberate action performed in an attempt to receive the ball

% Offers to Receive In Behind (n) A clear and deliberate action performed in an attempt to receive the ball

3 behind the defensive line of the opponent

x

ge] Offers to Receive In Between (n) A clear and deliberate action performed in an attempt to receive the ball

g between the first line and the defensive line of the opponent

=

© Offers to Receive In Front (n) A clear and deliberate action performed in an attempt to receive the ball in
front of the first line of the opponent

o Receptions Between Midfield and The ball has been received between the opponents’ midfield and defensive line

S Defensive Lines (n)

o

§ Receptions Behind the Defensive Line The ball has been received behind the opponents’ defensive line

x

(n)
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Variable Measurements
Attempted Line Breaks (n) The team attempts to pass/cross or carry the ball past the last player in one of
the lines of the defending team
Completed Line Breaks (n) The team successfully passes/crosses or carries the ball past the last player in
one of the lines of the defending team
% Success Rate of Line Breaks (%) Successful line breaks as a percentage of attempted line breaks
(]
ﬁ Attempted Defensive Line Breaks (n)  The team attempts to pass/cross or carry the ball past the last player in the
£ defensive line of the defending team
Completed Defensive Line Breaks (n) The team successfully passes/crosses or carries the ball past the last player in
the defensive line of the defending team
Success Rate of Defensive Line Successful defensive line breaks as a percentage of attempted defensive line
Breaks (%) breaks
Yellow Cards (n) Player shown yellow card by referee for foul and other offences
" Red Cards (n) Player shown red card by referee for foul and other offences
= . L . .
o Fouls Against (n) Any infringement that is penalised as foul
play by a referee
Offsides (n) Appeared in an offside position, which was called by the referee
Passes (n) Short passes aimed at teammates
Passes Completed (n) Successful pass to a teammate
1]
g Success Rate of Passes (%) Successful passes as a proportion of total passes
ﬁ Crosses (n) Long passes aimed at teammates
o
Crosses Completed (n) Successful crosses to a teammate
Success Rate of Crosses (%) Successful crosses as a proportion of total crosses
Switches of Play Completed (n) Successfully completed the attack through switches
Corners (n) The ball passes over the goal line, on the ground or in the air, having last
touched a player of the defending team, and a goal is not scored
Free Kicks (n) The ball is given to a member of one side to kick because a member of the
Py other side has broken a rule
©
E Penalties Scored (n) Goal scored by penalties
(]
g Goal Preventions (n) Actions a goalkeeper takes when attempting to prevent the concession of a goal

Own Goal (n)

Forced Turnovers (n)

Defensive Pressures Applied (n)

A goal scored by the defending team

The attacking team loses position of the ball due to pressure being
applied by the defending team

Defensive pressure applied towards an attacker in possession of the ball

30
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TABLE 2. FIFA EFI metrics for winning, drawing and losing teams (mean = SD)

Index Win Draw Lose F K p
Goal 22+1.4*" 0.6+0.9 0.6+0.8 40.767 0.000*
Conceded 0.6+0.8* 0.6 +0.9% 22+1.4 40.767 0.000*
Goal Inside the Penalty Area 20x1.4*" 0.5+0.8 0.5+0.7 36.953 0.000*
Goal Outside the Penalty Area 0.2+0.4* 0.1+0.3 0.0+0.2 7.762  0.021*
Assists 1.6+1.3*" 0.5+1.0 0.4+0.4 31.326  0.000*
Attempts 12.2+6.6 9.6+35 10.3+5.7 2.075 0.354
Attempts On Target 5.0£2.9*" 2.1x2.1 3.1x2.1 10.781 0.005*
Attempts Off Target 4.8+3.1 4.4+2.1 5.0+2.9 0.310 0.856
Attempts Inside the Penalty Area 7.8+4.7* 6.2+3.1 59+4.2 4.548 0.103
Attempts Outside the Penalty Area 4.4+3.6 3.4+1.3 4.5+2.7 2.194 0.334
Final Third Entries
Left Channel 13.56+7.8 12.3+5.3 13.4+7.0 0.037 0.982
Left Inside Channel 4.7+3.2 3.7x2.2 4.8+2.8 2.006 0.367
Central Channel 5.0+3.1 4.7+3.3 45+2.6 0.375  0.829
Right Inside Channel 50+3.5 3.8+1.6 43+2.4 0.908  0.635
Right Channel 12.2+5.3 114+5.4 114+6.8 0.224 0.800
Offers to Receive 568.5+204.2 554.9+105.1 553.5x177.7 0.078 0.925
Offers to Receive In Behind 126.9+40.7 116.0+23.2 121.5+39.5 0.579 0.562
Offers to Receive In Between 218.1+76.2 225.6+63.1 213.5+59.7 0.210 0.811
Offers to Receive In Front 223.6+103.7 213.3+51.6 218.5+109.6 0.132 0.936
Receptions Between Midfield and 99.0+30.8 92.5+20.5 94.1+29.1 0.451 0.638
Defensive Lines
Receptions Behind the Defensive Line 12.6 £7.0* 10.1+4.8 9.4+6.1 5.560 0.062
Attempted Line Breaks 167.2+32.6 172.5+20.5 164.6 £34.9 0.404 0.669
Completed Line Breaks 111.9+34.6 109.4+26.4 104.3+32.1 0.514 0.773
Attempted Defensive Line Breaks 18.9=7.0 19.1+5.5 16.9+7.0 1.109 0.334
Completed Defensive Line Breaks 10.8 £5.6* 9.7+4.6 8.6+6.0 4.585 0.101
Yellow Cards 16+1.5 1.3+1.1% 2.1+x1.6 4344 0.114
Red Cards 0.1+0.2 0 0
Fouls Against 11.8+3.7 11.6+3.1 12.6+5.0 0.550 0.579
Offsides 1.8+1.4 1.5+1.6 22+x2.1 1.688 0.430
Passes 484.8+192.7 4855+104.9 484.4+159.0 0.467 0.792
Passes Completed 419.8+192.3 411.8+108.4 411.0%x159.1 0.225  0.893
Crosses 18.1+7.9 183+7.2 18.2+8.3 0.014  0.993
Crosses Completed 4.7+3.3 3.9+x2.6 45+3.0 1.089 0.580
Switches of Play Completed 6.3+3.3 6.5+4.2 5.9+4.0 0.635 0.728
Corners 49+3.1 46+25 4.1+3.0 2.047 0.359
Free Kicks 14.1+5.1 13.0+3.2 13.1+4.7 1.411 0.494
Penalties Scored 0.1+0.3 0.1+x0.2 0.1+0.3 1.176  0.555
Goal Preventions 10.6+5.8 9.9+3.7 12.5+6.6 1.890 0.389
Own Goal 0.1+0.2 0 0
Forced Turnovers 72.3x11.1 71.0+£13.6 65.9+13.5 4.087 0.130
Defensive Pressures Applied 288.1+92.4 280.7 +55.5 282.2+87.7 0.069 0.933

*; Significant difference between win and lose; ~ : Significant difference between win and draw; %:Significant difference between draw
and lose. #: significant difference between groups
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TABLE 3. Chi-square test of different match results

Xiaobin Wei et al.

Index Win Draw lose x> p
Possession (%) 43.8+13.9 43.1+9.8 44.3+13.3 84.653 0.460
Success Rate of Line Breaks (%) 66.0+10.2 62.8+9.4 62.5+9.1 183.579 0.453
Success Rate of Defensive Line Breaks (%) 55.2+15.4 48.7+13.1 46.4+20.8 107.865 0.816
Success Rate of Passes (%) 85.0+£8.7 83.9+4.9 83.3+6.1 192.000 0.446
Success Rate of Crosses (%) 26.1+13.4 20.1+10.4 23.9+x9.6 98.311 0.639

TABLE 4. Correlation Between EFI Indicator and Goals/Attempts On Target

Line Breaks Receptions Final Third Entries ET DPA
ALB CLB ADLB CDLB BMDL BDL LC LIC cc RIC RC
Goals 0.037 0.104 0.137 0.265** 0.191 0.298** -0.041 0.097 0.064 0.083 0.021 0.161 -0.054

AOT 0.417** 0.486** 0.480** 0.605** 0.621** 0.667** 0.373** 0.466** 0.395** 0.335** 0.308**

-0.036 -0.347**

** represents P < 0.01. AOT = Attempts On Target, ALB = Attempted Line Breaks, CLB = Completed Line Breaks, ADLB = Attempted
Defensive Line Breaks, CDLB = Completed Defensive Line Breaks, BMDL = Between Midfield and Defensive Lines, BDL = Behind
the Defensive Line, LC = Left Channel, LIC = Left Inside Channel, CC = Central Channel, RIC = Right Inside Channel, RC = Right
Channel, FT = Forced Turnovers, DPA = Defensive Pressures Applied.

Attempts on target

Receptions Between Midfield and Defensive Lines

© y=0.76+0.28%

Attempts on target

Receptions Behind the Defensive Line

FIG. 1. Regression analysis of Attempts and Receptions Between
Midfield and Defensive Lines

DISCUS'S 1O /N 155
This study is the first to examine the validity of EFI for analysing
matches, and this study compares the differences in technical indi-
cators for different match outcomes at the 2022 World Cup group
stage.

We found that most goals and attempts related indicators can dis-
tinguish the outcome of a match, in line with previous studies [1, 5, 6].
However, there is no difference in the total number of attempts be-
tween winning, drawing and losing, in contrast to previous studies in
both the male and female FIFA World Cup [1, 5, 19]. This suggests
that the efficiency of attempts was even more important in determin-
ing the outcome of the game. Also, no significant difference (p > 0.05)
in the number of corners and free kicks was found between winning,
drawing and losing, in contrast to the study of the LaLiga [20] and

32 .

FIG. 2. Regression Analysis of Attempts and Receptions Behind
the Defensive Line

Women’s World Cup [19]. This may be due to increasing prevalence
of intensive defending making set pieces become more and more cru-
cial, and successful teams are more efficient at scoring from set piec-
es than their less successful opponents [21]. In addition, drawing
teams but not winning teams had significantly fewer yellow cards
compared to losing teams, which is partially different from previous
studies [6, 22]. The main reason may be that most of the draws in
the 2022 World Cup occurred in the last match of the group. With
the group’s advancing form clear, both sides deliberately adopted
a low-aggressive strategy to prevent players from being injured and
banned from the next stage, thus resulting in a significant drop in the
number of yellow cards. For the possession after the new calculation
method based on EFI, no differences were found between the differ-
ent results of the match (p > 0.05), in contrast to previous
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studies [4, 5, 101. The reason for this is, on the one hand, that the
possession rates of both sides are closer after the inclusion of the “in
contest” moments. On the other hand, it is difficult to convert pos-
session into an offensive advantage with the strategy of counterattack
being more prevalent due to the increased intensity of the game and
the density of player coverage [23]. For intensive and high density
defence, it will not only put high pressure on the possession team but
also increase the success rate of counterattack of the opponents [24].
Thus, many teams will voluntarily give up possession, especially against
strong teams [25]. The number of passes and success rate of pass-
es are considered to be among the most important signs of ball con-
trol [7, 26], but the indicator was not found to be associated with dif-
ferences between the results of different matches, further supporting
the conclusion that possession plays a limited role.

In addition, we found that receptions behind the defensive line
and completed defensive line breaks made a difference between win-
ning and losing teams (p < 0.05). Higher rates of these mean that
the team has more chances to get into the penalty area and attempts,
and therefore will have more chances to score and win the game.
Although other EFI data did not account for differences in results
across matches, this does not mean that other EFI data are not mean-
ingful, as match performance and results are also influenced by oth-
er factors such as opponents and judgements of referees [27-29].
We found that almost all post-match EFI indicators are correlated
with attempts on target (p < 0.01), except for forced turnovers. How-
ever, the difference between forced turnovers in winning and losing
teams approached the significance level (p = 0.05), consistent with
the findings in LaLiga teams [20]. The reasons for this are manifold;
marker, location, individual errors, pressure, conditioning [30], etc.
all affect the forced turnover result of teams, especially in a knock-
out tournament like the World Cup where matches are played at
short intervals. Moreover, as the Qatar World Cup is held in Decem-
ber, the league became more congested before the World Cup 2022
than previous World Cups, which increased the physical burden of
the players [31, 32]. Therefore, fewer teams may be adopting an
aggressive high-pressure strategy, leading to forced turnovers in the
group stage being not too decisive.

Finally, line break, reception in the key area and final third entry
all have a medium to large positive correlation with attempts on tar-
get, indicating that performing these actions as much as possible will
help the team get more attempts on target to a greater extent. Stud-
ies of high-level players have shown that penetrating performances
and exploiting gaps in the defensive line can increase a team’s chanc-
es of scoring goals [33, 341, supporting our results. In fact, the re-
sults show that receptions between midfield and defensive lines and
behind the defensive line explain 40% and 47% of the variance in
shots on target, respectively. A relatively high figure considering that
there are other events after the reception that can affect the likelihood
of a shot. Additionally, more entries into final third area mean that the
team has more chances to threaten the goal and therefore correlates
moderately with the number of attempts on target. This may also be

the reason why the percentage of possession in this area was found
to be more critical compared to total possession [12].

In general, this study provides evidence for practitioners to improve
their match performance. Possession does not determine the outcome
of a game, and teams need to be efficient in attack and give up pos-
session appropriately. At the same time, the efficiency of the shot is
more important than the number of shots. This study also indicates
that the coach needs to improve the tactics of players in the game,
opting to receive the ball between the lines whenever possible, to en-
hance the team’s shooting opportunities. Meanwhile, this study also
provides ideas for athlete development, i.e., developing more aware-
ness and ability to catch the ball at the line of defence in training.

One of the limitations of this study is that it did not incorporate
physical fitness data. However, technical indicators are more likely to
predict a team’s success than physical indicators [35, 361, and thus
this study can still provide an important reference for practitioners.
The inability to compare the group stage with the knockout stage is
another limitation of this study. Future research can integrate techni-
cal indicators with physical and other contextual information such as
opponent level, weather, and altitude. It is also possible to use video
analysis to find out which technical indicators at specific moments of
the game can help the team gain a greater advantage. This will pro-
vide more detailed guidance on team tactical options.

CONCLU S| O/ S 15—
There were significant differences in goal-related variables between
match outcomes. In addition, the winning team had more defensive
line breaks and receptions at the group stage of the 2022 World Cup.
Receptions, final third entries and line breaks have a medium to high
correlation with attempts on target and can provide important informa-
tion for practitioners. Coaches need to identify the key indicators that
affect the outcome of a match, rather than focusing on indicators such
as possession that do not give a clear advantage. To conclude, the
EFI provides a new reference for match analysis, which practitioners
can use to better improve their team’s match performance.
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ABSTRACT: The purpose of this study was to examine the effects of short sprint-distance training (SST)
compared with long sprint-distance training (LST), matched for the total session training volume, on short-,
medium- and long-distance sprint performance and agility in young soccer players. Eighteen U19 male players
(age: 17.1 £ 0.7 years; height: 178.0 = 6.3 cm, body mass: 69.4 + 6.6 kg) were randomly assigned to SST
(n = 9) or LST (n = 9) group. The intervention programs were performed 2 times a week over 6 weeks. Before
and after training period, 5 m, 10 m, 20 m, 30 m and 40 m sprint, and agility were assessed. Within-group
analysis showed significant improvements (p < 0.001) in 5 m, 10 m, 20 m, 30 m and 40 m sprint from pretest
to posttest in SST (9.2%, 6.6%, 5.3%, 2.9%, and 2.5%, respectively) and LST (10.5%, 8.5%, 6.5%, 5.1%, and
4.7%, respectively). Players in both SST and LST also showed significant enhancements in agility from pretest to
posttest. In the between-groups analysis, there were no differences between the sprint training groups (SST vs.
LST) in any variable (p > 0.05). In conclusion, the findings of this study indicate that both sprint training distances
used seem to be effective to improve soccer-specific performance measures. However, due to the better percentage
changes obtained by LST group in all fitness variables, this method could be considered as preferred method.
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Soccer is characterized as an acyclical and intermittent high-inten-
sity team sport in which short bouts of very intense activity are in-
terspersed with lower intensity movements [11. Time motion analy-
ses have indicated that sprint account for ~4% and ~3% of the
total distance covered during matches in adult and youth soccer
players, respectively [2-4], and these actions are the most common
and decisive movements during goal-scoring opportunities, that could
determine the outcome of the game [5, 6]. Moreover, sprint ability
can discriminate players from different standards of play [7]. In ad-
dition, professional soccer players have increased the peak sprint
velocity, the total sprinting distance, and the number of sprints per-
formed in match play over time [8]. Consequently, specific condition-
ing programs aimed to develop sprint should be considered paramount
for physical performance in soccer [9, 10].

The importance of short-distance sprint in soccer, with the most
common sprint during soccer matches varying between 2 to 4 s or
10 to 30 m, indicates that there is a large demand on acceleration
speed [11]. However, sprint performance over medium- or longer-
distances should also be developed as it is important for defensive

and offensive success and injury prevention and differentiate be-
tween playing standards and age categories [12-15]. Thus, strength
and conditioning coaches should use distance-specific training stim-
uli for their players to generate positive adaptations when attempt-
ing to enhance speed [16].

Sprint performance in soccer and other team sports can be im-
proved through primary (e.g., sprint technique, sprinting), second-
ary (e.g., resisted or assisted sprinting), tertiary (e.g., non-specific
methods including resistance training and plyometrics), or combined
training methods [14, 171. In this respect, primary training meth-
ods (e.g., sprint technique drills and un-resisted sprint) constitute
the most used drills to develop sprint performance in elite football
code athletes [9]. However, two recent systematic reviews and me-
ta-analyses concluded that primary methods are insufficient to en-
hance performance in football code players [14, 17]. On the other
hand, an early meta-analysis conducted on male youth team sport
athletes, with 80% of the included studies focusing on soccer play-
ers, found that sprint training (which was the primary method) was
an effective way to improve sprint performance. Furthermore, the
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study revealed that the effectiveness of sprint training increased pro-
gressively as the athletes matured. [18]. Thus, the training response
to primary sprint training methods may be affected by mediator vari-
ables such as age or maturation status [14, 171.

To optimize training adaptations with sprint training in soccer, dif-
ferent principles of training (e.g., specificity, progression) and load-
ing factors (e.g., intensity, recovery, frequency) may be followed and
manipulated, respectively [4, 19]. Specifically, in soccer, several sci-
entific protocols have been conducted to test the effect of manipu-
lating different sprint training variables such as frequency (1 vs 2 days
per week) [20], regime (linear vs. change-of-direction) [21], or in-
tensity (maximal vs submaximal) [22, 23]. However, the distance
covered per repetition in sprint training has not been explored in the
literature. Despite the vast amount of scientific evidence on prima-
ry training methods in soccer, it is unclear what effects manipulat-
ing this variable under volume-equated conditions would have.

Considering the principle of specificity, short-sprint training should
improve short-sprint performance, while longer sprints should im-
prove medium- and/or long-sprint ability [4]. However, a scientific
comparison between short and long sprint-training regimes remains
unknown. Therefore, the aim of this study was to examine the ef-
fects of short sprint-distance training (SST) compared with long sprint-
distance training (LST), matched for the total session training vol-
ume, on short-, medium- and long-distance sprint performance and
agility in young soccer players. Considering the training specificity
principle, it is hypothesized that SST would induce greater improve-
ment in short sprint distances whereas LST would induce greater
improvement in long sprint distances and agility.

MATERIALS AND METHOD'S 15—
Design

This study used a two—group, randomized controlled trial design to
compare the effects of different sprint training distances (SST vs.
LSD). The intervention program of each group was added to the
athletes’ daily training routine. The study was conducted over
a 6-week competitive period (October-December) during the
2021-2022 season. During this period, the training regimen was
designed to include a range of different drills and exercises, with
a particular emphasis on technical and tactical development. These
included technical drills, tactical drills, small-sided games, and game-
based exercises. To compare the effects of sprint training, the follow-
ing tests were selected: (a) 5 m sprint, (b) 10 m sprint, (c) 20 m sprint,
(d) 30 m sprint, (e) 40 m sprint, and (f) T-test. To reduce the influ-
ence of confounding variables, all subjects were instructed to main-
tain their usual lifestyle and normal dietary intake before and during
the course of the study.

Subjects

A priori power analysis [24] (G*Power, version 3.1.9.7, Universitat
Kiel, Diisseldorf, Germany) with an assumed type | error of 0.05 and
a type Il error rate of 0.20 (80% statistical power) was conducted
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for sprint performance. It revealed that eight subjects per group would
be sufficient to observe medium group X time interaction effects.
Eighteen U19 male soccer players were recruited for the current
study. Exclusion criteria were injuries resulting in the loss of one or
more soccer matches/ training sessions in the three months prior to
study initiation. Only outfield players were included (i.e., the goal-
keepers were excluded). The participants in systematic soccer train-
ing had a mean experience of 9.08 = 3.27 years. The players regu-
larly performed 4-5 weekly soccer sessions with their team on
average exercising 8.1 =2.2 h-wk™! in their normal training cycle.
Likewise, the team usually competed in one official match per week.
Players were randomly assigned by an investigator not directly involved
in testing or the training intervention into 1 of 2 groups, SST (n = 9;
age: 17.1 £0.7 years; height: 177.4+5.9 cm, body mass:
71.5x7.11 kg) or LST (n = 9 age: 17.1 = 0.8 years; height:
178.6 = 7.1 cm, body mass: 66.5 + 5.2 kg). The intervention pro-
gram was added to the usual training routines. In all other respects,
all subjects completed identical training activities. Only players who
participated in at least 80% of all training sessions were included in
the statistical analysis. Written informed consent indicating their
voluntary participation was obtained from participants and legal
representatives after explanation of the experimental protocol and its
potential benefits and risks. The research protocol was approved by
the Local Ethics Committee (University of Vigo; 20-0320), in ac-
cordance with the Code of Ethics of the World Medical Association
(Declaration of Helsinki).

Training Programs

After pretesting, subjects began one of the six-week sprint training
protocols presented in Table 1 in addition to the usual soccer training.
The intervention program was performed 2 times a week (total of
12 sessions), on non-consecutive days (4 days and 2 days before
match). This schedule remained consistent throughout the entire
6-week period. The training sessions were conducted on an artificial
pitch turf, which was the same surface used for the testing sessions.
Both groups completed the same amount of total distance per session
(Table 1). The only difference between the 2 interventions was that
the SST group performed all the maximal straight-line sprints in
a distance of 20 m and the LST group in 40 m. The players were
instructed to provide maximal effort in each training session. Before
each session, participants completed a standardized warm-up (same
as pre- and post-testing), as prescribed by a certified strength and
conditioning specialist. A certified strength and conditioning special-
ist supervised all training sessions to ensure that all warm-up ac-
tivities and sprints were completed with correct technique and with
maximum effort. Foster's 0-10 scale was recorded to quantify the
intensity of the training sessions using rating of perceived exertion
(RPE) [25]. All participants were familiarized with the use of this
RPE scale, as they had used it throughout the season in their teams’
training sessions.
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TABLE 1. Summary of training load progression.

Week Group Distance (m)  Recovery (s) Repetition Distance per session (m) Distance per week (m)
. SST 20 60 12 240 480
LST 40 120 6 240 480
SST 20 60 12 240 480
2 LST 40 120 6 240 480
SST 20 60 14 280 560
3 LST 40 120 7 280 560
A SST 20 60 14 280 560
LST 40 120 7 280 560
. SST 20 60 16 320 640
LST 40 120 8 320 640
6 SST 20 60 16 320 640
LST 40 120 8 320 640

SST = short-sprint training; LST = long-sprint training

Procedures
During testing sessions, the players were required to wear the same
athletic equipment and measurements were conducted at the same
time of the day to minimize the effect of diurnal variations on the
selected parameters during two experimental sessions. All data col-
lection and test sessions were performed on the same pitch. Each
player was instructed and verbally encouraged to make a maximal
effort during all tests. All tests were performed after 72 hrs of rest
and at the same venue under identical conditions and supervised by
the same investigators. The players complied with the following pre-
test guidelines: (a) to not consume any caffeinated beverages or
supplements 48 hrs prior to testing; (b) to not consume food at least
2 hours prior to testing. Before testing, all participants performed
10 min of standardized warm-up involving 2 min of light dynamic
stretching (10 repetitions for hamstrings, quadriceps, and calf mus-
cles) and 5 min of jogging, followed by short distance accelerations
(3 submaximal sprints, progressing to 90% of their maximal veloc-
ity for the shuttle distance [30 + 30 m]). This routine was supervised
by the team'’s coach before the tests. During testing sessions, players
performed the following tests:

5m, 10 m, 20 m, 30 m, and 40 m sprint tests. Sprint time was
measured using a dual infrared reflex photoelectric cell system (Wit-
ty, Microgate, Bolzano, ltaly). To capture data, five pairs of wireless
photoelectric cells were mounted on tripods at a height of 0.9 m and
spaced at intervals of O, 5, 10, 20, 30, and 40 m. All players be-
gan with a standing start, with the front foot positioned 0.5 m from
the first timing gate. They were instructed to perform all the sprints
with a maximal effort. To ensure reliable and consistent data, each
participant was given three attempts, with a 3-minute recovery pe-
riod allowed between each trial.

T-test. Photoelectric cells (Witty, Microgate, Bolzano, Italy), placed
on the starting line, were used to measure the soccer players’' per-
formance and to increase test reliability. A T-test was administered
using the protocol outlined by Munro and Herrington [26]. Partici-
pants performed three trials, and the fastest time was used as the
T-test score. When ready, players sprinted forward 9.14 m to touch
the first cone. They then side-shuffled 4.57 m to the left and touched
the second cone. Next, they side-shuffled 9.14 m to the right and
touched a third cone, and then 4.57 m to the left, back to the point
where the first cone was, touching it again. Finally, participants back-
pedaled 9.14 m, passing through the finish line.

Statistical Analysis

All variables were normally distributed (Shapiro-Wilk test). Data are
presented as means and standard deviation (SD). All statistical anal-
yses were conducted using the statistical package SPSS for Macintosh
(version 25.0, Chicago, IL, USA). A 2 (group: SST and LST) x 2 (time:
pre, post) mixed factorial analysis of variance (ANOVA) was calcu-
lated for each parameter. Additionally, Cohen’s d was computed for
comparing effect sizes (ES). ES were classified as trivial (d < 0.2),
small (0.2 <d < 0.5), moderate (0.5 <d < 0.8), and large (> 0.8) [27].
Moreover, pre- to-post change percentage was calculated for corre-
sponding variation. Relative and absolute reliability of the variables
analyzed in this study were assessed using the intraclass correlation
coefficient (ICC) and the coefficient of variation (CV), respectively.
Significance was established at the P < 0.05 level.

RIE'S U LTS /500
Reliability results are shown on Table 2. The relative reliability as
depicted by ICC was very high for all the tests, exceeding 0.80
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TABLE 2. Relative and absolute reliability measures for the
assessed variables.

Variables IcC CV (%)
5m 0.90 1.8
10 m 0.92 1.1
20 m 0.94 0.8
30 m 0.98 0.5
40 m 0.97 0.5
T-test 0.86 2.9

ICC = intraclass correlation coefficient; CV = coefficient of
variation.

(ranging from 0.86 to 0.98). The absolute reliability also showed
very high levels for all the test with CV ranged from 2.93 to 0.49%.
RPE scores collected at each training session during the whole train-
ing period were not different between the two groups (p > 0.05; 2.5
and 2.6 for SST and LST, respectively).

Mean values and SD, percentage changes from pre- to post-train-
ing for 5 m, 10 m, 20 m, 30 m, 40 m sprint tests, and T-test per-
formance indices are reported on Table 3.

There were no significant group time x group interactions observed
in any of the sprint and agility tests (p > 0.05). A significant time
effect was found in the 5 m, 10 m, 20 m, 30 m, and 40 m sprint
tests for SST and LST. The statistical analysis also revealed main ef-
fect for time in the T-test for SST and LST.

The percentage change for SST and LST groups in the sprint tests
is shown in Table 3 and Figure 1.

DISCU'S S 1O /N 15
The aim of this study was to analyze the effect of a sprint training
protocol with short and long distances in youth soccer players during
the in-season period. To our knowledge, this is the first sprint-train-
ing study that has been conducted in soccer players comparing the
effects of different sprint training distances on physical fitness. Based
on the analyses, the main findings of this study were that: (a) both
sprint training interventions were equally effective in developing 5 m,
10m, 20 m, 30 m, and 40 m sprint performance; (b) both SST and
LST induced significant changes in T-test performance.

Sprinting speed is one of the most essential fitness components
for playing soccer [5, 6]. Moreover, sprint ability can discriminate
youth players from different standards of play [7]. Therefore, train-
ing interventions aimed at improving sprinting speed may be a pri-
ority for youth soccer coaches. In contrast to the main research hy-
pothesis, both the SST and LST training programs induced similar
significant and positive changes in all sprint distances, without sig-
nificant differences between both sprint training programs. The

90 .

Ezequiel Rey et al.

rationale for this hypothesis was based on the training specificity
principle as short sprints would be more effective in developing ac-
celeration in short distances (e.g., 5m, 10 m, and 20 m sprint) than
the long repetitions, despite the matched total distance of both train-
ing programs.

Haugen and Buchheit [28] stated that the smallest worthwhile
change (SWC) for team sport players is ~1.5% for 5 m sprints and
~1% for 10 to 40 m sprints. Since the performance changes ob-
served in the present study were clearly greater (ranged between 2.5%
to 10.5%) than the measurement noise observed (ranged between
0.5 to 1.8% CV for sprint time) and the SWC described in the scien-
tific literature for team sport players [28, 29], the usefulness of the
SST and LST protocols performed was reasonably high (Figure 1).

This is the first study that compared the effects of different sprint
training distances on short, medium, and long sprint performance,
therefore, direct comparisons with other studies are not possible.
Nevertheless, the main results of the present study are consistent
with previous investigations that examined the effects of primary
sprint training method on sprint performance in soccer players with
similar age group cohort. For example, Pavillon et al. [21] compared
the effect of two different sprint training regimes (i.e., linear sprints
vs. change-of-direction sprints) on short-distance sprint performance
in youth soccer players over 30 weeks. The results showed signifi-
cant improvements in 5 m and 10 m sprint performance. Likewise,
Marzouki et al. [20] reported one or two sprint training sessions per
week of equal volume produce similar improvements in 10 m, 20 m,
and 30 m sprint performance in youth soccer players. In addition,
the present study observed performance changes across different
sprint distances in both the SST and LST groups, ranging between
2.5% 10 9.2% and 4.7% to 10.5%, respectively. These findings are
consistent with previous studies in professional, who experienced
similar improvements in sprint performance after a 6-week training
program involving a combination of resisted (2.7% to 6.9%) and un-
resisted (2.1% to 8.4%) methods such as squat jumps, linear sprints,
and change-of-direction drills [30]. Additionally, similar changes were
observed in youth soccer players who completed a 5-week high-in-
tensity interval training (5.0% to 7.3%) and small-sided games (5.9%
to 7.9%) programs [31].

The present findings are in line with the pattern of sprint trainabil-
ity described by Moran et al. [18] in their meta-analysis regarding the
effects of sprint training on sprinting performance across peak height
velocity groups (PHV) in young male athletes. As an outcome of this
article, the authors stated that sprint training becomes progressively
more effective with increasing maturation showing the post-PHV group
the greatest trainability effects, which corresponds with the partici-
pants of the present study in terms of chronological age (16-18 years).
Thus, large effects observed in SST and LST could be explained by
the greater muscular size, hormonal activity and development, great-
er muscular size, increased limb length, changes to musculotendi-
nous tissue, enhanced neural and motor development and better
movement quality and coordination [18, 32].
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TABLE 3. Changes in physical fitness after six weeks of sprint-training in youth soccer players.

SST LST ANOVA

Variables ) Time

Pre Post A (%) ES Pre Post A (%) ES Time  Group % group
5m(s) 1.08+0.04 0.98+0.06 -9.2 1.96 1.09+0.02 0.98+0.03 -10.5 4.31 < 0.001 0.657 0.437
10m(s) 1.82+0.07 1.70x0.08 -6.6 1.59 1.85+0.05 1.70+0.03 -85 3.63 < 0.001 0.536 0.055
20m (s) 3.14+0.12 2.98+0.14 -5.3 1.22  3.19+0.07 2.98=+0.08 -6.5 2.79 < 0.001 0.656 0.129
30m(s) 4.42+0.23 4.28+022 -29 062 445+0.13 4.23+0.10 -5.1 1.89 < 0.001 0.933 0.216
40 m(s) 566+0.33 551+0.28 -25 049 571+0.18 543+0.11 -47 1.87 0.001 0910 0.217
T-test (s) 9.64+0.49 9.17x0.27 -4.7 1.18 9.53+0.33 9.00x0.55 -5.5 1.16 < 0.001 0.469 0.731

SST = short-sprint training; LST = long-sprint training; ES = effect size.

-~ -SWC

% Change
&

|
|
\
\

W5 msprint

10 m sprint
20 m sprint
[J30 m sprint
%40 m sprint

-10 |

-12

SST LST

FIG. 1. Percentage change in sprint performance in response to
short (SST) and long-sprint training (LST). Horizontal line represents
the smallest worthwhile change (SWC) for team sports athletes.

Agility is considered an important quality required by team sports
players [33]. According to previous literature, training programs de-
signed to improve agility should be specific and independent from
sprint training programs [341]. However, in the present study SST and
LST groups induced improvements of 4.7 and 5.5% in the T-test,
respectively, similar to the effect observed in sprint performance.
However, no significant difference was observed between the two ex-
perimental groups, suggesting that agility improvements are not de-
pendent on sprint training distance when players perform the same
training volume. These findings are in accordance with the results of
Marzouki et al. [20], who reported a significant reduction of 4.2 and
2.4% in T-test performance after 10-week training including on or
two sessions a week, respectively. Furthermore, the current study’s
results are consistent with those of Bianchi et al. [35] who demon-
strated a significant decrease in the 505 change-of-direction test
time after implementing a 6-week combined training method

involving both plyometrics and sprinting drills. Several factors could
explain the agility improvements observed in this study after train-
ing period. However, the most plausible factor could be related to in-
crements in lower limb strength [21].

The results of the present study suggest that sprint training pro-
grams with short or long distances were both useful for improving
sprint performances over distances between 5 and 40 m. Indeed,
present results demonstrated the prescription of SST or LST during
in-season period contributed to improving agility performance among
youth soccer players. These results reinforce previous evidence indi-
cating usual sprint training modality is an approach to be recom-
mended to increase sprint performance in male youth
athletes [18].

The interpretation and broader implications of the current find-
ings must be understood within the limits of the specific data collec-
tion undertaken. Although the study had many unique aspects, there
are some limitations that should be considered. First, even though
the number of participants in this study was similar to other sprint
training studies in youth soccer players. Another limitation to be con-
sidered in this study is the duration of the training intervention, which
was only six weeks. Third, the absence of a control group without
participating in any of the experimental protocols limits conclusions
from this study. Future studies considering a larger sample size, lon-
ger training periods, and using control group may provide more con-
clusive results.

CONCLU S| OIN S /50—
This study showed that six weeks of short- and long-distance sprint
training, matched for the total session training volume, seem to
represent a time-efficient stimulus for a simultaneous improvement
of short, medium, and long sprint performance, as well as agility
during in-season period in youth soccer players. However, although
there were no statistically significant differences between the two
training programs, LST group showed better percentage changes in
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all fitness variables evaluated. Thus, from a practical perspective,
because even small changes can be the difference between winning
and losing decisive 1-on-1 duels or create goal-scoring opportunities
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Small sided games (SSGs) are currently one of the most common
tasks used to enhance players’ soccer-specific technical, tactical,
and physical skills [1]. In fact, SSGs allow players to replicate spe-
cific physical, technical, and tactical defensive and offensive behav-
jours without having to repeat mechanical movements [2]. Accord-
ing to previous scientific literature, the physical performance and the
development of fatigue in SSGs vary depending upon several vari-
ables [1, 2]. Two of the most often used constraints in designing
SSGs are the number of players and the pitch size [3]. When both
variables are combined, the area per player (ApP) is obtained. It is
a key concept during this type of task and it is defined as the theo-
retical pitch area that corresponds to each player; it is determined
as the total pitch area divided by the number of players on the
pitch [4]. From a practical perspective, previous research revealed
that large areas lead to an increase in total distance, total distance
per minute, distance at different intensities, and sprint frequen-
cy [4, 5]. However, controversy exists regarding accelerations and

decelerations. It seems that with smaller ApP increases in accelera-
tion and deceleration are reported [6].

Monitoring training and match load can provide a scientific ex-
planation for changes in performance. Load monitoring could be fun-
damental to reducing the risk of injury, optimizing performance, and
avoiding non-functional overtraining [7, 81. In addition, profession-
al soccer players have increased the high-speed distance (HSD) and
sprint distance (SD) performed in match play over time, highlight-
ing the importance of monitoring these factors during training, spe-
cifically during training tasks [9]. Hence quantifying training load
(TL) is important to obtain overall knowledge of how the training ses-
sions or tasks such as SSGs differ from the official match (OM) de-
mands [10]. Previous research analysed the differences between
SSGs and friendly matches [11]; these authors concluded that high-
intensity distance during friendly matches was greater than during
SSGs. However, the global indicator of workload (work ratio and play-
er load) was higher during SSGs than in friendly matches. More

u BioLoGy oF SpPoRrT, VoL. 41 Nol, 2024 95



recently, Pinheiro et al. [12] stated that with professional soccer play-
ers the total distance per minute was higher during friendly match-
es than during different formats of SSGs. Additionally, no differenc-
es were found between friendly matches and SSGs considering
mechanical values (number and average distance of accelerations).
Another group of authors compared different SSGs with OMs [13]
and found that only large-sided games (9vs9; 194 m?-player™?)
simulated the official full match more accurately than other sided
games in terms of sprinting. Medium and SSGs were more intense
than full matches considering mechanical values. However, these
studies took into account physical performance variables for whole
matches. Whilst reporting half or whole-match activities is useful to
help understand overall physical loading, such data do not reflect
the stochastic nature of soccer match-play [14]. Therefore, consid-
ering the most intense periods of the competition could be valuable
when managing the TL.

The worst-case scenarios (WCS) are defined as the periods of
maximum physical output throughout the match [14]. If the objec-
tive of training is to replicate or overload the movement demands re-
ported during the competition, the use of WCS could be key to op-
timizing performance and adequately preparing the player for the
matches. Hence, elucidating the demands associated with the WCS
and comparing them with one of the most used tasks in training ses-
sions (i.e., SSGs) may be useful when developing and scheduling
specific training sessions. Although there are studies analysing the
differences between SSGs and official competitions [6, 13], to the
authors’ knowledge there is a gap in the literature examining the dif-
ferences between SSGs and WCS during soccer competitions. Pre-
vious research [15, 16, 17] analysed the differences between SSGs
and WCS. Nevertheless, only one previous study reported these dif-
ferences considering young soccer players [17]1. This information
may be useful for developing soccer-specific training programmes
designed to condition youth players to cope with potentially decisive
periods of matches. The first group of authors with senior
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Norwegian professional players indicated that HSD during 4vs4 and
6vsb was 78% and 86% lower than in the peak period of match
play, showing that this type of SSGs could underestimate high-inten-
sity activities reported during the WCS. It seems that the distance,
HSD and distance covered when sprinting are the variables that have
the lowest percentage of most demanding passages while perform-
ing the game formats studied, especially in the smallest formats of
training games [16]. Meanwhile, with elite young players, Sydney
et al. [17] mentioned that no SSGs of different sizes were found to
replicate the peak of total distance and HSD during match-play. How-
ever, these authors only considered two locomotor variables (total
distance and HSD). In agreement with Martin-Garcia et al. [16] we
believe that using more time windows (e.g., 1, 5, and 15 minutes)
would have made it possible to explore in greater depth how the val-
ues relating to the competition percentage vary. In consequence,
more research in young players using more WCS time windows and
considering more variables is needed.

Hence, the objective of this study was to determine whether the
physical performance of young soccer players during various SSGs
underloads, replicates or overloads the requirements of the worst-
case scenarios during match play. The conclusions of the present
study would make it possible to manage the ApP used during SSG
to underload, replicate or overload the requirements of the worst-
case scenarios during match play and plan the whole-session train-
ing load during practice.

MATERIALS AND METHOD S 155 m
Subjects

The data for this study were collected from players belonging to an
elite Spanish soccer academy (n= 31; age = 17.0 = 1.3 years;
height = 173.7 +£6.0 cm; body mass = 66.9+7.1 kg and body
fat percentage = 10.6 + 1.0%). Goalkeepers were excluded from
the data collection. The club’s medical staff certified the health sta-
tus of each player. Injured players diagnosed by medical services or

TABLE 1. Number of observations of each SSGs, OM and WCS according to player positions.

Position ApP100 ApP200 ApP300 oM WCS15 WCS5 WCS1 Total
CcDh 62 27 53 18 22 22 21 225
FB 37 18 33 14 19 19 19 159
MF 32 13 16 11 14 14 14 114
WM 39 26 56 21 25 25 25 217
FW 18 9 21 9 14 14 14 99
Total 188 93 179 73 94 94 93 814

Note: WCS15 (worst case scenario of 15 minute of duration); WCS5 (worst case scenario of 5 minute of duration); WCS1 (worst
case scenario of 1 minute of duration); ApP100 (Area per player < 100 m?-player ~!); ApP200 (Area per player between 100 and
200 m2-player™!); ApP300 (Area per player > 200 m?-player™!); OM (official match); CD (Central Defender); FB (Fullback); MF

(Midfielders); WM (Wide Midfielder); FW (Forward).
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players involved in rehabilitation training sessions were also exclud-
ed from data collection. Participants were categorized according to
playing positions as directed by the head coach. Playing positions
were CD = Central Defender (n = 11 and 225 observations),
FB = Fullback (n = 5 and 159 observations), MD = Midfielder
(n = 3 and 114 observations), WM = Wide Midfielder (n = 8 and
217 observations) and FW = Forward (n = 4 and 99 observations)
(Table 1). A consent letter was obtained from the club agreeing with
the procedures. The local Ethics Committee (E1621871) approved
the study and it was performed in accordance with the principles of
the Declaration of Helsinki. Since data used in the present study
were acquired as part of players’ routine monitoring, informed consent
was not required [18].

Training contents and matches

A total of 521 SSGs’ individual observations were undertaken (aver-
age per player: 26.3 (= 17.5) and all SSGs were grouped according
to the ApP. SSGs ranged from 10 vs 10 to 3 vs 3 and ApP ranged
from 60 to 332 m?-player™! (with 24 different ApP). The SSGs’
training formats are described in Table 2. The ApP was obtained as
the total pitch area divided by the number of players on the pitch [19].
Goalkeepers were present for each game type although they were
excluded in the calculations when determining the relative pitch area

TABLE 2. Pitch size during small sided games.

per player (m?). Small, medium and large-sided games were all ab-
breviated as SSGs and specified by ApP (ApP100: < 100 m?-player™!;
ApP200: ranged from 101 to 200 m?-player™!; ApP300: ranged
from 201 to 350 m?-player™!). The ApP was used as a discrete
variable to compare the physical demands of SSGs with different
ApP with those of WCS during OM. The SSGs were performed under
the supervision and motivation of several coaches to maintain a high
work ratio. In addition, a ball was immediately made available by
replacement when it went out of play. In SSGs, the corners were
replaced by a ball in game from the goalkeeper (except for 10 vs 10,
where corners were performed). Coach feedback was present during
each SSG and players were instructed to pressure the opposition as
much as possible [17].

A total of 11 OM and 752 records (CD = 176, FB = 152, MF
=112, WM = 200 and FW = 112) were considered to analyse the
WCS of match play. Only players who started the match and com-
pleted the whole OM were included. Each match was ninety min-
utes in duration, separated by two forty-five-minute halves, with any
additional time determined by the match referee. All matches were
played under the same competition rules, limiting each team to three
substitutions and a fifteen-minute break for half-time. Matches were
preceded by a twenty-minute standardized warm-up consisting of
dynamic stretching, 20 m and 30 m maximal sprint efforts, short

N° players Iengt(l:':]\;wdth W|dtI::tI;ngth m? m?player'!  Goalkeeper Floater R:}:r:t(':::n) :::;Z
104 x 62 0.59 6448 322
75%x62 0.86 4650 232
70 X 62 0.88 4340 217
10 vs 10 67 X 62 0.92 4154 208 Yes 0 8-30 min 2-4

62 X 65 1.04 4030 202
60 x 62 1.03 3720 186
58 x 64 1.10 3712 185

9vs 9 6255 0.88 3410 179 No 1 8-15 min 1-2
60 x 40 0.66 2400 126
61 x 62 1.01 3782 236 Yes 0

8vs 8 54 x 50 0.92 2700 168 10-11 min 1-2
65 X 62 0.95 4030 237 Yes 1

6vs 6 35x%x32 0.91 1120 93 Yes 0 4-6 min 2-4
30x32 1.06 960 96

5vsb 3026 0.86 780 78 Yes 0 2-5 min 2-4
27 x 25 0.92 675 68

4 vs 4 30x26 0.86 780 98 Yes 0 3-4 min 2-4
18 x22 1.22 396 66 Yes 0 )

3vs 3 2-3 min 3
21x18 0.85 378 54 Yes 1

BioLoGy oF SpPoRrT, VoL. 41 Nol, 2024 97




and long passing, and possession play (4 vs 4 plus 2 floaters). Match-
es were played on official fields (104 x 62 m, length X width, re-
spectively). Both mean values and peak 15-, 5-, and 1-minute val-
ues were calculated. Hence, for each player and for each variable,
the most intense phases of 15-, 5-, and 1-minute duration were cal-
culated using rolling average methods [20].

External load variables

The running variables were obtained from the Global Positioning
System (GPS). All external load measures were normalized as relative
distance covered in one minute (m-min~!) or the number of accel-
erations in one minute (n-min~!) [21]. Consistent with a previous
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study [22] that utilised similar thresholds, the movement demands
were reported as total distance covered relative (m-min~!) (TDCR),
high-speed distance relative (HSDR) (> 18 km-h™!), very high-speed
distance (m-min~?) relative (VHSDR) (> 21 km-h™1) and sprint
(> 25 km-h~1) distance m) relative (SDR). The total number (per
minute) of accelerations (ACCR) and the total number of high-inten-
sity accelerations (ACCHR) (> 3 m-s™2) were also gathered [5, 20].
Moreover, a global load indicator was included as a variable: player
load per minute (PLR), which is a measure based on the tri-axial
accelerometer measures and may serve as a complementary tool for
measuring the load from activities misrepresented by time-motion
analysis [15].

TABLE 3. Physical performance variables (mean, standard deviation, and range) for three worst case scenarios (WCS15, WCS5 and
WCS1), OM and different types of small-sided games (ApP100, ApP200 and ApP300).

TDCR HSDR VHSDR SDR ACCR ACCHR PLR
WCS15 129.5+13.0 18.4+5.1 10.3+4.0 42+25 7.0x1.1 1.6+04 5.5+0.6
(126.8-132.2) (17.3-19.4) (9.4-11.1) (3.7-4.7) (6.8-7.2) (1.5-1.7) (5.4-5.7)
WCS5 143.3+10.4 27.3%+6.9 16.8+5.7 8.4+x42 83=x1.1 22x04 6.1+0.5
(141.2-145.5) (25.8-28.6) (15.7-18.0) (7.5-9.2) (8.1-8.5) (2.1-2.3) (6.0-6.2)
WCS1 1941141 70.7x17.3 50.2+15.3 30.5+14.4 129=x14 4.9+0.9 8.1x+0.6
(191.2-197.1) (67.2-74.3) (47.0-53.3) (27.5-33.4) (12.6-13.2) (4.7-5.1) (7.9-8.2)
oM 116.0+9.5 12.9+4.0 6.4x+2.7 2.1x13 5.9+0.8 1.2+0.3 49+0.5
(113.5-117.9) (11.9-13.8) (5.7-7.0) (1.7-2.4) (5.7-6.1) (1.2-1.3) (4.8-5.1)
ApP100 103.6+19.6 4.3x3.7 1.1+x1.7 0.1+0.6 10.0x2.7 28+x1.2 5.3+x0.9
(100.7-106.4) (3.8-4.9) (0.8-1.3) (0.1-0.2) (9.6-10.4) (2.6-2.9) (5.2-5.5)
ApP200 111.2+18.3 8.8x45 3.2x25 0.6x1.0 7.2x1.5 1.5+x0.4 5.0=0.8
(107.4-115.0) (7.8-9.7) (2.7-3.7) (0.4-0.8) (6.9-7.5) (1.4-1.6) (4.8-5.1)
ApP300 115.4+18.3 11.6+4.9 53+x2.9 1.3+15 6.6+x1.2 1.3+04 49=+0.8
(112.7-118.1) (10.9-12.3) (4.8-5.7) (1.1-1.5) (6.4-6.7) (1.3-1.4) (4.8-5.1)
WCS1 > WCS5,  WCS1 > WCS5, ~ WCSI > WCS5,  WCS1 > WCS5,  WCSI > WCS5,  WCSI > WCS5,  WCS1 > WCS5,
WCS15, OM, ApP100,WCS15, OM, ApP100, ~ WCS15,0M,  WCS15, OM, ApP100, WCS15, OM, ApP100, WCS15, OM, ApP100, WCS15, OM, ApP100,
ApP200, ApP300  ApP200, ApP300  ApP100 ApP200;  ApP200, ApP300  ApP200, ApP300  ApP200, ApP300  ApP200, ApP300
ApP300
WCS5 > WCS15,  WCS5 > WCSI5, WCS5 > WCS15,  WCS5 > WCS15,  WCS5 > WCS15,  WCS5 > WCS15,
OM, ApP100, OM, ApP100, WCS5 > WCS15, OM, ApP100,  OM, ApP200, ApP300 OM, ApP200, ApP300 oM,
Statistical ApP200, ApP300  ApP200, ApP300 OM, ApP100, ApP200, ApP300 ApP100, ApP200,
differences ApP200, ApP300 ApP200 > OM WCS15 > OM, ApP300
(b < 0.05) WCS15 > OM, WCS15 > OM, WCS15 > ApP100, ApP300
P ' ApP100, ApP200,  ApP100, ApP200, ~ WCS15 > OM, ApP200, ApP300  ApP100 > WCS5, WCS15 > OM,
ApP300 ApP300 ApP100, ApP200, WCS15, OM, ApP200, ApP100 > WCS5,  ApP200, ApP300
ApP300 ApP300 WCS15, OM, ApP200,
OM, ApP300, oMm, ApP300 ApP100 > ApP200,
ApP200 > ApP100 ApP300 > ApP100, OM > ApP200, ApP300
ApP200 ApP100

ApP200 > ApP100 ApP300 > ApP100

Note: TDCR (total distance covered relative); HSDR (high speed distance relative); VHSDR (very high speed distance relative); SDR
(sprint distance relative); PLR (player load relative); ACCR (the number of total accelerations relative); ACCHR (the number of high
accelerations relative); WCS15 (worst case scenario of 15 minute of duration); WCS5 (worst case scenario of 5 minute of duration);
WCS1 (worst case scenario of 1 minute of duration); ApP100 (Area per player < 100 m?- player™!); ApP200 (Area per player between
100 and 200 m?-player™!); ApP300 (Area per player > 200 m?-player™!); OM (official match).
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Procedures

The participants undertook their traditional weekly training routine.
All training sessions were performed on artificial pitches and all
training sessions were scheduled at the same time (16:30-18:45).
During both training sessions and OM, players’ movements were
recorded using a portable 10 Hz GPS device that also incorporates
a 400 Hz tri-axial accelerometer (Playertek, Dundalk, Ireland). Ac-
celeration activity was measured as a change in speed for a minimum
period of 0.5 seconds with acceleration at least of 2 m-s™2. These
GPS devices seem to be valid and reliable for use in team sports [23]
and they were used previously in soccer research [24]. The GPS
device was attached to the upper back of each player by means of
a special harness, and according to the manufacturer’s instructions,
all GPS units were activated 10 minutes before the training sessions
or OM began.

Statistical analysis

Descriptive statistics (mean = SD and confidence intervals) are re-
ported for all variables. The data were tested for normality using
quantile-quantile plots (Q-Q plots) and the Kolmogorov-Smirnov test
of normality. Linear mixed models were performed to analyse the
differences between SSG formats (ApP100, ApP200 and ApP300),
mean OM and WCS with different durations (WCS15, WCS5, and
WCS1). The players’ identity was modelled as a random effect to
take into account the repeated measurements. Effect size (ES) was
established using Cohen's d. Concretely, the ES was calculated ac-
cording to the formula d = (M, — My/SD 44e4), Where M; and M, are
the means of the two groups and SD,,q is the square root of the
weighted average SD. According to Cohen [25], ES were classified
as trivial (< 0.1), small (0.1-0.3), moderate (0.3-0.5), large (0.5-
0-7) and very large (> 0.7). Data analysis was conducted using
SPSS Statistics (IBM Corp. Released 2017. IBM SPSS Statistics for
Macintosh, Version 25.0. Armonk, NY: IBM Corp.) software with
a significance value set at p < 0.05.

RIE'S U LTS /500
Descriptive statistics for selected physical performance variables and
differences between formats (different WCS, OM, ApP100, ApP200,
and ApP300) are shown in Table 3. All external load measures
analysed (TDCR, HSDR, VHSDR, SDR, PLR, and ACCHR) were sig-
nificantly higher in WCS1 compared to WCS of longer duration and
SSGs with different ApP. Specifically, when TDCR is analysed, it was
found that all WCS were significantly higher than the SSG formats
(p < 0.001; ES: 0.8-5.3). Additionally, ApP300 elicited signifi-
cantly higher TDCR values compared to ApP100 (p < 0.05; ES:
0.62). Considering HSDR and VHSDR, WCS with different duration
(WCS1, WCS5 and WCS15) were significantly greater than all SSG
formats (p < 0.001; ES: 1.3-5.3) Moreover, SSGs with ApP300 and
ApP200 had significantly higher HSDR (p < 0.05; ES: 1.6 and ES:
1.1, respectively) and VHSDR (p < 0.05; ES: 1.7 and ES: 0.9,
respectively) values than ApP100. SDR was significantly higher in

all WCS compared to all SSG formats analysed (p < 0.01; ES:
2.9-1.4). However, no differences were found between SSGs taking
into consideration SDR values. Regarding mechanical measures (PLR,
ACCR, and ACCHR), WCS1 was significantly greater compared to
both worst-case scenarios of longer duration and SSGs with different
ApP (p < 0.001). Significantly higher PLR values were found in
WCS5 (p < 0.05; ES: 1.8-1.1) and WCS15 (p < 0.05; ES: 0.3-0.8)
compared to the SSGs analysed. Furthermore, ApP200 and
ApP300 showed lower PLR values than ApP100 (p < 0.05; ES:
0.4 and ES: 0.5, respectively). Taking into consideration acceleration
values, both total and high-intensity accelerations, for WCS5 and
ApP100 significantly higher ACCHR was found than for WCS15 (ES:
1.5 and ES: 1.3, respectively), ApP200 (ES: 1.8 and ES: 1.5, re-
spectively) and ApP300 (ES: 2.3 and ES: 1.7, respectively) (Table 3).

The differences between playing positions and game type taking
into consideration TDCR, HSDR, VHSDR, and SDR are outlined in
Figures 1, 2, 3, and 4, respectively. The analysis showed interactions
between game type and player positions (p < 0.001) for TDCR (Fig-
ure 1). Particularly, WCS1, WCS5, and WCS15 showed higher val-
ues than SSG formats for CD (p < 0.05; ES: 4.6-0.5), FB (p < 0.05;
ES: 7.5-1.1), MF (p < 0.05; ES: 13.9-0.5), WM (p < 0.05; ES:
5.2-1.1) and FW (p < 0.05; ES: 6.1-1.1). Furthermore, only WM
(p < 0.05; ES: 6.5-1.4) and FW (p < 0.05; ES: 5.5-1.7) showed
significantly greater values during WCS analysed compared to OM.
Additionally, WM and CD SSGs played on ApP200 and ApP300 showed
significantly higher (p < 0.001) TDCR values than ApP100. Fig-
ure 2 shows interactions between playing position and game type. All
positions obtained higher (p < 0.005) HSDR values during all WCS
compared to sided game formats, except for MF. For this position, no
differences were found between WCS15 and ApP200, and
ApP300 (p > 0.05). Figure 3 underlines the interactions between
playing position and game type for VHSDR. Specifically, CD (p < 0.05;
ES: 5.2-1.3), FB (p < 0.05; ES: 6.2-2.1), and WM (p < 0.05; ES:
4.9-1.4) positions showed higher VHSDR values during all WCS in
comparison with all SSG formats, except for MF and FW. For these
two positions, differences were not found between WCS15 and
ApP200, and ApP300 (p > 0.05). Only WM exhibited significantly
higher VHSDR values during OM compared to ApP100 (p < 0.05;
ES: 2.5). Figure 4 shows the differences between WCS and sided
games taking into consideration the SDR. Considering WCS1, all po-
sitions reported higher SDR values compared to all SSGs and OM. No
differences were found between WCS15 and ApP200 and ApP300,
except for FB and WM. Significantly higher SDR values were record-
ed in WCS15 compared to ApP100 for FB and WM (p < 0.05; ES:
3.2 and 2.0, respectively).

Mechanical values, ACCHR and PLR are shown in Figure 5 and
Figure 6, respectively. ACCHR values were significantly greater dur-
ing WCS1 compared to WCS5 (ES: 3.8) and WCS15 (ES: 4.6), OM
(ES: 5.5), and all SSG formats (p < 0.001; ES: 5.1-2.1).
ApP100 showed significantly higher ACCHR values compared to oth-
er SSG formats (ApP200 and ApP300) (p < 0.05; ES: 1.4 and 1.6,
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FIG. 1. Significant differences between different WCS and various sided games considering total distance covered relative (TDCR); a:
significant differences compared to ApP100; b: significant differences compared to ApP200; c: significant differences compared to
ApP300; d: significant differences compared to OM; e significant differences compared to WCS15; f: significant differences compared
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FIG. 2. Significant differences between different WCS and various sided games considering high-speed distance relative (HSDR); a:
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FIG. 3. Significant differences between different WCS and various sided games considering very high-speed distance relative (VHSDR);
a: significant differences compared to ApP100; b: significant differences compared to ApP200; c: significant differences compared
to ApP300; d: significant differences compared to OM; e significant differences compared to WCS15; f: significant differences compared
to WCSb.
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FIG. 7. Various-sided games and official matches percentages (%) according to different worst-case scenarios for all players’ positions.
ApP100: Area per player (<100 m?-player™); ApP200: area per player (ranged from 101 to 200 m?-player™!); ApP300: area per
player (ranged from 201 to 350 m?-player™!). A): total distance covered relative (TDCR): B): total number of accelerations relative
(ACCR); C): very high-speed distance relative (VHSDR); D): total number of high-intensity accelerations relative (ACCHR); E): sprint

distance relative (SDR); F): player load relative (PLR)

respectively), OM (p < 0.05; ES: 1.7) and WCS15 (p < 0.05; ES:
1.2) for all positions analysed separately. Interactions between play-
ing positions and game type considering PLR are shown in Figure 4.
WCS1 showed significantly greater PLR values compared to the oth-
er formats analysed for all positions considered (p < 0.001; ES:
5.4-3.3). FB and FW had higher PLR values during ApP100 in com-
parison with ApP200 (p < 0.05; ES: 1.6 and 0.8, respectively) and
ApP300 (p < 0.05; ES: 1.2 and 0.3, respectively).

Figure 7 shows the different SSG formats and OM, considering the
relative load normalized across all three analyzed WCS for all play-
ers’ positions together. The ApP100 format represents, 50, 70, and
80% compared to WCS1, WCS5, and WCS15 respectively for TDCR.
Taking into account VHSDR and SDR, ApP100 greatly underestimates
the worst-case scenarios of match play (WCS1: 2 and 0%, WCS5:
7 and 2%, and WCS15: 11 and 3%, respectively). Considering me-
chanical values, the ApP100 format overestimated or reached simi-
lar values according to the worst-case scenarios for both ACCR (WCS1:
80%, WCSb: 120%, and WCS15: 140%) and ACCHR (WCS1: 50%,
WCS5: 120%, and WCS15: 170%). The results obtained for the
ApP200 format analysing TDCR were similar to what was observed
in the ApP100 format. The ApP200 format represents 60, 80, and
80% compared to WCS1, WCS5, and WCS15 respectively for the
above-mentioned variable. Considering high-intensity locomotor ac-
tivities (HSDR and SDR), ApP200 did not exceed 30% compared to
worst-case scenarios of match play (WCS1: 6 and 2%, WCS5: 20 and
7%, and WCS15: 30 and 10%, respectively). Regarding mechanical

values, the ApP200 format reached values below the worst-case sce-
narios of competition for both ACCR (WCS1: 60%, WCS5: 90% and
WCS15: 100%) and ACCHR (WCS1: 30%, WCS5: 70%, and WCS15:
90%, respectively). The ApP300 format represents 60, 80, and 90%
compared to WCS1, WCS5, and WCS15 respectively for TDCR. Tak-
ing into account VHSDR and SDR, ApP300 underestimates the worst-
case scenarios of match play (WCS1: 10 and 4%, WCS5: 30 and
10%, and WCS15: 60 and 30%, respectively). Analysing mechani-
cal values, the ApP300 format underestimated values according to
the worst-case scenarios for both ACCR (WCS1: 50%, WCS5: 80%,
and WCS15: 90%) and ACCHR (WCS1: 30%, WCS5: 60%, and
WCS15: 80%).

DISCU'S'S 1O N 15
The main purpose of this study was to determine whether the phys-
ical performance of young soccer players during various SSGs under-
load, replicate, or overload the requirements of the worst-case sce-
narios (WCS) during match play considering external load measures.
To the authors’ knowledge, no previous study has analysed the dif-
ferences between WCS and SSG according to ApP with young soccer
players. Our main findings were that WCS5 and WCS1 showed
significantly higher values than SSG formats (ApP100, ApP200, and
ApP300) and OM taking into account locomotor variables (TDCR,
HSDR, VHSDR, and SDR). However, no significant differences were
found between WCS15 and SSGs when sprint distances were ana-
lysed in most playing positions. Regarding mechanical (ACCHR)
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values, ApP100 showed significantly higher values than the WCS,
except for WCS1.

There were differences between worst-case scenarios and ApP
formats for the players depending on their field position. WCS1 and
WCS5 were higher for TDCR values compared to other formats across
all playing positions. However, considering WCS15, we found that
TDCR was higher than the ApP200 and ApP300 for all positions,
except for midfielders. Maybe the greater distance per minute reached
in this position during both training sessions [26] and during SSG
formats compared to other positions [27, 28] could explain these
outcomes, since they are related to the positional role of linking de-
fence and attack. These findings are in line with previous re-
search [17, 201. Therefore, these tasks seem less appropriate to rep-
licate the most demanding phases of match play in the TDCR. Hence,
SSGs with different ApP (ApP100, ApP200, and ApP300) reached
53, 57, and 60% respectively of TDCR of the WCS1. However, when
using a bigger format (i.e., ApP300), the results showed similar val-
ues to different worst-case scenarios. Therefore, these tasks could
be optimal to prepare TDCR worst-case scenarios of greater dura-
tion (i.e., WCS5 and WCS15).

In relation to high-intensity activities (i.e. HSDR, VHSDR), simi-
lar tendencies were found. HSDR and VHSDR were significantly high-
er in WCS1 and WCS5 compared to the different SSGs for all posi-
tions. However, no significant differences were found in HSDR and
VHSDR between WCS15 and ApP200, and ApP300 for midfield-
ers. A possible explanation for this fact could be that midfielders pro-
duce less HSDR and VHSDR during official matches [29]; hence,
a lesser peak of 15 minutes was reached. In consequence, there are
no differences between WCS15 and SSGs with larger area per play-
er. Significant differences were found when we analysed the rest of
the playing positions. FB and WM reached the greatest values dur-
ing competitions in these variables; therefore, big differences exist
between the most demanding passages and sided games. Regard-
ing SDR values, WCS1 was higher than SSGs for all playing posi-
tions. Similarly, WCS5 was higher than SSGs for CD, FB, and WM,
except for MF and FW. Once again, the shorter sprint distance reached
for both positions during match play could be behind these outcomes.
Additionally, no differences were found between WCS15 and SSGs
for most positions. Hence, SSGs could be a good solution when the
practitioners aim to prepare the most demanding passages of 15 min-
utes duration.

Current soccer presents more high-intensity actions and greater
sprint distances [30], being decisive in both attacking and defensive
soccer situations, and they are considered a key measure of physi-
cal performance in soccer [31, 32]. In contrast, one of the most used
tasks during the training process is the SSGs [33]. However, the SDR
and VHSDR observed during these types of drills were significantly
lower than the demands observed in the worst-case scenarios of the
competition taking into account different time periods in all playing
positions. According to Dalen et al. [20], the discrepancy between
SSGs and match peaks with respect to VHSDR and SDR could be
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due to several factors such as the size of the pitch during SSGs. The
frequent use of smaller pitch size (ApP100 and ApP200) during the
training sessions could be behind these differences. In addition, the
reduced peak VHSDR and SDR recorded in ApP300 compared to
WCS could potentially be due to the time constraints, pacing strat-
egies, and psychological or motivational factors resulting in fewer
opportunities to reach similar values to those found in the most de-
manding phases of match play [17, 34]. According to Riboli et al. [6],
we would need more than 350 m?-player™! to replicate the official
match peaks of high intensity and sprint distance in elite adult play-
ers. In consequence, we could mention that SSGs do not prepare
players adequately for the most demanding phases of competition,
specifically for WCS1 and WCS5, in relation to VHSDR and SDR.
However, sided games with larger areas could be used to prepare
WCS15 since no differences were found between WCS15 and SSG
formats for each position analysed. Consequently, coaches and prac-
titioners should consider the appropriate exposure of players to HSDR
and SDR with the aim of either developing or maintaining their ca-
pacity to perform high-intensity efforts required frequently during
WCS of match play [35]. Thus, the results of this study show that
supplementary high-speed running drills should be planned and pe-
riodized suitably concurrently with SSGs to prepare for WCS for young
soccer players [36, 371, specifically for positions with high demands
of high-intensity and sprint distances (i.e. FB and WM). Additional-
ly, this type of training could reduce the risk of non-contact ham-
string injuries [38, 39, 40] and therefore should be considered in
the practice.

Previous research concluded that accelerations and decelerations
remained unchanged across different ApP used [6, 41]. Hence, no
differences in accelerations and decelerations were found by Gaud-
ino et al. [41] between SSGs with different areas per player. Con-
versely, we found that SSGs played on small areas (i.e., ApP100)
had higher ACCHR values compared to WCS15 and WCS5 for all
field positions, except for wide midfielders, where no differences were
found. Wide midfielders reach the highest number of high-intensity
accelerations during match play [16, 42]. Accordingly, similar val-
ues were observed between ApP100 and worst-case scenarios for
this play position. However, it seems that SSG formats did not stim-
ulate players sufficiently to cope with acceleration demands that oc-
curred during WCS1 taking into consideration all play positions. We
observed that players performed a higher number of both total and
high-intensity accelerations per minute during ApP100 compared to
WCS15 and WCS5. However, the greatest values were found dur-
ing WCS1. Present data are in line with Dalen et al. [20], who ob-
served that during SSG (4 vs 4) with professional soccer players,
a higher number of ACCR was performed compared to the peak
5-minute intensity. Similarly, Martin-Garcia et al. [16] also with pro-
fessional Spanish soccer players reported that SSGs (i.e., 5 vs 5 and
6 vs 6) represented approximately 115% in relation to WCS5 for the
ACCHR values. Nevertheless, neither research group reported data
for WCS using time windows of shorter duration (i.e., WCS1). Hence,
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taking into account our results, it seems that when aiming to pre-
pare players for the most demanding phases of 1-minute duration
a supplementary task emphasizing ACCR and ACCHR values may
be needed, since the ApP formats analysed represented a maximum
of 78 and 56% respectively, compared to WCS1. However, if the
aim is to prepare WCS with a longer time window, it seems that both
ApP100 and ApP200 SSG formats may be suitable.

The present research has some limitations. First, more observa-
tions analysing ApP300 would be needed to reach more powerful
conclusions. Secondly, the varying duration and training prescription
between SSG formats is a limitation as this could have influenced
the pacing strategies of players and it should be into account when
the results are analysed. As another limitation, we only took into ac-
count the average values of SSGs without considering the most de-
manding phases during these drills. More research analysing the
WCS and the SSGs’ peaks could elucidate this topic. Lately, internal
load (i.e., heart rate and the rate of perceived exertion) were not ex-
amined. Hence, an aggregate analysis between internal and exter-
nal load would provide more accurate information. However, the im-
possibility of collecting the rate of perceived exertion after each SSG
format during the daily real-life training routine may limit the oppor-
tunity to monitor consistently the internal and perceived load.

CONCLU SIOIN S /50—
This study provides useful information for practitioners on the impact
of SSG formats on physical load in relation to the WCS of competitive
match play. The results highlight the importance of expressing the
demands of the game formats relative to the WCS since we found that
WCS5 and WCS1 were significantly higher than SSG formats (ApP100,
ApP200, and ApP300) and OM taking into account locomotor variables
(TDCR, HSDR, VHSDR, and SDR) and mechanical variables (ACCR,
ACCHR, and PLR). In addition, larger SSG formats had greater TDCR
and VHSDR values than smaller formats. However, when we analysed
mechanical variables (ACCHR and PLR), we found that smaller SSGs
had higher values compared to larger SSGs and OM. Only the ACCHR

values exceed the values in the WCS5 and WCS15 during ApP100 for-
mats, while the demands of other measures do not do so in any
cases. It seems that if the objective is reaching ACCHR values like
WCS, ApP100 formats could be valid. However, it may be necessary
to design other types of tasks when practitioners aim to reach locomo-
tor values (TDCR, HSDR, VHSDR, and SDR) similar to the most de-
manding passages of match play.

The present findings have several practical applications. In the first
instance, to replicate the locomotor (TDCR, HSDR, and SDR) and me-
chanical values (ACCR, ACCHR, and PLR) reached during the WCS1 it
seems that supplementary drills should be planned since the SSGs
analysed did not cope with the physical demands of the most de-
manding phases of match play. Similarly, SSG formats with specific
sprinting rules, individualized positional drills, transition-sided games,
or running-based exercises seem to be needed when the objective is
to reproduce VHSDR, and SDR values reached during WCS5. How-
ever, to prepare WCS15, sided games with larger areas could be a good
choice since no significant differences were found between WCS15 and
SSG formats for all positions analysed. The variables that have the
lower percentage in relation to the most demanding phases of com-
petition in all SSG formats studied, especially in the smallest formats
of training games, are TDCR, VHSDR, and SDR. Lately, the different
WCS during matches used in this study could be used as benchmarks
to develop position-specific supplementary high-speed running train-
ing for elite young soccer players. This study provides useful informa-
tion for coaches and practitioners on the impact of SSG formats on
physical external load in relation to the WCS of competitive match
play. The results highlight the importance of taking into account the
most demanding passage of play to plan and periodize training load
across the microcycle. Additionally, it seems important to compare
match peaks with SSGs to assess the physical load imposed and in-
clude supplementary running drills if required.
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ABSTRACT: The aim of this study was to compare knee extensor and flexor strength recovery following
anterior cruciate ligament (ACL) reconstruction between bone-patellar tendon-bone (BPTB) and hamstring tendon
(HT) grafts in international male soccer players undergoing comparable 6-month rehabilitation programmes.
Seventeen players underwent ACL reconstruction with either an autogenous BPTB graft or HT graft. Knee
extensor and flexor peak torques were measured at 3 months and 6 months in the injured and contralateral
legs following surgery using isokinetic dynamometry. The moderate-large asymmetries in knee extensor peak
torque between legs at 3 months across graft types (BPTB: p = 0.002, g = -0.94; HT: p = 0.02, g = -0.55)
were reduced to trivial asymmetries at 6 months (BPTB: p = 0.30, g = -0.19; HT: p = 0.40, g = -0.16), with
a non-significant difference in limb symmetry index (LSI) between grafts at 6 months (p = 0.62, g = -0.24).
Similarly, moderate—large asymmetries in knee flexor peak torque between legs at 3 months across graft types
(BPTB: p = 0.13, g = -0.50; HT: p = 0.01, g = -0.97) were reduced to trivial-small asymmetries at 6 months
(BPTB: p = 0.25, g = 0.18; HT: p = 0.01, g = -0.47); however, a superior LSI was evident with BPTB compared
to HT grafts at 6 months (p = 0.007, g = 1.43, large). Strength and conditioning professionals working with
soccer players who are rehabilitating from ACL reconstruction after receiving a HT graft should give adequate
attention to delivering suitable hamstring exercises that ensure optimal strength restoration.
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Soccer is the most popular team sport worldwide, with more than
275 million active players [1]. Soccer players perform a range of
intense movements, such as accelerations, decelerations, jumps,
kicks, changes in direction, and tackles during training and matches.
In turn, many scenarios surrounding these movements including
being tackled or tackling an opponent, regaining balance following
kicking, and landing from jumping have been observed to take place
when professional soccer players sustain an anterior cruciate liga-
ment (ACL) injury [2]. The incidence rate of ACL injury in European
professional male soccer players has been reported to range from
0.04 to 0.06 per 1000 h of combined training and match expo-
sure [3-5]. In turn, ACL injuries are among the most devastating
injuries encountered by professional soccer players, requiring exten-
sive rehabilitation involving long lay-off times from training and com-
petition [6]. The return time to competition of professional soccer
players is particularly important given the economic and performance

implications for professional soccer teams accompanying the absence
of players due to ACL injuries.

A complete or partial ACL rupture can lead to recurrent instabil-
ity, meniscus tears, chronic pain, and osteoarthritis [7, 8]1. To reduce
the risk of further damage, arthroscopically assisted ACL reconstruc-
tion has become the most common method to repair a complete ACL
rupture, in which an autograft (own tissue) or allograft (tissue taken
from another person) replaces the torn ligament [9]. In turn, use of
the central third of the patellar tendon (bone-patellar tendon-
bone [BPTBI]) or use of the semitendinosus and gracilis tendons
(hamstring tendons [HT]) are the most frequently used graft types
for ACL reconstruction [10]. Although acceptable knee function and
stability have been observed following ACL reconstruction using both
graft types [11], they will each inherently impair the strength of mus-
cles surrounding the knee, with deficits of nearly 50% reported at
4 weeks after ACL reconstruction [12, 13].
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Although a slight predominance of one leg over the other is com-
mon in soccer players [14], inter-limb asymmetries in knee exten-
sor and flexor strength of > 10% have been suggested to raise knee
injury risk [15]. In this regard, adequate functional recovery follow-
ing ACL reconstruction is accepted when strength in the injured leg
in relation to the contralateral leg reaches a limb symmetry index (LSI)
of > 90% [16]. In contrast, inadequate knee extensor strength fol-
lowing ACL reconstruction yields greater rates and magnitudes of
load transmission from distal to proximal segments of the leg to in-
crease the risk of ACL graft re-rupture, contralateral knee injury, or
premature degenerative changes in the repaired knee joint [2, 17].
Also, optimizing knee flexor strength is crucial when undergoing re-
habilitation following ACL reconstruction given that this muscle group
buffers shear forces by preventing anterior slide of the tibia relative
to the femur [18]. Furthermore, hamstring activation stabilizes the
knee in response to external varus and valgus loads [19]. Despite
the importance of restoring knee extensor and flexor strength follow-
ing ACL reconstruction, low rates of competitive [20] and profession-
al [6] male soccer players with BPTB [6, 20] and HT grafts [6] have
been reported to achieve the desired LSI of > 90% at 6-9 months
following surgery [20] or when returning to unrestricted play [6].
Nevertheless, there is a lack of data directly comparing knee exten-
sor and flexor strength recovery between BPTB and HT autografts in
professional male soccer players. Such a comparison is essential giv-
en that graft type selection for ACL reconstruction may influence
muscle strength recovery and therefore the duration required for
a safe return to competition [21].

While there has been a lack of research on this topic specifically
in soccer players, comparisons in strength recovery following ACL re-
construction between different graft types have been conducted in
recreationally active individuals [22-241, non-athletes [25], non-pro-
fessional athletes [26-29], military cadets [30], and athletes com-
peting at varying playing levels pooled together [31, 32]. In addition
to varied activity and playing levels, the available data have largely
been pooled across athletes competing in different sports [27, 28, 301
and across sexes [21-28, 30-32]. Although these studies provide
important insight into strength recovery following ACL reconstruction,
the existing evidence may not be transferable to professional male
soccer players considering that higher strength capacities have been
observed in players competing at this playing level compared to low-
er levels [33]. Furthermore, professional soccer players likely have
greater access to wider resources (e.g., practitioner supervision, facil-
ities, equipment) during the rehabilitation process compared to play-
ers competing at lower playing levels, aiding player recovery. Like-
wise, evidence stemming from pooled findings across players competing
in different sports [27, 28, 30] and across sexes [21-28, 30-32]
should not be simply applied to male soccer players, given the differ-
ent knee extensor and flexor strength levels reported according to these
factors [34] and varied approaches adopted in managing the rehabil-
itation process [16]. Therefore, examination of knee strength recov-
ery following ACL reconstruction should be conducted strictly in
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professional male soccer players for greater specificity in evidence for
application in this population.

Review of the existing evidence comparing knee extensor and flex-
or strength recovery following ACL reconstruction between BPTB and
PT grafts reveals inconsistent findings [21-28, 30-32]. Specifically,
some research has documented significantly inferior knee extensor
strength with BPTB autografts compared to HT autografts
(5 months-5 years following surgery) [21, 23-26], while other re-
search reported non-significant differences in knee extensor strength
between graft types (6 months-3 years following surgery)
[22, 26-28, 30-32]. In contrast, studies have reported inferior knee
flexor strength with HT autografts compared to BPTB autografts
(5-29 months following surgery) [21, 22, 24, 26, 27, 32], while
separate research demonstrated non-significant differences in knee
flexor strength between graft types (6 months-5 years following sur-
gery) [23, 25, 28, 30, 31]. Although professional male soccer teams
are under immense pressure for players to return to unrestricted play
within 6 months [35] following ACL reconstruction, there is a lack of
data documenting recovery in knee extensor and flexor strength up to
6 months following surgery using BPTB and HT autografts. Therefore,
the aim of this study was to quantify and compare knee extensor and
flexor strength recovery following ACL reconstruction between BPTB
and HT autografts in international male soccer players undergoing
comparable 6-month rehabilitation programmes.

MATERIALS AND METHOD'S 15—
This study adopted a within- (inter-limb comparisons) and between-
subject (BPTB vs. HT autografts) design to compare knee extensor
and flexor strength recovery following ACL reconstruction in interna-
tional male soccer players undergoing comparable 6-month reha-
bilitation programmes. Data were gathered at a private physiother-
apy fitness centre Femur over a 4-year period until December 2022.
All procedures were approved by the Human Research Ethics Com-
mittee of the Faculty of Medical Sciences at University of Kragujevac,
in Serbia (01-11122) in accordance with the Helsinki Declaration.

Subjects

Seventeen international male soccer players from 15 different teams
with a primary diagnosis of ACL deficiency underwent arthroscopi-
cally assisted ACL reconstruction with either an autogenous BPTB
graft (n = 8, age: 23.1 + 4.0 years [range: 18-28 years], height:
182.1 +2.7 cm; body mass: 77.5 + 3.5 kg) or HT graft (n = 9, age:
24.8 + 4.9 years [range: 19-32 years], height: 182.7 +7.5 cm;
body mass: 76.5 + 7.7 kg). Only soccer players competing at the
international level immediately prior to sustaining the ACL injury were
recruited to ensure that an elite playing sample was examined [36].
Subjects were able to participate in the study if free from any signifi-
cant meniscus lesions (only a partial meniscectomy at most), chondral
damage (as assessed either from magnetic resonance imaging or by
the orthopaedic surgeon at the time of surgery), previous ACL injury
(in the injured or contralateral leg), and other musculoskeletal injuries
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that could negatively affect the results of the study. Accordingly,
4 of the 21 soccer players originally recruited were excluded, leaving
17 players (from Serbia, Croatia, Ukraine and Switzerland) participat-
ing in the study. All subjects provided written informed consent after
the procedures of the study were explained, including the risks and
benefits associated with participation.

Procedures

Subjects were allocated to the BPTB or HT group based on the au-
tograft technique used for their ACL reconstruction. Both the BPTB
and HT grafts were secured on the femur and tibia using interference
screws. In the BPTB group, the central third of the patellar tendon
was harvested with a vertical incision by blocking the patellar and
tibial bones. A standard longitudinal incision over the pes anserinus
was used for harvesting the HT graft. The BPTB autograft was between
9 and 10 mm in diameter, while the HT autograft was between 7 and
9 mm in diameter. All operations were performed by the same or-
thopaedic surgeon who specialized in conducting both ACL recon-
struction techniques. The technique was selected for each subject
according to their own choice with input from the surgeon. Injuries
to both the dominant and non-dominant legs were involved in the
sample (dominant leg: n = 7; non-dominant leg: n = 10). All subjects
underwent the same standardized 6-month rehabilitation programme
at the same private physiotherapy fitness centre. Isokinetic knee
(extension and flexion) muscle strength was measured at 3 months
and 6 months following surgery during the rehabilitation process. All
testing sessions were carried out in similar environmental conditions
for all subjects (~22 °C and ~60% relative humidity) and at a sim-
ilar time of day (09:00 to 11:00). A verbal explanation and demon-
stration of the testing procedures were given to each subject prior to
each testing session. Subjects completed a standardized warm-up
prior to the isokinetic strength tests, consisting of a 5-min moderate-
intensity exercise bout on a cycle ergometer (Group Cycle Ride, Tech-
noGym, Gambettola, Italy) [37, 38] followed by passive stretching
exercises focused on the quadriceps, hamstrings, hip adductors, and
calf muscles [39], as well as three submaximal knee extension and
flexion movements for each leg at an angular speed of 60°-s7*,
Stretching positions were held for short durations (15 s per muscle
group) to avoid any subsequent negative impacts on performance [38]
and ensure that proper body alignment was attained, involving sub-
jects being in a comfortable and correct position that optimizes range
of motion without causing pain [39, 40]. This study extends upon
smaller scale exploratory research examining isokinetic knee extension
and flexion strength recovery in 8 of the players examined without
comparisons between graft types [41].

Rehabilitation

Subjects followed a 6-month rehabilitation programme, which in-
volved a 90-min session delivered on 6 days per week under the
supervision of the same physical therapist, who was highly experi-
enced in managing soccer players following ACL reconstruction.

Rehabilitative progression was determined for each subject using
criteria in published guidelines [17, 42]. The rehabilitation programme
was divided into phases based on the stage of tissue recovery and
the ability of the knee joint to withstand loading demands (0-4 weeks,
5-8 weeks, 9-12 weeks, 13-18 weeks, and 19-24 weeks). During
the first 3 days following surgery, focus was placed on range of mo-
tion (gradual progress with ~90° achieved by the end of week 1 and
full knee flexion achieved in week 4 or 5) as well as managing pain
and swelling. Subjects were on crutches for 2 weeks following surgery,
after which full weight bearing was permitted as tolerated.
Hydrotherapy was implemented for 2 weeks (e.g., deep water run-
ning, lunging, squatting, underwater cycling) 18 days after thread
removal (thread removal was 16-18 days following surgery across
subjects). Electrical stimulation (Compex SP 2.0; Compex Medical,
Switzerland) was administered for 4 weeks after surgery to reduce
the arthrogenic muscle inhibition effects of swelling, support the
recovery of knee extensor strength, and activate the inhibited moto-
neurons. Movement complexity and speed of activities were system-
atically increased across isometric, isotonic, and isokinetic exercises.
The rehabilitation protocol followed by subjects has been previously
described in detail [41]. The load ratio for the quadriceps in seated
knee extensions and hamstrings in seated leg curls differed between
groups for the first 4 months of the rehabilitation programme (i.e.,
quadriceps:hamstrings of 60:40 for BPTB group and 40:60 for HT
group). The quadriceps and hamstring muscles were equally loaded
in both groups (i.e., 50:50) in months 5 and 6 of the rehabilitation
programme.

Isokinetic muscle strength
Knee extensor and flexor peak torques were measured at 3 months
and 6 months following surgery using an isokinetic dynamometer
(HUMAC-NORM, Model 770; Computer Sports Medicine Inc.,
Stoughton, MA, USA). The reliability (intraclass correlation coefficient
= 0.82-0.93, typical error = 5.7-7.7 N-m) of the isokinetic dyna-
mometer at an angular velocity of 60°-s~! has been supported pre-
viously [43]. Each isokinetic strength test was performed in the
concentric-concentric mode at an angular velocity of 60°-s~*, which
has been suggested to be the most sensitive in capturing asymmetries
between legs in peak torque measurements for the knee extensors
and flexors in athletes who have undergone ACL reconstruction [44].
Subjects were seated in a chair with hips flexed to 90°. The trunk
was fixed to the chair with two straps crossing the chest and a fur-
ther strap positioned across the waist. Handles on either side of the
chair were grasped during testing for consistent arm positioning. Straps
were fastened across the thigh and malleoli on the tested leg to re-
strict any lateral movement, allowing only flexion and extension at the
knee. The contralateral leg was fixed with the foot positioned behind
an ankle stabilizer. Subjects performed five extension and flexion move-
ments interspersed with 2 min of passive rest between movement
types. Standardized instructions and verbal encouragement were giv-
en to each subject during testing. The contralateral leg was assessed
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first, followed by the injured leg using the same procedure with a 3-min
passive resting period applied between legs. The highest peak torque
(N-m) values recorded during knee extension and flexion were taken
separately as outcome measures for each leg. LSI between legs and
hamstrings:quadriceps ratio (H:Q) (concentric phase) within each leg
were calculated as follows:

Injured peak torque

LSI = 100%
Non — injured peak torque X °
H:O = Hamstring peak torque
Q= Quadriceps peak torque
Statistical analysis

An a priori power analysis using G*power software (version 3.1.9.4;
Heinrich Heine University Disseldorf, Disseldorf, Germany) recom-
mended a sample size of 16 players using an estimated effect mag-
nitude based on research examining isokinetic muscle strength at
3 months and 6 months following ACL reconstruction in a subset of
the present sample (p = 0.05, effect size [ES] = 0.30; power
= 0.80) [41]. Normality of all data was confirmed using the Shap-
iro-Wilks test. Consequently, all data were reported as mean =+ stan-
dard deviation (SD). Differences in outcome measures between BPTB
graft and HT graft groups (graft effect), time points at 3 months and
6 months (time effect), injured and contralateral legs (leg effect), and
muscle groups (muscle effect) were examined using separate
2 x 2 x 2 mixed analyses of variance (ANOVAs) with two within-
subjects factors (either time and leg effects or time and muscle effects),
and one between-subjects factor (graft effect). Partial eta-squared (1)
was utilized to indicate the ES for each mixed ANOVA, and was in-
terpreted as [45]: no effect (< 0.04); minimum effect (0.05-0.25);
moderate effect (0.26-0.64); or strong effect (> 0.65). Post-hoc
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comparisons between timepoints, between legs, or between muscle
groups were examined using paired t-tests. Post-hoc comparisons
between graft groups were examined using unpaired t-tests. Hedge's
g (with 95% confidence intervals [CI]) was also calculated to deter-
mine the ES for all post-hoc pairwise comparisons and was inter-
preted as [46]: trivial (< 0.20); small (0.20-0.49); moderate
(0.50-0.79); or large (> 0.80). Statistical analyses were performed
using IBM SPSS software (version 19; IBM Corp., Armonk, NY, USA).
Statistical significance was accepted at p < 0.05.

RES U LT S 15
The results of each mixed ANOVA are presented in Table 1, with the
mean + SD for each outcome measure presented in Figure 1. Indi-
vidual data, the median, minimum, maximum, and corresponding
interquartile (25Mand 75" percentiles) range in knee extensor peak
torque, knee flexor peak torque, the H:Q for the injured and contra-
lateral leg, as well as the LSI for the knee extensors and flexors at
3 months and 6 months following surgery are shown in Figure 2.
A 2 x2x2 mixed ANOVA revealed a significant time*leg inter-
action (p < 0.001, n? = 0.64), with subsequent significant main
effects of time (p < 0.001, n? = 0.67) and leg (p < 0.001,
n? = 0.55) in knee extensor peak torque. Follow-up comparisons
(Figure 3a) revealed a significant moderate increase in knee exten-
sor peak torque in the injured leg between 3 months and 6 months
across both graft types (BPTB: p < 0.001, g = 0.80; HT: p = 0.01,
g = 0.54), whereas a significantly small increase (BPTB: p = 0.04,
g = 0.21) and non-significant trivial increase (HT: p = 0.36,
g = 0.17) were observed in the contralateral leg between these time-
points. In addition, significant moderate—large asymmetries in knee
extensor peak torque between the injured and contralateral legs at
3 months for both graft types (BPTB: p = 0.002, g = -0.94; HT:
p = 0.02, g = -0.55) were reduced to non-significant trivial

TABLE 1. Statistical outcomes from the mixed ANOVAs showing time (3 months vs. 6 months), leg (injured vs. contralateral legs)
or muscle (knee flexor limb symmetry index vs. knee extensor limb symmetry index), graft (bone-patellar tendon-bone vs. hamstrings
tendon grafts), and interaction effects for knee extensor peak torque, knee flexor peak torque, peak torque hamstrings:quadriceps
ratio (H:Q), and limb symmetry index in international, male soccer players who underwent anterior cruciate ligament reconstruction.

Effoct Knee extensor peak torque Knee flexor peak torque Peak torque H:Q Effect Limb symmetry index

P ?, interpretation p n?, interpretation  p w72, interpretation p n?, interpretation
Time < 0.001 0.67, strong < 0.001 0.60, moderate  0.19  0.11, minimum  Time < 0.001  0.57, moderate
Time*Graft 0.14 0.14, minimum 0.82 0.00, no effect 045  0.04, minimum  Time*Graft 0.20 0.11, minimum
Leg < 0.001 0.55, moderate 0.001 0.55, moderate ~ 0.24  0.09, minimum  Muscle 0.38 0.05, minimum
Leg*Graft 0.22 0.10, minimum 0.02 0.33, moderate  0.07  0.21, minimum ~ Muscle *Graft 0.01 0.37, moderate
Time*Leg < 0.001 0.64, strong 0.04 0.26, moderate  0.32  0.07, minimum ~ Time* Muscle 0.37 0.05, minimum
Graft 0.63 0.02, no effect 0.74 0.01, no effect  0.18  0.11, minimum  Graft 0.63 0.02, no effect
Time*Leg*Graft 0.16 0.13, minimum 0.63 0.02, no effect 091 0.00, no effect ~ Time* Muscle* Graft ~ 0.85 0.00, no effect

Note: bolded p value indicates statistically significant effect at p < 0.05.
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FIG. 1. Mean = standard deviation for (a) knee extensor peak torque, (b) knee flexor peak torque, (c) peak torque hamstrings:quadriceps
ratio, and (d) limb symmetry index (LSI) in international male soccer players who underwent either a bone-patellar tendon-bone
(BPTB) graft or hamstring tendon (HT) graft for anterior cruciate ligament reconstruction taken at 3 months and 6 months following
surgery during the rehabilitation process.
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FIG. 2. Individual data points for each subject and descriptive values for (a) knee extensor peak torque, (b) knee flexor peak torque,
(c) peak torque hamstrings:quadriceps ratio, and (d) leg symmetry index in international male soccer players who underwent either
a bone-patellar tendon-bone (BPTB) graft or hamstring tendon (HT) graft for anterior cruciate ligament reconstruction taken at 3 months
and 6 months following surgery during the rehabilitation process.

Note: Each marker represents a different subject. In the box plots, whiskers indicate the minimum and maximum values, the boundary
of the box closest to zero indicates the 25" percentile, the black line within the box indicates the median, and the boundary of the
box farthest from zero indicates the 75" percentile.
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Time effect (3 months vs. 6 months) ' ' Hedge's g (95% CI) p value
BPTB graft - injured leg —a— 0.80 (0.32, 1.47) moderate 0.001
BPTB graft - contralateral leg E + 0.21 (0.00, 0.46) small 0.04
HT graft - injured leg —.—l— 0.54 (0.12, 1.05) moderate 0.01
HT graft - contrelateral leg — 0.17 (021, 0.57) trivial 0.36
: .
Leg effect (injured leg vs. contralateral leg) H H
BPTB graft - 3 months —n— H -0.94 (-1.74, -0.35) large 0.002
BPTB graft - 6 months —_ -0.19 (-0.60, 0.19) trivial 0.30
HT graft - 3 months [ -0.55 (-1.08, -0.11) moderate 0.02
HT graft - 6 months ' ' -
—— -0.16 (-0.56, 0.22) trivial 0.40
Graft effect (BPTB graft vs. HT graft) E E
Injured leg - 3 months - : -0.49 (-1.47, 0.47) small 031
Injured leg - 6 months :. : -0.11 (-1.07, 0.83) trivial 0.80
Contralateral leg - 3 months :. : 2012 (-1.08, 0.82) trivial 0.80
a) Contralateral leg - 6 months ' ' e
- -0.02 (-0.97, 0.93) trivial 0.98
1.3 -0.8 -0.3 0.2 0.7 1.2 1:7
Time effect (3 months vs. 6 months) : : Hedge's g (95% CI) p value
BPTB graft - injured leg | 0.65 (0.04, 1.38) moderate 0.04
BPTB graft - contralateral leg 1:—-—i— 0.09 (-0.23, 0.42) trivial 0.66
HT graft - injured leg o 0.62 (0.01, 1.34) moderate 0.04
HT graft - contralateral leg i _.,_ 0.16 (0.02, 0.33) trivial 0.12
i |
Leg effect (injured leg vs. contralateral leg) ' f
BPTB graft - 3 months ———————-I~—:F~v, -0.50 (-1.27, 0.18) moderate 0.13
BPTB graft - 6 months . 0.18 (-0.14, 0.53) trivial 0.25
HT graft - 3 months Y 4
' I -0.97 (-1.86, -0.24) I; 0.01
HT graft - 6 months L ' ' ( ) large
—H ! -0.47 (-0.90, -0.13) small 0.01
Graft effect (BPTB graft vs. HT graft) H H
i i
i i
Injured leg - 3 months : i 0.41 (-0.53, 1.39) small 0.39
Injured leg - 6 months 0 L ) 0.48 (-0.47, 1.46) small 0.33
b) Contralateral leg - 3 months L " -0.11 (-1.06, 0.84) trivial 0.83
Contralateral leg - 6 months I '
L . -0.23 (-1.20, 0.71) small 0.49
1.3 -0.8 0.3 0.2 0.7 1.2 137

FIG. 3. Statistical pairwise comparisons for (a) knee extensor peak torque and (b) knee flexor peak torque between timepoints, legs,

and graft types in international male soccer players.

differences between legs at 6 months (BPTB: p = 0.30, g = -0.19;
HT: p = 0.40, g = -0.16).

A 2 x 2 x 2 mixed ANOVA revealed a significant time*leg interac-
tion (p = 0.04, 1% = 0.26), with subsequent significant main effects
of time (p < 0.001, n? = 0.60) and leg (p < 0.001, n? = 0.55) in
knee flexor peak torque. Follow-up comparisons (Figure 3b) revealed
a significant moderate increase in knee flexor peak torque in the in-
jured leg from 3 months to 6 months across both graft types (BPTB:
p =0.04, g = 0.65; HT: p = 0.04, g = 0.62), with non-significant
trivial changes evident in the contralateral leg between these time-
points (BPTB: p = 0.66, g = 0.09; HT: p = 0.12, g = 0.16). A sig-
nificant /arge asymmetry in knee flexor peak torque between the in-
jured and contralateral legs at 3 months in the HT graft group
(p = 0.01, g = -0.97) was reduced to a significant small difference
between legs at 6 months (p = 0.01, g = -0.47). In addition, a non-
significant moderate asymmetry in knee flexor peak torque between
the injured and contralateral legs at 3 months in the BPTB graft group
(p = 0.13, g = -0.50) was reduced to a non-significant trivial dif-
ference between legs at 6 months (p = 0.25, g = 0.18).

A 2 x2x2 mixed ANOVA revealed non-significant interactions
and main effects across all comparisons for H:Q, with non-signifi-
cant trivial-moderate effects evident for all follow-up pairwise com-
parisons (Figure 4a).

A 2 x2x2 mixed ANOVA revealed a significant muscle*graft in-
teraction (p = 0.01, n? = 0.37), with a subsequent significant main
effect of time (p < 0.001, #? = 0.57) in LS. Follow-up compari-
sons (Figure 4b) revealed significant moderate-/arge increases in
knee extensor LS| from 3 months to 6 months across both graft types
(BPTB: p = 0.01, g = 1.18; HT: p = 0.02, g = 0.76), with non-
significant small-large increases evident in knee flexor LS| between
these timepoints for both graft types (BPTB: p = 0.07, g = 0.87;
HT: p = 0.38, g = 0.47). Non-significant small-moderate differ-
ences were observed between knee extensor LS| and knee flexor LS|
for both graft types at 3 months (BPTB: p = 0.05, g = -0.76; HT:
p = 0.66, g = 0.22) and 6 months (BPTB: p = 0.07, g = -0.72;
HT: p = 0.08, g = 0.77). There was a significant /arge difference
in knee flexor LSI at 6 months in favour of the BPTB graft compared
to the HT graft (p = 0.007, g = 1.43).
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Time effect (3 months vs. 6 months) ,
' ! Hedge's g (95% CI) p value
' i
BPTB graft - injured leg —a—1 -0.48 (-1.19, 0.13) small 0.10
BPTB graft - contralateral leg —.'i—— i -0.29 (-0.77, 0.12) small 0.27
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: i
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] i
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] i
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FIG. 4. Statistical pairwise comparisons for (a) peak torque hamstrings:quadriceps ratio and (b) leg symmetry index (LSI) between
timepoints, legs, muscles, and graft types in international male soccer players.

DISCUS'S 1O /N 15
The present results revealed that knee extensor peak torque was almost
equivalent (BPTB: 0%; HT: 3%) to the contralateral leg regardless of
the graft type used at 6 months following ACL reconstruction. Spe-
cifically, moderate—large asymmetries between legs in knee extensor
peak torque at 3 months following reconstruction were reduced to
trivial magnitudes at 6 months, with a desired difference of < 10%
between legs across both graft types (BPTB: 6%; HT: 3%). Similarly,
moderate—large asymmetries between legs in knee flexor peak torque
at 3 months following reconstruction were reduced to trivial-small
magnitudes across graft types at 6 months (BPTB: 0%; HT: 12%).
However, despite the trivial-small asymmetries between legs in knee
flexor peak torque at 6 months following reconstruction, graft-related
comparisons revealed a /arge difference in knee flexor LS| with infe-
rior strength recovery in the HT group compared to the BPTB group.

Comparisons across timepoints revealed moderate improvements
in knee extensor peak torque in the injured leg, with LS| exceeding
90% for both graft types at 6 months following ACL reconstruction.

The improved knee extensor strength across time was further under-
pinned by trivial asymmetries between legs at 6 months following sur-
gery for both graft types. Aligning with our results, several previous
studies [22, 26-28, 30-32] have reported comparable knee exten-
sor LSl across ACL reconstructions involving either BPTB or HT grafts.
In contrast, some research has demonstrated significantly lower knee
extensor LS| with a BPTB graft compared to a HT graft following ACL
reconstruction [17, 18, 20, 21]. It has been postulated that neural
factors such as a higher active motor threshold, reduced motor evoked
potentials, brain plasticity, abnormal excitability of both spinal reflex-
ive and corticospinal pathways, and damaged mechanoreceptors may
underpin the prolonged weakness in the knee extensors sometimes
observed after ACL reconstruction when using a BPTB graft [47]. Nev-
ertheless, the bulk of existing research [22, 26-28, 30-32] and the
novel findings we provided for a professional athlete sample (i.e., in-
ternational-level, male soccer players) suggest that both graft types
are sufficiently and equally effective in restoring knee extensor strength
following ACL reconstruction. However, caution should be taken when
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making comparisons between our findings and those reported previ-
ously considering disparities in the timeframe adopted between ACL
reconstruction and strength assessment (6 months [31], 9 months [26],
11 months [22], 12 months [32], 28 months [28], 29 months [27],
and 36 months [30]) and angular velocities used during isokinetic
dynamometry assessments (60°-s~1[27, 28, 30, 321, 90°-s7 (17),
120°-571[26], 180°-s7! [22, 31], and 300°-s*[22, 30, 31]). Spe-
cifically, longer rehabilitative periods prior to strength assessments
may enable patients to better restore muscle strength regardless of
the graft type used. Moreover, faster isokinetic angular velocities may
produce larger strength deficits in assessments due to the greater re-
cruitment of type Il muscle fibres [25], which undergo more pro-
nounced atrophy than type | muscle fibres following ACL reconstruc-
tion [48]. The limb symmetry in knee extensor strength observed in
our study indicates that 6 months may be a sufficient recovery time-
frame following a suitable rehabilitation programme to restore quad-
riceps strength in international male soccer players irrespective of us-
ing BPTB or HT grafts. In this regard, attaining suitable inter-limb
knee extensor symmetry is important among soccer players given that
this attribute has been shown to distinguish between different play-
ing levels [14] and negatively correlate with change-of-direction and
sprint performance [49], which are key movements performed dur-
ing competition [50].

Like the knee extensors, we observed moderate—large improve-
ments in knee flexor peak torque in the injured leg across timepoints;
however, knee flexor strength reached an equivalent level to the con-
tralateral leg only in the BPTB group, with a strength deficit of 12%
apparent in the injured leg for the HT group at 6 months following
ACL reconstruction. Similar to our findings, some researchers have
observed greater asymmetries between legs in knee flexor strength
among general patients [21], recreationally active patients [22], and
non-professional athletes [26, 271 receiving a HT graft compared to
a BPTB graft at various timepoints following reconstruction (i.e.,
5-24 months) and using varied angular velocities during strength
assessments (i.e., 60°-s~! — 300 °-s~1). Opposite to our findings,
some studies have observed comparable knee flexor LS| between HT
and BPTB graft types in recreationally active individuals [23], non-
athletes [25], non-professional athletes [28], military cadets [30],
and participants with varied activity levels [31] at various timepoints
following reconstruction (i.e., 5-11 months) and using a range of
angular velocities in strength assessments (60°-s~! — 300°-s71).
However, despite some research showing comparable LS| between
graft types following reconstruction (19, 21, 24, 26, 27), none of
these studies demonstrated that the patient samples examined had
reached the recommended strength recovery level (LSI > 90%) by
6 months with HT grafts during the rehabilitation process. In turn,
the deficit in knee flexor strength with HT grafts compared to BPTB
grafts consistently reported across various patient samples following
ACL reconstruction may be partly attributed to chronic neuromuscu-
lar inhibition of the donor muscle [17], the slow regenerative capac-
ity of the semitendinosus and gracilis tendons (up to 12-24 months
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following surgery) [21, 511, and the slower tendon-to-bone healing
process (compared to the bone-to-bone tunnel healing evident in
BPTB grafts) [52]. Although an almost acceptable knee flexor strength
asymmetry between legs of 12% was reached in the HT group in
our study, the apparent differences in strength recovery between graft
types emphasize that clinicians should ensure that sufficient atten-
tion is devoted to hamstring exercises specifically targeting the sem-
itendinosus and gracilis in players receiving a HT graft.

In addition to LSI, the conventional peak torque H:Q has been
widely used to screen individuals at risk of sustaining ACL injuries,
whereby decreased hamstring strength relative to the quadriceps has
been identified as a potential risk factor for ACL injury in athletes [53].
In this regard, dominance in the quadriceps may increase anterior
tibial translation and ACL loading, whereas concomitant hamstring
coactivation provides dynamic joint stabilization that protects the
knee during sport-related tasks [541]. The mean peak torque H:Q val-
ues we observed for both graft types at each timepoint were within
the normative range (0.5 to 0.8) reported for professional male soc-
cer players [55]. Also, data collected in our study revealed non-sig-
nificant differences between timepoints, legs, and graft types. Spe-
cifically, non-significant changes in peak torque H:Q from 3 months
to 6 months may be explained by the parallel strength improvements
across both muscle groups we observed. The parallel improvement
in knee flexor and extensor strength across the rehabilitation pro-
gramme may be especially pronounced given the compromised mus-
cle strength encountered after reconstructive surgery irrespective of
the graft type used, which was evidenced by the lower LSI between
legs we observed at 3 months compared to 6 months following ACL
reconstruction. Considering the compromised muscle strength across
both graft types, our results also suggest similar postoperative en-
hancements in H:Q with both BPTB and HT grafts. Furthermore, the
peak torque H:Q did not differ between the injured and contralater-
al legs for players receiving either graft type, which has been pro-
posed as suitable criteria, alongside adequate LSl values, in clear-
ing players for return to unrestricted play [56].

It is important to acknowledge some key limitations of our study
when interpreting the findings. First, isokinetic strength assessments
immediately prior to surgery, in the early phase of rehabilitation, and
taken across a longer time frame (> 6 months) were not conducted;
they would have provided a better understanding concerning the ef-
fects of each graft type on knee muscle strength recovery and readi-
ness to return to play among the examined subjects. Second, further
functional measurements accompanying the strength assessments
were not carried out in our study. In this regard, laxity tests [30], sin-
gle leg hop tests [56], as well as closed and open kinetic chain rate
of force development tests [16, 44] could be considered in conjunc-
tion with strength tests to indicate a more complete functional recov-
ery status to support rehabilitative progression and determine readi-
ness to play. Third, although isokinetic strength assessments were
performed in a concentric:concentric contraction mode to prevent
muscle strains, it should be acknowledged that ACL injuries may
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occur when the quadriceps are undergoing eccentric contraction in
soccer [67], which emphasizes the potential importance of eccentric
strength assessments during rehabilitation [58]. Fourth, while play-
ers having BPTB and HT grafts were comparable with respect to age,
height, body mass, competition level, and pre-injury activity levels,
a non-randomized design was adopted in our study.

CONCLU SIOIN S 50—
Our results demonstrate improvements in isokinetic strength, inter-
limb symmetry (knee extensor strength asymmetry: BPTB = 6%,
HT = 3%, knee flexor strength asymmetry: BPTB = 0%, HT = 12%)
and H:Q values across both graft types when following similar 6-month
rehabilitation programmes. Since similar rehabilitation programmes
were less effective at restoring knee flexor strength in subjects spe-
cifically receiving HT grafts, strength and conditioning professionals
working with international male soccer players rehabilitating from
ACL reconstruction after receiving a HT graft should pay adequate
attention to delivering suitable hamstring exercises ensuring that
optimal strength restoration occurs within a suitable timeframe for

safe return to unrestricted play. Given that our study provides the
first data concerning muscle strength recovery relative to graft type
in international male soccer players, the provided data may help
inform clinicians working with this population on expected outcomes
between 3 and 6 months following ACL reconstruction.
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Researchers attempt to identify risk factors for sports injuries to
protect the athletes’ health and improve sport performance [11. One
potential, modifiable risk factor is training load. Training load is the
mechanical, physiological and psychological load resultant of mul-
tiple episodes of physical activity performed by an athlete [2]. Hy-
potheses suggest that not only high or low training load levels may
affect injury risk, but also rapid increases in recent training load
relative to training load incurred in the past [3]; i.e. a peak in the
relative training load [3].

Hulin, Gabbett [4] introduced the Acute:Chronic Workload Ratio
(ACWR) to estimate the effect of relative training load on the risk of
sports injury [3, Bl. In their model, the most recent training load,
the acute load, is divided by the past, or chronic load. In theory, the

higher the ratio — the higher the acute load relative to the chronic —
the higher the risk of injury [3]. After ACWR became popular, con-
cerns were raised on its theoretical and methodological founda-
tions [6]. Among others: the number of subjective choices involved
increased risk of spurious findings due to multiplicity issues [7], the
time lengths for the acute and chronic periods were arbitrary [8],
and it could not handle an acute or chronic load of O [6].

A core principle in the theory underlying the ACWR is that the ef-
fect of the acute load depends on the amount of chronic load. If acute
load is high, it may not necessarily increase injury risk if the chron-
ic load is also high. The aim of the ACWR was therefore to adjust
the acute load to the chronic load, estimating the effect of acute load
properly. This adjustment is not always successful when calculating
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a ratio [6, 91. Instead, Wang, Vargas [10] suggested modelling the
acute load and the chronic load separately. This eliminates the risk
that acute load will not be properly adjusted to the chronic load. At
the time of Wang et al.’s proposal, several other challenges remained
unsolved, including how to estimate the cumulative effect of past
training load, the chronic load. Recent research suggests this may
be solved by applying the distributed lag non-linear model [11].

The theory that the effect of acute load depends on the level of
chronic load suggests an interaction between acute and chronic loads.
Previous descriptive research has studied the association of ACWR
with injury for different chronic loads [12, 13], but none have so far
modelled an interaction between acute and chronic loads outside of
the ACWR framework. Whether an interaction can be assessed while
chronic load is modelled by distributed lag non-linear model is also
unknown. Distributed lag non-linear models can explore time-lagged
effects, but it cannot determine what time period is considered “re-
cent” and “past” in the context of relative training load [11].

We hypothesized that exposure to training affects injury risk on
the current day, but the training stimuli on the current day does not
contribute to injury risk on that day. In contrast, the accumulated
stimuli (fitness) built on past training days does contribute to injury
risk on the current day. In addition, if the athlete does not partici-
pate in training on the current day, the athlete is obviously not at risk
on that day [14]. We argue that the current day of training is there-
fore markedly different from past training days, and it may thus be
possible to consider the current day only as the acute load, and all
past observations as chronic load.

Investigating whether there is evidence of an interaction between
acute and chronic loads association with injury risk may elucidate
whether such interactions are worth considering in future research,
and whether they are possible to model using distributed lag non-
linear models.

The primary aim of this statistical methodology study was to dem-
onstrate how modelling acute and chronic training loads separately
can be used to describe an association between relative training load
and injury risk — meant for use in training load research. A second-
ary aim was to find out whether acute and chronic loads interact in
their association with injury risk in football.

Lena Kristin Bache-Mathiesen et al.

MATERIALS AND METHODS
Participants

We analysed eight competitive seasons (2015-2022) from the men’s
Qatar Stars League injury surveillance registry in football (1 465 play-
ers, 1 977 injuries, Supplemental Table S1), and one season from
a Norwegian elite U-19 football cohort (81 players [45% female],
81 injuries) described in Dalen-Lorentsen, Andersen [7].

Ethics

The Anti-Doping Lab Qatar Institutional Review Board approved the
Qatar Stars League study (E2017000252). The Aspire Zone Founda-
tion Institutional Review Board approved a data sharing agreement
between Aspetar Orthopaedic and Sports Medicine Hospital and Oslo
Sports Trauma Research Centre. The Norwegian Center for Research
Data (5487), and the South-Eastern Norway Regional Committee
for Medical and Health Research Ethics (2017/1015), approved the
Norwegian elite U-19 study. Ethical principles were followed in ac-
cordance with the Declaration of Helsinki, and informed consent was
obtained from all participants.

Training load definition

In the Qatar Stars League data (1 136 223 observations, 12% miss-
ing data), training load was defined as the daily number of minutes
in activity (football training, other training, and/or match-play).

In the Norwegian elite U-19 data (8 494 observations, 24% miss-
ing data), training load was defined as: the daily number of minutes
of activity (football training, other training, and/or match-play), mul-
tiplied by the player’s rating of perceived exertion on a scale from
0to 10, deriving the session Rating of Perceived Exertion (sRPE) [15].

Missing data were imputed using multiple imputation (Supple-
mental Figure S1-S2) [16, 171.

Injury definition

Injuries in Qatar Stars League players were recorded prospectively
using the Sport Medicine Diagnostic Coding System classifica-
tion [18, 19]. We recorded all injuries that reduced training or match
play participation (time-loss injuries). The player was considered
injured until the team medical staff allowed full training and match

TABLE 1. The risk of injury in Qatar Stars League football players estimated by a logistic regression model.

Parameter? OR SE 95% ClI p
Intercept 0.005 0.0004 0.004-0.006 < 0.001
Acute load 0.995 0.0002 0.994-0.995 < 0.001
Chronic load 1.016 0.0012 1.014-1.019 < 0.001

Abbreviations: Cl = Confidence Interval; OR = Odds Ratio; SE = Standard Error
! Acute load was defined as the current week of training (sum of minutes in activity), while chronic load was defined as the 3 weeks
of training prior to the acute week (exponentially weighted moving average [EWMA] of daily minutes in activity)
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participation. We did not record injuries that occurred outside football
activities. Quality control was performed to ensure injury validity
(Supplementary). Injuries were classified as either sudden or gradu-
al onset.

The Norwegian elite U-19 players reported daily whether they
had experienced a new health problem, with Briteback AB online
survey platform, Norrkdping, Sweden. If they had, a clinician con-
ducted a structured interview and classified the health problem as
being an injury or an illness according to the Union of European Foot-
ball Associations guidelines [20]. Only injuries were analysed in this
study. Injury definitions in both populations followed the 2006 con-
sensus statement on epidemiological studies in football [21].

Statistical analysis

Simple model example

To demonstrate how acute and chronic loads can be modelled sepa-
rately to study the relationship between relative training load and
injury risk, we performed a simple statistical analysis on the Qatar
Stars League data that mimicked traditional methodological choices
in the training load and injury risk field.

We ran a logistic regression with injury yes/no as the outcome.
The acute load and chronic loads were two independent variables in
the model. Acute load was the sum of the current week of training
(minutes in activity). Chronic load was the average daily minutes in
activity in the concurrent 3 weeks before the acute load week, cal-
culated with the exponentially weighted moving average [22]. The
analysis thus represents the so-called uncoupled 1:3 ACWR, which
has been recommended over the coupled ACWR [23]. However, in-
stead of calculating a ratio, the acute and chronic loads were mod-
elled as separate independent variables.

We caution that the assumptions of this simple analysis, such as
linearity, are unlikely to be met [24, 25].

Advanced statistical approach

The main analysis of this study was an advanced statistical model
run to meet two aims: (i) To demonstrate how to model acute and
chronic loads separately in an advanced statistical framework, (ii)
To test whether there is an interaction between acute and chronic
loads’ association with injury risk in football.

To estimate the association of relative training load with the risk
of injury, a logistic mixed model was run, with injury yes/no as the
outcome. A random intercept per player accounted for the possibil-
ity that some players are inherently more likely to suffer injuries than
others [26]. We denote the model run on the Qatar Stars League
data the Qatari model, and the model run on the Norwegian elite
U-19 data the Norwegian model.

The independent variables in the model were the acute and the
chronic loads. Choice of acute and chronic time windows should be
based on hypothesis/rationale or prior evidence [3, 271. Given our ra-
tionale in the introduction and elaborated upon in the discussion, we
considered the acute load to be the current day of training (Day 0).

The relationship between the acute load and injury risk might be non-
linear [28], and therefore we applied restricted cubic splines with
3 knots [25]. The knot locations were based on the range of the train-
ing load observations in the Qatar Stars League data (Qatari model)
and the Norwegian elite U-19 data (Norwegian model), respectively;
subjectively placed knots have shown improved performance over da-
ta-driven placement on skewed training load distributions [25].

Chronic load was the training performed during the previous
27 days, excluding day 0. Day -1 is the day before the current day
(yesterday), Day -2 two days before the current day, and so on up to
Day -27, which is 27 days before the current day (four weeks ago).
We assumed that training load values closer to the current day con-
tribute more to injury risk than those distant in time [22]. We also
assumed that the association between training load and injury may
be different depending on the time since the activity [3]. For exam-
ple, if hypothetically, 60 minutes of activity three weeks ago decreas-
es risk of injury, while 60 minutes of activity performed yesterday in-
creases risk of injury, we aimed to be able to detect that difference.
Therefore, the cumulative effect of chronic load was modelled with
a distributed lag non-linear model [11]. This approach estimates the
association between training load and the risk of injury, and simul-
taneously estimates how the association with training load changes
depending on the time since the activity. We chose restricted cubic
splines to model the association with training load (3 knots), and
also restricted cubic splines to model the association with number
of days since the activity was performed (4 knots).

An interaction term was added between the acute load (Day 0)
and the chronic load (Day -1 to day -27). The main result was a vi-
sualization of the predicted probabilities of injury for acute load giv-
en different levels of chronic training load. Reference levels of chron-
ic load was chosen by finding examples of zero, low, medium and
high chronic load in the original data (Supplemental Table S2).

Since players are only at risk of injury if they participate in an ac-
tivity, days in which they did not participate in any training or match
were removed from the analysis. These observations were still in-
cluded in the estimation of chronic load.

To see if a simpler approach than distributed lag non-linear mod-
el can be suitable, the analyses were repeated using the exponen-
tially weighted moving average on chronic load [22].

Additional analyses were performed on the Qatar Stars League
data. First, the Qatari model was performed on sudden — and grad-
ual-onset injuries, separately [18]. Second, we explored the risk of
injury for various levels of minutes in activity sustained in the past,
using the distributed lag non-linear model.

Statistical analyses were performed in R (4.2.1) with DLNM [29],
mice, Ime4, and slider [30]; code available online [31].

RESU LTS 1500
Simple model example

In the logistic regression, odds ratios (OR) were estimated for the
acute load (0.995) and chronic load (1.016) separately (Table 1).
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FIG. 1. The probability of injury for each level of (A) acute load and (B) chronic load in Qatar Stars League players (564 206 exposure
values, 1 006 injury cases). In (A), the risk is shown for different levels of chronic load: O, 25, 50, and 100 average minutes in activity
the previous 3 weeks. In (B), the risk is shown for different levels of acute load: 20, 120, 300, 500, and 1000 minutes in activity in
the current week.
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FIG. 2. Estimated probability of injury for each level of acute load (the current day) for (A) Qatari model (420 329 exposure values,
1 977 injuries) and (B) Norwegian model (4 719 exposure values, 60 injuries). The probability is shown for zero, low, medium and
high chronic load levels; these are defined in Supplemental Table S1. Due to multicollinearity in the data, confidence intervals could
not be estimated. Arb. u = arbitrary units.

This allowed further investigation into the risk of injury for each  decrease in acute load, and increased risk for each increase in chron-
level of acute load, given the level of chronic load (Figure 1A), and  ic load. For example: A player with 20 minutes of training in the
vice versa (Figure 1B). The results showed an increased risk foreach  current week, who had 150 minutes daily training the previous
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TABLE 2. QSL model cofficients for a logistic regression with injury as the outcome and minutes in activity on the current day (acute),

and past minutes in activity (chronic) as independent variables.

Term!23 OR SE Lower CI Upper CI P
Intercept 0.067 0.329 0.034 0.131 < 0.001
Acute minutes in activity 1 0.950 0.007 0.936 0.964 < 0.001
Acute minutes in activity 2 1.144 0.017 1.105 1.185 < 0.001
Chronic minutes in activity W1 F1 2.166 0.252 1.282 3.659 0.006
Chronic minutes in activity W1 F2 0.455 0.129 0.348 0.595 < 0.001
Chronic minutes in activity W1 F3 1.285 0.110 1.030 1.602 0.027
Chronic minutes in activity W2 F1 0.156 0.374 0.075 0.324 < 0.001
Chronic minutes in activity W2 F2 6.112 0.191 4.207 8.881 < 0.001
Chronic minutes in activity W2 F3 0.841 0.181 0.590 1.200 0.340
Chronic minutes in activity W3 F1 3.252 0.623 0.952 11.109 0.060
Chronic minutes in activity W3 F2 0.578 0.363 0.279 1.198 0.137
Chronic minutes in activity W3 F3 0.673 0.281 0.388 1.168 0.159
Chronic minutes in activity W4 F1 6.432 1.228 0.578 71.55 0.130
Chronic minutes in activity W4 F2 0.319 0.642 0.090 1.126 0.076
Chronic minutes in activity W4 F3 0.404 0.573 0.130 1.256 0.116
Interaction (Acute*Chronic minutes W1 F1) 0.998 0.003 0.991 1.006 0.642
Interaction (Acute*Chronic minutes W1 F2) 1.002 0.002 0.998 1.006 0.429
Interaction (Acute*Chronic minutes W1 F3) 1.000 0.001 0.998 1.003 0.844
Interaction (Acute*Chronic minutes W2 F1) 1.020 0.004 1.012 1.028 < 0.001
Interaction (Acute*Chronic minutes W2 F2) 0.978 0.002 0.974 0.982 < 0.001
Interaction (Acute*Chronic minutes W2 F3) 1.004 0.002 1.001 1.008 0.020
Interaction (Acute*Chronic minutes W3 F1) 0.993 0.006 0.982 1.005 0.243
Interaction (Acute*Chronic minutes W3 F2) 1.010 0.003 1.003 1.017 0.009
Interaction (Acute*Chronic minutes W3 F3) 1.003 0.003 0.997 1.009 0.340
Interaction (Acute*Chronic minutes W4 F1) 0.996 0.009 0.978 1.015 0.678
Interaction (Acute*Chronic minutes W4 F2) 1.005 0.005 0.995 1.015 0.311
Interaction (Acute*Chronic minutes W4 F3) 1.007 0.005 0.997 1.016 0.154

Abbreviations: Cl = 95% Confidence Interval, OR = Odds Ratio, QSL = Qatar Stars League, SE = Standard Error
LAl variables were modelled with splines (420 329 exposure values, 1 977 injuries), and terms represent one of multiple intervals

demarcated by knots

2 The DLNM models a cross-product of the number of minutes in activity (the F-function) and the lag time in which the activity was
performed (the W-function). Since F was modelled with 3 knots, and W with 4, the result is a 3*4 permutation of intervals

3 weeks, had 5% increased injury probability, while a player who
trained 300 minutes on the current week had 1% increased injury
probability, despite having the same amount of chronic load (Fig-
ure 1B). This is a common pattern when injured players reduce loads
the remaining week, thus have lower loads than uninjured play-
ers [32]. Since the ORs were of similar size, this indicates that the
acute load (which stretches over just one week) may be more im-
portant than the chronic load (which stretches over three weeks).

Association between training load and injury risk
In the main analysis, the acute load was defined as the load on the
current day (day 0), and chronic load was defined as the load during

the past 27 days (day -1 to day -27). The Qatari model showed
decreased probability of injury for each minute in activity on the
current day (acute load) with statistical significance (p < 0.001,
Figure 2, Table 2). This is a typical pattern when players end activ-
ity early due to injury. Players who had not participated in an activ-
ity in the last 27 days were at highest risk of injury, followed by those
who spent a low number of minutes in activity (Figure 2A). Players
who spent a high number of minutes in activity were at higher risk
than those with medium (Figure 2A). Some relationship slopes were
steep, other slopes were gradual, and this variation suggests an in-
teraction between number of minutes in activity on the current day
and the minutes in activity the previous 27 days (Figure 2A). All of
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the 12 interaction terms had narrow confidence intervals (Table 2).
This interaction was also present in both sudden onset and gradual
onset injuries (Figure S5).

A similar pattern was displayed in the Norwegian model: low
chronic sRPE increased risk of injury, followed by high, with the low-
est risk at medium levels of chronic sRPE (Figure 2B). Also, like the
Qatari model, the Norwegian model exhibited major changes in the
slopes between the different levels of chronic sRPE, indicating an
interaction (Figure 2B). However, the model failed to estimate coef-
ficients for certain spline intervals on the chronic load (Table S3).

The relationship shape between the training load variables did
not change by including random effects (Figure S3), and some of the
coefficients were inestimable in the mixed model. Therefore, random
effects were not included in the final models.

The additional models, where chronic load was calculated with
the exponentially weighted moving average, failed to discover an as-

Lena Kristin Bache-Mathiesen et al.

sociation between chronic training load and injury risk (Figure S4).

In the additional model exploring how the relationship between
training load and injury risk changes with time on the Qatar Stars
League data, activities performed on the day before the current day
(day -1) contributed most to the risk of injury on the current day
(OR = 1.1 for 60 minutes of activity, 95% confidence interval
(Cl) = 1.05-1.18, Figure 3). The risk declined exponentially the
more distant in time the activity was performed, ending at approxi-
mately OR = 1.02 (Cl = 1.01-1.04) for 60 minutes of activity per-
formed 19 to 22 days prior to the current day. A low number of min-
utes in activity (10-40 minutes) on a day in the past substantially
increased risk of injury for the current day, a high number (90-120 min-
utes) moderately increased risk, and a medium number (40-80 min-
utes) slightly increased risk, regardless of whether the activity was
performed 1 day prior to the current day, 10 days prior, or 27 days
prior (Figure 3B-D).

Odds Ratio

1.051

1.00 1

26 21 16 11 6 -1
Number of days since activity

C

Odds Ratio

1.051

1.00 1

0 20 40 60 80 100 120

Minutes in activity (Day -10)

0Odds Ratio

Odds Ratio

1.75

1.50 1

1.25

1.00 1

20 40 60 80 100 120
Minutes in activity (Day -1)

0
1.4-
D
1.3-
1.2-

1.11

1.0

0 20 40 60 80 100 120

Minutes in activity (Day -27)

FIG. 3. Injury risk profiles of chronic load in Qatar Stars League players (1 136 223 exposure values, 1 977 injuries). Panel A shows
the risk of 60 minutes of activity for each day in the past: -1 is the risk of injury if the activity occurred the day prior to the current day,
and -27 is the risk if the activity occurred 27 days before the current day. Panels B, C, and D shows how the risk of injury changes for
each level of minutes in activity if the activity occurred (B) 1 day prior to the current day, (C) 10 days prior to the current day, (D) 27
days prior to the current day. Y-axes for B-D are not on the same scale, to better show the relationship shape. Yellow bands represent

95% confidence intervals.
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DISCU'S SO N 15
This is the first study to explore the potential of modelling acute and
chronic training loads separately to estimate the association between
relative training load and injury risk in sport. In a simple model ex-
ample, where traditional definitions of acute and chronic load was
used, the new statistical approach provided separate effect estimates
for the acute, current week of training (OR = 0.995, 95%
Cl = 0.994-0.995) and the chronic, previous three weeks of train-
ing (OR = 1.016, 95% Cl = 1.014-1.019).

In our main analysis, where acute load was defined as the current
day and chronic load as the previous 27 days (4 weeks), acute load
(minutes in activity) was associated with the probability of injury in
Qatar Stars League football (Qatari model). This was properly adjust-
ed for the cumulative association with chronic load. Signs of an as-
sociation between acute load (sRPE) and injury risk could also be
gleaned in a Norwegian elite U-19 football population (Norwegian
model), although with high uncertainty due to a small sample size.

We also investigated whether there was an interaction between
acute and chronic training loads. Evidence of an interaction was
found, as in both the Qatari and the Norwegian models, the relation-
ship slopes for acute training load varied considerably for different
levels of chronic training load.

Modelling acute and chronic loads separately

Modelling the acute and chronic load separately successfully esti-
mated the association of acute load adjusted for the levels of chron-
ic load, in both our simple model example and the more advanced
statistical model (main analysis). This investigation did not require
calculating a ratio, a method that has been severely critiqued [6, 33].
One advantage of modelling acute and chronic separately over the
ACWR s that analysts can determine which time period, acute or
chronic, is more important concerning injury risk. In addition, while
using the ACWR would require choosing among multiple ways of
calculation [71, the current approach required few such choices, and
reduced the risk of multiple testing issues.

In the main analysis, low chronic training load displayed highest
risk, followed by high chronic load, then medium chronic load with
the lowest risk, in both the Qatari and Norwegian model. In addi-
tion, having zero chronic load the last four weeks (a month without
football) showed the highest risk of injury in the Qatari model. Im-
portantly, this could not have been discovered if we had used any
form of ratio, as the denominator would be O [9].

Association and interaction between acute and chronic loads in
football

The Qatari model indicated decreased injury risk for each minute
spent in activity on the current day (p < 0.001). The Norwegian
model displayed a similar trend, although non-significant (p > 0.05),
and injury risk increased if chronic load (cumulative past sRPE) was
low. We suspect that players who ended activity due to an injury
skewed the models toward decreased risk with increased exposure

to training load. This effect was amplified in the Qatari model, which
only included time-loss injuries and time in exposure — no measure
of the training intensity. This is a general and — yet — unsolved chal-
lenge for studies that aim to estimate the association between train-
ing load and injury risk.

Interestingly, the slopes of the association between chronic load
and injury risk varied considerably in the Qatari model: High and
medium chronic load slowly declined in risk for each level of acute
load, while low chronic load declined rapidly (Figure 2A). This inter-
action was also present when stratified on sudden onset and gradu-
al onset injuries. In the Norwegian model, low chronic load both in-
creased and decreased risk at different levels of acute load (Figure 2B).
Therefore, to improve injury prevention research, we would recom-
mend future training load and injury risk studies consider and explic-
itly model these interactions.

The model that estimated chronic load with the exponentially
weighted moving average failed to discover an association between
chronic load and injury risk. Given the large sample size of the Qa-
tar Stars League data, we speculate whether this approach could es-
timate the effects at all, even in a larger study.

The distributed lag non-linear model allowed exploration of time-
lagged effects between chronic load and injury risk [11]. In the Qa-
tar Stars League population, the risk of injury declined exponential-
ly for each day further back in time the activity was performed.
Furthermore, a low number (10-40) or a high number (80-120) of
minutes in activity on a day in the past both increased risk of injury
on the current day, while a medium number (40-80 minutes) de-
creased risk in comparison. This fits the hypotheses that both too
much and too little training may increase risk of injury [34].

Background for considering acute load as the current day of training
A consistent challenge with traditional methods of estimating relative
training load’s effect on injury risk is choosing the time periods for
acute and chronic load [8, 35]. Subjectively deducing the cut-off
may be arbitrary [35], cut-offs based on previous research may not
be sport-specific [6], and data-driven approaches risk multiple test-
ing issues and reduced comparability [32].

We hypothesized that the current day (Day O) has special prop-
erties compared to past days of training load exposure, which allows
it to be modelled separately.

On the current day, injury risk increases with sheer exposure to
the physical activity itself. Players cannot sustain an injury if they do
not participate in an activity [3]. On the other hand, if players did
not participate in an activity on certain days in the past, those days
would still contribute to the cumulative effect of past training load.
Thus, the effect of a training load value of O changes drastically if it
is on the current day versus past training load days.

Hypotheses suggest that both high and low levels of training load
may increase injury risk [34]. Too little training will not build enough
fitness for the tissue to tolerate upcoming training load levels. Too
much training may potentially damage the tissue, and the tissue may
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not regenerate in time for the next training or match-play exposure.
These hypotheses pertain mostly to past training load. On the cur-
rent day, the player enters with fitness and fatigue resultant of the
past. The adaptations built during the current day of training will not
likely come into play until later (that day or during the successive
days). The fatigue, will, however affect the current training and day.
Hence, the shape of the relationship between training load and in-
jury risk (linear, or various non-linear), may depend on whether the
event was in the past, or on the current day.

In a real-time setting, the current and future days of training or
match-play load are the most modifiable. One cannot change train-
ing load that happened in the past. Team sports coaches develop
training schedules for a year, for a month, but most importantly for
a week ahead, often according to the match schedule, in so-called
training micro-cycles [36]. Weekly risk estimates cannot inform how
training load should be distributed on each day within a week or mi-
cro-cycle [24], but daily risk estimates can. Studies interested in
causal inference and developing load management programs should
take this into consideration when choosing time periods for acute
and chronic loads.

Future perspectives

In this paper, we have showed the potential of modelling acute and
chronic training loads separately. While this study focused on football,
we believe the proposed method can handle sport-specific circum-
stances, such as tapering, and can be considered for both individu-
al and team sports. In addition, although this study only assessed
associations, this statistical approach can be used in studies of
causal inference or prediction, given that methodological consider-
ations for each of the respective study aims are taken into ac-
count [371. Finally, our simple model example shows that an advanced
approach is not needed to model acute and chronic loads sepa-
rately. It can be used with any choice of time periods for acute and
chronic loads, which is particularly relevant for studies that only have
access to data at a weekly level.

Distributed lag non-linear modelling is a flexible approach to han-
dling the complexity of chronic load. The R-package was, however,
developed in epidemiology, and not yet adapted to interactions. Fu-
ture research is needed in implementation of distributed lag non-lin-
ear models for the context of training load.

Lena Kristin Bache-Mathiesen et al.

Limitations

Limitations of this study were: (i) Due to multicollinearity in our
data, confidence intervals around predictions in Figure 2 could not
be estimated, (ii) the Qatar Stars League data only had minutes of
activity, and no other training load variables or variable describing
the intensity of the activity; (iii) the Norwegian elite U-19 data had
only sRPE — the player’s perception of the training exertion and
the duration of the activity. Different groups of players can perceive
the same physiological stimuli differently [38]; the Norwegian elite
U-19 sRPE responses were above other football popula-
tions [39, 401. In this regard, training load is a multidimensional
construct, and ideally, both internal and external training loads
should be used [2].

CONCLU SO N S 50—
To assess the association between recent (acute) training load relative
to past long-term (chronic) training load on injury risk, a ratio has
traditionally been calculated. Ratios have several challenges and
cannot handle chronic loads of 0. Modelling the acute and the chron-
ic load separately is intuitive and potentially a simple solution to this
problem. When using this statistical approach, the acute load adjusts
for the level of chronic load without calculating a ratio. Furthermore,
signs of an interaction between acute and chronic training load were
present in both football populations studied. Researchers in the field
of training load and injury risk should consider interactions in their
respective sport to improve injury prevention research.
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Injury validation in Qatar Stars League registry

The team physician in each club was in charge of collecting the data, using standardized tools. We distributed a study manual outlining the
details of data collection to the contact person before the team’s enroliment into the study. We also organized demonstration sessions every
time a new team physician joined the program. We recorded data using a custom-made Microsoft Office Excel® file (Microsoft Corporation,
Readmon, WA, USA) for quick data entry, using pull-down menus to classify each injury based on the Sport Medicine Diagnostic Coding
System. Injury cards were also provided in Microsoft Office Word® (Microsoft Corporation, Readmon, WA, USA) to assist clinicians in tak-
ing notes during daily clinical activity, prior to entry into the master data file. We asked the clubs to submit their data every month by email.
Data quality control was done on a monthly basis to validate the data.

TABLE S1. Characteristics of 1 465 Qatar Stars League players for the 3 365 studied player’ seasons.

Characteristic! Mean (SD)
Age (n = 564) 25 (5)
Height (n = 535) 174 (21)
Weight (n = 548) 71 (16)
Player position (n = 725)? N (%)
Defenders 231 (32%)
Goal Keepers 81 (11%)
Midfielders 316 (44%)
Strikers 97 (13%)

Variables had missing data, and descriptives are calculated on observed values (n).
20One player could change positions across multiple seasons, and therefore be included multiple times in the calculation.

Articles published in the Biology of Sport are licensed under an open access Creative Commons CC BY 4.0 license.
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TABLE S2. Chronic load profiles used as reference values in Figure 1 (main article), Figure S3 and Figure S5, from the day before
the current day (-1) to 27 days prior to the current day (-27).

Qatar Stars League! Norwegian elite U-192
Day Zero Low Medium? High* Low Medium? High*
-1 0 60 90 45 80 480 720
-2 0 60 27 45 0 0 630
-3 0 60 79 90 0 720 540
-4 0 0 60 80 0 588 1260
-b 0 0 30 80 0 120 0
-6 0 0 63 80 0 0 560
-7 0 0 30 90 0 450 0
-8 0 0 63 140 0 30 0
-9 0 0 60 105 0 0 1230
-10 0 0 11 70 0 540 0
-11 0 0 78 40 0 900 810
-12 0 0 15 15 0 390 0
-13 0 0 77 45 0 90 0
-14 0 0 13 45 0 240 0
-15 0 0 78 90 0 370 320
-16 0 0 75 90 0 30 0
-17 0 0 0 90 0 360 0
-18 0 0 0 90 0 60 0
-19 0 0 70 90 0 0 0
-20 0 0 70 90 0 540 0
21 0 0 70 45 0 55 630
-22 0 0 26 90 0 0 360
-23 0 0 70 30 0 0 0
-24 0 0 70 45 0 0 960
-25 0 0 70 45 0 30 360
-26 0 0 70 90 0 540 0
-27 0 0 70 45 0 630 420
Total 0 180 1435 1900 80 7163 8800

! Measured in minutes in activity

2 Measured in session Rating of Perceived Exertion (sRPE) in arbitrary units
3 The total sum was the median in the corresponding dataset

4 The total sum was the 75% quantile in the corresponding dataset
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TABLE S3. Model coefficients for a logistic regression with injury as the outcome and sRPE on the current day (acute), and past sRPE
(chronic) as independent variables in the Norwegian elite U-19 data.

Term!%3 OR SE Lower CI Upper CI p
Intercept 0.035 1.110 0.004 0.308 0.003
Acute sRPE 1.001 0.003 0.996 1.006 0.656
Acute sRPE 0.997 0.002 0.992 1.001 0.177
Chronic sSRPE W1 F1 0.111 1.055 0.014 0.883 0.038
Chronic sSRPE W1 F2 0.972 0.660 0.266 3.544 0.965
Chronic sRPE W1 F3 2.661 0.638 0.758 9.343 0.126
Chronic sSRPE W2 F1 369558.600 4.787 30.843 4.43E+09 0.007
Chronic sRPE W2 F2 0.122 2.538 0.001 17.66 0.407
Chronic sSRPE W2 F3 0.230 2.724 0.001 48.581 0.589
Chronic sRPE W3 F1 0.000 15.939 0.000 390.613 0.108
Chronic sSRPE W3 F2 13.162 6.383 0.000 3647113 0.686
Chronic sRPE W3 F3 4.529 6.798 0.000 2924533 0.824
Chronic sSRPE W4 F1 0.000 33.76 0.000 0.324 0.046
Chronic sRPE W4 F2 22218.120 13.56 0.000 8.02E+15 0.461
Chronic sSRPE W4 F3 92.306 15.116 0.000 8.11E+14 0.765
Interaction (Acute*Chronic sRPE W1 F1) 1.005 0.002 1.001 1.009 0.016
Interaction (Acute*Chronic SRPE W1 F2) 1.000 0.001 0.997 1.002 0.866
Interaction (Acute*Chronic sSRPE W1 F3) 0.999 0.001 0.996 1.001 0.259
Interaction (Acute*Chronic SRPE W2 F1) 0.971 0.009 0.954 0.988 0.001
Interaction (Acute*Chronic sSRPE W2 F2) 1.005 0.005 0.996 1.014 0.310
Interaction (Acute*Chronic SRPE W2 F3) 0.999 0.005 0.990 1.009 0.900
Interaction (Acute*Chronic sSRPE W3 F1) 1.056 0.026 1.003 1.111 0.038
Interaction (Acute*Chronic SRPE W3 F2) 0.989 0.014 0.962 1.016 0.418
Interaction (Acute*Chronic sSRPE W3 F3) 1.008 0.012 0.984 1.033 0.500
Interaction (Acute*Chronic sRPE W4 F1) 1.161 0.057 1.039 1.298 0.009
Interaction (Acute*Chronic SRPE W4 F2) 0.967 0.030 0.912 1.025 0.262
Interaction (Acute*Chronic sRPE W4 F3) 1.017 0.027 0.964 1.074 0.535

Abbreviations: Cl = 95% Confidence Interval, OR = Odds Ratio, SE = Standard Error, SRPE = session Rating of Perceived Exertion
in arbitrary units

L All variables were modelled with splines, and terms represent one of multiple intervals demarcated by knots

2 The DLNM models a crossproduct of the number of minutes in activity (the F-function) and the lag time in which the activity was
performed (the W-function). Since F was modelled with 3 knots, and W with 4, the result is a 3*4 permutation of intervals
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FIG. S1. lllustration of the modelling process in the framework of multiple imputation. The imputation was performed in accordance
with recommendations in “Flexible Imputation of Missing Data, Second Edition” by Stef van Buuren (Van Buuren, 2018a), also
available online (Van Buuren, 2018b). Missing time in activity in minutes, and sRPE values, were predicted and imputed using
predictive mean matching (Barzi & Woodward, 2004), which has previously been shown to be a valid approach for count data (Van
Buuren, 2018a). For the minutes in activity, a poisson regression imputation was compared with the PMM with validation plots,
before choosing PMM. All non-derived variables were used to predict imputed values, including age, sex, player position, type of
training activity, among others. The response variable, injury, was also used to predict imputed values (Moons et al., 2006), but was
not itself imputed before analysis (Peters et al., 2012). The number of imputed datasets was five, which is recommended in most
cases (Van Buuren section 2.8). The imputation was validated by comparing the distribution of the imputed versus the original data
(see Figure S2). Five models were fitted and pooled using Ruben’s Rules for the final models (results in Table 1 and Table 2, main

article).
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FIG. S2. Distribution of original data values (blue) compared to imputed values from five imputed datasets (yellow) for (A) daily
minutes in activity in a Qatar Stars League football population, and (B) daily session Rating of Perceived Exertion (sRPE) measured
in arbitrary units in a Norwegian elite U-19 football cohort. The mismatch between the distribution of imputed data and original data
in (A) is expected. Although 12% of the Qatar Stars League exposure observations were missing, on days that players suffered an
injury, the missing rate was 36%. The missing mechanism was therefore missing at random, and missing probability increased if
injury = yes. Since players are unlikely to be injured on days with no activity (exposure = 0), one would expect the imputed distribution

to skew less towards O than the original data.
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FIG. S3. Probability of injury on the current day (Day O) predicted by logistic regression models with random effects. Shown for each
level of training load variables used in (A) Qatar Stars League model (420 329 exposure values, 1 977 injuries) and (B) Norwegian
elite U-19 model (4 719 exposure values, 60 injuries). The probability is shown for zero, low, medium and high cumulative chronic
training load levels, as defined in Table S2. Arb. u = arbitrary units.
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FIG. S4. Probability of injury on the current day (Day O, acute load) predicted by logistic regression models, using the exponentially
weighted moving average to calculate cumulative chronic load. Shown for each level of training load variables used in (A) Qatar Stars
League model (420 329 exposure values, 1 977 injuries) and (B) Norwegian elite U-19 model (4 719 exposure values, 60 injuries).
The probability is shown for zero, low, medium and high levels of the exponentially weighted moving average. Arb. u = arbitrary
units.
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FIG. S5. Probability of injury on the current day (Day O, acute load) for each minute in activity in the Qatar Stars League population
(420 329 exposure values), stratified by (A) sudden onset injuries (n = 1 625) and (B) gradual onset injuries (n = 320). The
probability is shown for zero, low, medium and high cumulative chronic minutes in activity. The probability is shown for zero, low,
medium and high cumulative chronic training load levels, as defined in Table S2.
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Acceleration in the rate of growth in height in late childhood/early
adolescence marks the onset or take-off (TO) of the adolescent
growth spurt. The rate of growth accelerates until it reaches a peak
(peak height velocity, PHV) and then decelerates until growth in
height ceases in late adolescence or young adulthood. Ages at TO
and at PHV and other parameters of the adolescent spurt are es-
timated from longitudinal height records. Early estimates were
based on graphic plots of heights for individuals or on estimated
increments in height between measurements. The development of
mathematical models for evaluating longitudinal height records
subsequently facilitated estimates of the parameters. Most models
provide estimates of age at PHV (years), PHV (cm/year) and height
at PHV (cm), while some also provide estimates of age, velocity

of growth and height at TO, and of adult height [1-5]. Neverthe-
less, the procedures provide a convenient means for comparing
individual and/or group differences in parameters of the adolescent
spurt in height [6].

Longitudinal studies of parameters of the growth spurt are large-
ly limited to samples from Europe, North America and Japan, and
to a lesser extent Latin America. Estimated ages at PHV among youth
from the different regions overlap, although estimates for Japanese
youth tend to be somewhat earlier. Recent studies of U.S. youth also
indicate overlap in mean ages at PHV among ethnic groups, though
estimates for American Black youth tend to be at the early end of
the distribution. Corresponding data for youth in other geographic
areas are limited [6].
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Ages at PHV based on longitudinal samples of youth participat-
ing in different sports, in contrast, are not extensive [7, 8. This is
a function of difficulties inherent in longitudinal studies per se, and
also the selectivity of sport, differential persistence in a sport (drop
out) and associated factors, e.g., injury, changing interests, and chang-
es in teams/ clubs, among others. Nevertheless, coaches and train-
ers are increasingly interested in monitoring growth in heights and
weights of youth players over relatively short intervals in an effort to
individualize training and to reduce the risk of injury during the ad-
olescent growth spurt [9, 10]. As such, variation in the timing and
intensity of growth in height at TO and PHV among youth athletes
is important.

In the context of the preceding, the purposes of this study are
threefold: first, to compare two methods for estimating parameters
of the adolescent growth spurt in a longitudinal sample of male soc-
cer players 11-16 years of age; second, to evaluate maturity clas-
sifications based on age at PHV, an indicator of maturity timing, and
on skeletal age (SA), an indicator of maturity status at the time of
observation; and third, to compare estimated ages at PHV reported
for longitudinal samples of soccer players from Europe and Japan.

MATERIALS AND METHOD'S /55—
Participants

Data for the present study were part of the Coimbra Soccer Longi-
tudinal Project, which followed the guidelines established by the
declaration of Helsinki [11]. Formal approval was obtained from the
University of Coimbra Sports Sciences and Physical Education
Board, and included agreements with the Presidents of the respective
soccer clubs. Written consent was obtained from parents or legal
guardians of the players, and players were informed that participation
was voluntary and that they could withdraw from the study at any
time.

The baseline sample included 87 U13 players 11-12 years of
age from five clubs in the midlands of Portugal; the players were
classified as infantiles in the Portuguese Soccer Federation. All play-
ers except one were of European ancestry. At baseline, the sample
had 1-6 years of experience in soccer (median 3 years), and partic-
ipated in 3-5 training sessions (~90 minutes) and one game (usu-
ally on Saturday) per week.

Heights and weights, among other anthropometric dimensions,
were initially measured within a two week interval in December;
players who persisted at the respective clubs were subsequently mea-
sured within the same two week interval in December over the next
five seasons. All measurements were taken by a single observ-
er (MJCS) at the University of Coimbra. Heights, with shoes removed,
were measured to the nearest 0.1 cm using a stadiometer (Harpen-
den 98.603, Holtain Ltd, Croswell, UK). Weight was measured to
the neared 0.1 kg using a SECA scale (model 770, Hanover, MD,
US). Intra-observer technical errors of measurement were 0.27 cm
for height and 0.47 kg for weight. Chronological age (CA) at each
observation was calculated as the difference between date of birth
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and date of a hand-wrist radiograph (see below) for observations
one, three and five, and between date of birth and date of measure-
ment for observations two and four.

Over the five years, 59 players (68% of the baseline sample) had
four or five annual height measurements. The longitudinal sample
did not differ significantly from their 28 teammates at baseline: re-
spectively, CA, 11.9+0.5and 11.7 £0.5 years; SA, 12.0+1.4
and 11.8+ 1.6 years; height, 144.8+6.9 and 144.3+6.5 cm;
and weight, 37.6 = 6.0 and 38.8 = 7.0 kg; the distribution of play-
ers by pubic hair status also did not significantly differ.

Parameters of the Adolescent Growth Spurt

The longitudinal height records of 58 players of European ancestry
were successfully modeled with two methods to estimate parameters
of the adolescent spurt: Superimposition by Translation and Rotation
(SITAR) and Functional Principal Component Analysis (FPCA). The
heights of one player of non-European ancestry limited to four ob-
servations were not successfully modeled.

The SITAR model [12, 13] available in the R package sitar [14]
fits the raw height data for all players with a curve (defined as a B-
spline), superposes the curves of all players, averages the curves and
then back-projects the average curve into the original data as a growth
model through uniform transformations: translation and rotation.
A total of 269 measurements were available for the 58 players. Vi-
sual inspection of the model based on running plots with the raw
data showed that the model fit the data very well. The mean resid-
ual was 0.0 cm by definition; the standard deviation of the residu-
als was 0.47 cm and the mean absolute value of the residuals was
0.36 cm.

The FPCA growth model [15] is based on a combination of gen-
eral Functional Data Analysis (FDA) and FCPA [16, 17]. The com-
plete postnatal growth curves of individual boys in the Brno Growth
Study were the training set, which was fitted by the B-spline curves
of the raw data for all soccer players. The splines were modeled with
the FPCA procedure; 12 Principal Components (6 for phase and 6 for
amplitude of the curves) were then used as a generative model to fit
the newly analyzed data based on the Levenberg-Marquardt optimi-
zation algorithm. Details of the specific calculations and functions of
the model are available in the R package growthfd [15, 18]. The
mean of the 269 model residuals was 0.04 cm and the standard
deviation of the residuals was 0.44 cm; the mean absolute value of
the residuals was 0.33 cm.

The accuracy of estimates of parameters of the adolescent spurt
in height depends on the model. Models differ significantly in the
shape of the curve between points and in the extent to which they
take into account information about the actual course of human
growth, i.e., whether they are more ‘mathematical’ or more ‘empir-
ical’. The present study computed estimates using two models that
account for data of this nature. Both the SITAR and FCPA methods
provided estimates of age, velocity of growth and height at TO and
at PHV for each player.




Age at PHV and skeletal age

Estimates of age at PHV based on one of the protocols (SITAR)
in the present analysis were previously used in a study evaluating
the validity of predicted ages at PHV among the soccer players [19].
The present study compares parameters of the growth spurt based
on two different models, SITAR and FCPA. Of note, heights of one
player in the earlier analysis were not successfully modeled with the
two protocols used in the present study.

Skeletal Age

Posterior-anterior radiographs of the left hand-wrist of players were
taken at observations one, three and five. The Fels method [20]
method was used to estimate SA. The mean difference between
independent assessments of SAs of 20 radiographs by two individu-
als and the inter-observer technical error of measurement were, re-
spectively, 0.03 = 0.04 years and 0.12 years, while the inter-ob-
server intra-class correlation was 0.99. Standard errors for SA
assessments at observations one, three and five ranged, respec-
tively, from 0.27 to 0.30 year (median 0.29), from 0.29 to 0.49 year
(median 0.35), and from 0.30 to 0.48 (median 0.37) year.

Analysis

Descriptive statistics (means and standard deviations) at each ob-
servation for the longitudinal sample were calculated for CA, height
and weight, for SA and SA minus CA at the three observations, and
for estimated ages at TO and PHV (years), velocities of growth at TO
and at PHV (cm/year), and heights at TO and at PHV (cm) based on
the SITAR and FPCA methods. The differences between parameters
of the growth spurt with the two methods were evaluated with paired
sample t-tests and tests of equivalence using 90% equivalence bound-
aries representative of a moderate effect (+ 0.5 of Cohen’s d). Spear-
man rank order correlations (rho) between ages at PHV based on the
SITAR and FCPA models and the differences of ages at PHV based
on the respective models were calculated.

Each player was also classified as late (delayed), on time (aver-
age) or early (advanced) maturing based on ages at PHV with the
two models and also on SAs at observations one, three and five.
A band of plus/minus one standard deviation of the respective mean
ages at PHV for the total sample defined on time or average matu-
rity status. Estimates ages at PHV outside the range of plus/minus
one standard deviation were classified as either late (age at PHV
above one standard deviation of the respective mean ages) or early
(age at PHV less than one standard deviation of the respective mean
ages). Similarly, an SA within = 1.0 year of CA defined average skel-
etal maturity status, while an SA younger than CA by > 1.0 year
and an SA older than CA by > 1.0 year defined, respectively, late
(delayed) and early (advanced) skeletal maturity status. The range
of + 1.0 year allows for error associated with assessments of SA and
approximates standard deviations for SAs within specific CA
groups [21]. Four players were skeletally mature at observation five
and an SA was not assigned. At observation five, 42 players had ra-
diographs, but three did not have height and weight measures; of

the 40 players with measures of height and weight, one did not have
a radiograph.

Means and standard deviations were calculated for ages at PHV
for players in each of the maturity groups defined by the SITAR and
FCPA methods, and also for SA-CA differences in the respective skel-
etal maturity status groups at observations one, three and five. Con-
cordance of maturity status classifications based on the two esti-
mates of age at PHV and on skeletal maturity status at the three
observations was evaluated with chi square and unweighted Cohen’s
Kappa coefficients.

In addition to estimated ages at PHV for the present sample of Por-
tuguese players, ages at PHV for 12 longitudinal samples of soccer
players from Europe and Japan were compiled from the literature [6]:
six samples from Europe: Wales [22], Denmark [23], Belgium [24],
Spain [25-27], England [28] and the Netherlands [29], and six sam-
ples from central Japan [30-34]. Estimates of age at PHV were based
on a variety of methods, and several studies including the present
study reported estimated ages at PHV based on two or three meth-
ods. Three studies provided estimates for subsamples of Spanish play-
ers from the same club. Excluding estimates based on graphic and
incremental methods [22, 28] and the FPCA method (present study),
and limiting the estimate for Spanish players to that based on the larg-
est sample [27], ages at PHV in the 13 samples of soccer players
from Europe and Japan were subjected to a meta-analysis using the
methods available in the R-Package metaphor [35] within the R-soft-
ware, version 3.5.3 [14]. Sample sizes, means and standard devia-
tions for age at APHV in each of the 13 studies were used as esti-
mates of effect size. The Random Effect Model was used as it can be
reasonably assumed that the population with the same grand mean
age at PHV was not sampled in the studies of soccer players (i.e., the
populations actually differed in ages at PHV). The restricted maximum
likelihood method (REML estimator) was used to estimate the be-
tween-sample variance (t?, tau-squared).

RIES U LTS 1500
Descriptive statistics for CA, height and weight at each observation
and for SA at observations one, three and five in the longitudinal
sample of soccer players are summarized in Table 1. Corresponding
statistics for parameters of TO and PHV, and results of t-tests and
Cohen'’s d are summarized in Table 2. Although quite similar, mean
ages at TO, SITAR 11.2 +0.8 years and FPCA 11.0+ 0.8 years,
and mean ages at PHV, SITAR 13.6 + 0.9 years and FCPA
13.7 £ 0.9 years, differ significantly. Estimated heights at TO, SITAR
141.1 £5.7 cm and FCPA 140.2 6.0 cm, and at PHV, SITAR
157.1 5.7 cmand FCPA 157.9 = 5.6 cm, also differ significantly.
In contrast, estimated velocities of growth in height at TO, SITAR
4.6 +0.5 cm/year and FCPA 4.6 = 0.4 cm/year, and at PHV, SITAR
9.7 £ 1.3 cm/year and FCPA 9.8 + 1.3 cm/year, do not differ sig-
nificantly.

Estimated ages and heights at PHV with the two methods are high-
ly correlated, 0.99 and 0.98 (p < 0.001), respectively, while the
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TABLE 1. Means (M) and standard deviations (SD) for chronological age (CA), skeletal age (SA), height and weight for the longitudinal
sample of soccer players by observation (Obs).

Obs N CA, yrs SA, yrs Height, cm Weight, kg
M SD M SD M SD M SD
1 58 11.9 0.5 12.0 1.4 144.9 6.9 37.6 6.0
2 58 12.9 0.5 151.7 7.9 42.3 7.3
3 58 13.9 0.5 14.2 1.1 159.2 7.7 48.7 8.4
4 55 14.9 0.5 165.5 6.7 54.9 7.9
5? 40 15.9 0.5 169.3 5.3 60.1 6.3
50 35 15.8 0.5 16.3 1.1 169.2 5.4 59.7 6.2
5¢ 4 16.8 0.2 171.5 5.0 64.9 6.1

aTotal sample of players with measures of height and weight at observation five; one player did not have a radiograph; ®Not skeletally
mature; “Skeletally mature

TABLE 2. Means (M) and standard deviations (SD) for estimated parameters at take-off (TO) and at peak height velocity (PHV) based
on the SITAR and FPCA methods, differences between the respective estimates (SITAR minus FPCA) with the two methods, and
results of the t-tests.

SITAR FPCA SITAR - FPCA
Parameters M SD Range M SD Range M SD t Cohen’s d
Age at TO, yrs 11.24 0.79 9.94-13.00 1099 0.82 8.55-12.81 0.25 0.70 2.73**  0.36
TO, cm/yr 4.62 0.52 3.37-6.06 4.58 0.36 3.85-5.67 0.03 0.47 0.56 0.07

Height at TO, cm 141.1 5.7 130.0-153.8 140.2 6.0 125.0-153.0 0.90 3.32 2.06* 0.27
Age at PHV, yrs 13.62 0.90 11.92-15.59 13.66 0.88 11.90-15.49 -0.04 0.12 2.60** 0.34
PHV, cm/yr 9.71 1.26  6.69-13.56 9.81 1.33 6.97-14.53 -0.10 0.87 3.80**  0.50
Height at PHV, cm  157.1 5.7 145.9-169.7 157.9 5.6 147.7-170.1 -0.51 1.02 0.84 0.11

*p < 0.05, **p < 0.01

TABLE 3. Frequencies and cross-tabulations of maturity status classifications (late, on time, early)1 based on ages at PHV with the
SITAR and FPCA models, percentage agreement, Chi square (X?) and Cohen’s Kappa (k); means and standard deviations for ages at
PHV in the respective maturity groups are also indicated.

Age at PHV: SITAR, yrs

Age at PHV: FPCA, yrs - Total
Late On time Early
14.92+0.35 13.54+0.53 12.37+0.20
Late 14,98 +0.27 8 1 0 9
On Time 13.69+0.52 3 36 0 39
Early 12.36 +0.26 0 2 8 10
Total 11 39 8 58

Agreement 90% ¢ = 77.29* x = 0.79*

* (p < 0.01); 'On time (average) is an age at PHV within = 1.0 year of the mean age at PHV for the total sample of 58 players with
SITAR (13.62 +0.90 years): average, 12.72 to 14.52 years; late, > 14.52 years; and early, < 12.72 years; and with FPCA
(13.66 = 0.88 years): average, 12.78 to 14.54 years; late, > 14.54 years; and early, < 12.78 years.
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correlation for estimated PHVs with the two methods is slightly low-
er,0.77 (p < 0.001). Correlations between estimated ages and heights
at TO with the two methods, though lower, are significant, 0.62 and
0.84 (p < 0.001), while the correlation between estimated veloci-
ties of growth at TO with the two methods is lower 0.48 (p < 0.001).

The cross-tabulation of maturity classifications based on ages at
PHV with each method is shown in Table 3. Overall, 90% of the
players are classified as having the same maturity status based on
SITAR and FCPA ages at PHV. Four of the six misclassified players
have estimated ages at PHV close to the + 1.0 cut-offs; the differ-
ences in ages at PHV (SITAR minus FPCA) are negligible, 0.08, 0.07,
0.05 and 0.08 year. The differences between ages at PHV for two
players are somewhat larger, 0.35 and -0.35 year.

Spearman correlations (rho) between maturity classifications based
on the differences of SA minus CA and on age at PHV are moderate
in early adolescence (~12 years, observation one), -0.53 (SITAR,
p < 0.01) and -0.54 (FPCA, p < 0.001), and higher in mid-ado-
lescence (~14 years, observation three), -0.77 with both methods

(p < 0.001). The negative correlations indicate an earlier age at PHV
among players with an SA in advance of CA (positive difference of
SA minus CA).

Cross tabulations of maturity classifications (late, average or ear-
ly) based on ages at PHV with SITAR and FPCA and on the difference
of SA minus CA at observations one, three and five are summarized
in Table 4. Maturity classifications based on ages at PHV and SA at
observation one (~12 years) and three (~14 years) are concordant
in, respectively, 59% and 71% of players for SITAR and in 62% and
74% of players for FPCA estimates. Kappa coefficients are relatively
low at observation one, but moderate at observation three. Allowing
for small numbers at observation five (~16 years), maturity classifi-
cations are concordant in 57% (SITAR) and 60% (FPCA) of the play-
ers, and the Kappa coefficient is moderate. Among the four skeletal-
ly mature players at observation five, two are classified as on time
and two as early maturing based on ages at PHV. Mean ages at PHV
for the four skeletally mature players are similar with SITAR
(12.57 £0.38 years) and FPCA (12.65+0.37 years), and are

TABLE 4. Frequencies and cross-tabulations of maturity status classifications based on ages at PHV with the SITAR and FPCA models
and on Fels skeletal ages (SA — CA) at observations 1, 3 and 5, and percentage agreement, Chi square (c?) and Cohen’s Kappa (k),
and means and standard deviations for SA — CA differences in the respective maturity groups are also indicated.

Maturity Groups

Skeletal

Maturity Skeletal Age? Age at PHV SITAR! Age at PHV FPCA!

Groups Late On time  Early Total Late On time  Early Total
Observation 1
Late (-1.98 +0.98 yrs) 3 6 0 9 3 6 0 9
On Time (-0.02 = 0.59 yrs) 6 25 2 33 4 26 3 33
Early (1.76 =£0.62 yrs) 2 8 6 16 2 7 7 16
Total (0.16 =1.38 yrs) 11 39 8 58 9 39 10 58

Agreement 59%, ¢ = 11.60**, k = 0.25* Agreement 62%, c® = 13.49** x = 0.31*

Observation 3

Late (-1.48 +0.33 yrs) 5 3
On Time (0.18 £0.46 yrs) 5 29
Early (1.66 +0.54 yrs) 1 7
Total (0.33+1.07 yrs) 11 39

0 8 4 4 0 8
1 35 4 30 1 35
7 15 1 5 9 15
8 58 9 39 10 58

Agreement 71%, c? = 28.75*%, k = 0.45* Agreement 74%, ¢® = 33.45** x = 0.51*

Observation 5

Late (-1.76 =0.38 yrs) 5 0
On Time (0.00+0.72 yrs) 2 14
Early (1.71 = 0.41 yrs) 0 12
Mature 0 2
Total (0.53+1.33 yrs) 7 28

0 5 3 2 0 5
0 16 1 15 0 16
5 17 0 10 7 17
2 4 0 2 2 4
7 42 4 29 9 42

Agreement 57%, ¢® = 36.90*, k = 0.45* Agreement 60%, c® = 27.17*, k = 0.37*

*(p < 0.01); 'See Table 3 for ages at PHV in the respective maturity groups; 20On time — SA within + 1.0 year of CA; late — SA behind

CA by > 1.0 year; early — SA advance of CA by > 1.0 year
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TABLE 5. Ages at PHV (years) and PHV (cm/year) in 13 longitudinal samples of male soccer players in Europe (including the present
study) and Japan.

Competitive =~ APHV yrs PHV cm/yr

Country Study Method* Level Observations (obs) N M SD Range, yrs M SD
EUROPE
Portugal Present study Sitar prof club  11-12/15-16yrs, 58 13.6 0.9 11.9-156 9.7 1.3
FPCA 4-5 annual obs, 58 13.7 0.9 11.9-155 9.8 1.3
2003-2008
Wales Bell [22] Graphic school 12-15 yrs, 32 142 0.8 9.6 1.8
Moving incr 4 annual obs, 14.1 0.8 9.3 1.5
Polynomials 1981-1984 14.2 0.9 95 15
Denmark Froberg PB 1 local club 11-16 yrs, 8 14.2 0.9 12.6-15.7
et al. [23] semi-annual obs

over 6 yrs, 1980s
Belgium Philippaerts Polynomials prof club 10-13/14-17yrs, 33 13.8 0.8 12.3-15.9

et al. [24] annual obs
1996-2000
Spain Carvalho Polynomials prof club 10-16 yrs, 4 obs 33 12.9 11.8-15.5f 8.1
(same club) et al. [25] 2009-2014
Monasterio Sitar prof club 10-11 yrs-16-18 110 134 0.8 99 1.8
et al. [26, 27] yrs, > 10 obs, 124 135 0.9 10.1 2.0
2000-2020
England Parr et al. [28] Sitar prof club 5 seasons 27 141 0.8 12.6-155 9.8
Graphic 12.4+0.6 yrs 27 14.2 0.8

baseline, 17-20
obs, 2013-2017

Netherlands Teunissen PB 1 prof club 4 seasons 17 13.8 0.7 12.6-15.2
et al. [29] 11.9+0.8 yrs
baseline, 16-25
obs, 2008-2012

JAPAN
Fukui Nariyama PB 1 school school records, 83 13.7 1.1 88 1.1
Prefecture et al. [30] 1970-1987, 6-18
yrs
Saitama Saeki Auxal school school records 7-12 88 13.3 0.9
et al. [31] yrs + obs JHS
Tokyo Takei Auxal rec league  school records + 201 13.4 0.9
et al. [32] 6 obs over 2 yrs
2011-2016
Shizouka Chuman Triple logistic  prof club school record: 48 12.9 0.9
et al. [23] sub-elite 7-12yrs, 16 12.6 1.0
club elite obs at 13
yrs
Shizouka Chuman Triple logistic ~ prof club  school records, club 29 12.9 1.0
et al. [34] 6 obs, 7-15 yrs,
2008-2010

* Methods: Moving inc (moving increments), PB 1 (Preece Baines model 1), Auxal (refers to the software package used; the authors
do not specify which of the three models implemented in the Auxal program was specifically used to estimate ages at PHV); testimated
95% credible interval; prof club (professional club level); rec league (recreational league)
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Country, reference, level, method N Mean SD Mean [95% CI]
Japan
Japan, Chuman et al. [34], prof club, Triple logistic 29 129 1 e 12.90 [12.54, 13.26]
Japan, Chuman et al. [33], prof club elite, Triple logistic 16 12.6 1 e 12.60[12.11, 13.09]
Japan, Chuman et al. [33], prof club sub-elite, Triple logistic 48 12.9 0.9 —a— 12.90 [12.65, 13.15]
Japan, Takei et al. [32], rec league, Auxal 201 13.35 0.91 = 13.35[13.22, 13.48]
Japan, Saeki et al. [31], school, Auxal 88 13.3 0.9 —a— 13.30[13.11, 13.49]
Japan, Nariyama et al. [30], school, PB 1 83 13.65  1.09 —a—t 13.65[13.42, 13.88]
RE Model for Subgroup (Q = 30.94, df = 5, p < .01; I = 89.1%, 12 = 0.11) —l— 13.15[12.86, 13.44]
South Europe
Spain, Monasterio et al. [27], prof club, Sitar 124 13.47 0.85 —— 13.47[13.32, 13.62]
Portugal, Present study, prof clubs, Sitar 58 13.62 0.9 —a— 13.62 [13.39, 13.85]
RE Model for Subgroup (Q = 1.14, df = 1, p = 0.29; I = 12.0%, 7° = 0.00) - 13.52[13.38, 13.65]
North and Western Europe
Netherlands, Teunissen et al. [29], prof club, PB 1 17 13.82 0.74 e 13.82[13.47, 14.17]
England, Parr et al. [28], prof club, Sitar 27 14.09 0.84 —a— 14.09 [13.77, 14.41]
Belgium, Philippaerts et al. [24], prof clubs, Polynomials 33 13.81 0.75 —a— 13.81[13.55, 14.07]
Wales, Bell [22], school, Polynomials 32 14.2 0.9 —— 14.20[13.89, 14.51]
Denmark, Froberg et al. [23], local club, PB 1 8 14.22 0.88 p———a——— 14.22[13.61, 14.83]
RE Model for Subgroup (Q = 5.46, df = 4, p = 0.24; I? = 31.3%, 1° = 0.01) R 13.99 [13.81, 14.18]
RE Model for All Studies (Q = 103.45, df = 12, p < .01; I = 93.3%, ©* = 0.21) ~al— 13.53[13.27, 13.79]
Test for Subgroup Differences: Qy = 22.33, df = 2, p = 0.00
I T T T T T 1
12 125 13 135 14 14.5 15
Mean

FIG. 1. Aggregation of ages of PHV (years) in samples of male soccer players based on meta-analysis, including the subgroup analysis.
Q: Cochran’s Q-statistic (weighted sum of squares), QM: Cochran’s Q-statistic for subgroups, 1%: percentage of variability in effect
sizes which is not due sampling error, t2: between-study variance in a given set of samples (years squared); plots: means and 95%
Cls of individual studies; diamonds: width represents 95% CIl for each model aggregated by subsample and for all studies (below).

earlier than mean ages at PHV among non-skeletally mature early
maturing CA peers, SITAR (12.90 = 0.65 years) and FPCA
(12.94 +0.66 years), respectively.

Ages at PHV of soccer players in the 13 longitudinal series are
summarized in Table 5. Mean ages at PHV based on different meth-
ods of estimation within several samples are not different. The mean
ages at PHV for Portuguese soccer players based on SITAR and FPCA
are within the range of mean ages at PHV in the six longitudinal sam-
ples of soccer players in Europe, 12.9 to 14.2 years. The earliest
estimated mean age at PHV, 12.9 years (standard deviation not re-
ported), based on a two-level polynomial method, is for a sample of
33 Spanish players [25]; estimates based on the SITAR model for
larger samples from the same club (n = 110 and 124) are later,
13.4+0.8 years [26] and 13.5+0.9 years [27], respectively.

Estimated mean ages at PHV for players from professional clubs
in Europe are somewhat earlier than those for players from a school
and local club (Table 5). With the exception of the one subsample
of players in Spain [25], means ages at PHV for club soccer players
in Europe tend to be later than estimates for players at a profession-
al club in Japan, 12.6 to 12.9 years, which are earlier than esti-
mates for school and recreational league players in Japan.

Results of the meta-analysis of ages at PHV in the 13 samples
of soccer players from Europe and Japan indicate significant het-
erogeneity (Q [df, 12]) = 103.45, p < 0.001), while I? for the
model of all studies is relatively high (93.3%). The effect of geo-
graphic location (Japan and Southern, Northern and Western Eu-
rope) as a moderator of age at PHV was then evaluated. The Mixed
Effect Model indicates a statistically significant moderator effect
(Qy [df, 21 = 22.33, p < 0.001); ages at PHV differ significant-
ly among the geographic groups (Figure 1). Age at PHV is latest
for players from Northern and Western Europe, earlier for players
from Southern Europe, and earliest for players from Japan. Het-
erogeneity among samples in Northern and Western Europe (pro-
fessional and local clubs and schools combined) is not significant
(Q [df, 41 = 5.46, p = 0.243), while heterogeneity among the
samples of professional clubs in Europe (Southern, Northern and
Western Europe together) is significant (Q [df, 4] = 15.4260,
p = 0.004). By inference, geographic distribution appears to be
a more significant factor than level of competition, though the rel-
atively small sample sizes in Northern and Western Europe may
have reduced the statistical significance of differences among
samples.
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Differences in estimated mean ages at TO and PHV and estimated
mean PHVs based on the SITAR and FPCA models in the sample of
58 Portuguese soccer players, though statistically significant, were
small in practical terms (Table 2). Estimated mean ages at TO (11.2
and 11.0 years) and at PHV (13.6 and 13.7 years) with, respec-
tively, the SITAR and FPCA models among soccer players were also
within the ranges of reported mean ages in longitudinal samples of
European boys spanning the 1970s through the present: ages at TO,
10.4 to 11.8 years (21 estimates), and ages at PHV, 13.0 to
14.5 years (64 estimates). Mean PHVs among soccer players (9.7
and 9.8 cm/year) were also within the range of estimates in the
general population, 7.8 to 11.5 cm/year (27 estimates) [6, the ref-
erence includes citations for the specific studies].

Concordance of maturity status classifications (late, average or
early) based on ages at PHV and on SA minus CA was modest at
initial observation, 11.9 +0.5 years and higher at the third obser-
vation, 13.9 £ 0.5 years (Table 4). The observations were consis-
tent with relationships among indicators of maturity timing close to
the time of PHV among 111 boys in the Wroctaw Growth Study [36].
Correlations between estimated CAs at attaining SAs of 12.0 and
14.0 years and age at PHV were, respectively, 0.42 and 0.81. Cor-
relations between the two estimates of age at PHV and the differ-
ence of SA minus CA in the 58 soccer players were similar at obser-
vations one (-0.54) and three (-0.77), i.e., advanced skeletal maturity
status at 12 and 14 years was related to an earlier age at PHV, and
the association was stronger closer to the time of PHV.

Estimated mean ages at PHV for the 58 Portuguese soccer play-
ers based on the SITAR and FPCA models were within the range of
mean ages at PHV estimated with several different methods in six
longitudinal samples of soccer players in Europe (Table 5). Though
limited to a relatively small number of studies, results of the system-
atic analysis of the 13 samples of soccer players suggested earlier
ages at PHV among players in Southern compared to Northern and
Western Europe, and earlier ages at PHV among Japanese club play-
ers compared to European players (Figure 1). The trend towards ear-
lier ages at PHV among Japanese compared to European soccer play-
ers was consistent with that noted in the general population of youth
in both regions [6].

Variation in ages at PHV among individual players also merits at-
tention; estimated ages at PHV (Table 5) were within the range of
longitudinal samples of European boys, 11.3to 17.3 years [6, 37, 381.
The relatively late CAs at initial observation and limited duration of
several studies of soccer players may have affected the estimated
ranges. In contrast, studies in Japan are unique in that they com-
monly use serial height records of players measured annually in April
at their respective schools beginning at 7 years of age [301; the school
records were complemented by measurements taken at several
leagues and clubs.

Variation in ages at TO among Portuguese players (Table 2) was
in the range of ages at TO in three longitudinal samples of
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European boys, 9.0 to 15.0 years [39-41]. This variation has im-
plications for monitoring the growth status of youth players as im-
plemented by the English Premier League [9]. Heights and weights
of all registered academy players 9 years and older are measured ev-
ery three to four months. Along with corresponding observations for
fitness and an academy-wide injury audit, the data provide a poten-
tially unique opportunity to better understand the impact of the in-
terval of the adolescent spurt upon fitness and performance and also
on the incidence and burden of injury. Note, however, height mea-
surements at such relatively close intervals require attention to in-
ter- and intra-examiner measurement variability and also to diurnal
and seasonal variation in growth. Moreover, heights should not be
measured after training and scrimmages.

Based on monthly measurements of heights and weights of soc-
cer players 11-19 years during the course of a season (September
through April), estimated monthly increments of > 0.6 cm/month
in height and of > 0.3 kg/m?/month in the BMI, and an estimated
monthly decline of > 0.4 kg/m?month in the BMI were associated
with an increased risk of injury [42]. Extending the monthly incre-
ments in height through a year, it was suggested that an estimated
velocity of growth in height > 7.2 cm/year was indicative that a play-
er was in his growth spurt [10, 42]. The range of estimated PHVs
in the sample of 58 soccer players (Table 2), however, suggested
that some players with rates of growth < 7.2 cm/year were in their
growth spurts.

Epidemiological data suggest enhanced susceptibility to injury
during the interval of the growth spurt, especially conditions associ-
ated with rapid growth, i.e., Osgood-Schlatter and Sever’s dis-
ease [43, 44], and overuse [45]. Use of developmentally appropri-
ate training protocols (activities emphasizing core strength, balance,
coordination, mobility, and limiting accelerations and decelerations)
and management of training loads may serve to mitigate injury risk
during the interval of rapid growth [46]. Some athletes may also ex-
perience temporary disruptions or regressions in motor performanc-
es during the interval of the growth spurt, commonly labeled as ad-
olescent awkwardness [6]. Of potential relevance, recent evidence
suggests that coach evaluations of match performances of youth soc-
cer players tend to decline during the growth spurt, but return to pre-
spurt levels at the cessation of the growth spurt [47]. When evalu-
ating youth athletes, it thus is essential that coaches and others
involved are aware of the individuality of growth and maturation dur-
ing the interval of adolescence, specifically variation in timing and
tempo of the spurt. Accommodating individual differences may in-
clude, for example, delaying decisions until after the growth spurt,
reviewing player performance metrics prior to the onset and during
the spurt, and/or allowing a player to play down an age group while
they adjust to changes associated with the adolescent spurt [48].

Ages at PHV derived from longitudinal height records of individ-
ual youth should not be confused with estimates based on predict-
ed maturity offset defined as the time before PHV, and predicted age
at PHV estimated as CA minus predicted maturity offset [49, 50].
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Though increasingly used in studies of youth athletes spanning pre-
adolescence through adolescence, predicted estimates increase with
CA and height at prediction and systematically differ from ages at
PHV observed in longitudinal studies [6, 37-39, 511.

The present study is not without limitations. The sample was
measured on only five occasions spanning 11 and 16 years. Although
the CA range was consistent with other longitudinal studies of Eu-
ropean soccer players, the selectivity of the sport (many youth are
excluded prior to 11 years) and subsequent selectivity and/or differ-
ential drop-out as players pass through adolescence merits atten-
tion. Of relevance, the relatively late CA at initial observation and
limited duration of the study may have influenced estimated param-
eters in some players. Estimates of skeletal maturity status were also
not available at all observations which limited comparisons of skel-
etal maturity status and timing of PHV. And, the 13 longitudinal
studies of soccer players used a variety of methods to estimate ages
at PHV which may have influenced the meta-analysis. Although me-
ta-analysis has several limitations, it is an effective means of aggre-
gating data from studies of soccer players that have used different
analytical protocols.

CONCLU SO N S 15
Mean ages at PHV among Portuguese soccer players with SITAR and
FCPA were, respectively, 13.6 0.9 and 13.7 = 0.9 years, and
within the range of means and standard deviations for ages at PHV
in the general population and among soccer players in Europe. Con-
cordance of maturity status classifications based on age at PHV and
SA (SA minus CA) was moderate at observation 1 (early adolescence)
and strongest at observation 3 (~14 years, close to PHV). Analysis
of ages at PHV in 13 longitudinal samples of European and Japanese

soccer players suggested a geographic/ethnic gradient: northern Eu-
rope > southern Europe > Japan.

Author contributions

RMM, MJSC, MK, SMK - conceptualization, manuscript preparation;
MJCS - funding acquisition for the study; MJCS, AJF, PSS, DVM —
data collection, organization; MK, SMK, RMM, SPC — formal analy-
sis, data modeling, statistics; MK — funding for data modeling; MK,
SMK, MJCs, RMM, SPC, JMK — manuscript, all authors contributed
to, read and approved the final version.

Acknowledgments

PSS, DVM, AJF and MJCS are research members of CIDAF which is
supported by the Fundacao para a Ciéncia e a Tecnologia [uid/
dtp/04213/2020]. The PhD of PSS was funded by Fundacéo para
a Ciéncia e a Tecnologia [SFRH/BD/138608/2018]. The radiographs
and assessments were funded through a grant from the Portuguese
Institute of Sports [PAFID — ref 289/2005]. MK was funded for sup-
port of the analyses and computations by the Technology Agency of
the Czech Republic (project number TLO1000394).

Conflict of interest
The authors declare no conflict of interest.

Data availability

The data that support the findings of this study are not publicly avail-
able due to departmental policy and privacy commitments to the study
participants. Nevertheless, the data may be available upon reasonable
request to Professor Manuel J. Coelho-e-Silva, Faculty of Sports Sci-
ence and Physical Education, University of Coimbra, Portugal.

a3y ___________________________________________________________________________________|

1. Marubini E, Milani S. Approaches to the
analysis of longitudinal data. In: Falkner F,
Tanner JM, editors. Human Growth:

A Comprehensive Treatise, vol 3, 2™ ed.
New York: Plenum; 1986. p. 79-94.

2. Hauspie RC. Methodological aspects of
longitudinal growth studies. Collegium 7.
Antropol 1988; 12:75-85.

3. Hauspie RC. Mathematical models for
the study of individual growth patterns.

Revue d’Epidémiol Santé Pub 1989;
37,461-476. 8.

4. Hauspie R, Chrzastek-Spruch H. Growth
models: Possibilities and limitations. In:
Johnston FE, Eveleth PB, Zemel B,
editors, Human Growth in Context.

London: Smith-Gordon; 1999. p. 15-24. 9.

5. Sanders JO, Qiu X, Lu X, Duren DL,

Liu RW, Dang D, Menendez ME,

Hans SD, Weber DR, Cooperman DR.
The uniform pattern of growth and
skeletal maturation during the human
adolescent growth spurt. Sci Rep. 2017;
7:16705, doi:10.1038/s41598-017-
16996-2.

6. Malina RM. Growth and Maturation:
Physical Activity and Sport (3 ed of
Malina RM, Bouchard C, Bar-Or O, 11. Harris DJ, MacSween A, Atkinson G.
2004. Growth, Maturation, and Physical
Activity, 2" ed), Champaign, IL: Human
Kinetics, in press/
Malina RM, Rogol AD, Cumming SP, 12. Cole T. SITAR: Super Imposition by
Coelho-e-Silva MJ, Figueiredo AJ.
Biological maturation of youth athletes:
Assessment and implications. Br J Sports
Med. 2015; 49:852-859.
Malina RM. Laccelerazione (“spurt”) di 13. Cole TJ, Donaldson MDC, Ben-Shlomo Y.
crescita adolescenziale nei giovani atleti.
Atletica Studi: Trimestrale di Ricerca
Scientifica e Tecnica Applicata All'Atletica
Leggera. 2021; 52(1):1-15. 14.R Core Team. R: A language and
Cumming SP, Lloyd RS, Oliver JL,
Eisenmann JC, Malina RM. Bio-banding
in sport: Applications to competition,
talent identification, and strength and
conditioning of youth athletes. Strength 15. Kralik M, Klima O, Cuta M, Malina RM,
Cond J. 2017; 39:34-47.
10. Johnson DM, Cumming SP, Bradley B,
Williams S. The influence of exposure,
growth and maturation on injury risk in

male academy football players. J Sports
Sci. 2022; 40:1127-1136.

Ethical standards in sport and exercise
science research: 2020 update. Int
J Sports Med. 2019; 40:813-817.

Translation and Rotation Growth Curve
Analysis. R package version 1.1.2;
2020, https://CRAN.R-project.org/
package = sitar.

SITAR - a useful instrument for growth
curve analysis. Int J Epidemiol. 2010;
39:1558-1166.

environment for statistical computing.
Vienna: R Foundation for Statistical
Computing; 2019, https://
www.R-project.org.

Koziet S, Polcerova L, Skultétyova A,
Spanel M, Kukla L, Zem&ik P. Estimating
growth in height from limited longitudinal
growth data using full-curves training

a BioLoay oF SporT, VoL. 41 Nol, 2024 143



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

144 .

dataset: A comparison of two procedures
of curve optimization — Functional
Principal Component Analysis and SITAR.
Children. 2021; 8:10, doi.org/10.3390/
children8100934.

Ramsay JO, Silverman BW. Applied
Functional Data Analysis: Methods and
Case Studies. New York: Springer-Verlag;
2002.

Ramsay JO, Silverman BW. Functional
Data Analysis, 2" ed. New York: Springer
Science + Business Media; 2005.

Kima O, Krélik M. R package growthfd for
fitting FPCA-based growth curve models;
2022, available at: https://ondrej-klima.
github.io/growthfd/index.html.

Malina RM, Coelho-e-Silva MJ,

Martinho DV, Sousa-e-Silva P,

Figueiredo AJ, Cumming SP, Kralik M,
Koziet S. Observed and predicted ages at
peak height velocity in soccer players.
PLoS ONE 16(7):e0254659; doi.
org/10.1371/journal.pone.0254659.
Roche AF, Chumlea WC, Thissen D.
Assessing the Skeletal Maturity of the
Hand-Wrist: Fels Method. Springfield, IL:
CC Thomas; 1988.

Malina RM. Skeletal age and age
verification in youth sport. Sports Med.
2011; 41:925-947.

Bell W. Body size and shape:

A longitudinal investigation of active and
sedentary boys during adolescence.

J Sports Sci. 1993; 11:27-38.

Froberg K, Anderson B, Lammert O.
Maximal oxygen uptake and respiratory
functions during puberty in boy groups of
different physical activity. In Frenkl F,
Szmodis |, editors. Children and Exercise:
Pediatric Work Physiology XV. Budapest:
National Institute for Health Promotion,
1991; p. 65-80.

Philippaerts RM, Vaeyens R, Janssens M,
van Renterghem B, Matthys D, Craen R,
Bourgois J, Vrijens J, Beunen G,

Malina RM. The relationship between
peak height velocity and physical
performance in youth soccer players.

J Sports Sci. 2006; 24:221-230.
Carvalho HM, Lekue JA, Gil SM,
Bidaurrazaga-Letona I. Pubertal
development of body size and soccer-
specific functional capacities in
adolescent players. Res Sports Med.
2017; 25:421-436.

Monasterio X, Gil SM,
Bidaurrazaga-Letona I, Lekue JA,
Santisteban JM, Diaz-Beitia G, Lee D-J,
Zumeta-Olaskoaga L, Martin-Garetxana |,
Bikandi E, Larruskain J. The burden of
injuries according to maturity status and
timing: A two decade study with 110
growth curves in an elite football
academy. Eur J Sport Sci. 2023;
23:267-277.

Monasterio X, Gil SM,
Bidaurrazaga-Letona |, Cumming SP,
Malina RM, Williams S, Lekue JA,

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Santisteban JM, Diaz-Beitia G,
Larruskain J. Estimating maturity status
in elite youth soccer players: Evaluation
of methods. 2023; under review.

Parr J, Winwood K, Hodson-Tole E,
Deconinck FJA, Parry L, Hill JR,

Malina RM, Cumming SP. Predicting the
timing of the peak of the pubertal growth
spurt in elite youth soccer players:
Evaluation of methods. Ann Hum Biol.
2020; 47:400-408.

Teunissen JW, Rommers N, Pion J,
Cumming SP, Rossler R, D’Hondt E,
Lenoir M, Savelsbergh GJP, Malina RM.
Accuracy of maturity prediction equations
in individual elite football players. Ann
Hum Biol. 2020; 47:409-416.
Nariyama K, Hauspie RC, Mino T.
(2001). Longitudinal growth study of
male Japanese junior high school
athletes. Am J Hum Biol. 2001;
13:356-364.

Saeki J, lizuka S, Sekino H, Suzuki A,
Maemichi T, Torii S. Optimum angle of
force production temporarily changes due
to growth in male adolescence. Children.
2021, 8:20, doi.org/10.3390/
children8010020.

Takei S, Taketomi S, Tanaka S, Torii S.
Growth pattern of lumbar bone mineral
content and trunk muscles in adolescent
male soccer players. J Bone Min Metab.
2020; 38:338-345.

Chuman K, Hoshikawa Y, lida T,
Nichijima T. Relationship between sprint
ability and maturity in elite and sub-elite
pubescent male soccer players. Football
Sci. 2013; 10:10-17.

Chuman K, Hoshikawa Y, lida T,
Nichijima T. Maturity and intermittent
endurance in male soccer players during
the adolescent growth spurt:

A longitudinal study. Football Sci. 2014;
11:39-47.

Viechtbauer W. Conducting meta-
analyses in R with the metafor package.
J Statist Software. 2010; 36:3, doi.
0rg/10.18637/jss.v036.i03.

Bielicki T, Koniarek J, Malina RM.
Interrelationships among certain
measures of growth and maturation rate
in boys during adolescence. Ann Hum
Biol. 1984; 11:201-210.

Malina RM, Koziet SM. Validation of
maturity offset in a longitudinal sample of
Polish boys. J Sports Sci. 2014;
32:424-437.

Malina RM, Koziet SM, Kralik M,
Chranowska M, Suder A. Prediction of
maturity offset and age at peak height
velocity in a longitudinal series of boys
and girls. Am J Hum Biol. 2021;
33:e23551, doi:10.1002/ajhb.23551.
Koziet SM, Malina RM. Modified maturity
offset prediction equations: Validation in
independent longitudinal samples of boys
and girls. Sports Med. 2018;
48:221-236.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Robert M. Malina et al.

Largo RH, Gasser T, Prader A, Stuetzle W,
Huber PJ. Analysis of the adolescent
growth spurt using smoothing spline
functions. Ann Hum Biol. 1978;
5:421-434.

Preece MA, Baines MJ. A new family of
mathematical models describing the
human growth curve. Ann Hum Biol.
1978; 5:1-24.

Kemper GLJ, van der Sluis A, Brink MS,
Visscher C, Frencken WGP,
Elferink-Gemser MT. Anthropometric
injury risk factors in elite-standard youth
soccer. Int J Sports Med. 2015;
36:1112-1117.

Belikan P, Farber L-C, Abel F, Nowak TE,
Drees P, Mattyasovszky SG. Incidence of
calcaneal apophysitis (Sever’s disease)
and return-to-play in adolescents of

a German youth soccer academy:

A retrospective study of 10 years.

J Orthop Surg Res. 2022; 17(1):83, doi:
10.1186/s13018-022-02979-9.

Price RJ, Hawkins RD, Hulse MA,
Hodson A. The Football Association
medical research programme: An audit of
injuries in academy youth football. Br

J Sports Med. 2004; 38:466-471.
DiFiori JRB, Benjamin HJ, Brenner JS,
Gregory A, Jayanthi N, Landry GL,

Luke A. Overuse injuries and burnout in
youth sports: A position statement from
the American Medical Society for Sports
Medicine. Br J Sports Med. 2014;
48:287-288, doi:10.1136/
bjsports-2013-093299.

Cumming SP. A game plan for growth:
How football is leading the way in the
consideration of biological maturation in
young male athletes. Ann Hum Biol.
2018; 45:373-375.

Hill M, Scott S, McGee D, Cumming SP.
Are relative age and biological ages
associated with coaches’ evaluations of
match performance in male academy
soccer players? Int J Sports Sci Coach.
2020; 16, doi.org/10.1177/174795412
0966886.

Hill M, John T, McGee D, Cumming SP.
‘He’s got growth’: Coaches understanding
and management of the growth spurt in
male academy football. IntJ Sports Sci
Coach. 2022; 17, doi.org/10.1177/
17479541221122415.

Mirwald RL, Baxter-Jones ADG, Bailey DA,
Beunen GP. An assessment of maturity
from anthropometric measurements. Med
Sci Sports Exerc. 2002; 34:689-694.
Moore SA, McKay HA, Macdonald H,
Nettleford L, Baxter-Jones AD,

Cameron N, Brasher PM. Enhancing

a somatic maturity prediction model.
Med Sci Sports Exerc. 2015;
47:1755-1764.

Malina RM, Choh AC, Czerwinski SA,
Chumlea WC. Validation of maturity
offset in the Fels Longitudinal Study.
Pediat Exer Sci. 2016; 28:439-455.

Atticles published in the Biology of Sport are licensed under an open access Creative Commons CC BY 4.0 license.




Original Paper

DOI: https://doi.org/10.5114/biolsport.2024.129480
© Institute of Sport — National Research Institute
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ABSTRACT: This study aimed to determine the association between pre-competition perceived player wellbeing
measures and subsequent relative and peak running performance of developmental youth female soccer players
(n =15, age: 16 = 1 years). Total distance (TD), high-speed (> 3.5 m/s) (HSRD) and very high-speed (> 5.3 m/s)
running (VHSRD) were expressed using 1-, 2- and 5-minute epochs and relative (per minute) calculations. Fatigue,
sleep quality, upper and lower-body muscle soreness, stress, and mood wellbeing measures were collected via
a self-reported questionnaire (1-5 Likert scale). Menstrual cycle phase was collected via a calendar-based countback
method. Results demonstrated that reductions in stress was associated with decreased relative and peak TD in
all epochs (p = 0.008-0.040), relative and peak HSRD (p = 0.006-0.039) in 2- and 5-minute epochs as well
as VHSRD in 2-minute epochs (p = 0.026). For example, a one-point reduction of ‘normal’ to ‘relaxed’ is associated
with a decrease of 7 m/min in peak TD for 1-minute epochs. One-point increase in fatigue (e.g., ‘normal’ to
‘more tired than normal’) displayed a decrease of 7 m/min peak TD for 2-minute (p = 0.048) and 9 m/min for
5-minute (p = 0.007) rolling epochs. Likewise, one-point increase in lower-body muscle-soreness (e.g., ‘normal’
to ‘increase in soreness/tightness’) was associated with a reduction of 6 m/min peak VHSRD for 1-minute epochs
(p = 0.034). Results suggest that perceived player wellbeing can influence running performance. However, the
magnitude of the change in player wellbeing should be considered in a practical sense.
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TIN'T RO D U C T 1O N 15000

In team sports such as soccer, an integrated approach to athlete
monitoring is essential when seeking to assess player wellbeing and
promote optimal performance [1, 2]. Perceived player wellbeing
questionnaires are commonly used in high-performance sport to
provide a cost-effective, accurate and sensitive evaluation of athletes’
wellbeing [1, 2]. Typically formulated utilising 5-, 7- or 10-point
Likert scales, these questionnaires monitor fluctuations in self-re-
ported fatigue, sleep quality, muscle soreness, stress and mood [3-71.
Subjective wellbeing measures have demonstrated superior sensitiv-
ity and consistency compared to objective measurements such as
biochemical markers when assessing responsiveness to acute and
chronic loads [8]. The development and implementation of online
athlete monitoring apps and wellbeing questionnaires have minimised
the necessity for regular, onerous biochemical testing procedures to
monitor players [2, 8]. In addition, these apps and questionnaires
promote the integration of sex specific factors, such as menstrual

cycle phase, into female athlete monitoring practices [9-11]. In turn,
supporting coaches, practitioners and medical staff to develop sex
specific, evidence-based approaches to maximise competition read-
iness in female athletes [9-111.

In combination with variables such as player wellbeing and men-
strual cycle, metrics related to accumulative (e.g., total distance cov-
ered in a match) and relative (e.g., average distance covered per
minute of match time) running performance provide valuable data
to coaches and practitioners. In particular, increasing importance
has been placed on the evaluation of peak running perfor-
mance [12-15]. For example, Schimpchen et al., [12] reported that
sequences of peak high-speed (> 5 m/s) intensity were evenly dis-
tributed across 15-minute fixed time periods (e.g., 0-15, 15-30,
30-45 etc.) during competition matches. However, the greatest num-
ber of peak intensity sequences for peak total distance, accelerations
and decelerations, using 1-, 5- and 10-minute rolling epochs,
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occurred in the first 15-minutes of match-play [12]. Likewise, Mé&-
kiniemi et al., [16] observed that elite senior female Finnish soccer
players covered less total and high-speed (> 3.6 — 5.3 m/s) running
distance in the last 15-minute period compared to the first 15-min-
ute period of match-play. As such, the first 15-minute fixed time pe-
riod provides a practical window of assessing the most demanding
period of competition match-play [12, 16].

To date, investigations have reported that reductions in pre-
training wellbeing negatively influenced running performance in
elite male Australian Football (AFL) [6] and soccer players [3].
Further, Gaelic football [4] and female Lacrosse [17] athletes have
reported that pre-training and pre-competition measures of sleep
quality, sleep duration and muscle soreness were associated with
subsequent changes to running performance in training and com-
petition match-play. While these findings suggest that coaches and
practitioners can utilise perceived player wellbeing measures as
indicators of readiness to meet these demands, the data reported
was limited to accumulative and relative running performance mea-
sures [3, 4, 6, 17]. Additionally, these results are not transferrable
across sports or genders, and the relationship between pre-compe-
tition player wellbeing and subsequent running performance in de-
velopmental youth female soccer players remains unknown. More-
over, there is a current lack of investigations that consider menstrual
cycle phase in their statistical modelling, which may be a confound-
ing variable in female athlete research [10, 11, 18-201]. In turn,
the exclusion of menstrual cycle phase hinders the translation of
research to applied practice in female sporting environ-
ments [10, 11, 18-201. It is important to connect changes in pre-
competition perceived player wellbeing, accounting for menstrual
cycle phase, to practical, significant changes in female soccer
players’ running performance [10, 11, 18-20]. Thus, the pur-
pose of this study was to determine the association between
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pre-competition perceived player wellbeing measures and subse-
quent relative and peak running performance of developmental
youth female soccer players.

MATERIALS AND METHOD'S /55—
Experimental approach to the problem

This study employed a longitudinal observational design. Data was
collected on outfield developmental youth female soccer players
(n = 15) during a single Australian National Premier League Wom-
en’s (NPLW) competition season. The NPLW was classified as
a sub-elite competition and matches were played throughout
a seven-month competition period (March — September). Perceived
player wellbeing metrics were collected daily via an online wellbe-
ing questionnaire using mobile devices. The running performance
for each player during match-play were captured using a global
positioning system (GPS). Players were categorised according to
playing position in each match.

Participants

Fifteen (n = 15) outfield academy youth female soccer players (age:
16+ 1 yrs.; height 165+ 6 cm; body mass 59 = 7 kg; Yo-Yo Inter-
mittent Running Test Level 2 (YYIR2) score; 640 =48 m) partici-
pated in this study. Participants were recruited from the same Aus-
tralian W-League youth academy program and classified as Tier 2:
developmental [21]. A typical training week consisted of 2—3 soccer
specific on-field sessions, 1-2 competition matches, and 1-2 gym-
based resistance training sessions. Ethical approval was granted
by the University of Canberra Human Research Ethics Committee
(project number: 1990). All players and parents or guardians were
informed about the requirements, risks, and benefits of participation
in this study prior to providing their informed written consent.

TABLE 1. Perceived Player Wellbeing Questionnaire, adapted from Wellman et al., [7] and Abbott et al., [22].

Player Response

Categor
gory 1 2 3 4 5
Fatigue Always Tired More Tired Than Normal Fresh Very Fresh
Normal
Sleep Quality Insomnia Restless Sleep Difficulty Falling Good Very Restful
Asleep

Upper-Body Muscle Very Sore Increasg in Soreness/ Normal Feeling Good Feeling Great
Soreness Tightness

Lower-Body Muscle Very Sore Increasg in Soreness/ Normal Feeling Good Feeling Great
Soreness Tightness

Stress Levels Highly Stressed Feeling Stressed Normal Relaxed Very Relaxed

Highly Annoyed /
Irritable / Down

Snappiness at Team

Mood Mates / Family

Less Interested

Generally Good Mood Very Positive Mood
than usual
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Procedures

Player Wellbeing

Players completed an online wellbeing questionnaire via smart phone
devices each day between 8:00 AM and 10:00 AM. Players were
instructed not to discuss their responses with other players, coaches,
staff, parents, or guardians. The questionnaire has been previously
utilised and adapted from other studies [7, 22], developed according
to recommendations for implementing customised wellbeing ques-
tionnaires in athletes [23]. Each variable was measured on a five-point
Likert scale (Table 1), and consisted of variables related to fatigue,
sleep quality, upper-body and lower-body muscle soreness, stress,
and mood [7, 22, 23].

Wellbeing scores from three, two and one day prior to competi-
tion as well as morning of competition were collated for analysis to
account for the day-to-day fluctuations in player wellbeing as a re-
sponse to lingering effects. Where players had failed to complete
their daily perceived wellbeing questionnaire in one of the days lead-
ing to the day of competition, missing data were imputed using an
exponential weighted moving average (EWMA) using that player’s
wellbeing scores from the two preceding and two succeeding
days [24]. The use of an EWMA ensured that more weight was giv-
en to more recent wellbeing values [24]. A final four-day EWMA
score was calculated for each wellbeing variable and included the
wellbeing scores of the three preceding days leading to the day of
competition, as well as the day of competition.

Menstrual Cycle Phase

The players menstrual cycle phase on a given day was categorised
into two phases, follicular and luteal which was determined using
a calendar-based counting method [10, 25]. In addition to their
daily wellbeing questions, players were asked “Did you have your
period today?” [10, 25]. A change in responses from “no” to “yes”
established the onset of menses and the start of the follicular
phase [10, 25]. Furthermore, players were asked “What was the
date of your last period (first day of menstruation)?”. This allowed
the luteal phase to be calculated using a retrospective calendar count-
back method [10, 25]. Where possible, the days in which players
did not complete their daily wellbeing, menstrual cycle phase was
calculated from completed questionnaires using the preceding and
succeeding days [10, 25]. Where players had not yet started men-
arche or were experiencing amenorrhoea, defined as the absence of
menstrual period > 3 months to > 6 months [11], menstrual cycle
phase was categorised as ‘irregular’.

Running Performance

Each player completed an average of 11 competition matches (range
= 6-22), resulting in a total of 165 individual match files for analysis.
Playing positions were categorised as central defenders (CD, n = 24 to-
tal match files), external defenders (ED, n = 39 total match files),
midfielders (MD, n = 45 total match files), external attackers (EA,
n = 47 total match files) and central attackers (CA, n = 10 total

match files). To account for participants featuring in different playing
positions throughout the competition season, players positions were
categorised for each individual match accordingly. Data were trimmed
so that only the first 15-minutes of on-field playing time was included
in the analysis to minimise the influence of any changes in peak run-
ning performance ascribed to accumulative match fatigue, score line
differences, half-time intervals and other in-game contextual influ-
ences. No tactical substitutions took place during this time. Players
who were substituted during the first 15-minutes due to injury were
omitted from the analysis. During all data collection competition
matches, a 4-3-3 formation was used.

Players running performance was collected using 15 Hz global po-
sitioning system (GPS) devices (SPI HPU, GPSports, Canberra, Aus-
tralia). Devices were worn between the scapulae in a fitted garment
to limit device movement. Each player was allocated the same GPS
device for the duration of the data collection to minimise the effect of
interunit error. Each device was turned on 30-minutes prior to the
match warm up, to ensure satellite connectivity. Between 4 to 12 sat-
ellites were available for connectivity and signal transmission during
match-play, satisfying the criteria for ideal positional detection [26].
The horizontal dilution of precision (HDOP) was not reported by the
proprietary software (Team AMS, Canberra, Australia). Captured met-
rics included total distance (TD), high-speed running distance (HSRD),
defined as distance covered at > 3.5 m/s, and very high-speed run-
ning distance (VHSRD), defined as distance covered at > 5.3 m/s[14].
These thresholds have previously been used for elite youth female
soccer players [14]. The inter-unit reliability of the GPS devices (ex-
pressed as a coefficient of variation) has been reported as 1.4% for
total distance, 7.8% for distance at speeds between 2.0-5.9 my/s,
and 4.8% for distance covered at speeds > 5.9 m/s [27].

Following each match, data were downloaded using Team AMS
software (GPSports, Canberra, Australia). The TD, HSRD and VHSRD
were expressed as relative (i.e., TD/min, HSRD/min, and VHSRD/min)
and peak values (i.e., peak TD, peak HSRD and peak VHSRD) for
the first 15-minutes. To calculate the peak demands, GPS data were
split into 30-second intervals and 1-, 2- and 5-minute rolling sums
were calculated. Previous research has reported that fixed epochs
underestimate total (7-10%) and high-speed (12-25%) running dis-
tance (defined as > 5.5 m/s) in elite senior male soccer players [13]
and as such, rolling epochs have been utilised when quantifying peak
running performance in elite youth female soccer players [14]. Peak
running performance was calculated as the maximum TD, HSRD
and VHSRD achieved in each 1-, 2- and 5-minute rolling window.
To allow comparison between the different epoch lengths, TD, HSRD
and VHSRD were expressed as per minute values relative to epoch
length time.

Statistical analysis

Statistical analyses were conducted using R version 4.2.3 [28] and
RStudio version 2023.03.0+386 [29]. Separate Linear Mixed Mod-
els (LMM) for each epoch length (1-, 2-, 5-minutes) and relative
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calculations were conducted using the /mer function from the Ime4
package [30] to determine the association between the EWMA well-
being variables (fatigue, sleep quality, upper-body muscle soreness,
lower-body muscle soreness, stress levels and mood scores) (fixed
factors) and the peak and relative TD, HSRD and VHSRD (dependant
variables). For each LMM, menstrual cycle phase was included as
a random factor. In addition, the player position and the unique
player identification number were included as nested random factors.
Random effects have been reported in the results section as
position:athletege for the variance attributed to the nested random
factors, and menstrual cyclege for the variance attributed to the
menstrual cycle phase. A Type Il Wald F test was conducted using
the Anova function from the car package [31] to determine the
significance (alpha = 0.05) of main effects. The assumption of
normality was determined upon visual inspection of histograms and
Q-Q plots of the residuals. Multicollinearity was inspected for each
model prior to analysis using the vif function from the car pack-
age [31]. All fixed factors were found to have vif scores less than
5.0, suggesting no evidence of multicollinearity. The assumptions of
homoscedasticity and linearity were confirmed upon visual inspection
of plots of the fitted values against the residuals [32].

RES U LT S 15000
Main effects were identified between stress and relative TD/min
(p = 0.008, position:athletegg = 55.24, menstrual cyclege
= 0.00), peak TD in 1- (p = 0.011, position:athleters = 46.62,
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menstrual cyclege = 0.00), 2- (p < 0.001, position:athletege
= 0.00, menstrual cyclegg = 0.00) and 5-minute (p = 0.040,
position:athletege = 0.52, menstrual cyclegg = 0.00) rolling ep-
ochs, with reduction in stress (e.g., ‘normal’ to ‘relaxed’) associated
with lower running performance (Figure 1). Main effects for fatigue
were found for peak TD in 2- (p = 0.048, position:athletege = 0.00,
= 0.00) and 5-minute (p = 0.007,
position:athletege = 0.52, menstrual cyclegz = 0.00) rolling ep-

menstrual cyclegg

ochs, with increased fatigue (e.g., ‘normal’ to ‘more tired than normal’)
associated with reduced running performance (Figure 1).

Main effects were identified for stress and relative HSRD/min
(p = 0.006, position:athletege = 0.01, menstrual cyclege = 0.00)
and peak HSRD in 2- (p = 0.027, position:athletege = 50.10,
= 3.43) and 5-minute (p = 0.039,
position:athletege = 3.31, menstrual cyclege = 0.57) rolling ep-

menstrual cyclege

ochs, respectively, where reduced stress (e.g., ‘feeling stressed’ to
‘normal’) was associated with lower high-speed running performance
(Figure 2).

Main effects were identified for lower-body muscle soreness and
peak VHSRD in 1-minute (p = 0.034, position:athletege = 11.07,
menstrual cyclege = 0.00) rolling epochs, indicating increased low-
er-body muscle soreness (e.g., ‘normal’ to ‘increase in soreness/tight-
ness’) was associated with lower VHSRD (Figure 3). Main effects
were also identified for stress and VHSRD in 2-minute (p = 0.026,
position:athletege = 0.00, menstrual cyclegz = 0.00) rolling ep-
ochs, indicating that reduced stress was associated with lower
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FIG. 1. Total Distance (TD) for 1-, 2-, 5-minute rolling epoch lengths and relative calculations according to changes in player wellbeing.
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VHSRD (Figure 3). All other perceived player wellbeing metrics were
non-significant across peak TD, HSRD and VHSRD in 1-, 2- and
5-minute rolling epochs as well as relative calculations (p = 0.051
-0.967).

DISCU'SS 1O /N 15
The purpose of this study was to determine the association between
pre-competition perceived player wellbeing measures and subsequent
relative and peak running performance of developmental youth female
soccer players. The findings of this investigation suggest that reduc-
tions in stress (e.g., ‘feeling stressed’ to ‘normal’) were associated
with a decrease in relative and peak TD, relative and peak HSRD as
well as decreased peak VHSRD. Reported increases of fatigue (e.g.,
‘normal’ to ‘more tired than normal’) were associated with decreased
peak TD. Increased lower-body muscle soreness (e.g., ‘normal’ to
‘increase in soreness/tightness’) was also found to be associated with
decreased peak very high-speed running. These findings provide
evidence to the concept that pre-competition perceived player well-
being may influence future running performance in early competition
match-play in developmental youth female soccer players. Further-
more, a strength in the design of this investigation was the inclusion
of menstrual cycle phase as a random factor. The methodology em-
ployed in this study provides a simple example of how non-invasive
approaches can be employed to increase the quantity and quality of
research in female athletes.

Several studies have cited perceptual measures of wellbeing in-
fluencing subsequent running performance in AFL [6], field hock-
ey [33], lacrosse [17], and soccer [3] with the use of individual per-
ceptual wellbeing measures (e.g., stress) being more appropriate to
inform an expected running output from players rather than a sum
of wellbeing measures in Gaelic football [4]. The results of this study
agree with previous findings, demonstrating that stress appears to
be associated with changes in running performance. For example,
Figure 1 shows that a one-point change in a player’s perceived stress
levels (e.g., ‘feeling stressed’ to ‘normal’) is associated with a de-
crease of 7 m/min in peak TD for 1-minute rolling epochs. Whilst
a decrease of 7 m/min for peak TD may not signal a practically mean-
ingful change in running performance, the magnitude in the change
of player wellbeing should be considered in a practical sense. For ex-
ample, a three-point change in a player’s perceived stress levels (e.g.,
‘highly stressed’ to ‘relaxed’) would result in a decrease of 21 m/min
in peak TD for 1-minute rolling epochs. Likewise, a one-point change
in perceived stress was associated with reductions of 4 m/min at
high-speed and 3 m/min at very high-speed during a 2-minute ep-
och. Therefore, a three-point change in a player’s perceived stress
levels would result in a decrease of 12 m/min at high-speed and
9 m/min at very high-speed. As such, it appears that the magnitude
of change in ‘stress’ responses prior to competition determines wheth-
er the subsequent change in high and very high-speed running per-
formance is trivial (i.e., -4 or -3 m/min), or meaningful (i.e., -12 or
-9 m/min) in 2-minute rolling epochs. A player’s anticipation to
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perform in competition has been reported to influence salivary cor-
tisol concentration levels, reflective of increases in cognitive and so-
matic anxiety preceding competition [34]. In this regard, the in-
creased peak running performance associated with reported perceived
states of ‘feeling stressed’ and ‘highly stressed’ could be reflective of
arousal to perform as opposed to negative state of mental wellbeing.
Additionally, these findings could be potentially attributed to the lev-
el of competition and participant classification in this investiga-
tion [21, 34]. National and regional level players have reported in-
creased cognitive anxiety responses prior to competition when
compared to international level athletes [34]. Further research is re-
quired to determine whether the impact of stress differs between in-
ternational, national, and regional youth female soccer players.

A player’s ability to accelerate, run at near maximal velocity and
change direction at high-speed is critical in soccer and commonly un-
derpins vital match situations such as scoring goals [35, 36]. Previ-
ous research has indicated that changes in pre-training ratings of fa-
tigue and composite wellness scores can limit subsequent running
performance, which in turn may lead to a detriment in the ability to
successfully perform actions at high-speed in crucial match situa-
tions [3, 6, 17, 35, 36]. This study reports that increased fatigue
were associated with reductions in peak TD in 2- and 5-minute roll-
ing epochs. Developmental youth female soccer players displayed an
average decrease of 7 m/min and 9 m/min for 2- and 5-minute roll-
ing epochs, respectively, when reporting a one-point change (e.g.,
‘normal’ to ‘more tired than normal’) in fatigue. Consequentially, a three-
point change would constitute a decrease of 21 m/min for 2- and
27 m/min for 5-minute rolling epochs. However, considering that there
was no reported association between fatigue and relative high-speed
and very high-speed running or peak high-speed and very high-speed
running, the results imply that the change in peak TD associated with
fatigue is reflective of player running performance at < 3.5 m/s (i.e.,
low speed running). It appears alterations of running performance as-
sociated with pre-competition fatigue, whilst statistically significant,
provide little to no indication of substantial impairment regarding play-
er running performance during critical, high-speed scenarios such as
those observed prior to goal-scoring moments [35, 36].

Our results suggest that measures of lower-body muscle soreness
are associated with changes in subsequent running performance dur-
ing competition. For example, a one-point change in player lower-
body muscle-soreness (e.g., ‘normal’ to ‘increase in soreness/tight-
ness’) elicits a decrease in peak very high-speed running of 6 m/min.
Practically, this means a three-point change in a player’s lower-body
muscle-soreness would result in a decrease of 18 m/min in a 1-min-
ute epoch. A decrease of 6 m/min over the course of 1 minute of
match-play would unlikely hinder players in critical match situations.
However, a decrease of 18 m/min at very high-speed across a 1-min-
ute epoch would constitute a significant, meaningful change in run-
ning performance. Our results further highlight the need to consider
the magnitude of change in perceived player wellbeing metrics pri-
or to competition and its association with player’'s subsequent
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running performance. However, there was no association between
lower-body muscle soreness and peak very high-speed running in
2-, 5-minutes rolling epochs and relative measures. Coaches and
practitioners should therefore remain cautious when associating re-
ported pre-competition perceived lower-body muscle soreness and
subsequent running performance.

Although perceived player wellbeing measures from the 72-hour
period following competition were not investigated in this study, it is
important to consider these findings in relation to the practicality of
utilising perceived player wellbeing throughout an entire training mi-
crocycle. For example, Evans et al., [37] reported that stress, sleep,
and total wellness measurements five days prior (MD-5) to compe-
tition were indicative of the total number of accelerations and decel-
erations in the following match but not TD, HSRD (> 4.1 m/s) or
VHSRD (> 5.2 m/s) in under-18 elite youth male soccer players.
Other studies have found that players reported significant reductions
in wellbeing during the 72-hours following competition [3, 5]. Malone
et al., [3] reported that in elite senior (age: 25.3 + 3.1) male soccer
players reduction in wellbeing negatively impacted running perfor-
mance in training environments. Notably, the lowest wellbeing Z-
scores (Z-score of -2) were reported the day following competition
(MD+1) with a steady increase throughout the microcycle with the
greatest player wellbeing being reported on match day [3]. These
findings suggest that player wellbeing observed in the 72-hour win-
dow following competition appear to have an influence on subse-
quent competition running performance of players [3, 371. There-
fore, the results observed in this study may be reflective of the
exclusion of perceived player wellbeing in the 72-hours following
competition and therefore not accounting for the greatest decrement
in perceived player wellbeing during a typical training microcycle.

Whilst these findings suggest that pre-competition perceived play-
er wellbeing measures are associated with subsequent player run-
ning outputs, the results of this study should be interpreted in ac-
cordance with several limitations. Firstly, menstrual cycle phase was
only separated into follicular and luteal phases. Future investigations

should seek to utilise the proposed definitions of 1) early follicular,
2) late follicular, 30) ovulatory and 4) midluteal in future investiga-
tions [11]. Furthermore, the use of hormonal contraception by play-
ers should be included as an additional covariate in future stud-
ies [11]. Finally, the influence of ‘survey fatigue’ has been reported
when undertaking athlete wellbeing research and as such, results
should be interpreted with this in mind [38].

CON CLU 'S O/ S 5000000
This study is the first to investigate the association between pre-
competition perceived player wellbeing, accounting for menstrual
cycle phase, and the relative and peak running outputs of develop-
mental youth female soccer players. Stress, fatigue, and lower-body
muscle soreness appear to be the key metrics that are associated
with subsequent changes in running performance in developmental
youth female soccer players. Practically, coaches and practitioners
could use changes in perceived player wellbeing metrics as indicators
to proactively initiate targeted communication and gain more informa-
tion regarding an athlete’s state prior to competition. However, the
scale of change must be considered, as small one-point changes of
perceived player wellbeing may not provide a meaningful change in
running performance. Alternatively, a three-point change will likely
impact subsequent running performance and in this regard may be
used as the foundation for a face-to-face conversation in the lead up
to competition fixtures. Nonetheless, such considerations should be
made in alignment with normal athlete response patterns and context
of personal circumstances. Finally, the study design and data re-
ported in this investigation provides the basis for coaches and prac-
titioners to promote and continue the inclusion of menstrual cycle
tracking into athlete monitoring practices to further understand the
multifaceted nature of performance in female athletes.
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ABSTRACT: The aims of this study were to: (a) determine the differences in external load quantification
between arbitrary and individual speed thresholds over the weekly microcycle in professional soccer players,
and (b) analyse the association between internal load and different external load quantification strategies (ELQSs).
Ten professional outfield players were monitored during training sessions and official matches using 10 Hz GPS
devices over a 6-week in-season period. The absolute and relative (“R” before the distance category) distances
covered were calculated for the following external load variables: medium-intensity running distance (MIR), high-
intensity running (HIR), sprint distance (SD), and very high-intensity running (VHIR). Individualized thresholds
were determined based on maximal sprinting speed (MSS) and the last speed achieved during the 30—15 Intermittent
Fitness Test (V) of each player. In terms of match-day workload, significant differences (p < 0.05) were observed
between arbitrary and individualized strategies (i.e., MSS and V) for the distance covered in MIR, HIR, SD,
VHIR, RHIR, RSD, and RVHIR. The MSS strategy compared to arbitrary thresholds revealed significant differences
(p < 0.05) for distance covered in HIR, RHIR, and VHIR during all training sessions. The present results showed
that arbitrary thresholds lead to underestimation of external load absolute and relative metrics compared to the
MSS strategy throughout the microcycle. The Vi; strategy mainly revealed differences in external load quantification
regarding MD compared to arbitrary thresholds. Individualized speed threshold strategies did not achieve better
associations with internal load measures in comparison with arbitrary thresholds in professional soccer players.

CITATION: Padrén-Cabo A, Solleiro-Duran D, Lorenzo-Martinez M et al. Application of arbitrary and individualized
load quantification strategies over the weekly microcycle in professional soccer players. Biol Sport.

2024;41(1):153-161.

Received: 2023-01-20; Reviewed: 2023-03-29; Re-submitted: 2023-04-12; Accepted: 2023-06-11; Published: 2023-07-21.

Corresponding author:

Fabio Y. Nakamura

Research Center in Sports
Sciences, Health Sciences and
Human Development (CIDESD),
University of Maia, 4475-690
Maia, Portugal

E-mail: fnakamura@umaia.pt

ORCID:
Alexis Padron-Cabo
0000-0002-1077-4259

David Solleiro-Duran

Miguel Martinez-Lorenzo
0000-0002-5545-8890

Fabio Y. Nakamura
0000-0002-5336-3652

Miguel Angel Campos-Vazquez:
0000-0003-4888-0329

Ezequiel Rey
0000-0003-4770-2694

Key words:

Global Positioning System
Workload monitoring

Peak velocity

30-15 Intermittent Fitness Test

TIN'T RO D U C T 1O N 155000

Time-motion analysis and physiological monitoring have frequently
been used to analyse the movement patterns and workloads imposed
by the match play and training sessions in soccer [1]. According to
previous literature, the workload can be differentiated into internal
and external loads [2]. In that sense, Global Positioning System (GPS)
technology is commonly used to monitor and record external load in
professional soccer [3]. The appropriate management of daily exter-
nal load has been considered a central issue in optimizing micro-
cycle programming [4, 5]. Recently, an expert panel belonging to
teams from Big-5 European football leagues stated that high-inten-
sity running (HIR) and sprinting-focused exercises were perceived as
the most effective strategies for preventing lower-limb injuries [6].
Additionally, the ability to reproduce high-intensity actions during
matches is a key element in gaining advantages during offensive and

defensive tactical situations [7, 8]. In this regard, Beato et al. [9]
established that implementing HIR and sprint training has a pivotal
role in developing or maintaining the intermittent ability to execute
high-intensity actions during a soccer match. Therefore, one might
state that accurate monitoring and management of HIR and sprinting
exposure across microcycles reduce the likelihood of non-contact
injuries and optimize the ability to perform high-intensity actions
during competitive scenarios [9, 10].

Despite the recognized relevance of external load monitoring, the
player's locomotor demands are generally analysed using different
running thresholds determined arbitrarily [3, 111. Concerning HIR
and sprinting, the implementation of the arbitrary threshold may mask
the player’s real efforts, leading to an inadequate interpretation of ac-
tual metabolic and neuromuscular demands during training or
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competition [12, 13]. In order to individualize speed thresholds, re-
searchers have used different methods based on physiological labo-
ratory and field tests [11, 12, 14, 15, 16]. However, the implemen-
tation of physiological tests comprising continuous or linear movements
does not reflect the ability of soccer players to perform changes of di-
rection and high-intensity actions [13]. Conversely, the action-specif-
ic field tests could be recognized as ecological, time-efficient, and
cost-effective alternatives to determine the individual speed thresh-
olds [17, 18]. Consequently, it seems necessary to develop field meth-
ods for quantifying the external load considering the individual phys-
ical capacity of soccer players [9].

Recent studies have established the possibility of individualizing
speed thresholds by maximal sprinting speed (MSS) and functional
fitness tests (e.g., the 30-15 Intermittent Fitness Test) [9, 12, 16, 191.
Regarding MSS, Kyprianou et al. [20] pointed out that it is a key
metric for external load individualization since exposure to sprint
(ranging from > 85% to > 95% of MSS) during training (i.e., match
day minus 2) might be related to a reduction in hamstring injuries
during matches [21]. Likewise, Massard et al. [22] showed that MSS
could be easily defined with GPS data due to its strong association
with the 40-m sprint test. In addition, to better prescribe and mon-
itor HIR-related metrics, other studies have individualized the speed
zones using the velocity reached during the last successful stage of
the 30-15 Intermittent Fitness Test (V|er) [12, 16]. During the last
few years, this test has been widely used to assess intermittent phys-
iological capacities (i.e., maximal oxygen uptake (VO,,,), change
of direction and inter-effort recovery ability, and to prescribe high-in-
tensity interval training (HIIT) in soccer players [23]. In fact, the
drills based on Vg have been recommended to provide a dose of
weekly HIR in soccer players, especially for non-starter players [24].
Therefore, individualization of speed thresholds based on MSS and
V|7 could provide a more practical approach for training monitoring
and for replicating match-equivalent HIR and sprinting load, while
accounting for individual fitness levels.

To the best of our knowledge, there are limited previous compar-
isons of external load resulting from arbitrary and individualized speed

TABLE 1. Training contents for each microcycle session.

Alexis Padron-Cabo et al.

thresholds within the typical microcycle in professional soccer play-
ers [25, 26]. Furthermore, no previous research has analysed pos-
sible discrepancies between arbitrary and individual speed thresh-
olds, as determined using V. Therefore, the aim of this study was
to determine the differences in external load quantification between
arbitrary and individual speed thresholds based on MSS and Vet
over the weekly microcycle in professional soccer players. Addition-
ally, the secondary aim was to analyse the association between in-
ternal load (i.e., rating of perceived exertion (RPE) and session-RPE
(sRPE) and distance covered in HIR and sprinting depending on the
external load quantification strategy (ELQS). In line with previous re-
search [16, 171, it is hypothesized that the arbitrary thresholds un-
derestimate or overestimate the distance covered at HIR and sprint-
ing depending on the player’s physical fitness status.

MATERIALS AND METHODS
Participants

A total of 10 male outfield Spanish professional soccer players
(mean = SD; age = 26.52 + 4.25 years; height = 178.0 +6.36 cm;
body mass = 73.47 = 3.24 kg) who belonged to the same squad
during the season 2021-2022 participated in this study. According
to the positional role, the distribution of players was as follows:
central defenders (2), fullbacks (2), midfielders (4), and forwards (2).
All participants had experience at the professional soccer level from
a minimum of one year to a maximum of nine years. Players regu-
larly trained 5 times per week and training sessions had a duration
45 to 80 min (average duration = 62.8 = 9.66 min) depending on
the day of the microcycle. In addition, the team competed in one
match per week. The inclusion criteria were that the players com-
pleted 80% of all training sessions and played at least one full match
during the monitoring period. Moreover, the goalkeepers were ex-
cluded from data collection due to the differences in external load
demands. The research protocol was approved by the investigation
review committee (code 10-0721). The study fulfilled the ethical
requirements and principles of the Declaration of Helsinki.

Day

Description

MD-4
MD-3

simulated 11 vs 11 matches.
MD-2
MD-1
MD Match day

Rondos, control and passing tasks, and tactical drills.

Strength training, small possession and position games, small-sided games, and repeat sprint training.

Rondos, tactical drills, pressing tasks, physical-technical circuits based on V|, medium-sided games, and partial time

Activation drills, rondos, 11 vs 11 games (half pitch), and review of tactical keys regarding the match.

MD: match day; MD-5: 5 days before match; MD-4: 4 days before match; MD-3: 3 days before match; MD-2: 2 days before match;

MD-1: 1 day before match.
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Experimental approach to the problem

A retrospective longitudinal observational research study was con-
ducted on a Spanish professional soccer team during the 2021-2022
end-season period. External load data from 6 competitive microcycles
were collected. Throughout the data collection period, players com-
pleted 3-5 on-field training sessions and one official match per week.
In line with Akenhead et al. [27], the days of the microcycle were
categorized in relation to the match day (MD): 4 days before the
match (MD-4), 3 days before the match (MD-3), 2 days before the
match (MD-2), and 1 day before the match (MD-1). The training
contents of each session are described in Table 1. Only data from
the principal training sessions of the team were recorded. Records
from regeneration and compensatory sessions (i.e., 1 day after match
sessions) were excluded. In reference to match analysis, only the
files of players who participated for at least 80 min were retained for
analyses [28]. The external load of each session and match was
calculated using standardized (arbitrary), and individualized speed
thresholds. Specifically, the individualized speed thresholds were
calculated from the MSS of each player and the speed reached at
the end of the 30-15 Intermittent Fitness Test (Vg7). In total, 585 ob-
servations from 20 training sessions and 6 official matches were
registered for the subsequent statistical analysis.

Procedures
During the intervention period, the external load of each session and
match was gathered using a portable 10-Hz GPS device (Playertek,
Catapult Innovations, Melbourne, Australia). According to Scott
et al. [29], GPS units with a sampling rate of 10-Hz are the most
valid and reliable for external load analysis in team sports. In order
to avoid inter-unit variability error, all players used the same GPS
unit during training sessions and matches. To increase the reliability
of data collection, the GPS units were activated 15 minutes prior to
each training session or match in an open area to acquire a minimum
of 6 satellites avoiding weak connections and ensuring data quali-
ty [3, 30, 311. Subsequently, players wore a custom-made vest with
a small pocket between the shoulder blades, where the GPS unit
was placed. After each session, the data were transferred using the
manufacturer’s software in order to calculate standardized and indi-
vidualized external load variables. In this regard, each session was
processed three times, applying different speed thresholds based on
standardized, MSS, and V; external load quantification strate-
gies (Figure 1). Regardless of ELQS, all variables were analysed in
terms of volume (i.e., absolute distance covered in metres) and in-
tensity (i.e., distance covered relative to session or match duration),
considering each speed threshold [4, 5]. In line with previous re-
search, external load data were analysed from 6 competitive micro-
cycles in order to reduce the effects of physical performance variations
within the competitive season in MSS and V¢ strategies [16, 32].
The arbitrary speed thresholds were established in accordance with
previous research [4, 30]: medium-intensity running distance (MIR;
14.4-19.79 km-h~1), high-intensity running (HIR; 19.8-25.1 km-h~1),

and sprint distance (SD; > 25.2 km-h~1!). In addition, the distance
covered above 19.8 km-h~! was categorized as very high-intensity
running (VHIR).

The 30-15 Intermittent Fitness Test (30-15r) was performed
as previously described [33, 34]. The 30-15, consisted of 30-s
shuttle runs interspersed with 15-s passive recovery periods. The
initial running velocity was set at 8 km-h~! for the first 30-s shut-
tle run and increased by 0.5 km-h~! until the end of the protocol.
The players ran back and forth between two lines set 40 m apart.
The pace of shuttle runs was governed by audio beeps, allowing play-
ers to adjust their running velocity to each stage. During the 15-s re-
covery period, the players walked forward until the nearest 3-m zone
located in the middle or at one end of the running area, awaiting the
beginning of the next running stage. Players were instructed to com-
plete as many stages as possible. The test was considered finished
when players were unable to maintain the running pace established
by audio beeps or when they were unable to reach the 3-m zone
around each line at the moment of the audio signal, 3 consecutive
times. The velocity reached during the last successful stage of
30-15, was used for individualizing the speed threshold of each
player. Previous research determined high validity and reliability for
the 30-15, outcomes in team sports athletes [35, 36]. Players pre-
sented an average V1 of 21.30 +0.82 km-h ™. Individualized speed
thresholds based on the Ve strategy were established as fol-
lows [16, 37]: MIR (68-86.99% Ve1), HIR (86.99-110% V&),
and SD (> 110% Vgy). For this strategy, the distance covered above
86.99% V1 was classified as VHIR. All players conducted the
30-15 during the week before the data collection period.

Regarding the MSS strategy, the peak speed was retrospectively
established by analysing the speed obtained in training sessions and
matches throughout the competitive season [38]. Recent research
has established that 10 Hz GPS technology can provide valid and re-
liable related to a player’s peak speed [22]. Likewise, the data refer-
ring to sprint and repeated sprint ability training were included to es-
tablish peak speed. The average peak speed was 31.90 +1.92 km-h~L.
In accordance with Murray et al. [15], the MSS thresholds were cat-
egorized as follows: MIR (34-54.99% MSS), HIR (55-74.99% MSS),
and SD (> 75% MSS). For this strategy, the distance covered above
54.99% MSS was classified as VHIR.

The 0-10 Foster’s RPE was registered to quantify the internal load
of each player [39]. All participants recorded individually their RPE
30 minutes after the end of the training sessions to avoid potential
bias [40]. Players were familiar with the use of the RPE scale because
they used it as a part of their regular training routine. Additionally, the
S-RPE was calculated by multiplying the RPE score provided for each
player during training sessions by the training duration.

Statistical analyses

The results were presented as means and standard deviations
(mean = SD). All analyses were performed using the statistical soft-
ware R version 4.2.1 (R Core Team, 2020) for Macintosh. A linear
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FIG. 1. Displays the arbitrary and individualized (i.e., MSS and Vg strategies) speed thresholds for each player.

mixed model was adjusted using the R package “Im4” [41] to anal-
yse the differences in external load quantification strategies (i.e.,
“standard” arbitrary strategy, and individualization ones using Ve
and MSS as references) for the different speed thresholds (i.e., MIR,
HIR, SD), according to the microcycle session (i.e., MD-4, MD-3,
MD-2, MD-1, MD). Player identity was determined as a random
effect to account for the repeated measures. In this regard, the fol-
lowing model was adjusted for all running variables (y):

y = ELQS-Session + (1| Player ID)
Where ELQS = external load quantification strategy; ID = identity

For each model, the assumptions of homogeneity and normal dis-
tribution of the residuals were checked. The models’ residuals ful-
filled the assumption of homogeneity and normal distribution. The
R package “emmeans” [42] was used to perform pairwise compar-
isons via the Bonferroni post-hoc test between external load quanti-
fication strategies. Additionally, effect sizes were determined using
Cohen'’s d with the following formula: d = (M; — M1)/SDyg01eq- Ac-
cording to Hopkins et al. [43], effect sizes were classified as trivial
(0.0-0.2), small (0.2-0.6), moderate (0.6- 1.2), large (1.2-2.0),
and very large (> 2.0). Repeated measures correlations between
RPE and external load quantification strategies using the different
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speed thresholds were examined using the R package “rmcorr” [44].
The magnitude of correlation was categorized using the following cri-
teria [39]: < 0.10, trivial; 0.10 to 0.29, small; 0.30 to 0.49, mod-
erate; 0.50 to 0.69, large; 0.70 to 0.89, very large; and > 0.90,
nearly perfect. The significance value was established for all statis-
tical analyses at p < 0.05.

RIES U LTS 50000
Effects of external load quantification strategies on the training
and match days workload.

Table 2 displays the absolute and relative (“R” before the distance
category) values of workload as well as the significant differences
observed between ELQSs during a weekly microcycle. In terms of MD
workload, the MSS and Vg strategies presented significantly greater
distance covered in HIR (ES: 1.49 and 0.64, large and moderate),
SD (ES: 0.63 and 0.97, moderate), VHIR (ES: 1.35 and 0.85, large
and moderate), RHIR (ES: 1.38 and 0.60, large and moderate), RSD
(ES: 0.60 and 0.93, moderate), and RVHIR (ES: 1.26 and 0.81,
large and moderate) than the arbitrary strategy. For the speed thresh-
old of MIR, the MSS (ES: 3.76, very large) and arbitrary (ES: 0.95,
moderate) strategies displayed significantly greater distance covered
in comparison with V5. In addition, the MSS strategy displayed sig-
nificantly greater distances in HIR (ES: 1.11, moderate), VHIR (ES:
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0.75, moderate), RHIR (1.01, moderate), and RVHIR (ES: 0.70,
moderate) compared to V. Regarding MD-4, the MSS strategy re-
sulted in significantly greater distance in MIR (ES: 3.82, very large),
HIR (ES: 1.13, moderate), SD (ES: 0.25, small), VHIR (ES: 0.75,
moderate), RMIR (ES: 3.21, very large), RHIR (ES: 1.18, moderate),
and RVHIR (ES: 0.84, moderate) compared to the arbitrary strategy.
Additionally, the MSS strategy exhibited a greater distance covered in
MIR (ES: 4.47, very large) and RMIR (ES: 3.68, very large) than Ve,
while V,r showed a significantly greater distance covered in RSD (ES:
0.38, small) than the arbitrary strategy. In reference to MD-3, the

workload quantified with the MSS strategy resulted in significantly
greater MIR (ES: 2.75, very large), HIR (ES: 1.52, large), SD (ES:
0.80, moderate), VHIR (ES: 0.81, moderate), RMIR (ES: 2.50, very
large), RHIR (ES: 1.56, large), and RVHIR (ES: 1.51, large) distance
compared to the arbitrary strategy. In addition, the MSS presented
higher values in MIR (ES: 3.20, very large), HIR (ES: 1.10, moderate),
VHIR (ES: 0.74, moderate), RMIR (ES: 2.89, very large), RHIR (ES:
1.16, moderate), and RVHIR (ES: 0.78, moderate) compared to Ve,
while V|r revealed greater distance covered in SD (ES: 0.98, moder-
ate) and RSD (ES: 1.00, moderate) than the arbitrary strategy. For

TABLE 2. Differences (mean = SD) in the distance covered in different speed zones according to arbitrary and individualized thresholds
during competitive microcycle.

Variable ELQS MD-4 MD-3 MD-2 MD-1 MD
(mean = SD) (mean £ SD) (mean = SD) (mean = SD) (mean = SD)
MIR ARB 381.30 = 82.95 622.64 + 131.69 256.74 + 77.99 331.71 = 94.45 1754.97 = 415.21
(m) Vier 318.69  67.37 508.70 + 84.63 255.74 + 152.26 273.94 + 73.11 1415.87 + 284.88"
MSS 87840+ 163.75"% 1470.92 = 415.48"* 610.24 + 177.21°* 829.76 = 270.99"* 3286.87 = 642.64"*
HIR ARB 122.56 + 69.51 223.71 +94.16 119.50 + 53.13 85.67 + 34.31 650.47 = 199.02
(m) Vier 148.26 + 64.98 268.05 = 86.18 156.04 + 78.31 117.14 + 40.68 771.84 + 180.10"
MSS 211.00 + 85.32° 385.23 = 122.97"* 214.29 +121.99° 167.51 = 67.78" 1097.43 = 373.55"*
SD ARB 68.45 + 87.06 44.80 + 33.39 19.27 + 16.65 8.69 + 10.04 194.25 + 118.50
(m) Vier 105.42 + 118.93 89.60 = 55.221 49.35 + 31.99 23.30 + 18.35 312.09 = 125.14"
MSS 92.74 + 107.81 76.18 + 43.50 38.63 =+ 27.59 17.71+16.70 265.15 = 104.45"*
VHIR  ARB 191.01 + 145.22 268.52 = 114.43 138.77 = 60.69 94.37 + 38.44 844.71 = 294.62
Vier 253.69 = 168.14 357.65 = 125.69 205.40 = 100.29 140.44 + 48.99 1083.94 = 264.41"
MSS  308.05+164.41" 461.42 = 151.97°* 252.92 + 141.59" 185.23 + 76.74 1362.59 = 453.49™#
RMIR  ARB 5.76 +1.26 8.54+1.86 4.76+1.07 5.58 =+ 1.57 18,57 + 4.91
(m/min) v, 482 +1.03 6.98 +1.23 4.65+232 461122 14.97 + 3.44°
MSS 1343 +3.14" 2030 + 6.39°# 11.40 = 2,66 14.00 + 4.76"# 3458 +6.98°%
RHIR  ARB 1.81 +1.01 3.04+1.19 2.18+0.78 1.44 +0.58 6.87 + 2.20
(m/min) v, 2.20 +0.93 3.65+1.09 283+1.16 1.98+0.70 8.16 +2.08"
MSS 3.16+127" 5.26 + 1.63* 387+185"* 283+117" 11.58 = 4.29"#
RSD ARB 0.94 + 1.15 0.61 = 0.45 0.36 + 0.31 0.14+0.17 2.06 = 1.30
(m/min) v, 1.47 + 1.60° 1.22+0.741 0.90 = 0.55" 0.39+0.31 3.29+134"
MSS 1.29 = 1.44 1.04+0.58 0.71+0.47 0.30 %028 2.79+1.14"
RVHIR  ARB 2.75+1.98 3.65+1.46 2.50+0.92 1.60 = 0.66 893+3.25
(m/min) v, 3.67+2.26 488+ 162" 374+ 150 2.38 +0.86 11.44 +2.95"
MSS 452+222" 6.30 +1.99°* 458+2.15" 3.13+133" 14.38 +5.18"*

Abbreviations: MIR: medium-intensity running distance; HIR: high-intensity running; SD: sprint distance; VHIR: very high-intensity
running; RMIR: relative medium-intensity running distance; RHIR: relative high-intensity running distance; RSD: relative sprint distance;
RVHIR: relative very high-intensity running; ARB; arbitrary running threshold; MSS: individualized threshold based on maximal sprint
speed; Ve individualized threshold based on final speed reached at the end of 30-15 Intermittent Fitness Test; MD: match day;
MD-5: 5 days before match; MD-4: 4 days before match; MD-3: 3 days before match; MD-2: 2 days before match; MD-1: 1 day
before match; ELQS: external load quantification strategy. "Significant differences (p < 0.01) with arbitrary external load quantification
strategy. #Significant differences (p < 0.01) with Ve external load quantification strategy. *Significant differences (p < 0.01) with
MSS external load quantification strategy. 'Significant differences (p < 0.05) with arbitrary external load quantification strategy.
*Significant differences (p < 0.05) with Ve external load quantification strategy.

a BioLoay oF SporT, VoL. 41 Nol, 2024 157




Alexis Padron-Cabo et al.

TABLE 3. Within-player correlation coefficients for the relationship between RPE, sRPE and external load according to different

methods.
Arb VIFT MSS
r 95% Cl  Magnitude r 95% Cl  Magnitude r 95% Cl  Magnitude
sRPE MIR (m) 0.68** 0.58-0.75 Moderate 0.59** 0.48-0.69 Moderate 0.47** 0.33-0.59 Small
VHIR (m) 0.59** 0.47-0.68 Moderate 0.60** 0.48-0.69 Moderate 0.63** 0.51-0.71 Moderate
RPE  RMIR (m/min) 0.51** 0.38-0.62 Moderate 0.38** 0.23-0.51 Small 0.16* 0.01-0.31 Trivial
RVHIR (m/min) 0.39** 0.25-0.52 Small 0.38** 0.23-0.51 Small 0.41** 0.27-0.53 Small

Abbreviations: ARB; arbitrary running threshold; MSS: individualized threshold based on maximal sprint speed; Ve individualized
threshold based on final speed reached at the end of 30-15 Intermittent Fitness Test; MIR: medium-intensity running distance; VHIR:
high-intensity running; RMIR: relative medium-intensity running distance; RVHIR: relative very high-intensity running **p-value < 0.01;

*p-value < 0.05.

MD-2 and MD-1, the MSS external load quantification strategy dis-
played significantly greater distance covered in MIR (ES: 2.58 and
2.45, very large), HIR (ES: 1.00 and 1.52, moderate and large),
RMIR (ES: 3.27 and 2.45, very large), RHIR (ES: 1.19 and 1.51,
moderate and large), and RVHIR (ES: 1.23 and 1.45, large) in com-
parison with the arbitrary strategy. However, the MSS strategy exhib-
ited significantly greater distance in VHIR (ES: 1.05, moderate) on
MD-2 but not on MD-1 (p > 0.05). Additionally, the V| strategy
revealed higher values in RSD (ES: 1.21, large) than the arbitrary
strategy on MD-2.

Relationship between RPE and external load according to quan-
tification strategy.

Table 3 presents repeated measures correlation coefficients for RPE
and sRPE with workload calculated through different quantification
strategies. The sRPE was associated with some absolute values of
workload. VHIR showed moderate associations (r,,, = 0.59 t0 0.63)
with sRPE regardless of the strategy used. Similarly, the MIR had
moderate correlations with sRPE for arbitrary (r,,, = 0.68) and V|
strategies (r,, = 0.59), while MSS presented a small correlation (r,,
= 0.47). Additionally, the RPE was associated with some relative
values. For RVHIR, all external load quantification strategies showed
small associations with RPE (r,,, = 0.38 to 0.41). There was a mod-
erate association between RMIR and RPE in the arbitrary strategy
(rm, = 0.51), while the correlations were classified as small-to-triv-
ial for Vi and MSS strategies, respectively.

DISCU'S S 1O /N 15
This study analysed the differences in external load quantification
between arbitrary and individualized thresholds based on MSS and
V|er across the microcycle, and associations between internal load
and distance covered in MIR and HIR depending on the ELQS in
professional soccer players. To the authors’ knowledge, this is the
first study to examine the differences in external load quantification
using individualized thresholds based on the Vi and MSS across
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the microcycle days. The main findings of the study are that (a) ar-
bitrary thresholds underestimated the distance covered in all absolute
and relative speed thresholds compared to the MSS external load
strategy, whilst (b) the V| strategy showed similar values to the
arbitrary threshold for all training sessions, although underestimating
the external load for all variables in MD, except for MIR and RMIR.
Additionally, the associations between internal and external load
metrics (i.e., MIR and HIR) showed similar relationships indepen-
dently of the ELQS used.

From a physical performance perspective, the distance covered in
HIR has been considered a crucial metric for attaining successful par-
ticipation in competitive soccer scenarios [9]. Moreover, several stud-
ies determined the relationship between distance covered in HIR and
injury occurrence in high-intensity intermittent team sports [10, 45].
Because of inappropriate HIR load monitoring, the coaches and prac-
titioners could miss the possibility of providing an efficient physiolog-
ical stimulus and reducing the likelihood of non-contact injuries in
professional soccer [6, 9]. In the current study, our results revealed
that distance covered in HIR, RHIR, and VHIR was higher in all train-
ing sessions and MD (~50-60%) when speed zones were individu-
alized using MSS compared to arbitrary thresholds. Similarly, Hunter
et al. [11] observed differences of 39% to 61% in total high-speed
running and total very high-speed running when adjusting speed bands
based on MSS compared to arbitrary thresholds in U18 elite soccer
players. More recently, Rago et al. [26] analysed the differences in
external load quantification in professional soccer players using indi-
vidualized speed thresholds considering maximal aerobic speed (MAS),
ASR, and MSS. In line with our results, these authors found likely
moderate differences (ES: 0.86) in the distance covered in HIR when
speed thresholds were individualized in comparison with arbitrary
thresholds over the microcycle. Conversely, in reference to the Ve
strategy, the distance covered in HIR solely showed a significantly
greater distance covered in HIR, RHIR, and VHIR in MD. Thus, the
lack of differences observed between the V| strategy and arbitrary
thresholds across the microcycle could be explained by a reduced HIR
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bandwidth compared to the MSS strategy. However, implementing
the Vg7 strategy could contribute to better monitoring and manage-
ment of the HIR weekly dose in professional soccer players, taking
into account their metabolic characteristics to reproduce high-inten-
sity intermittent efforts, and avoid exposure to large and abrupt spikes
in HIR distance [9, 46].

Sprinting is considered a critical element due to its potential to
concurrently increase performance and reduce injury risk in team
sports athletes [6, 47, 48]. In fact, hamstring injury incidence could
be reduced when elite soccer players were exposed to running bouts
at near-to-maximal speed during training sessions [21, 49]. Howev-
er, the implementation of arbitrary thresholds (i.e., > 25 km-h~!) to
monitor sprint weekly dose could lead to load error because of the
lack of specificity in relation to the player’s MSS [3, 13, 501. In this
study, the results showed that arbitrary thresholds underestimated
the SD and RSD compared to MSS and Vg strategies on MD. Both
individualized ELQS presented higher values in the distances covered
in SD and RSD according to the player’s individual locomotor profile.
However, the V| strategy could lead to an error (i.e., mainly overes-
timation) in SD quantification. Specifically, the V e strategy would not
allow proper monitoring of speeds considered protective (i.e., 85-95%
MSS), when soccer players display a low value of Vs during 30-15
and their MSS values are high [21, 471. In this regard, the SD thresh-
olds individualized based on MSS could ensure that players are mon-
itored regarding their own sprint ability, avoiding under- or overesti-
mation in SD exposure [51]. Further research is needed to elucidate
the benefits of monitoring SD using different percentages of MSS (i.e.,
85-95%) over the microcycle, and its association with injury risk.

To obtain an accurate dose-response relationship, it is necessary
to monitor internal and external loads during training sessions or
matches in team sports [2, 52]. Currently, there is limited evidence
from analyses of the associations between speed thresholds individ-
ualized in accordance with players’ physical characteristics and fit-
ness and internal load in soccer players [53, 541. Our results showed
small to moderate within-individual correlations between sRPE and
MIR, and moderate correlations with the VHIR metric for the differ-
ent ELQSs. Regarding RPE, our results revealed small correlations for
RVHIR in all ELQSs, but small to moderate in the RMIR metric for
arbitrary and Vg7 strategies. Previously, Scott et al. [53] examined the
associations between speed thresholds individualized according to
different physiological measures (i.e., MSS, MAS heart rate deflection
point, or final speed achieved during the Yo-Yo intermittent recovery
test) and internal load (i.e., RPE, TRIMP (TRaining IMPulse), min-
utes spent above 80% maximal heart rate) in international female
soccer players. In accordance with our data, these authors found that
individualized speed thresholds did not show stronger associations
with internal load variables than arbitrary thresholds. Likewise, Sparks
et al. [54] reported that non-significant correlations (r = 0.10, trivi-
al) were found between HIR individualized by MSS and heart rate re-
sponses in university-level soccer players. In the present study, it is
noteworthy that only RPE and sRPE were analysed as a reflection of

the player’s internal load. Perhaps the presence of similar associa-
tions between arbitrary and individualized time-motion analysis strat-
egies with the internal load measures could be explained by the low
variability of RPE response (CV: ~5%) and the high variability in HIR
and SD across the microcycle (CV: > 80%) and competition (CV range:
19.8-53%) in soccer [4, 55, 56, 571. Future studies should consid-
er the inclusion of more internal load variables (e.g., heart rate, blood
lactate, perceived tissue damage, self-reported wellness measures) in
order to investigate the relationships with external load individualized
speed thresholds in professional soccer players.

The findings of this research should be interpreted with caution
due to some specific limitations. Firstly, the sample is composed of
only one professional team. The results could not be generalized to
other soccer backgrounds, leagues, or competitive levels (i.e., ama-
teur or semi-professional squads), due to the differences in compet-
itive demands [58]. Secondly, we examined a total of 6 microcycles,
which could be considered a relatively small sample size. However,
this sample size was similar to other studies that analysed the dif-
ferences between different ELQSs [17, 26]. Thirdly, the physiologi-
cal cut-off points of 30-15, were determined in line with previous
research [16, 59] due to the complexity of applying laboratory as-
sessments in large team sports squads. Lastly, the individualized
speed thresholds were established according to specific physical at-
tributes (i.e., MSS, Vier). In this regard, it has been suggested [11]
that a combined approach (i.e., two different physical measures)
could contribute to establishing locomotor profiles accurately, im-
proving the quantification of external load. In line with Clemente
et al. [25], further studies should attempt to implement a combined
approach with V|r and MSS in order to provide better management
of the dose-response relationship in soccer players.

CONCLU SO N S /50
Workload monitoring is a relevant piece of the puzzle to appropri-
ately programme training sessions, recovery strategies, and training
drills during the microcycle. The application of arbitrary thresholds
might lead to an external load quantification misconception by soc-
cer coaches and sports scientists. This study showed that arbitrary
thresholds lead to underestimation of external load absolute (i.e.,
MIR, HIR, and VHIR) and relative (i.e., RMIR, RHIR, and RVHIR)
metrics compared to the MSS strategy throughout the microcycle.
The V|7 strategy mainly revealed differences in external load quan-
tification regarding MD compared to arbitrary thresholds. Likewise,
both individualized strategies led to different results in terms of ex-
ternal load quantification across microcycle days. Finally, the indi-
vidualized speed threshold strategies did not achieve better associa-
tions with internal load measures (i.e., RPE, sRPE) in comparison
with arbitrary thresholds in professional soccer players.
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ABSTRACT: This study investigated the association of physiological attributes with in-game workload measures
during competitive Gaelic football match-play. Fifty-two male developmental level Gaelic football players
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muscular strength and power, blood lactate (BLa), running economy and aerobic capacity during two separate
testing visits. Global Positioning System units (18-Hz) were used to record players in-game workloads during
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body fat percentage, drop jump height (DJ) and running velocity at 4 mmol - L~ BLa were significantly associated
with the number of high-speed runs completed (Adjusted R? 26.8% to 39.5%; p < 0.05) while 20 m running
speed, running velocity at 2 mmol - L~" BLa and DJ were significantly associated with the number of accelerations
completed (Adjusted R? 17.2% to 22.0%; p < 0.05) during match-play. Additionally, aerobic capacity and body
fat percentage were significantly associated with total distance (Adjusted R? 14.4% to 22.4%; p < 0.05) while
body fat percentage, DJ and 20 m running speed were significantly associated with high-speed distance (Adjusted
R% 17.8% t0 22.0%; p < 0.05). Players were also divided into higher-standard and lower-standard groups using
a median split of these physiological attributes. Players in the higher-standard groups completed significantly
more high-speed runs and accelerations and covered significantly larger total and high-speed distances (+10.4%
to +36.8%; ES = 0.67 t0 0.88; p < 0.05) when compared to the lower-standard groups. This study demonstrates
that superior levels of physical conditioning are associated with larger in-game workloads during Gaelic football
match-play.
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TIN'T RO D U C T 1O N 15000

Gaelic football is a field-based team sport predominantly characterised
by low to moderate intensity activity interspersed with critical bouts
of high-intensity actions, which can often influence a games re-
sult [1, 2]. To support these demands, a large aerobic capacity, well-
developed blood lactate responses and efficient running economy (RE)
may be necessary to generate and maintain the considerable workloads
(=~ 100 to 130 m-min~!) observed during match-play [1, 21. On the
other hand, neuromuscular-related performance characteristics such
as short distance running speed, power and relative strength likely
underpin the performance of numerous high-speed running and
power-based tasks [2, 3]. Notwithstanding the significant tactical
organisation and technical skill proficiency necessary for a team sport
such as Gaelic football, possessing the physical capacity to undertake
a greater volume and intensity of work than the opposition is sug-
gested to be a key requisite to successful match-play [2, 4, 5].
Whilst components of fitness are anecdotally thought to influence
players in-game workloads during Gaelic football match-play [1, 3],

empirical data exploring these interactions are limited. In contrast,
a body of research exists assessing relationships between physical
conditioning, playing standard, coaches’ perceptions of performance
and in-game workload measures in team sports similar to Gaelic
football [6-8]. For instance, evidence suggests that players with su-
perior levels of aerobic-based performance attributes undertake more
sprints and accelerations, cover larger total and high-speed distanc-
es and participate in more ball involvements than their less aerobi-
cally proficient counterparts in rugby union [6] and soccer [8, 91. Al-
though this data does not currently exist within Gaelic football, the
ability to frequently express high levels of power, speed and chang-
es of pace/direction during match-play necessitates the rapid regen-
eration of anaerobic substrates [10] which is a process heavily reli-
ant on aerobic metabolism [11, 12]. In Gaelic football, inter-county
players (national level; tier 3) are reported to exhibit significantly
higher estimated VO, values than club players (developmental
level; tier 2) [131, possibly reflecting the importance of aerobic
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fitness in high-level performance [4]. While it may be likely that well-
developed aerobic capabilities are necessary to cope with the phys-
iological stressors of Gaelic football match-play [1], this is yet to be
investigated directly.

Similar to markers of aerobic function, body composition has also
been identified as an important indicator of Gaelic football perfor-
mance through its impact on players capacity to run, jump and change
direction/pace [3, 14, 15]. In soccer for example, players body fat
levels have been negatively associated with high-speed running per-
formance [14]. Despite the implications of these reports, an absence
of applied data in Gaelic football makes it difficult to accurately sur-
mise the extent with which body composition and other relevant com-
ponents of fitness influence the unpredictable and multivariate in-
game workload demands players face during competition [11.

Given the strenuous mechanical loads players are subject to dur-
ing Gaelic football match-play, such as frequent accelerations/decel-
erations, sharp changes of direction and landing from jumps [2, 16];
it is reasonable to assume that strength, power and running speed
facilitate players capacity for work [5, 17]. In team sports compa-
rable to Gaelic football, lower body strength, power and running
speed have been positively associated with acceleration and sprint
number, distances covered at varying speeds and a number of key
performance indicators such as effective turnovers and ball posses-
sions during match-play [5, 6, 9]. Supporting the relevance of these
markers in a team sport performance-specific setting, research in
soccer reported that the number of high-intensity accelerations
(> 3 m-s~2) and decelerations (< —3 m-s~2) recorded during elite
match-play presented a significant dose-response relationship with
match outcome; whereby outputs were highest during wins and low-
est during draws or losses [7]. Similar findings were reported in Gael-
ic football specifically, where competitive workloads (total and high-
speed distance [> 4.7 m-s~']) were observed to be higher during
wins or draws when compared with losses [18].

Successfully undertaking these tasks in a fast-paced contact en-
vironment necessitates the rapid application of high force levels ac-
companied by the repeated performance of quick and powerful mus-
cular contractions [5]. Thus, corresponding relationships between
neuromuscular performance characteristics and workloads may ex-
ist in Gaelic football, wherein players undertake large volumes of
stretch shortening cycle based movements comprising high eccen-
tric loads [7, 19]. Indeed, when comparing playing standards in
Gaelic football elite level players display significantly greater vertical
and broad jump scores than their sub-elite counterparts, possibly
highlighting a key role of lower-body power in successful competi-
tive performances [4].

In summary, the above studies have detailed how various com-
ponents of fitness positively impact in-game workload measures,
playing standard and match outcome in team sports similar to Gael-
ic football [5, 6, 9]. Nevertheless, this research has yet to be repli-
cated in Gaelic football, where many considerations unique to the
sport may limit the applicability of training or match-based decisions
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derived from data collected in other team sport codes. Consequen-
tial to this lack of research, pivotal assumptions as to the importance
of different components of fitness in relation to game-specific work
capacity are rooted in data from other sporting populations. As such,
in order to provide objective data for coaches to design effective train-
ing programmes with the goal of increasing competitive workloads,
it may be necessary to address these interactions in an ecologically
valid context [19]. Therefore, this study aims to investigate the as-
sociation of players components of fitness on in-game workload mea-
sures in Gaelic football.

MATERIALS AND METHOD 'S 15—
Subjects

Fifty-two male developmental level Gaelic football players currently
representing a senior club level Gaelic football team volunteered to
partake in this study. Players’ anthropometric, physiological and
performance characteristics can be seen in table 1. Players were

TABLE 1. Descriptive overview of players’ anthropometric, physio-
logical and performance characteristics.

Baseline characteristics Value
Anthropometrics and body composition
Height (cm) 179.2+7.6
Body mass (kg) 81.4+9.0
Body fat (%) 145+2.0
Running speed
Running speed (5 m) (s) 1.1+0.1
Running speed (20 m) (s) 3.1+0.1
Muscular power and reactive strength
DJ (cm) 33.6+5.0
CT (s) 0.3+0.1
DJ (RSI) 1.1+0.4
CMJ (cm) 343+5.2
Muscular strength
1RM squat (kg) 107.4+12.9
Relative 1RM squat (1RM/BM) 1.3+0.2
1RM Hip thrust (kg) 127.9+26.1
Relative 1RM hip thrust (1IRM/BM) 1.6+0.3
Aerobic endurance
VOpmay (Ml-kg™t-min~1) 51.4+7.2
Maximal heart rate (beats-m~!) 199.6 6.5
Running velocity at LT (km-h~1) 10.5+1.0
Running velocity at 2 mmol - L~ BLa (km-h™1) 9.7+x1.6
Running velocity at 4 mmol-L™! BLa (km-h™1) 13.2+1.2

Abbreviations; DJ: drop jump, VOypma,: Maximal aerobic capacity,
LT: lactate threshold, 1RM: One repetition maximum, RSI: reactive
strength index, BM: body mass, BlLa: blood lactate, CT: contact
time.
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omitted from this study if they failed to pass a physical activity
readiness questionnaire (PAR-Q) or had endured a lower body injury
in the previous 8-weeks. Informed consent was obtained from each
player and ethical approval was granted for this research by the
Technological University of the Shannon Research Ethics Committee
(code 20180501).

Experimental Outline

Previous research [5, 6, 9] and the physical demands of Gaelic
football match-play [2, 19] guided the selection of physical condition-
ing measures to be assessed during baseline testing. The testing
procedures were explained to the players during a familiarization
session. During visit-1, players’ anthropometric characteristics (body
mass, height and body fat percentage (body fat [%]) one-repetition
maximum (1RM) relative squat strength, blood lactate concentrations
(BLa) (lactate threshold, running validity at 2 and 4 mmol-L™!), RE
and maximal aerobic capacity (VO,,,) Were assessed. Players’ coun-
termovement jump height (CMJ), drop jump height (DJ), contact
time (CT), reactive strength index (RSI), 5 m and 20 m running speed
(running speed [5 m] and [20 m]) and 1RM relative hip thrust strength
were measured during the second visit to our lab. Both testing ses-
sions were completed at the same time of day. Players were in-
structed to arrive hydrated and well rested. One week after the base-
line testing, players’ in-game workload measures were recorded
during a competitive match using global positioning system (GPS)
units (Figure 1). To facilitate a high level of ecological validity, a max-
imum of four players were tested per game. Data was collected in
18 competitive matches spanning 2 seasons and players were re-
cruited from 5 different teams.

Procedures

Body mass and height were measured to the nearest 0.1 cm and
0.1 kg respectively, using a portable scales and stadiometer (Seca
707 Scales, Hamburg, Germany). Players’ skinfold thickness was
measured at seven anatomical sites using a skinfold callipers (Baty,
UK) as described in previous methods [19]. Here, three measure-
ments for each skinfold on the right side of the body were obtained
to the nearest 0.2 mm using the International Society for the Ad-
vancement of Kinanthropometry (ISAK) protocols [19]. Pilot testing
was undertaken in order to verify the reliability of the anthropo-
metrical measurements performed as the investigator was not ISAK
accredited [20, 211]. Following intra-rater reliability assessments, the
technical error of measurement of 4 repeated skinfold trials was
lower than 5%, which is in line with recommendations [20]. To
calculate players’ body fat (%), the equation of Withers and col-
leagues [22] (% BF = 495/(1.0988 — 0.0004 x [sum of seven
skinfolds]) — 450) was used. This equation has previously demon-
strated the low bias and high agreement (r = 0.88) with criterion
dual energy absorptiometry (DEXA) measurements [23].

Players’ 1 repetition maximum (1RM) squat values were assessed
using the incremental protocol described previously by Baechle and
Earle [24]. Briefly, players completed a general 10-minute warm up
including stationary cycling, dynamic stretching of the lower body
and 10 repetitions of an empty Olympic bar (20 kg). After 2-min-
utes rest, an incremental warm up of 5-8 repetitions at 40% to 60%
of their estimated 1RM (E1RM) followed by 3-5 repetitions at 60%
to 80% of E1IRM with 3-5 minutes rest between sets. Next, the lead
researcher issued 1-10 kg weight increments for single repetition at-
tempts. The players rested 3-5 minutes following each attempt and
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FIG. 1. Schematic overview of study methodology.
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repeated as necessary until a 1RM was established. Players’ 1RM
was recorded as the greatest resistance (kg) lifted successfully through
a full range of motion as assessed by the lead investigator. Players’
relative strength measures were calculated by dividing 1RM values
(kg) by their body mass (kg).

Players’ VO,,., and RE were measured using a Moxus metabolic
cart (AEI Technologies, PA, USA) on a motorized treadmill (Quasar,
HP Cosmos, Germany) using an incremental incline ramp proto-
col [3, 25]. Subsequent to a 3-minute warm-up at 8km-h~!ona 1%
gradient, the speed of the treadmill incrementally increased by
1 km-h~! every 3-minutes until the players’ blood lactate concentra-
tions reached 4 mmol-L~! or higher. To collect lactate samples, the
base of the earlobe was first wiped with an alcohol wipe and allowed
to dry, before being pierced with a lancet (AccuChek; Softclix, Roche,
Germany). The first drop of blood was then swabbed away with an-
other alcohol wipe and pressure was then applied with the thumb
and forefinger to draw a 5-ul capillary blood sample. The sample was
automatically aspirated (via capillary action) into an enzyme-coated
electrode test strip and analysed using a portable amperometric mi-
crovolume lactate analyser (Lactate Pro 2, Arkray, Japan) to deter-
mine whole BLa concentration. In order to collect the sample, play-
ers stepped to the side and straddled the treadmill for approximately
20 seconds following completion of the previous stage, and the speed
and/or incline was changed accordingly before the subsequent stage.
The lactate analyser used has previously demonstrated high levels of
validity (intraclass correlation coefficient [ICC] = 0.87) and reliabili-
ty (ICC = 0.99) [26]. Applying methods previously described else-
where [3, 25], plots of BLa, VO, and running speed were generated
with an exponential trendline and provided to two independent re-
views. Lactate threshold (LT) was identified as the first sustained in-
crease in BLa above the baseline values. Markers of 2 and 4 mmol- L~}
were also identified on these plots. Once 4 mmol-L~! or greater was
recorded, a constant speed of 10 km-h~! was set on a 4% gradient,
increasing the gradient by 1% each minute until volitional exhaus-
tion [25, 27]. Players’ heart rate (HR) was measured using a watch
and chest strap (Polar Vantage, Polar Electro, Finland) at the end of
each stage. During the test, expired CO,, expired O,, ventilatory vol-
ume/rate, HR and rate of perceived exertion were continuously mon-
itored. RE and VO,,,, Were reported in ml-kg™!-min~! using the av-
erage of the final two 30 s values [25].

Players’ running speed was recorded over 5 m and 20 m using
photoelectric cells (Brower Timing Systems, UT, USA). These pho-
toelectric cells have been reported as valid (standard error of mea-
surement = 0.1 s) and reliable (coefficient of variation = 0.1%) [28].
The players were instructed to start by placing forward their domi-
nant foot on a mark 50 cm behind the starting line. Timing gates
were placed at the starting line, 5 m line and the 20 m line. Play-
ers completed three runs, with the best time recorded as their re-
sult. Players rested 4-5 minutes between each trial.

Players’ CMJ and DJ were evaluated using a photoelectric opti-
cal device (Optojump, Microgate, Italy). This measurement system
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has previously displayed low random errors (= 2.8 cm) and coeffi-
cients of variation (2.7%) [29]. Players performed the CMJ whilst
standing on a standardised surface between two photoelectric mea-
surement bars with hands placed on their hips. Next, a countermove-
ment action was undertaken by the players using self-selected an-
kle, knee and hip flexion angles before jumping vertically as high as
possible. When performing the DJ, players began the jump stand-
ing on a 30 cm high step with their hands placed on their hips be-
fore stepping off and immediately jumping vertically as high as pos-
sible when contacting the ground. Here, players were instructed to
jump to a maximal height while simultaneously minimising ground
contact time. The players’ 1RM hip thrust was assessed using the
same incremental protocol as the squat test [24].

Players’ in-game workloads were recorded using 18 Hz GPS units
(Apex, STATSports, UK). This model of GPS unit has previously dem-
onstrated good levels of validity (Bias < 5.0%) [301. Players were fit-
ted with an appropriately sized vest to hold the GPS receiver. Each
GPS unit was powered on 15-minutes before throw-in and inserted
into a slot towards the top of the fitted vest sitting in the upper back.
A HR telemetry system (Polar Vantage, Polar Electro, Finland) with
an accompanying strap was placed around the chest to collect HR
data. The workload and HR data were then extracted from the GPS
devices and downloaded using the STATSports analysis platform [19].
Total distance (m), total accelerations (n) (> 3 m-s~2), total high-
speed runs (n) (= 5-5m-s™1), and high-speed distance (> 5.5 m-s~})
were the metrics used to quantify in-game workloads in the current
analysis. These metrics were specifically selected as they have been
commonly used in the literature and may subsequently help translate
current results into applied and research settings [2, 16, 31, 32].

Statistical Analyses

Descriptive statistics using means and standard deviations (+ SD)
were calculated for all anthropometric characteristics, components
of fitness and in-game workload measures. All data were normally
distributed as assessed by Shapiro-wilk tests. Standard multiple
regression analysis was performed to examine possible relationships
between components of fitness and in-game workload measures [33].
These tests were selected in order to provide a statistical summary
of the associations (or lack thereof) between the various independent
variables whilst accounting for potential between-variable interde-
pendence [33]. An a priori power analysis was conducted to estimate
the sample requirements for the multiple regression analysis using
G*Power (version 3.1.9.7). Power was set at 0.95 in conjunction
with a significance level of 0.05 and an effect size (ES) of 0.3, which
yielded a minimum sample size of 38 players [33]. Additional play-
ers were requited to account for possible drop out. A median split
divided players into higher-standard (HS) and lower-standard (LS)
groups for each component of fitness significantly contributing to the
multiple regression analysis, similar to previous work in the do-
main [5, 34]. Independent samples t tests and Cohen'’s ES statistic
were used to examine differences between-group differences. Effect
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sizes of > 0.20, 0.20-0.60, 0.61-1.19, and > 1.20 were consid-
ered trivial, small, moderate, and large respectively [35]. Data were
analysed using Statistical Package for Social Sciences (SPSS Version
27, Chicago, USA). Statistical significance was accepted at an alpha
level of p < 0.05.

RES U LTS 1500
Results of the multiple regression analysis are summarised in table
2 and the plots of actual versus predicted residuals are depicted in
figure 2 and 3.

Table 3 shows the HS and LS descriptive variables for each com-
ponent of fitness.

The differences between HS and LS groups based off each com-
ponent of fitness are shown in figure 3 and 4. When players were
dichotomized into HS and LS running velocity at 2 mmol - L~! groups,
the HS group performed significantly more 1% half accelerations (ES
=0.76; p = 0.008), 2" half accelerations (ES = 0.64; p = 0.027)

TABLE 2. Summary of Multiple regression analysis.

and total accelerations (ES = 0.76; p = 0.009) than the LS group.
Additionally, the HS running velocity at 2 mmol-L~! group covered
significantly larger 1t half high-speed distance (HSD) (ES = 0.62;
p = 0.031) and performed significantly more 1% half high-speed
runs (HSR) (ES = 0.88; p = 0.003), 2" half HSR (ES = 0.86;
p = 0.003) and total HSR (ES = 0.95; p < 0.001) when compared
to the LS group. When players were divided into HS and LS running
velocity at 4 mmol - L™! groups the HS group performed significant-
ly more total HSR (ES = 0.68; p = 0.015) than the LS group. When
players were divided into HS and LS VO, groups the HS group
covered significantly greater 1%t half distances (ES = 0.56; p = 0.048)
and total distances (ES = 0.57; p = 0.045) when compared to the
LS group.

When players were divided into HS and LS body fat (%) groups,
the HS group covered significantly greater 2™ half distances
(ES = 0.75; p = 0.038), total distances (ES = 0.67; p = 0.20),
1% half HSD (ES = 0.58; p = 0.042) and total HSD (ES = 0.59;

Model predictors Dependant variable Adj. R? (%) p value
Body fat (%), DJ and HSR (n) (= 5.5 m-s~1) (1 half) 27.5 < 0.001
running velocity at 4 mmol-L~! HSR (n) (> 5.5 m-s~1) (2 half) 26.8 < 0.001
HSR (n) (> 5.5 m-s~!) (Match) 39.8 < 0.001
Relative squat strength and DJ Total accelerations (n) (> 3 m-s ~?) (1% half) 17.2 0.007
Total accelerations (n) (> 3 m-s ~2) (2" half) 22.0 0.002
Total accelerations (n) (> 3 m-s ~2) (Match) 21.2 0.002
VO,,..x and body fat (%) Total distance covered (m) (1% half) 14.4 0.009
Total distance covered (m) (2" half) 21.3 0.001
Total distance covered (m) (Match) 22.4 0.001
Running speed (20 m), HSD (m) (> 5.5 m-s™!) (1% half) 17.8 0.006
running velocity at 2 mmol-L™*and DJ psp (m) (= 5.5 m-s~1) (2™ half) 21.2 0.002
HSD (m) (> 5.5 m-s™!) (Match) 27.0 < 0.001

Abbreviations; Adj: Adjusted, DJ: drop jump, HSD: high-speed distance, HSR: high-speed runs, VO, maximal aerobic capacity,
1%t half: first half of a match, 2" half: second half of match; Match: full match.

TABLE 3. Descriptive results for each higher-standard and lower-standard group.

Component of Fitness

Higher standard

Lower standard

Body fat (%) 11.5+2.0 17.56+4.1
VO, (Ml-kg~L-min?) 57.4+4.2 453+38
Running velocity at 2 mmol-L~! (km-h~1) 11.2+0.8 8.2+0.4

Running velocity at 4 mmol-L™! (km-h™1) 14.4+0.7 12.5+0.8
Running speed (20 m) (s) 3.04+0.04 3.18+0.05
DJ (cm) 37625 29.7+3.6

Abbreviations; DJ: drop jump, VO, maximal aerobic capacity.

BioLogy oF SPorT, VoL. 41 Nol, 2024 167




Lorcan S. Daly et al.

40+ 30+
< Adj. R? = 27.5% = Adj. R*= 26.8% | %
£ T o .°
= o & e
= 204 = .
x e 1091 .
2 2 oo o
= 107 =
g g
0 1 | 1 1 1 1 1 1
0 20 40 60 0 5 10 15 20 25
( A) PRE HSR (n) (15! Half) (B) PRE HSR (n) (2" Half)
<
60 o £ 407 =
- Adj. R*= 39.5% 2 Adj. R?= 17.2% °
5 %
s = 30-
= 40- g3
T 2
x 2 20
= 204
2 20- H
- [
o
2 e o & 10
0 1 1 1 1 lL_) 1 1
0 20 40 60 80 < 10 20 30
(C) PRE HSR (n) (Match) (D) PRE Accelerations (n) (1%t Half)
E —
© L
T 307 : G 80+
o Adj. R?= 22.0% | o o o s Adj. R?= 21.2%
2, S
N = °
< 204 £ 60+ e & .o
Y 2 ° o
c s o® o°
S = e 0 o0
5 S 404 oo o
& 107 % [ A o °
© 0 ) .o ®
§ g 204 __O_.O ®, o° e o
=
5 0 T T T 1 o T T T
<
< 10 15 20 25 20 30 40 50
(E) PRE Accelerations (n) (2"¢ Half) (F) PRE Accelerations (n) (Match)

FIG. 2. Plot of actual (ACT) vs. predicted (PRE) values for the number of (A) 1t half high-speed runs (HSR), (B) 2™ half HSR, (C) full
match HSR, (D) 1% half accelerations, (E) 2™ half accelerations and (F) full match accelerations completed during match-play.
Dependant variables for total HSR (n) (> 5.5 m-s™!): body fat (%), drop jump and running velocity at 4 mmol-L~!. Dependant
variables for total accelerations (n) (= 3 m-s ~2): running speed (20 m), running velocity at 2 mmol-L~! and DJ). Shading represents
95% confidence intervals.

168 .




Association of physical conditioning with in-game workload

= =
© ©
£ 6000 - T 5000
5 Adj. R? = 14.4% 3 Adj.R?*= 21.3% |
X 2, 8
= — 4000+
E E
Q [
(%)
5 % 3000-
m b
S s 2000+
£ I
[ A
5 1000 T T 1 5 1000 T T T T 1
< 3000 3500 4000 4500 < 2000 2500 3000 3500 4000
f st
(A) PRE Total distance (m) (17" Half) (B) PRE Total distance (m) (2" Half)
=
£ 10000- e = 1000- -
5 [ Adj. R?= 22.4% | = |Adj. R?= 17.8%
= ©
g T 8004
£ 5000 w_
8 ~ 600
S E
2 6000- o 400
o) 7]
I = 2001
° (T}
4000~ <
(&) T T T T 0 T T T
< 5000 6000 7000 8000 200 400 600
PRE Total distance (m) (Match) PRE HSD (m) (1% Half)
800- > 1000- 5
€ |Adj.R = 22.0% = Adj. R?= 21.2%
I _ 9 - o) (-]
- 600 & 800 o °
(i ~—
T 4001 £ 600+
a 7
@ 200- T 4004
= o
&J 0- < 2004
1 1 1 1 1 1 1 1
100 200 300 400 400 600 800 1000
nd
PRE HSD (m) (2™ Half) PRE HSD (m) (Match)

(E) (F)

FIG. 3. Plot of actual (ACT) vs. predicted (PRE) values for (A) 1% half distance, (B) 2™ half distance, (C) full match distance, (D) 1
half high-speed distance (HSD), (E) 2" half HSD and (F) full match HSD covered during match-play. Total distance (m) dependant
variables: VO, and body fat (%). HSD (> 5.5 m-s ~!) (m) dependent variables: body fat (%), drop jump and 20 m running speed.
Shading represents 95% confidence intervals.

a BioLoay oF SporT, VoL. 41 Nol, 2024 169




Lorcan S. Daly et al.

60

0

(A)

B (-]
o o

Accelerations (n)
n
o

.
t .
ST x -
T T T T T T T T T T 1 T K| {I\ T l l 1
< Y S . « $ S S S & N N N
S T G S A
Body Fat (%) Running Drop Jump (cm) Velocity (km-h™") Velocity (km-h!) VOzmax
Speed (20m) at 2 mmol-L™ at 4 mmol-L™" (ml-kg™-min’)
t ot t A
1 I
7 R
T T T T T T T T T T T T T T T T T T
N N o A A PN N N PN N N PN N N o N N PN
o 2 & @ G & R @ 3 R 2 S P 2 & R 2 3
SO ¢ A 4 A A 4 SO S A
Body Fat (%) Running Drop Jump (cm) Velocity (km-h") Velocity (km-h™) VOsmax
Speed (20m) at 2 mmol-L" at 4 mmol-L"! (ml-kg*-min’)

[ Higher-Standard Group
Lower-Standard Group

FIG. 4. Differences in the number of accelerations (A) and high-speed runs (HSR) (B) completed during match-play between higher-
standard (HS) and lower-standard (LS) component of fitness groups. T Denotes a significant difference between HS and HS groups.

10000

8000

6000

4000

Total Distance (m)

2000

0-

(A)

1200
900+

600

HSD (m)

300

(B)

1 I
t 1
T T T T T T T T T T T T T T T T T T
RS 5 o 5 5 AN RS 5 o s 5 N RS RS AN RS 5 <
2 2 & R 2 3 R 2 O 2 2 ) R 2 & R 2 )
¥ $\» & ¥ ’s,\x & ¥ 'i,\x & ¥ $x\ & ¥ $\x e ¥ $Q~ &
Body Fat (%) Running Drop Jump (cm) Velocity (km-h™) Velocity (km-h™) VO;max
t Speed (20 m) at 2 mmol-L! at 4 mmol-L™! (ml-kg™-min™)
s 1
1 1 T T T T T T T T T T T T T T T T
& & & & & & & & & & & & & & $ & & &
':,\Q’ '(SQ‘ @‘& :\‘b ;{?*Z‘ \‘g" :\Q‘ S “'b‘ :\,\‘b (\b*b \“# ;:\Q‘ N é’b\ ::\‘?‘ ;‘\?Q‘ ‘x:b"
Body Fat (%) Running Drop Jump (cm) Velocity (km-h™) Velocity (km-h™) VO;max

Speed (20 m)

at 2 mmol-L"

O Higher-Standard Group
Lower-Standard Group

at 4 mmol-L™ (mI-kg'1-min‘1)

FIG. 5. Differences in total distance covered (A) and high-speed distance (HSD) covered (B) during match-play between higher-
standard (HS) and lower-standard (LS) component of fitness groups. T Denotes a significant difference between HS and HS groups.

170 .




Association of physical conditioning with in-game workload

p = 0.038) when compared to the LS group. Additionally, players
in the HS body fat (%) group performed significantly more 2" half
HSR (ES = 0.77; p = 0.008) and total HSR (ES = 0.71; p = 0.014)
when compared to the LS group. Furthermore, when players were
split into HS and LS 20 m running speed groups, the HS group per-
formed significantly more accelerations during the 1 half (ES = 0.74;
p = 0.011), 2" half (ES = 0.60; p = 0.035) and full game (ES
= 0.72; p = 0.013) when compared to the LS group. Finally, when
players were dichotomized into HS and LS DJ groups, players in the
HS group performed significantly more 2" half HSR (ES = 0.57;
p = 0.047) than the LS group.

DISCU'S S 1O /N 15
This study aimed to investigate the association of Gaelic football
players body composition and markers of physical conditioning with
in-game workload measures. Some of the physiological attributes
measured are the first to be reported in Gaelic football, and the
markers may be used by practitioners as benchmark scores for train-
ing and profiling purposes (Table 2). Additionally, the workload data
reported is similar to prior analysis in developmental Gaelic football
players [2] and may be used by practitioners to structure and mon-
itor training sessions and inform return to play protocols (figure 4 and
5). The current data demonstrates that a wide range of components
of fitness significantly associate with external load measures during
competitive match-play, complimenting research in similar team
sports [8, 9, 34].

Similar to previous results in soccer [36], blood lactate respons-
es were significantly associated with the number of accelerations/
HSR completed and the HSD covered during competitive match-play
(table 1). Capacity to perform these high-intensity tasks are often
crucial for team sport performance; possibly serving as a surrogate
measure of successful contests for possession, entering space dur-
ing scoring opportunities, defensively tracking opposition players
movements and coping with fast-paced and potentially evolving tac-
tical requirements [2, 37, 38]. Moreover, when players were divid-
ed into HS and LS groups based on running running velocity at
2 mmol-L~}, the HS groups performed significantly more accelera-
tions and HSR during match-play than the LS groups, which corre-
sponds with previous work in ice hockey [39]. Equivalent associa-
tions were also reported in female soccer players, where lactate
responses were significantly correlated with high-intensity running
distances during simulated [40] and competitive match-play [36].

Other markers of aerobic function displayed comparable trends in
the present analysis, whereby well-developed VO, (in combination
with body fat [%]) significantly contributed to a regression model as-
sociated with total distance covered during match-play. Furthermore,
when players were dichotomised into groups using higher and lower
VO,ma SCOTeS, the HS VO, group covered significantly greater to-
tal distances when compared to their LS group counterparts, which
is consistent with work in rugby league [5]. These collective observa-
tions present evidence that aerobic capacity plays a fundamental role

in the considerable running demands undertaken during team sport
match-play. In line with this premise, aerobic capacity was positive-
ly associated with total distance, high speed running distance and
high-intensity efforts during rugby league [5], Australian rules foot-
ball [41] and soccer [9] match-play respectively. Furthermore, well-
developed aerobic conditioning and blood lactate response have been
reported to accelerate metabolite clearance, improve phosphocreatine
resynthesis and reduce the metabolic and cardiovascular strain asso-
ciated with recurrent high-intensity running [10, 25] possibly helping
to explain current findings. Specifically, energy for these high-intensi-
ty actions is supplied by anaerobic metabolism resulting in lactate for-
mation, hydrogen ion accumulation, pH reduction and the depletion
of adenosine triphosphate phosphocreatine stores paralleled with in-
organic phosphate increases [11, 12, 25]. In response to these dis-
ruptions, oxidative phosphorylation is a necessary process to achieve
adequate recovery prior to the next bout of intense work during match-
play and this mechanism is enhanced in aerobically fitter ath-
letes [10, 11]. Overall, many possible adaptations associated with
well-developed aerobic function and/or blood lactate responses, such
as increased muscle capillarization, mitochondrial volume and den-
sity and oxidative enzyme activity could have possibly contributed to
the present results [3, 10, 12].

Similar to research in soccer [14], body fat percentage was neg-
atively associated with the number of HSR and accelerations com-
pleted and the total and HSD covered. Body composition exerts an
important influence on players game-specific work capacity, as ex-
cess adipose tissue can increase mechanical and metabolic strain
by adding unnecessary resistance against the forces of gravity dur-
ing movements such as jumping, running or changes of direc-
tion [14, 15, 23]. In addition to the energy cost of bearing a larger
body mass over the course of a match, it is possible that excessive
adipose tissue in Gaelic football players could impair thermoregula-
tory function by impeding capacity to transport and dissipate meta-
bolically generated body heat, thereby potentially disrupting thermal
balance [14, 42]. In support of this premise, it is commonly report-
ed that elite level players possess lower body fat percentages then
their sub-elite counterparts within Gaelic football [4] and other team
sports [43]. Considering the potential overlap in training adaptations
associated with improving body composition, blood lactate respons-
es and aerobic conditioning; programming strategies to increase these
attributes in tandem with the goal of improving players work capac-
ity may possibly be employed with relatively minimal physiological
interference [44]. That being said, the multifaceted physical demands
of Gaelic football match-play imply that other components of fitness
such as strength, power and running speed may also moderate play-
ers external match-play loads as has been reported previously in oth-
er team sports [5, 9, 171.

Although movement patterns during invasive team sports such as
Gaelic football are predominantly low-intensity in nature, explosive
stretch shortening cycle actions imposing high mechanical tension
regularly occur at pivotal moments of a game [1, 2]. As
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a consequence of such taxing neuromuscular demands, muscular
strength and power are commonly acknowledged as important attri-
butes for team sport performance [5, 27, 45]. Indeed, measures of
maximal force and power generating capacity have been previously
related to in-game workload measures such as running speed and
the number of sprints/accelerations completed in rugby league [5].
Our data supports these findings, whereby DJ was significantly as-
sociated with the number of HSR and accelerations completed. There-
fore, coaches may select the development of players lower body pow-
er as a potentially effective means to increase high intensity running
indices and the capacity to perform numerous accelerations during
competitive matches. In agreement with prior work [46], the current
analysis reported that players in the HS 20 m running speed group
performed significantly more accelerations during match-play than
their LS group counterparts. Based on this data, it is possible that
the number of HSR and accelerations recorded during competitive
Gaelic football match-play may be modulated by players baseline DJ
and 20 m running speed values. If this is the case, it may be possi-
ble that implementing training processes to develop these perfor-
mance attributes may deliver a high transfer efficacy for Gaelic foot-
ball specific tasks and subsequently promote players external
workloads, and ultimately performance. Of note, caution should be
exercised when interpreting data such as accelerations or decelera-
tions during match-play, given variance in approach demands (e.g.,
walking vs. sprinting) will greatly alter the physiological demands
imposed by a change of pace, yet will be reflected in the same net
increase or decrease in speed [47, 48].

The current findings provide evidence that Gaelic football play-
ers competitive running and acceleration profiles are associated
with their physical conditioning attributes. Specifically, lower body
power, running speed, body composition, aerobic capacity and
blood lactate responses display significant associations, which is
complementary to findings in other team sports [9, 36, 39]. Fur-
thermore, when players were dichotomised into HS and LS groups
based off these conditioning markers, the HS groups almost al-
ways performed more external work than the LS groups. In com-
bination with prior research [27], these findings suggest that play-
ers with well-developed components of fitness express comparatively
lower fatigue and muscle damage responses, even despite under-
taking larger external loads during competition than their less phys-
ically conditioned counterparts. This data may improve coaches
understanding of the complex interactions between physical con-
ditioning and in-game workload measures, thereby providing rele-
vant guidance for effective training programme design intent on in-
creasing sport-specific work capacity. Despite promising findings
as to the role of physical conditioning in the determination of game-
based workloads, this data is most relevant to the population stud-
ied and limitations may exist applying this research in female play-
ers or in other team sport athletes. Finally, future research assessing
relationships between players physical conditioning attitudes and
coaches subjective scoring of match performance would provide
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beneficial information for a more sport-specific outlook when viewed
in conjunction with the current work. Whilst the current findings
demonstrate that various physiological attributes coincide with su-
perior match-specific work capacity, it is difficult to surmise wheth-
er improvements in these physiological parameters would elicit
meaningful increases in these outcomes. To the best of the authors
knowledge, this has yet to be examined in any team sport popu-
lation, as the contemporary work in the area exclusively employs
cross-sectional and observational study designs [6, 8, 9, 39].
Hence, as highlighted by Steel and colleagues [49], causality may
not be assumed from the present work or many previous analyses,
and future research should seek to investigate if the further devel-
opment of physical conditioning measures provides additional ben-
efits for increasing in-game workloads. Furthermore, if the links
are indeed reported to be causative, it would be useful for practi-
tioners to understand: (1) does the magnitude of enhanced re-
sponses reflect the magnitude of physiological improvements? or
(2) is there a ceiling effect, whereby increases in physical condi-
tioning beyond a certain point may present diminishing returns?
Critically, studies utilising appropriate methods to infer causation
are needed to explore this complex and mediator-entangled
area [49, 50].

CONCLU S| O/ S 15—
In this study, Gaelic football players with superior neuromuscular
and aerobic characteristics demonstrated larger workloads during
competitive match-play. Our results reflect the multifaceted phys-
ical and metabolic loads players face during match-play, highlight-
ing a significant association between competitive workload measures
and body composition, running speed, muscular powet, reactive
strength and aerobic conditioning. The data herein provide poten-
tially useful information for coaches and practitioners who seek to
increase players’ external loads during competition. An important
avenue for future exploration is to characterise the dose-response
relationship between physical conditioning and workload using
controlled inference methods.

Practical applications

The numerous physical, tactical and technical components that
govern successful Gaelic football match-play make effective prep-
aration for the sport’'s demands a complex challenge. Whilst direc-
tionally associated, physical conditioning appears to represent
a clouded predictor of in-game workload at best, and this finding
emphasises the premise that many moderators collectively bear
an influence upon match-play locomotor profiles (e.g., score line,
opposition, technical-tactical and psycho-social factors). Neverthe-
less, the novel findings presented support the contention that de-
veloping players metabolic, mechanical and neuromuscular prop-
erties may translate into the performance of larger total and high
intensity external loads. Therefore, adopting periodised concurrent
training approaches that appropriately integrate strength and/or
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power training with endurance training may improve on-field work

capacity [3, 17, 50].
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ABSTRACT: This scoping review aimed to characterize and quantify the external load demands of professional
female team sports, in terms of total distance [TD], moderate-speed [MSR] and high-speed running [HSR], sprint,
accelerations [ACC], and decelerations [DEC]. A search was conducted in PubMed, Scopus, and Web of Science
until 15/04/2023. The Risk of Bias Assessment Tool for Nonrandomized Studies (RoBANS) was used. Eighty-six
articles were eligible for inclusion in this review, with 40 in soccer, 23 in rugby (6 rugby union, 3 rugby league,
and 14 rugby sevens), 8 in field hockey, 8 in basketball, 6 in handball, and 1 in futsal. Soccer is the most
investigated sport, and players perform ~9500 m TD, of which ~580 m is performed in HSR, and with a great
number of ACC, DEC, and sprints. Rugby league and union players cover a greater distance (~5450 m) when
compared to rughy sevens (~1550 m); however, rugby sevens is more demanding in terms of high-intensity
actions. Field hockey players perform ~5400 m TD with high-intensity and sprint actions. Women's indoor
sports are less studied, and basketball players cover ~5300 m TD, of which 7% is performed in MSR. Handball
players perform ~3500 m TD and cover ~423 m in MSR and ~141 m in HSR, and futsal players perform
~5 m x min~"in HSR and they do a great number of high-intensity activities (HSR, ACC, and DEC). Considering
the high physical demands experienced by female athletes, professionals could use the present results for
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1INTRO D U C T 1O N 1500000000

Female team sports’ participation and popularity have increased
considerably in the last decade [1]. This increase has attracted more
sports scientists, strength and conditioning coaches, and medical
staff into the field [1-4]. However, a recent scoping review [5] about
external load monitoring with wearable technology from 2015 to
2020 reported that only 16.2% of the investigations were carried
out with female athletes, compared to 80.6% with male counterparts.
Moreover, current sports performance methods and strategies in
female team sports are often supported by evidence derived from
male athletes [3, 41. Consequently, sport practitioners should under-
stand better the physiological and mechanical demands during match
play in female team sports [6].

The external load represents the basic measurement of a monitor-
ing system [7] and expresses the activities performed by an athlete [8]
independently of its internal characteristics (i.e., internal load) [9].
The consensus statement of the International Olympic Committee on
load in sports and risk of injury states that a successful training load
monitoring system is fundamental to ensure the adaptation to stress,
maximize physical performance, and possibly minimize the risk of in-
jury [101. In team sports, physical activity can be registered by dif-
ferent tracking systems, such as global positioning systems (GPS), lo-
cal positioning systems (LPS), inertial measurement units (IMU), and

time-motion analysis (TMA) [11-16]. Each system has its limitations;
therefore a pragmatic and systematic approach to data collection,
analysis, and interpretation is necessary [11]. Total distance (TD) is
generally used as an indicator of overall training volume [11, 171,
while high-speed running (HSR), acceleration (ACC) and deceleration
(DEC) actions refer to a neuromuscular type of loading, which is like-
ly more related to injury risk [18-201, and lastly Player Load (Pload)
provides an estimate of the total cost of movement actions [17, 21].

The analysis of the physical demands during matches is an essen-
tial element for broadening knowledge of the stress that players ex-
perience at this level [22]. This information may help professionals
to design appropriate training and return to play programme sessions
regarding the match [16, 22]. For example, Taylor et al. [16] anal-
ysed the demands of athletes in both men and women in different
team sports (soccer, basketball, handball, futsal, and field hockey)
and categories (elite, sub-elite and junior), where only 10 studies were
found in elite female players (soccer = b, basketball = 2, hand-
ball = 2, field hockey = 1). Therefore, more research, characterizing
the match demands in female team sports, to implement further ev-
idence-based practices, is warranted.

To the authors’ knowledge, this is the first study to review the pro-
fessional female athletes’ match demands, collected by external load
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from six different team sports (soccer, rugby, field hockey, basketball,
handball, and futsal). The aim of this scoping review was to charac-
terize and quantify the demands of external load (i.e., TD, moderate-
speed running [MSRI, HSR, sprint, ACC, DEC, and Pload) in profes-
sional female multi-directional team sports and highlight the importance
of research on female sport [4, 23].

MATERIALS AND METHO D 'S 15—
Protocol and registration

The scoping review protocol was preliminarily submitted and pub-
lished on the Open Science Framework, with the registration number
10.17605/0SF.I0/E4HI9M on 29™ April 2023.

Studly design

The present study is a scoping review focused on the match demands
of professional women'’s team sports (i.e., soccer, rugby, field hock-
ey, basketball, handball, and futsal) measured with a tracking system.
The review was carried out in accordance with the recommendations
for Systematic Reviews and Meta-Analyses (PRISMA) [24] and did
not require institutional review board approval.

Data sources and searches

A scoping review of the literature was performed using three dif-
ferent online databases — PubMed, Scopus, and Web of Science
— until April 15", 2023. In order to ensure that all research re-
lated to this topic was identified, a broad and general search was
carried out, searching for the following terms: [(“match analysis”
OR “GPS” OR “demands” OR “external load”) AND (“basketball”/
“field hockey”/ “football OR soccer”/ “handball”/ “rugby”/ “futsal”)
AND (“female” OR “women”) NOT “male”], to ensure that all stud-
ies related to this topic were identified, and the search was re-
peated for each sport individually. This search was performed by
two authors (MLPA and KS), and search results were uploaded to
reference management software (Zotero) where duplicates were
automatically removed. All titles and abstracts of all remaining
studies were screened by two authors (MLPA and KS) using the
eligibility criteria below. Any disagreements about study inclusion/
exclusion that could not be resolved between the two authors were
decided by a third party (PEA).

Eligibility criteria
Studies were eligible for inclusion if they met the following criteria:
1) a sample of highly trained and competitive/professional female
athletes according to classification of levels of competition adapted
from Russell et al. [25], aged > 18 years; 2) competing in soccer,
rugby, field hockey, basketball, handball, and futsal; and lastly 3) in-
corporating tracking systems (i.e., GPS, LPS, TMA or IMU) and ana-
lysing some external load variables (i.e., TD, distance per zone, ACC,
DEC, Pload).

Studies were excluded if they: 1) did not include original data; 2)
were not available in English and full text; 3) reported simulated
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games and/or drills; and 4) scored < 8 in methodological quality
assessment.

Study selection

The initial search was carried out by two researchers (MLPA and KS).
After the elimination of duplicates, an intensive review of all titles
and abstracts obtained was completed and those not related to the
review’s topic were discarded. The full version of the remaining ar-
ticles was read. All studies not meeting the inclusion criteria were
excluded.

Data extraction

Data were extracted into a custom-made Microsoft Excel sheet (2007)
by one author (MLPA), with two other authors (KS and PEA) checking
for the accuracy. The results were selected with the following order:
participant’s information (i.e., sample size, age, height, weight), num-
ber of matches, country, equipment used (i.e., device brand, model
details, sampling frequency (Hz), according to recommendations for
the collecting, processing and reporting of data from GPS devices [26]
external load metrics (i.e., TD, distance at MSR[12.6-19.8 km-h~1],
HSR [19.8-25.2 km-h~11, and sprinting [ > 25.2 km-h~!], ACC,
DEC, Pload). The mean and standard deviation (SD) were extracted
for all the variables, and presented as full match-play. Intensity thresh-
olds for ACC and DEC were presented. A meta-analysis was not per-
formed due to the heterogeneous nature of sport specific study designs
and inability to pool data.

Risk of bias

The risk of bias was evaluated independently by two authors (MLPA
and KS), who reanalysed the process in cases of disagreement. If
a consensus was not reached, a final decision was made by a third
author (PEA). The Risk of Bias Assessment Tool for Nonrandomized
Studies (RoBANS) was utilized to evaluate the included studies’ risk
of bias, as it has demonstrated moderate reliability and good feasibil-
ity and validity [27]. The tool comprises six domains, which are the
selection of participants, confounding variables, measurement of
exposure, blinding of outcome assessments, incomplete outcome
data, and selective outcome reporting, and these domains are clas-
sified as ‘low’, ‘high’, or ‘unclear’ risk of bias [27].

Methodological quality assessment

The methodological quality of the included studies was assessed by
two researchers (MLPA and KS) using the modified Downs &
Black [28] evaluation scale. Of the total 27 criteria, 12 were used
according to the study’s design (i.e., descriptive), as observed in
similar systematic reviews [13, 14, 291.

RES U LT S /5
Search results

Figure 1 depicts the PRISMA flow diagram of the search and selec-
tion process. The initial databases yielded 1175 studies, and
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FIG. 1. Flow diagram.
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24 additional records were added through other sources. After du-
plicate removal, 703 articles remained. Upon title and abstract
screening, 150 were left for full-text review. Of the 150 articles re-
viewed, 86 met the inclusion criteria in this systematic review: 40 on
soccer [30-70], 23 on rugby [71-93], 8 on field hockey [94-101],
8 on basketball [102-109], 6 on handball [110-115], and 1 on
futsal [116].

Risk of bias

The results of the risk of bias assessment can be seen in Table 1.
Overall the confounding variables were unclear in the majority (64%)
of the articles. This is because contextual factors (e.g., sleep, nutri-
tion, training, climate) were not reported or not controlled for. The
risk of bias in the measurement of exposure was unclear in 16% of
the articles and high in 13%, as assessments of demands were not
conducted over a considerable period of time (> 4 matches) or in
relation to the reliability of the measurement instrument. All includ-
ed studies had a low risk of bias in the selection of participants.

Soccer

Table 2 presents the match demands, anthropometric data and ori-
gin of players in soccer. The match demands were collected by TMA
(n = 9) and GPS devices (n = 31). Female players covered a total
distance of 9556 =795 m and 103 =6 m x min~! during match-
es [30-41, 43, 45, 48-63, 65-70]. Considering zones of intensity,
women soccer players performed 1429 +702 m in MSR,
830+1414 min HSR and 267 + 275 m in sprinting; other studies
presented these variables relative to time (MSR = 15+ 7 m x min™;
HSR =4 =1 mxmin~!; sprinting = 3+ 2 m x min~!) [30, 33, 37,
47, 49, 55, 58, 66, 68-70]. Regarding the number of sprints, the
players did a mean of 30 + 19 sprint actions per match [34, 45, 5
3, 54, 58, 61, 671. Moreover, studies [32-35, 41, 43, 46, 48,
54, 56, 63, 65, 67, 69, 70] reported that female players com-
pleted a total of 165+ 129 ACC and 146 = 141 DEC actions during
the match. These actions were also presented in frequency per min-
ute [30, 43, 48, 49, 54, 57, 66, 68], distance travelled [31, 36]
and duration [38] (Table 2).

Rugby

Table 3 depicts the match demands, anthropometric data and origin
of rugby, rugby sevens, and field hockey. Out of the 23 results found
in rugby, 6 correspond to rugby union [71, 73, 74, 76, 92, 93], 3 to
rugby league [72, 75, 87] and 14 to rugby sevens [76-82,
84-86, 88-91]. Regarding external match load, GPS devices were
used. Players covered an average of 5351 + 855 m, while only three
studies reported the density of 70 +8 m x min~! [71-731. Rugby
female players performed 916 =386 m in MSR and a mean of
135+63 m HSR per match. Few studies presented the locomotive
zones of intensity in terms of proportion (18 +9%) [73, 76] and
density (21 =4 m x min 1) [75]. The authors reported that players
did a mean of 8 = 8 sprints per game [75]. Regarding ACC, one
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study [76] reported number (N® = 19+ 8) and two [71, 72] the
frequency per minute (0.7 +0.4 ACC x min~?) (Table 3).

All rugby sevens studies used GPS devices to record external
match load. Rugby sevens female players covered an average of
1549+ 562 m and 94 +9 m x min~!. Regarding zones of intensi-
ty, female players performed 355+ 168, 165+ 129 and
108 =49 m in MSR, HSR, and sprinting respectively. Some stud-
ies [79, 83, 85, 86, 90] reported MSR and HSR in terms of propor-
tion of TD (MSR = 28 = 8%; HSR = 10 + 4%; sprinting = 14 + 3%).
Regarding distance relative to time in MSR, HSR, and sprinting, play-
ers performed 19+ 13, 10+4, and 5+ 3 m xmin~!, respective-
ly[77,80, 81, 84]. Lastly, players performed 5 + 1 sprints, 7 =6 ACC
and 21 = 1 DEC per match [77, 78, 82] (Table 3).

Field hockey

In field hockey, GPS devices were used to record external match load
(Table 3). Female players covered an average of 5433 +265 m TD
[94-99, 101, 1171, while only two studies reported this variable
relative to time 130 +24 m x min~![94, 100]. Players covered
823131 min MSR [94-99], 466 + 326 m in HSR [94, 95, 97,
99, 1011 and 371 +9 m in sprinting [99]. Moreover, female field
hockey players performed 39 + 23 sprints, 26 = 10 ACC and
32 =8 DEC per game (Table 3).

Basketball

Table 4 shows the results for basketball, handball and futsal. In
basketball, the variables were recorded by TMA (n = 4) and LPS
(n = 1). Female basketball players covered 5285 + 2480 m per
match (MSR = 459+ 70 m; HSR = 1850+ 12 m; sprint = 925
+ 184 m) [106, 109]. The minutes played were 27 =2 min, of
which 16 + 14%, 7 + 4% and 7 = 5% corresponded to MSR, HSR,
and sprinting respectively [102-105, 107]. This metric was also
reported in numbers of actions relative of time (MSR = 2+0.6 m
xmin~!; HSR = 0.2 +0.5 mxmin~!; sprint = 0.6 0.6 mxm
in~1) [104, 108].

Handball

In handball, variables were extracted using IMU (n = 4) and TMA
(n = 2) (Table 4). Handball female players competed an average of
37.6+11.2 min [111, 113, 114] and covered 3442 =792 m
TD [114, 115] during match-play. Regarding the intensity of the
matches (Pload), three studies reported that a mean of 9+ 0.5 au-min~*
was performed [110-113]. Female handball players covered
423 +466 min MSR and 141 + 185 m in sprinting, which correspond
to 16 £ 19% and 5+ 7% respectively of TD [114, 115]. During the
competition, the players performed 8.7 +11 ACCxmin~*! and 2.3

+0.9 DECxmin~'[111, 115] (Table 4).

Futsal
In futsal, only one study met the inclusion criteria [116]. Five match-
es were monitored using LPS. The players covered a mean of
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TABLE. Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR)

Checklist
REPORTED
SECTION ITEM PRISMA-ScR CHECKLIST ITEM ON PAGE #
TITLE
Title 1 Identify the report as a scoping review. 175
ABSTRACT
Structured summary 2 Provide a structured summary that includes (as applicable): background, 175
objectives, eligibility criteria, sources of evidence, charting methods, results,
and conclusions that relate to the review questions and objectives.
INTRODUCTION
Rationale 3 Describe the rationale for the review in the context of what is already 175-176
known. Explain why the review questions/objectives lend themselves to
a scoping review approach.
Objectives 4 Provide an explicit statement of the questions and objectives being 176
addressed with reference to their key elements (e.g., population or
participants, concepts, and context) or other relevant key elements used to
conceptualize the review questions and/or objectives.
METHODS
Protocol and registration 5 Indicate whether a review protocol exists; state if and where it can be 176
accessed (e.g., a Web address); and if available, provide registration
information, including the registration number.
Eligibility criteria 6 Specify characteristics of the sources of evidence used as eligibility criteria 176
(e.g., years considered, language, and publication status), and provide
a rationale.
Information sources* 7 Describe all information sources in the search (e.g., databases with dates of 176
coverage and contact with authors to identify additional sources), as well as
the date the most recent search was executed.
Search 8 Present the full electronic search strategy for at least 1 database, including 176
any limits used, such that it could be repeated.
Selection of sources of 9 State the process for selecting sources of evidence (i.e., screening and 176
evidencet eligibility) included in the scoping review.
Data charting processt 10 Describe the methods of charting data from the included sources of 176
evidence (e.g., calibrated forms or forms that have been tested by the team
before their use, and whether data charting was done independently or in
duplicate) and any processes for obtaining and confirming data from
investigators.
Data items 11 List and define all variables for which data were sought and any 176
assumptions and simplifications made.
Critical appraisal of 12 If done, provide a rationale for conducting a critical appraisal of included 176
individual sources of sources of evidence; describe the methods used and how this information
evidence$§ was used in any data synthesis (if appropriate).
Synthesis of results 13 Describe the methods of handling and summarizing the data that were 176
charted.
RESULTS
Selection of sources of 14 Give numbers of sources of evidence screened, assessed for eligibility, and 176-178
evidence included in the review, with reasons for exclusions at each stage, ideally
using a flow diagram.
Characteristics of sources 15 For each source of evidence, present characteristics for which data were 176-178
of evidence charted and provide the citations.
Critical appraisal within 16 If done, present data on critical appraisal of included sources of evidence 178
sources of evidence (see item 12).
Results of individual 17 For each included source of evidence, present the relevant data that were 176-194

sources of evidence

charted that relate to the review questions and objectives.
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TABLE. Continue.

REPORTED
SECTION ITEM PRISMA-ScR CHECKLIST ITEM ON PAGE #
Synthesis of results 18 Summarize and/or present the charting results as they relate to the review  176-194
questions and objectives.
DISCUSSION
Summary of evidence 19 Summarize the main results (including an overview of concepts, themes, 193-194
and types of evidence available), link to the review questions and
objectives, and consider the relevance to key groups.
Limitations 20 Discuss the limitations of the scoping review process. 194
Conclusions 21 Provide a general interpretation of the results with respect to the review 194-195
questions and objectives, as well as potential implications and/or next
steps.
FUNDING
Funding 22 Describe sources of funding for the included sources of evidence, as well as 195

sources of funding for the scoping review. Describe the role of the funders
of the scoping review.

Note: JBI = Joanna Briggs Institute; PRISMA-ScR = Preferred Reporting Items for Systematic reviews and Meta-Analyses extension
for Scoping Reviews.

* Where sources of evidence (see second footnote) are compiled from, such as bibliographic databases, social media platforms,
and Web sites.

T A more inclusive/heterogeneous term used to account for the different types of evidence or data sources (e.g., quantitative and/or
qualitative research, expert opinion, and policy documents) that may be eligible in a scoping review as opposed to only studies.
This is not to be confused with information sources (see first footnote).

1 The frameworks by Arksey and O’Malley (6) and Levac and colleagues (7) and the JBI guidance (4, 5) refer to the process of
data extraction in a scoping review as data charting.

§ The process of systematically examining research evidence to assess its validity, results, and relevance before using it to inform

a decision. This term is used for items 12 and 19 instead of “risk of bias” (which is more applicable to systematic reviews of
interventions) to include and acknowledge the various sources of evidence that may be used in a scoping review (e.g., quantitative
and/or qualitative research, expert opinion, and policy document).

From: Tricco AC, Lillie E, Zarin W, O'Brien KK, Colguhoun H, Levac D, et al. PRISMA Extension for Scoping Reviews
(PRISMASCR): Checklist and Explanation. Ann Intern Med. 2018;169:467-473. doi: 10.7326/M18-0850.
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TABLE 1. Risk of bias assessment of non-randomized studies.

Author (year) Selelct.ion of Confc.)unding Measurement of B:)'::: ?ri:f Incomplete izlti(;t::
participants variables exposure assessments outcome data reporting
Andersson et al. (2010) [51] Low Unclear Unclear Low Low Low
Bradley et al. (2014) [60] Low Unclear Low Low Low Low
Busbridge et al. (2020) [92] Low Unclear Low Low Low Low
Callanan et al. (2021) [73] Low Low Low Low Low Low
Choi et al. (2020) [96] Low Unclear Low Low Low Low
Choi et al. (2022) [67] Low Unclear Low Low Low Low
Clarke et al. (2014a) [88] Low Low High Low Low Low
Clarke et al. (2014b) [86] Low Unclear Low Low Low Low
Clarke et al. (2015) [85] Low Unclear Low Low Unclear Low
Clarke et al. (2017) [90] Low Unclear Low Low Low Low
Conte et al. (2015) [105] Low Unclear High Low Low Low
Conte et al. (2022) [77] Low Unclear Low Low Low Low
Datson et al. (2017) [47] Low Unclear Unclear Low Low Low
Datson et al. (2019) [61] Low Unclear High Low Low Low
Del coso et al. (2013) [89] Low Low Unclear Low Low Low
Delextrat et al. (2017) [104] Low Unclear Unclear Low Low Low
Delextrat et al. (2012) [108] Low Low High Low Low Low
Delves et al. (2021) [101] Low Unclear Low Low Low Low
DeWitt et al. (2018) [45] Low Low Low Low Low Low
Diaz-Seradilla et al. (2022) [58] Low Unclear Low Low Low Low
Doeven et al. (2019) [91] Low Low Low Low Low Low
Emmonds et al. (2020) [75] Low Unclear Unclear Low Low Low
Fernandes et al. (2022) [56] Low Low Low Low Low Low
Gabbett et al. (2008) [62] Low Unclear Unclear Low Low Low
Garcia-Ceberino et al. (2022) [57] Low Low Unclear Low Low Low
Gongalves et al. (2021) [54] Low Unclear Low Unclear Low Low
Goodale et al. (2006) [84] Low Unclear Unclear Low Low Low
Griffin et al. (2021) [38] Low Unclear Low Low Low Low
Hewitt et al. (2014) [50] Low Unclear Low Low Low Low
Julian et al. (2021) [37] Low Low Unclear Low Low Low
Kapteijns et al. (2021) [94] Low Unclear Low Low Low Low
Kim et al. (2016) [99] Low Unclear High Low Low Low
Kniubaite et al. (2019) [110] Low Low Low Low Low Low
Kobal et al. (2022a) [69] Low Unclear Low Low Low Low
Kobal et al. (2022b) [68] Low Unclear Low Low Low Low
Krustrup et al. (2005) [53] Low Unclear Low Low Low Low
Krustrup et al. (2021) [36] Low Low Low Low Low Low
Luteberget et al. (2016) [111] Low Unclear Low Low Low Low
Luteberget et al. (2017) [112] Low Low Low Low Low Low
Malone et al. (2020) [78] Low Unclear Low Low Low Low
Manchado et al. (2013) [115] Low Unclear High Low Low Low
Mara et al. (2016) [63] Low Unclear Low Low Low Low
Mara et al. (2017) [46] Low Unclear Low Low Low Low
McGuinness et al. (2018) [100] Low Low Low Low Low Low
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TABLE 1. Continue.

Author (year) Sele_ct.ion of Conft?unding Measurement of B:::: I::‘:f Incomplete izlt?:f)tr::

participants variables exposure assessments outcome data reporting
McMahon et al. (2019) [98] Low Unclear Low Low Low Low
Meylan et al. (2016) [49] Low Unclear Low Low Low Low
Michalsik et al. (2014) [114] Low Low Unclear Low Low Low
Misseldine et al. (2018) [79] Low Low Low Low Low Low
Mohr et al. (2008) [52] Low Unclear High Low Low Low
Morencos et al. (2019) [97] Low Unclear Low Low Low Low
Nakamura et al. (2017) [64] Low Unclear Unclear Low Low Low
Newans et al. (2021) [72] Low Unclear Low Low Low Low
Nolan et al. (2023) [93] Low Unclear Low Low Low Low
Oliva Lozano et al. (2021) [116] Low Unclear Low Low Low Low
Palmer et al. (2021) [102] Low Low Low Low Low Low
Palmer et al. (2022) [107] Low Low Low Low Low Low
Panduro et al. (2021) [34] Low Unclear Unclear Low Low Low

Park et al. (2018) [42] Low Low Low Low Low Unclear
Portillo et al. (2014) [82] Low Low Low Low Low Low
Principe et al. (2021) [35] Low Unclear Low Unclear Low Low
Quinn et al. (2019) [87] Low Unclear Low Low Low Low
Ramos et al. (2017) [65] Low Unclear Low Low Low Low
Ramos et al. (2019a) [41] Low Unclear Low Low Low Low
Ramos et al. (2019b) [66] Low Low Low Low Low Low
Reina et al. (2022) [109] Low Low Low High Low Low
Reyneke et al. (2018) [80] Low Unclear Low Low Low Low
Romero-Moraleda et al. (2021) [33] Low Low Low Low Low Low
Sanchez-Migallon et al. (2020) [95] Low Low High Low Low Low
Scanlan et al. (2012) [106] Low Low High Low Low Low
Scott et al. (2020a) [39] Low Unclear Low Low Low Low
Scott et al. (2020b) [40] Low Unclear Unclear Low Low Low
Sheppy et al. (2020) [74] Low Unclear Low Low Low Low
Stauton et al. (2018) [103] Low Unclear Low Low Low Low
Suarez-Arrones et al. (2014) [76] Low Low High Low Low Low
Suarez-Arrones et al. (2012) [83] Low Low High Low Low Low
Trewin et al. (2017) [43] Low Low Unclear Low Low Low
Trewin et al. (2018) [48] Low Low Low Low Low Low
Vescovi et al. (2012) [44] Low Low Low Low Low Low
Vescovi et al. (2015) [81] Low Unclear Low Low Low Low
Vescovi et al. (2019) [55] Low Unclear Low Low Low Low
Villaseca-Vicufa et al. (2021) [32] Low Low Low Low Low Low
Villaseca-Vicufa et al. (2023) [70] Low Low Low Low Low Low
Wik et al. (2016) [113] Low Unclear Low Low Low Low
Winther et al. (2021) [31] Low Unclear Low Low Low Low
Woodhouse et al. (2021) [71] Low Unclear Low Low Low Low
Yousefian et al. (2021) [30] Low Unclear Low Low Low Low
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TABLE 2. Summary of the match demands in soccer.
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TABLE 2. Continue.
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TABLE 2. Continue.
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TABLE 2. Continue.
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TABLE 3. Summary of the match demands of rugby union and sevens and field hockey.
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TABLE 3. Continue.
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TABLE 3. Continue.

s = ;
S = & T Agelyears) MSR (m) HSR (m) Sprint (m)

2 E S 8 tetlm " pevice B ey 126198 19825 >25.2 s s

§ S S Mass (kg) km-h~! km-h~! km-h~t
Sz 3 ; =5
85 2 _ 253 He 848 = 45 2+3
85 £ § = 15 5 L£IST suso NR (j%ﬁﬂ,l) N° 65+ 1 N-R 3205 g rnmin !
52 3 58+ 6 55 = (=21 km-h™h - (2-3m-s7)
sSS & < (2-3m-s79)
58 _ g
= £ _ 23+4 L 2E 852 + 282 108 + 76 n: 24 =29

2SS £ 8 160l 1 £Z&Z 5456+69  NR 16+5%%  198=140%* 05+05%* N-R N-R
S = 60+7 SET (12-18 km-h™") (18-21km-h~") (2124 km-h")
S= &

BPercentage of total distance. ACC: accelerations; DEC: decelerations; GPS: global positions system; HSR: high-speed running;
MSR: moderate-speed running; N-R: no reported; TD: total distance; TMA: time-motion analysis.

190 .




Match-play demands elite women'’s team sports

TABLE 4. Summary of the match demands of basketball, handball, and futsal.
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TABLE 4. Continue.
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“Percentage of total time; BPercentage of total distance. ACC: accelerations; DEC: decelerations; GPS: global positions system;
HSR: high-speed running; MSR: moderate-speed running; N-R: no reported; TD: total distance; TMA: time-motion analysis.
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5+0.4mxmin~!in HSR. The maximum ACC was 6 + 0.2 m X s~2;
a total of 240 + 55 m x min~! in ACC was recorded, with a total of
28+0.3 ACC x min~!, of which 0.4 +0.3 ACC x min~! was per-
formed above 4-5 m x s72. The maximum DEC was 6 +2 m x s72

and an average of 28 = 0.2 per minute [116] (Table 4).

DISCU'S'S 1O /N 15
This scoping review provides an overview of research on the physical
demands of female athletes in elite team sports. Football was the
most researched sport. In contrast, women'’s indoor sports have been
less researched. In particular, GPS have emerged as the main de-
vices used to monitor the physical demands of outdoor team sports
(i.e., soccer, rugby, field hockey) and, on the other hand, accelerom-
eters and TMA have been more commonly used to measure the
physical demands of indoor sports (i.e., basketball, handball, futsal).
It should be noted that the demands of matches vary significantly
between sports, as each sport has its own characteristics and require-
ments. Therefore, a thorough understanding of the physical demands
of different team sports is crucial to optimise training and perfor-
mance, reduce the risk of injury and improve player well-being.

Considering female soccer, TD covered were ~9556 m and
103 6 m x min~! when considered in relative distance. Similar re-
sults were obtained in a previous meta-analysis [118] but with male
players. Regarding intensity zones, there was observed high variabil-
ity in MSR (range: 570-2520 m), HSR (range: 101-1490 m), and
sprinting (range: 22-995 m). This could be explained by the differ-
ences in devices (TMA vs. GPS), sampling frequencies (i.e. 1-15 Hz)
or ranges of velocity used. The same was observed when relative
distance in MSR (6-27 m x min~!) was analysed. Although the num-
ber of sprints was reported, no previous consensus was established
about the velocity that should be considered (e.g. > 21 kmxh™!-
> 25 km x h™1); this phenomenon could explain the differences in
results (9—70 number of sprint), and it was repeated in male stud-
ies as well [16]. In relation to the ACC and DEC actions, these vari-
ables can be strongly influenced by the device used and its sensitiv-
ity, as well as the duration of the action to be considered as ACC or
DEC (i.e. 2-3 seconds) [119]. Studies [32-35, 41, 43, 54,
56, 63, 65] revealed that players performed a range of 8-423 and
15-430 in ACC-DEC actions per match respectively, while male soc-
cer players performed about 64 ACC and 58 DEC actions per match
(2-3 mxs7!) [1201. Knowledge of the demands of elite women'’s
soccer matches can be very useful for coaches, physical trainers,
and physiotherapists to plan tailor-made training and return-to-play
Sessions.

In rugby league and union very similar TD were reported, with
a mean of ~5533 m [72, 75, 87]and ~5458 m [71, 73, 74, 76]
respectively. Considering TD performed per minute, the rugby league
players performed ~77 m x min~! and the rugby union players about
~65 mxmin~!. In rugby sevens TD was ~1549 m [76-79, 81,
82, 84-86, 90, 911, ~72% lower than rugby league and union;
however, when reported relative to time it was slightly higher at

94 m x min~!. Considering distances, female rugby league and union
players covered 934 m and 114 m in MSR and HSR, respectively,
whilst sevens elite female players performed 355 min MSR, 165 min
HSR, and 108 m in sprinting. A recent meta-analysis [121] found
that male sevens players covered 1100-2486 m of TD,
77-121 mxmin~!, ~449 m in MSR and ~190 m in HSR — great-
er distance than women players, especially at high speeds. The same
was observed in rugby league and union male players, who per-
formed greater distances [122, 123]. Female rugby players complet-
ed a mean of 7 and 5 sprints per match in rugby league/union and
rugby sevens respectively. The variability of results may be explained
by positional differences of rugby demands (i.e., backs, forwards)
and the differences in the sports’ rules and discipline. Therefore, ref-
erence values from different rugby disciplines are important, espe-
cially when players interchange within rugby sports, or return to play
following a long-term injury or illness.

In field hockey, TD covered was similar in studies,
~5403 m[94-99, 101], of which ~823 m were in MSR, ~466 m in
HSR and ~371 m in sprinting. Slightly lower results were found by
James et al. [124] in male players (TD = ~4861 m; > 14.5 km
xh™1=~1193m; > 19 kmxh~! = ~402 m). Elite female field
hockey players performed a mean of ~39 sprints, ~26 ACC and
~32 DEC actions; however, male field hockey players [124] report-
ed that they performed ~21 sprints, ~50 ACC and ~60 DEC ac-
tions per match. Coaches and physical trainers may know the de-
mands that competition requires, and in consequence these values
can help to better understand the efforts that hockey players make
during the competition. This would make it possible to compare the
physical level with elite hockey reference values and draw the lines
of work for both conditioning and recovery; however, more research
is needed.

In female basketball, the TD covered was 7039 m, using TMA [82],
and similar results were obtained for male players in a systematic
review [125] (TD = ~7558 m) when the same system was used.
Reina et al. [109] used LPS and found that women players covered
3531 m. The studies indicated that the proportion of movement per-
formed by female basketball players was: MSR ~16%, HSR ~7%,
and sprinting ~7%; while male players covered ~40% in MSR,
~25% in HSR, and ~0.4% in sprinting [125]. Also, elite female
basketball players did ~35 sprint actions per match [105, 108]. Al-
though few studies are available, these values can help to better un-
derstand the demands of elite women’s basketball, and further in-
vestigation is warranted.

Regarding handball demands, studies that used TMA analysis re-
ported that TD ranged between 2882 and 4002 m [114, 115]. Sim-
ilar results were found in male players (i.e., ~3.5 km) [126, 1271].
Elite female handball players covered ~423 min MSR and ~141 min
HSR; similarly, during professional men’s matches, players covered
356-670 m in MSR and 133-153 m in HSR. Moreover, the range
of Pload was 8.8-10.6 au x min~*[110-113] and women players
performed 8.7-2.3 ACC and DEC per minute respectively.
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Considering futsal, only one study [116] recorded female futsal
match demands, using LPS. Players ran an average of ~5 m x min
in HSR, with a threshold close to 20 km x h~!. In addition, approx-
imately ~0.4 ACC per minute of play (> 4-5 m x s~2) were per-
formed, the maximum ACC was 6 m x s~2 and 240 m x min~! were
covered in ACC, which corresponds to a total of ~28 ACC x min~?.
The maximum DEC was ~-6 m xs~?and ~28 DEC x min~! was
performed. However, male futsal players presented higher match de-
mands when compared to female futsal players [29]. Given that,
methods and strategies in female’s team sports should not be sup-
ported by evidence derived from male athletes.

There is limited evidence available regarding external load moni-
toring in indoor sports. This could be attributed to the fact that many
indoor sports are practised in confined spaces, which makes it chal-
lenging to use tracking and monitoring devices compared to outdoor
sports (due to e.g. high cost, complex installation, variables) [128, 129].
Each tracking technology has unique approaches to monitoring ath-
letes, resulting in distinct advantages and disadvantages when track-
ing external load; therefore, it is essential to consider how the tech-
nology and its manufacturer process data within the context of the
sport [11].

It should be noted that there are a number of contextual factors
(i.e., team characteristics, style of play, opponent characteristics,
moods, starter/non-starter, competition situations and venue) that
may have influenced the variability of the data [130, 131]. The con-
text can significantly affect the performance of the players and, there-
fore, the results obtained through the tracking system. It is impor-
tant for staff to consider these variables when analysing the demands
of competition and the variation that can occur from match to match.
Therefore, it is recommended to avoid drawing absolute conclusions
from a single measurement and instead analyse multiple data points
to gain an overall understanding of the demands of competition.

On the other hand, this study established specific speed ranges
for MSR, HSR, and sprinting to simplify the summary and compar-
ison of results regarding the distance covered. However, the selec-
tion of speed thresholds lacks consensus, particularly regarding ex-
ternal load monitoring with wearable devices for female athletes.
While most studies have focused on male athletes, some have sug-
gested that speed thresholds set for men may not be applicable for
women due to underestimation of efforts and inaccuracy of re-
sults [86, 132, 133]. Therefore, the authors recommend using rel-
ative thresholds in monitoring with wearable devices for better inter-
pretation of results. Considering individual athlete performance and
the use of absolute thresholds allows for a broader comparison and
establishment of general goals [86, 134-136]. Consequently, fur-
ther evidence is needed to determine whether female athletes re-
quire a different external load control approach than male athletes
and whether it differs between sports.

Another point to consider is the definition of “elite” status in sports,
which is a complex issue depending on several factors [137]. Gen-
erally, elite athletes are those who have achieved a high level of
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performance in their sport and compete at a professional level or in
international competitions; criteria such as world ranking in a given
sport discipline, history of achievement in major competitions, Olym-
pic medal winning, or participation in national teams could be
used [138, 139]. Nonetheless, defining elite status in sport can be
challenging because it can vary depending on the sport and country
in question [137]. Additionally, the level of performance required to
be considered an elite athlete may change over time as sports evolve
and athletes become stronger and faster [140, 141].

This study is limited by the lack of consistency of the devices (i.e.,
GPS, TMA, LPS), thresholds of different actions (i.e. zones of inten-
sity, sprint, ACC, DEC), and sampling frequencies (1-15 Hz) that
have been used. Lower sampling frequencies (e.g. 1 Hz, 5 Hz) have
been shown to be less reliable than 10 Hz[119, 142], whereas with
10 Hz, the occurrence of high-intensity ACC and DEC actions can
be obtained reliably, although distance and time-related variables
are less reliable [119, 143]. The data filtering technique used by dif-
ferent software and upgrades can also influence the quality, reliabil-
ity, and usefulness of the data [143, 144]. In addition, the minimum
time that an ACC or DEC action must stabilize above the threshold
to be determined as effort could generate inaccuracies in the fre-
quencies of ACC and DEC of greater intensity [145]. Depending on
the variables analysed, in elite female athletes, analysing between
3 and 9 matches, less than 10% error was found for profiling [146].
Finally, the present study did not consider positional differences or
other variables (e.g., impacts, ACC and DEC zones, and peak veloc-
ity, among others) that might be of interest. Therefore, practitioners
and researchers should carefully consider the methodology used and
the criteria used to delineate the variables of interest.

CON CLU S| O/ S 0000000
In conclusion, this systematic review provides information regard-
ing the match demands of elite female team sports. Soccer is the
most investigated sport; female players perform ~9500 m TD;
also they do ~580 m in HSR with a great number of ACC, DEC,
and sprints. Rugby league and union players cover a greater distance
(~5450 m) when compared to rugby sevens (~1550 m); how-
ever, rugby sevens is more demanding in terms of high-intensity
actions. Women'’s field hockey players perform ~5400 m TD; also,
it is a high-intensity sport, with high-speed and sprint actions.
Women's indoor sports are less studied, which could be due to the
difficulty and high cost of measuring the external load indoors.
Female basketball players cover ~5300 m TD, of which 7% are
in MSR. In handball, elite women'’s players perform ~3500 m TD;
also, they cover ~423 m in MSR and ~141 m in HSR. Finally,
female elite futsal players perform ~5 m x min~! in HSR and they
do a great number of high-intensity activities (i.e., HSR, ACC, and
DEC actions). We consider that the results obtained from the exist-
ing research on the competitive demands of female athletes in team
sports should be considered as a starting point, while keeping in
mind the limitations discussed earlier. Additionally, it is important
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to customize the methods for external load monitoring based on
the particular context and objectives of each sport. Lastly, we
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strongly recommend that researchers and professionals continue

to explore and expand the knowledge on external load monitoring
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1INTRO D U C T 1O N 1550000000

High performance expectations, employment insecurity, fatigue, in-
jury, frequent travel, and intense media scrutiny are hallmark stress-
ors of the professional men’s football environment conducive to
mental health issues [1]. Equally, strong socio-cultural and experi-
ential barriers exist in football that often prevent players from seek-
ing psychological help [2]. Accordingly, the prevalence of stress and
mental health problems in male professional footballers (e.g., anxiety,
distress, depression) are considerable, mirroring rates in the general
population including mild to severe presentation [1]. Athletes may
turn to a range of mood-altering substances such as alcohol, ciga-
rettes, cannabis, and/or painkillers used recreationally to cope with
the mental load/stress of a sporting career [3]. Mood-altering sub-
stances often negatively influence well-being [4], for example, can-
nabis use is becoming recognised as a modifiable risk factor for
several adverse effects on human health, including mental iliness [5].

Snus use is common in professional male football players, attract-
ing negative attention from practitioners, clinicians and the popular
press [6-10]. It is an oral, smokeless tobacco product containing
nicotine that is placed between the gum and upper lip. Player testi-
mony alongside journalistic investigations confirm Snus is predomi-
nantly used recreationally to relax [8, 10-12] and like smoking, is
a substance commonly used to regulate mood [13]. However, wheth-
er Snus negatively affects player health or performance is not well
established.

We provide a summary of the health and performance effects of
Snus and nicotine, arguing that Snus use should not be considered
an independent behaviour. Rather, a response to significant football-
specific occupational stress warranting an interdisciplinary approach
to reduce its widespread use, yet poorly understood effects, on play-
er health and performance.

Is Snus legal?

Snus is not prohibited by the World Anti-Doping Agency (WADA) as
a performance enhancing substance or controlled substance. Nicotine
is however, on the WADA 2023 Monitoring Programme for in-com-
petition use as a stimulant. Nicotine primarily acts as a neuroregula-
tory agent on neuronal nicotinic acetylcholine receptors in the central
and peripheral nervous system, releasing dopamine via the meso-
limbic pathway [14]. It has stimulatory effects in lower doses whilst
depressing the central nervous system in higher doses leading to
feelings of relaxation [15]. Analysis of 60,802 in-competition anti-
doping urine samples taken in Italy from 2012-2020 reported that
on average, 22.7% (15.2-32.5%) of all samples indicated nicotine
intake, increasing to 29% (18.4-40.4%) in football [16]. The nico-
tine content in commercially available pouched Snus from Europe is
comparable to a cigarette (approx. 15mg per product) [17]. How-
ever, it leads to significantly higher plasma nicotine concentration
than smoking due to the longer use duration [17]. The nicotine
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content and carcinogen content of Snus products varies considerably
between products [18]. Indeed, Swedish Snus has greater levels of
unionized nicotine in comparison to US products meaning nicotine
can be absorbed quicker across mucous membranes leading to
a ‘greater nicotine reward’ [19].

It is not illegal to possess or consume Snus in the UK, but it is il-
legal to sell. Player testimonies suggest that purchasing Snus online
through social media and illegal websites or from other players is
common. This raises questions about substance propriety (e.g., con-
taminated products that may trigger anti-doping rule violations) along-
side legal and employment implications for any players caught sell-
ing Snus to teammates [7]. Ultimately, whilst nicotine remains legal
from an anti-doping perspective, there is no policy incentive for play-
ers to change their behaviour. Instead, Snus use should be treated
as a matter of professionalism, like alcohol and smoking, with con-
cern concentrated on player health and team performance.

Does Snus Impact Performance or Recovery?

A recent review of the limited studies concerning oral nicotine and
Snus use in sport concluded that performance enhancement was
unlikely and performance may even diminish [6]. A broader review
of nicotine’s impact on performance (aerobic, anaerobic and mus-
cular) also concluded that ergogenic effects were unlikely, however,
the available evidence quality for this conclusion was low [20]. Op-
posingly, meta-analytical findings support that nicotine can enhance
some cognitive abilities on tasks involving fine motor skills, attention,
and memory [21]. Further, the calming effects of high-dose nicotine
described by users may offer short-term protection against the impact
of stress on performance. Although, determining the impact of nico-
tine on performance is complex and often confounded by sampling
of nicotine in naive and chronic user participants. Indirectly, nicotine
use is associated with sleep impairment [22] and the deleterious
effects of limited sleep on athletic performance and recovery are well
documented [23]. Equally, nicotine can lead to increased metabolic
energy expenditure, reduced body weight, and appetite suppres-
sion [24] meaning Snus use may challenge optimal nutritional sup-
port for athletic performance and recovery. Therefore, chronic Snus
use has the potential to undermine performance/recovery via impaired
sleep and potentially diet.

Does Snus Impact Health?

Snus use has been associated with noteworthy short and long-term
physiological health risks [6] linked to nicotine consumption (see
Figure 1) including: (i) increased risk of periodontal disease; (ii) heat
intolerance; (iii) impaired cardiovascular function; (iv) metabolic
syndrome; and (v) increased mortality rates, caveated with the need
for more robust studies in sport-specific populations. More broadly,
meta-analytical results from military training studies indicate an
association between smoking and increased injury risk [25] but there
is little evidence to comment on any relationship between smokeless
tobacco products, like Snus, and injury rates in high-performance
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athletic populations. Nicotine is a highly addictive compound and
anecdotal reports suggest that dependence is becoming more com-
mon in football [8]. Like other addictions, nicotine dependence is
associated with mental health issues and may lead to adverse phys-
ical and psychological withdrawal symptoms [26]. For example,
short-term abstinence from nicotine can lead to intensified mood-
related symptoms including anxiety and depression [27]. On balance,
using Snus as a stress-coping method has the potential to cause
social, physical, and mental harm undermining players’ performance
and recovery.

Reducing Snus Use

A central premise of this manuscript is that Snus use can be viewed
as a maladaptive stress management strategy for football-related
occupational stress. Smoking cessation, appetite suppression, and
pre-match psychological reassurance have been cited as motivations
for Snus use. Yet anecdotally the most frequently stated reason is for
recreational relaxation as shown in Figure 1, aligning with research
examining smokeless tobacco users in sporting samples [28] and
Snus use in the general public [13].

Paradoxically, Snus use may enhance the risk of poor performance,
injury and ill-health, a significant stressor for professional athletes.
Yet instigating changes towards more positive health behaviours in
athletes remains difficult and education alone is often insufficient [29].
In practice, an interdisciplinary approach that not only provides in-
formation concerning health risks but situates Snus use within broad-
er strategies to improve athlete mental well-being is required. For ex-
ample, psychologists can help footballers to cope with underlying
mental health status and sport specific stressors by understanding
player history, peer-pressure, social supports, motivation for use, and
providing evidence-based interventions (e.g., cognitive behavioural
therapy). It is important that when discussing Snus use and poten-
tial cessation strategies that conversation is framed against factors
valued by players to promote engagement, such as any potential neg-
ative impact on their performance. Likewise, routine enquiry and ed-
ucation by medical staff, identification of at-risk players through dai-
ly well-being reporting by staff with frequent interaction (e.g.,
physiotherapists, S&C staff), and monitored pharmacotherapy for
nicotine dependence, could all contribute to identifying, preventing,
reducing, and hopefully stopping Snus use. Lastly, given that occu-
pational stressors are inherent in a professional football career, on-
going work to promote mental health awareness and reduce barri-
ers to seeking mental health support may encourage more adaptive
methods for coping with stress at an individual and club
level [30].

CON CLU SO/ S 50000000
Recognising the inherent data limitations, the illustrative player tes-
timonies presented in Figure 1 support a call for more research and
systematic reviews examining Snus use in elite sport. We outline six
future research avenues that could develop our understanding of
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SNUS USE IN FOOTBALL.:

the threat of a new addiction?

1-5,8, 10-13, 26
"""""""""""""" Psychology
7-8, 16-17, 24-25
Mental health problems in elite
SNUS football mirror prevalence rates
Use is legal; selling is illegal in the general population
in the UK

Performance expectations,

job security, fatigue, frequent
travel, and intense media
scrutiny are common stressors

Career risk to players supplying
other players

Not banned by WADA, but
nicotine is a monitored substance Snus can reduce stress/anxiety
Yields significantly higher plasma - oftend e

nicotine concentrations than smoking

Many products, illegal or legal,

r ht for str relief in eli
Nicotine content and carcinogen content are soughtiSnS el RN SFRlS

varies with production Routine mental health/substance use enquiry

Substance propriety and contamination risk at performance reviews for identification

are increased when sold online/social media ’ Withdrawal can cause behavioural issues, mood
dysregulation, and physical symptoms

Improved mental health awareness/identification

~ promotes effective coping strategies for stress

6, 14-15, 18
Health

Less carcinogenic than smoking, yet the
nictone content is greater

Performance

No capacity for performance enhancment,
yet may negatively impact muscle force,
reaction time, and cognitive performance

May also cause cardiovascular, pulmonary,
and muscular function performance
decrements

Mechanism of Action

® Absorbed through mucous membranes
® Travels through the blood to the brain
® Binds to nicotine receptors (nAchRs)
®Dopamine is released via the
mesolimbiic pathway

®Large doses allow for a

greater rate and amount of absorption
®Low doses increase heart rate,

contractility, and blood pressure
‘ while reducing vascular and
coronary blood flow

®High doses can depress

the central nervous system

Increased risk of:

Pancreatic cancer

Periodontal disease

Heat intolerance

Cardiovascular disease

Metabolic syndrome

Increased risk of injury/illness
Increased mortality rates
Compromised recovery (injury/illness)

! Athlete medical review, monitoring, and symptom
: identification could circumvent future use

Withdrawal behaviour can deteriorate
performance, while central nervous
system depression can reduce
performance related stressors

Nicotine may enhance some
cognitive abilities, fine motor skills,
attention, and memory

Nicotine indirectly impairs sleep,
which can negatively impact
athletic performance and recovery

Nicotine can increase metabolic
requireents, reduce body weight,
undermining nutritional support for
performance and recovery

Continuous performance monitoring,
physiological testing, and medical exams
could identify the potential issues

Pharmacotherapy and research could circumvent
future use

What are the teams saying about Snus?

o “I used to have the odd fag “l think some use it because . .
Itjust relaxes you. o hioht out with Team A, they get anxious before Players can't use it

but one of the lads games and it acts as a bit of ~during a game because

| was never told it

would benefitme in . 4 e to snus when  calmer. Some are having to  they'd choke, but it can
terms of I signed for Team Band | Play and train with these help relax them
performance. found it helped me chill out” ~ (pouches) in, just to get by.” afterwards

Figure 1. Understanding the psychological and health impacts of SNUS use in football. Please see the article “Snus use in Football: the threat of a new addiction?”
by Daniel Read, Sarah Carter, Phil Hopley, Karim Chamari, and Lee Taylor for the full reference list.

FIG. 1. Understanding the psychological and health impacts of Snus use in football. Please see commentary for the full reference list.
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Snus use in football and other elite sporting populations as well as
assisting sport medicine practitioners working with athletes. First,
dedicated qualitative and quantitative analysis voicing the experience
and motivations of Snus use in footballers that encompasses non-
users to daily users should be prioritised to theorise behaviour and
understand how to design behavioural interventions. Second, com-
prehensive prevalence surveys should be employed to accurately
establish Snus use prevalence and patterns (e.g., when and how
much is used). Third, as previously mentioned, the impact of nicotine
use on performance is complicated warranting further studies into
the impact of Snus use on physiological, cognitive, and match per-
formance in elite samples [31]. Fourth, an objective focus on the
wellbeing impacts of Snus use and dependence are essential. At
present, there is scant evidence on the long-term consequences of
Snus use in elite sporting populations to properly assess the behav-
ioural risk. Epidemiological studies should therefore be undertaken
to assess lifelong outcomes that include current and retired players.
Fifth, staff experiences of athlete Snus use should be canvassed to
ascertain field experience to guide research [32]. Finally, rigorously
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designed, long-term intervention studies utilising different psycho-
logical techniques can build an evidence base to support practitioners
in reducing use. All of the above would inform policies and protocols
for clinical decision-making aiming at supporting holistically healthy
footballers.
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ABSTRACT: The aims of the current study were to determine the most demanding passages of match play
(MDP) and the distribution of match activities relative to maximum intensities during official matches in top-
class women soccer players. Twenty-eight women players competing in European championship and international
UEFA competitions were monitored during 38 official matches (277 individual samples). Maximum relative
(m-min~") total distance (TD), high-speed running (HSRD), very high-speed running (VHSRD), sprint, acceleration
and deceleration distances were calculated across different durations (1-5, 10, 15, 90 min) using a rolling
average analysis. Maximum intensities (1-min,,) were used as the reference value to determine the distribution
of relative intensity across the whole-match demands (90-min,,,). Time and distance higher than 90-min,,,
(> 90-min,,,) were also calculated. MDP showed moderate to very large [effect size (ES): 0.63/5.20] differences
between 1-min,e, vs all durations for each parameter. The relative (m-min~") 1-min,.,, was greater than
90-min,,q of about +63% for TD, +358% for HSRD, +969% for VHSRD, +2785% for sprint, +1216% for
acceleration, and +768% for deceleration. The total distance covered > 90-min,,, was ~66.6% of the total
distance covered during the 90-min,,, for TD, ~84.8% for HSRD, ~97.4% for VHSRD, ~100% for sprint,
~99.1% for acceleration and ~98.2% for deceleration. The relative distance > 90-min,,, was higher (P < 0.05)
than the 90-min,,, for each metric (ES: 2.22 to 7.58; very large). The present results may help coaches and
sport scientists to replicate the peak demands during training routine in top-class women soccer players.
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Nowadays, the popularity of women’s soccer is growing, and the
understanding of the official match-play demand is crucial for high-
performance development through an evidence-based decision-
making process [1]. Different tracking technologies (e.g. global po-
sitioning system, semi-automatic video-analysis, etc.) are currently
utilized to quantify the total distance (TD), the distance covered at
different running speeds [2] and the distance covered while accel-
erating/decelerating during both training and matches [3]. In practice,
the locomotor activities recorded during the matches are used to plan
the training workload and as a reference for soccer-specific drills
(e.g., small-sided games), technical-tactical drills and/or individual
positional exercises [4-6].

The relative whole-match running distance (90-min,,) is usual-
ly utilized as a reference for player performance profiling and train-
ing prescriptions [6, 71. Although match demands are affected by
several factors such as playing position, the level of competition, the
match-to-match variability and several others [8], it could be argued

that top-class women players might cover a TD of ~9500 m to
~11200 m and a distance of ~800 m to ~1600 m between 15 and
20 km-h~!, ~500 m to ~900 m between 20 and 25 km-h~!, and
~190 m to ~250 m > 25 km-h~! [9]. However, it has been pre-
viously reported that the 90-min,,, demands fail to fully account for
the most demanding passages (MDP) of official match play [6 10, 111
determined across different time windows (e.g., 1, 2, 3, 5, 10 min
periods) [11]. It may be responsible for underpreparing players for
the MDP [11-13] during official matches. As such, the MDP anal-
ysis may help practitioners to contextualize the average [6] and
peak [14] official match demands during the training routine [15].
The MDP during official matches were widely investigated in Serie
A [11], French Ligue 1 [4], English Championship [16], reserve
squad Spanish La Liga [3, 17] and Spanish La Liga 123 [18, 19]
men soccer players. These highlighted that both 90-min,,, and the
MDP across different durations should be considered as a reference
for training prescriptions [20, 21]. The MDP across different
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durations may provide information to compare ball drills (e.g., small-
sided games with or without goalkeepers, individual positional drills,
etc.) of a different duration with the official match peak demands
across a similar time window. As an example, it was recently shown
how to replicate the 4-minute official match peak demands using
ball drills in Italian Serie A men soccer players [14]. Unfortunately,
in top-class women'’s soccer, information about MDP has been de-
termined solely in the 5-min period [9], but research findings about
MDP of a different duration are still lacking. These latter are chal-
lenging issues for the comparison of the official match peak demands
and the ball drills’ locomotor demands during training routine in
women'’s top-class soccer. This information may be crucial for both
performance development and injury prevention purposes in top-
class women'’s soccer [14, 211.

Notwithstanding, the MDP theoretically occur only once or a few
times during the game [10]. Therefore, conditioning for the MDP
and whole match (90-min,,,) relative intensity should be only a part
of the overall periodized training programmes [14, 21]. Although
90-min,yg, 1-ming, and MDP across different time windows (e.g.,
1, 2, 3, 5, 10 min periods) could guide the training prescrip-
tion [6, 11, 141, also the distribution of match activities relative
to the maximum intensities has been recently reported [20] as
a tool to reduce the gap between training and official match de-
mands. The distribution analysis investigates the demands of each
minute from the most demanding minute (i.e. 1-min,) to the
less demanding minute during official matches and it may be used
as a tool to have a more comprehensive analysis of the individual
official match demands [21], as recently demonstrated in Austra-
lian soccer [22], rugby league [22], Italian Serie A [21] and Span-
ish La Liga men soccer players [20]. To the best of our knowledge,
also the distribution of match activities regarding peak demands
has not been previously investigated in top-class women’s
soccetr.

Therefore, the current study aims to determine for the first time
the 1-ming,, the MDP across different time windows and the dis-
tribution of match activities relative to the maximum intensities in
top-class women soccer players. Additionally, it aims to determine
the match-to-match variability in 1-minye, vs 90-min,,, during offi-
cial matches [23]. Lastly, the time spent and the distance covered
at different percentages relative to the maximal match-play demands
were calculated.

MATERIALS AND METHOD'S /55—
Participants

Twenty-eight (n = 28) top-class women soccer players competing
in European championship and international UEFA competitions
were monitored during official matches across the 2019-2020 and
2020-2021 seasons. Goalkeepers were not included in the analysis.
A total of 277 individual observations were collected. The number
of individual matches varied among players (n = 9.9 + 5.3, range:
2-18). The Ethics Committee of the University of Milan (protocol
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#102/14) approved the study. It was performed in accordance with
the principles of the Declaration of Helsinki (1975).

Experimental design

Data were collected during 38 official home matches. A 18 Hz
Global Positioning System unit (GPEXE Pro2, Exelio SRL, Italy, firm-
ware version 0.13) was used to collect data during official match-
es [24]. Each device was turned on at least 15 min before each
session to allow for acquisition of the satellite signal [6]. To reduce
the inter-unit differences, each player wore the same unit for every
match over the whole investigation [6]. The system has previously
been shown to provide valid and reliable measurements of the match
activity in soccer [24, 25].

Procedures

Following the completion of each match (~90 min), each file was
trimmed so that only data recorded when the player was on the field
for at least 85 min were included for further analysis [11]. Data were
exported into a customized Microsoft Excel spreadsheet (Microsoft,
Redmond, USA). A customized spreadsheet was used to allow anal-
ysis of relative distance covered (m-min~!) in the following catego-
ries: total distance (TD), high-speed running distance (HSRD, 15.1 to
20 km-h~1), very high-speed running distance (VHSRD, 20.1 to
24 km-h~1), sprint distance (sprint, > 24.1 km-h~1), distance with
variations in running speed > 3 m-s? (acceleration) and distance
with variations in running speed < 3 m-s? (deceleration) [6]. To
assist in the development of velocity-based movement indicators,
the rolling moving average was utilized to calculate the most demand-
ing one-minute period (1-min,,,) and the maximal locomotor de-
mands across six other durations (2, 3, 4, 5, 10 and 15 min) for
each player across each match [11, 12, 17]. To compare with the
traditional metrics analysis, the distance over the whole match de-
mand (90-min,,,) was recorded and inserted into the data analysis.
As previously proposed [20, 211, the 1-min,, was then used as the
reference value to determine the distribution of relative intensity
across the whole match for all other rolling 1-minute periods. The
match-to-match variability in 1-minpe,, and 90-min,,, were calcu-
lated for TD, HSRD, VHSRD, sprint, acceleration and decelera-
tion [11]. The time and distance higher than 90-min,, (> 90-min,,;)
were calculated as the minutes or distance covered at intensity
higher than the percentage of 1-min, corresponding to the average
90-min,q [211.

Statistical analysis

SPSS (version 26, IBM, USA) was used to perform the statistical
analysis. A linear mixed model analysis was used to compare the
effects of the duration of each period of match demands and the
distribution of the match activities on the dependent parame-
ter [11, 26]. The model used for each dependent parameter was
with the duration of each period or with the distribution of match
activities as independent fixed factors and random intercepts on the
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individual players. A log-likelihood ratio test was used to assess the

goodness of fit of the models. Bonferroni’s correction was used for A l'minpeak vs 90-min
multiple comparison analysis. Between-matches coefficient of varia-
tion (CV) values were calculated for 1-min,,, and the 90-min,, 4000+ §
demands for TD, HSRD, VHSRD, sprint, acceleration and decelera- f
3000+

tion. Cohen'’s d effect size (ES) with 95% confidence interval (Cl)
was used to describe the magnitude of the pairwise differences and

_ n 220001 .
interpreted as follows: < 0.20: trivial; 0.20-0.59: small; 0.60-1.19: §
moderate; 1.20-1.99: large; > 2.00: very large [27]. Statistical 1000- il
significance was set at a < 0.05. Unless otherwise stated, all values
are presented as mean (SD) as reported using descriptive statistics. 0- -
TD HSRD VHSRD Sprint ACC DEC

RESULTS
The most demanding passages of play across different durations B Match-to-match variability
Table 1 shows the maximal locomotor demands for each duration 100+ . .
(1to 5, 10, 15, 90 min). For each variable, as the time-dependent 1-minpeq 90-min
period decreases, an increase in maximal relative locomotor demand 80+
was found (P < 0.05). Descriptive results with differences across all o 60
durations for relative TD, HSRD, VHSRD, sprint, acceleration and :>)
deceleration are presented in Table 1. 40+

As shown in Figure 1 (Panel A), the magnitudes of the percent- i E E E } E
age differences between 1-min,, and 90-min were sprint > accel- 201 E i
eration = VHSRD > deceleration > HSRD > TD (ES: 2.11 t0 28.2). 0 ? S i f i
As shown in Figure 1 (Panel B), the 1-miny,, performance showed = g 2 § § % = 2 g i é %
~6% to ~48% match-to-match variability for TD and sprint, respec- = E @ H E «

tively. Sprint variability was higher for 90-min than 1-minpe, (~61%

vs 48%, respectively). No further difference in match-to-match vari-
ability between 1-min,,, and 90-min was found (Figure 1,
Panel B).

The distribution of the time spent at different percentages of
1-ming, for TD, HSRD, VHSRD, sprint, acceleration and decelera-
tion are presented in Figure 2. Main effects for distribution of match
activities were found for each dependent parameter (P < 0.001).

FIG. 1. The 1-min,. as percentage of the whole-match demands
(90-min) (Panel A) and the match-to-match variability for both
1-min,e, and 90 min (Panel B) are shown for total distance (TD),
high-speed running distance (HSRD), very high-speed running
distance (VHSRD), sprint distance (SPR), acceleration (ACC) and
deceleration (DEC).

*P < 0.05 vs TD; *P < 0.05 vs HSRD; *P < 0.05 vs VHSRD;
‘P < 0.05 vs sprint; P < 0.05 vs acceleration.

TABLE 1. The most demanding passage of match play for each metric during official matches for different time duration (1, 2, 3, 4,
B, 10, 15, 90-min). All data are reported as average (SD). 95% confidence intervals of the effect size were shown for the differences
between 1-min vs all other time durations (horizontal direction).

1-min 2-min 3-min 4-min 5-min 10-min 15-min 90-min  ES (95% CI)
D 169.6 (15.4) 149.1 (12.8) 140.3 (11.4) 135.7 (10.7) 132.2 (10.6) 123.8 (10.3) 119.6 (9.8) 104.2 (8.5) 1.66 to 5.20
HSRD 56.2(13.2) 39.0(9.7) 32.0(7.5) 284(6.6) 263(6.5 20.7(.2) 185(4.8) 123(3.3) 1.49t04.51
VHSRD 31.2(9.9) 189(6.5) 14.2(5.0) 12.0(43) 10539 7.2(29) 6.0 (2.4) 29(1.4) 1.56to0 3.96
Sprint  19.7 (13.2) 10.9(7.7) 7.6(5.6) 5.9 (4.4) 5.0 (3.9) 2.9 (2.4) 2.2 (1.9 0.7 (0.4) 1.08t02.01
ACC 1.8 (0.6) 1.1 (0.4) 0.8 (0.3) 0.7 (0.3) 0.6 (0.3) 0.4 (0.2) 0.3 (0.2) 0.1 (0.0) 0.63to0 3.29
DEC 3.8 (1.3) 2.5(0.9) 1.9(0.7) 1.6 (0.6) 1.4 (0.6) 1.0 (0.4) 0.9 (0.4) 0.4 (0.2) 1.561t03.61

Abbreviations: TD, maximum relative total distance; HSRD, high-speed running distance; VHSRD, very high-speed running distance;
Sprint, sprint distance; ACC, acceleration distance with velocity changes calculated using > 3 m-s~2; DEC, deceleration distance

with velocity changes calculated using < 3 m-s=2.
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FIG. 2. The time spent at different percentages (from 0-10% to 90-100%) of the peak demands recorded in 1 min (% 1-minye,)
is shown for each metric. The grey area highlights the time spent at match activities higher than the average whole-match demands.
Total distance: Panel A; high-speed running: Panel B; very-high speed running: Panel C; sprint: Panel D; acceleration: Panel E;

deceleration: Panel F.

Figure 3 summarizes the time spent and the total distance cov-
ered > 90-min,,, for TD, HSRD, VHSRD, sprint, acceleration and
deceleration; the percentage of the total distance covered > 90-min,q
than 90-min,,, was ~66.6(4.0)% for TD, ~84.8(1.9)% for HSRD,
~97.4(0.2)% for VHSRD, ~100(0.0)% for sprint, ~99.1(0.3)%
for acceleration and ~98.2(0.5)% for deceleration; the relative dis-
tance covered at > 90-min,,, was higher (P < 0.05) than the rel-
ative 90-min,, (ES: 2.22 to 7.58; very large) for each metric [TD:
125(9.1) m-min~! vs 104.2(8.5) m-min~—!; HSRD: 23.7(4.3)
m-min~! vs 12.3(3.3) m-min~!; VHSRD: 12.9(2.3) m-min~! vs
2.9(1.4) m-min~!; sprint: 12.3(2.1) m-min~! vs 0.7(0.4) m-min~};
acceleration: 1.0(0.4) m-min~! vs 0.1(0.4) m-min~!; decelera-
tion: 1.6(0.3) m-min~! vs 0.4(0.2) m-min~'1.

DISCUS'S 1O /N 15
The current study aimed to describe the 1-min,, the MDP across
different time windows, the distribution of match activities relative
to the maximum intensities and the match-to-match variability in
1-ming., and 90-min,,, during official matches in top-class women
soccer players. For the first time, the 1-min,,, the MDP across
different time windows and the distribution of match activities with
regards to 1-min,, determined during an official match have been
described. Firstly, the locomotor activities calculated at 90-min,q
were much lower than 1-min, for each metric, especially for the
high-intensity activities; interestingly, no differences in the match-to-
match variability between 90-min, and 1-min,.,, were found except
for sprint, with a lower variability in 1-mine, than 90-min,,, (~61%
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Time spent and distance covered >90-minavg for each metric

A Total Distance B High-speed running
60- ~7000 50- 1200
50- -1000
-6000 40-
£ g = 800
g 40 .E g
20 -5000 304 <00
-400
Time Distance Time Distance
C  Very high-speed running D Sprint
30- ~400 10- -80
8-
-70
20- -300
£ g 9
g & g
4-
10 -200
2-
0- L100 0-
Time Distance Time Distance
E Acceleration F Deceleration
20- -16 30 -50
-14
154
254 -40
-12 -
: o
oy i E E
g 10 10 =
20- -30
5 -8
-6
L20
Time Distance Time Distance

FIG. 3. The time spent (min) and distance covered (m) at match activities higher than the average whole-match demand (90-min,g)
are shown for each metric. Total distance: Panel A; high-speed running: Panel B; very-high speed running: Panel C; sprint: Panel D;
acceleration: Panel E; deceleration: Panel F.
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vs 48%, for 90-min,,, and 1-minp.,, respectively). Secondly, most
of the locomotor activities occur at an intensity > 90-min,,. Third-
ly, except for the small difference for acceleration, the relative dis-
tance > 90-min,,, was significantly higher (ES: /arge to very large)
than the 90-min,,, for each metric.

For the first time, the present findings show the official match
peak demands during top-class women's soccer. As previously de-
scribed in men’s soccer, also the current study in women’s soccer
highlights that the locomotor demands for TD, HSRD, VHSRD, ac-
celeration and deceleration were higher during shorter time windows.
As such, the 1-min,., locomotor demands are higher than the oth-
er longer time periods (e.g. 1-miny vs 4-, 5-, 10-, 15-min peri-
ods), and especially than 90-min,,,. Similar results were previously
described in Italian Serie A [11], French Ligue 1 [4], Spanish La
Liga [20], Spanish La Liga 123 [18, 28] and Youth/Adult Premier
league [29] male soccer players. Comparisons with previous find-
ings are challenging due to the lack of previous studies about peak
demands across different durations in top-class women'’s soccer. This
is the first study that identify the 1-, 2-, 3-, 4-, 5-, 10-, 15-min peak
demands for different metrics in top-class women's soccer. Compar-
ing match performance of Italian Serie A women vs previous results
in Italian Serie A men [11] soccer players, the current results high-
lights 1-minge, demands of ~169 vs ~188 m-min~! for TD, ~56
vs ~58 m-min~! for HSRD, ~31 vs ~37 m-min~! for VHSRD,
~19 vs ~42 m-min~! for sprint and ~6 vs ~32 m-min~! for
acceleration+deceleration in women vs men, respectively. Therefore,
women players covered lower TD, similar HSRD, lower VHSRD and
a significantly lower sprint and acceleration+deceleration distance
than men soccer players of a similar Italian Serie A population. Sim-
ilarly, the present findings show a lower total distance (i.e. ~169 vs
~190 m-min~!) and a lower high-speed running (i.e. ~51 vs
~59 m-min~!) in Italian Serie A women player than English Cham-
pionship men players [29]. The differences with regards to men soc-
cer are probably due to a lower neuromuscular ability (i.e. muscular
strength, power, etc.) in women, as previously reported [30]. Lower
cardiorespiratory [31] and neuromuscular [30] abilities were previ-
ously demonstrated in women than men across different sports [30, 31]
including elite soccer [30, 31]. Therefore, the lower distance cov-
ered at the highest speed and/or acceleration/deceleration thresh-
olds in women than men could be explained by between-gender neu-
romuscular [30], cardiorespiratory [30, 32] and anthropometric [32]
differences. Unfortunately, the lack information about peak locomo-
tor demands in top-class women'’s soccer challenges the compari-
sons of peak demands across a similar women population.

For the first time here, the current findings describe the distribu-
tion of match activities with regards to 1-min.,. The average
(90-min) locomotor match demand was about ~60% and ~20%
of the 1-minge, for TD and HSR, respectively, while it was ~10%
for VHSR, sprint, acceleration and deceleration. As such, when
a woman soccer player plays a match, most running activities are
covered at intensity higher than 90-min,, official-match demands,
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especially for high-speed running, sprint and acceleration/decelera-
tion activities. Since the current findings in women’s soccer are shown
for the first time here, comparisons with previous results in women'’s
soccer are challenging. Comparing the current information with pre-
vious findings in male Italian Serie A [21] and male Spanish La Liga
123 [20] soccer players, a similar distribution of match demands
for different metrics was found. However, the gap between 1-minge,
and 90-min,,, is larger in women than men for HSR, VHSR, accel-
eration and deceleration. For HSR, the 90-min,,, was at ~20% or
~30% than 1-min, in women or men [21], respectively; for VHSR,
acceleration and deceleration the 90-min,,, was at ~10% or ~20%
than 1-min,.,, in women or men [33], respectively. Therefore, coach-
es and sport scientists should consider the current results for prepar-
ing women players for peak locomotor demands determined during
the official matches. Interestingly, the official match demands require
an intensity higher than 90-min,,, with ~6226 m covered in ~50 min
for TD, ~933 m covered in ~39 min for HSR, ~256 m covered in
~20 min for VHSR, ~61 m covered in ~5 min for sprint,
~12.5 m covered in ~13 min for acceleration and ~39 m covered
in ~24 min for deceleration. These findings suggest that the official
match locomotor demands are often higher than the 90-min,,. There-
fore, the 90-min,,, official match demands should not be consid-
ered alone as a reference for training prescriptions because it may
underestimate the locomotor demands during official matches. Sim-
ilar findings have been reported in Italian Serie A [21] and Spanish
La Liga [20] male soccer players; similarly, it was suggested that the
average match demands did not effectively reflect the locomotor
match demands. Other comparisons with previous research findings
are challenging because no previous studies investigated the distri-
bution of match activities during official matches in top-class wom-
en’s players. Coaches and sport scientists should consider the inten-
sity higher > 90-min,,, as a possible reference for the whole training
intensity across training periodization. In detail, the 90-min,,, vs
the > 90-min,4 official match demands was ~104 vs ~124 m- min~!
for TD, ~12 vs ~24 m-min~! for HSR, ~2.9 vs ~12.8 m-min~!
for VHSR, ~0.7 vs ~12.3 m-min~* for sprint, ~0.1 vs ~1.0 m-min~!
for acceleration and ~0.4 vs ~1.6 m-min~! for deceleration. There-
fore, practitioners should consider intensifying the training demands
to cope with the official match demands > 90-min,,, for preparing
women players for match performance demands. Moreover, as re-
ported above, during most conditioning training sessions, the stake-
holders could try to replicate the > 90-min,, (i.e., as a reference
for the full session demands) and the peak demands across differ-
ent durations (i.e., as a reference for sport-specific drills and/or run-
ning-based exercises) to prepare the women players for the average
and peak demands of the competition. These findings further con-
cern the > 90-min,,, match-play demands and the peak demands
for both performance development [14] and injury prevention [34]
purposes.

The current findings come with some limitations: i) this is a team
study, so between-squad differences (e.g., formation, style of play,
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style of coaching and cardiorespiratory or neuromuscular individual
player characteristics, etc.) could affect the current results; ii) the lo-
comotor metric utilized in this study was arbitrary and not individu-
alized, affecting the possibility to highlight also the locomotor de-
mands with regards to the maximal individual capacities. As such,
it should be acknowledged that the maximal individual capacity in
different metrics (e.g., VHSR, sprint, acceleration, deceleration, etc.)
can exceed the maximal positional match-play requirements. For ex-
ample, locomotor load > 90-min,,, or 1-min, for a given player
could be lower than her VHSR, sprint, acceleration or deceleration
maximal capacity. iv) Despite the current results open to the oppor-
tunity to contextualize the maximal match-play locomotor demands
in women'’s soccer, the locomotor load > 90-min,,, or 1-min, did
not take into account the cardiorespiratory and metabolic individu-
al capacity [23] and it could lead to lower the training stimuli; cou-
pling locomotor and physiological demands during training routine
is suggested for appropriate player’s conditioning [6, 111. Therefore,
soccer-specific exercises (e.g., small- or large-side games) [6], po-
sition-specific drills [35] and/or individualized running based exer-
cises [36] with the aims to recreate or overload locomotor load
from > 90-min,,, to 1-min,, should be coupled with soccer-spe-
cific, positional-specific or individual running-based exercises near
to the maximal individual aerobic [371, anaerobic [38] and neuro-
muscular [39] capacity for maximizing the performance develop-
ment in top-class women soccer players. Therefore, despite the cur-
rent limitations, these findings open several new future perspectives
in top-class women’s soccer.

The present findings have several practical applications. In prac-
tice, coaches and sport scientists could utilize the MDP determined
during the official match as a reference for training prescriptions and
performance development during daily on-field routine. Although the
90-min,,, demands are usually considered as a reference for train-
ing prescription [6], the current findings further suggest that the
90-min,,, could not be the only reference for prescribing the inten-
sity for the full training demands; an intensity > 90-min,,, should
be considered for the full training session demands, as previously re-
ported in male’s soccer [14,