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Abstract

An association between accelerometer workload and injury risk has been found previously. However, any research has
assessed the absorption dynamics of external workload through the measurement in different anatomical locations si-
multaneously. A cross-sectional study was designed to: (i) to describe the multi-joint external workload profile of youth
soccer players, (ii) to identify between-participant differences related to anatomical locations, (iii) to analyze the workload
dynamics at different speeds at joints and body segments, (iv) to characterize the multi-joint individual workload and the
within-participant difference in each body segment. Twenty-one U-18 male players, that were part of a Youth Spanish First
Division soccer team, performed an incremental running treadmill test and wore four WIMU PRO™ inertial devices in lower
limb (ankle-knee) and spine (lower-upper back) locations to register cumulative tri-axial accelerometry-based workload
(PlayerLoad, PL.;). The main results have shown that the highest PL_. was detected at the lower limb, especially at the
ankle. Different dynamics of accelerometer workload have been found between lower and upper limb, being them between
ankle-knee at 12-km/h and lower-upper back at 9.5-km/h (p<.05). Between-participants’ differences were shown at all
joints, finding the highest differences at the upper back (p<.01; d=2.17). Finally, the body segment knee-lower back
reported the highest differences (%diff=34.25-t0-67.28; d=2.20-to-4.77). In conclusion, a great between-participants
external workload variability was found at joints and body segments, being recommended for an individualized assessment
and specific training protocols.
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Resumen

Una asociacion entre la carga acelerometrica y el riesgo de lesion ha sido encontrada previamente. Sin embargo, no exis-
ten investigaciones que evallen la dindmica de absorcion de carga externa a través de diferentes ubicaciones anatémicas
simultaneamente. Un estudio transversal fue disefiado para: (i) describir el perfil multi-ubicacion de carga externa en juga-
dores jovenes de futbol, (ii) identificar diferencias entre sujetos relacionadas con las ubicaciones anatdmicas, (iii) analizar la
dindamica de carga a diferentes velocidades en diferentes ubicaciones anatémicas y segmentos corporales, (iv) caracterizar
el perfil multi-ubicacion individual y las diferencias intra-sujeto en cada segmento corporal. 21 jugadores masculinos U-18
que pertenecian a un equipo de futbol de Primera Division Nacional Juvenil realizaron un test incremental en tapiz rodante
portando cuatro dispositivos inerciales WIMU PRO™ en diferentes ubicaciones del tren inferior (rodilla-tobillo) y columna
(espalda alta y baja) para registrar la carga acelerométrica tri-axial acumulada (PlayerLoad, PL,,). Los principales resultados
muestran que el mayor PL,, fue detectando en el tren inferior, especialmente en el tobillo. Diferentes dinamicas de carga
acelerométrica han sido encontrados entre el tren inferior y el tren superior, siendo estas diferencias entre tobillo-rodilla a
12 km/h'y entre espalda alta-baja a 9.5 km/h (p<.05). Diferencias inter-sujeto fueron encontradas en todas las ubicaciones,
encontrando las mayores diferencias en la espalda alta (p<.01; d=2.17). Finalmente, el segmento corporal rodilla-espalda
baja reportd las mayores diferencias (%diff=34.25-to-67.28; d=2.20-to-4.77). En conclusion, una alta variabilidad inter-su-
jeto en la carga externa registrada fue encontrada en todas las ubicaciones y segmentos corporales, siendo recomendable
su individualizacion y entrenamiento especifico.
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Introduction

Currently, there is a great amount of interest in research into workload quantification in
team sports to design specific training programs according to competing demands
(Bourdon et al., 2017). Recent research has shown that the total workload supported by an
athlete is composed of internal and external workload, and their quantification is important to
analyze physical and physiological demands during training and competition (McLaren et al.,
2018). The internal workload is considered as the biological reaction of the athlete's body, both
from the physiological and psychological viewpoint (Halson, 2014). While the external
workload is the mechanical and locomotor stress that an athlete suffers during the activity
(Gomez-Carmona, Bastida-Castillo et al., 2020). In the last few years, research interest in
external workload has increased due to a more accurate assessment of specific sport
movements and skills thanks to advances in technology (Vanrenterghem et al., 2017)

The external workload can be divided into the kinematical and neuromuscular workload
(Buchheit et al., 2018). The kinematical workload is related to the locomotion demands and
their intensity and is recorded using different tracking technologies in outdoor (Global
Navigation Satellite Systems, GNSS) (Colby et al., 2014), and indoor conditions (Ultra-Wide
Band, UWB; Local Position Measurement, LPM) (Bastida-Castillo et al., 2018; Leser et al.,
2014). In particular, the neuromuscular workload is defined as the force exerted by the athlete,
as a result of the interaction with gravitational forces and teammates/opponents (impacts,
jumps) recorded by triaxial accelerometers (Gémez-Carmona, Bastida-Castillo et al., 2020).

In this sense, new devices known as Inertial Measurement Units (IMUs) have been developed
for data recording. These devices are composed of different sensors (accelerometers,
gyroscopes, magnetometer, etc.) that are integrated into the same unit (Wu et al., 2007). The
reliability and validity of these units to assess neuromuscular workload through event detection
(impacts, shots, jumps) (Hulin et al., 2017; Jarning et al., 2015), and the instant or accumulated
workload in time (Player Load, PL; Ground Reaction Forces, GRF; 3-axis acceleration)
(Barrett et al., 2014; Gomez-Carmona, Bastida-Castillo, Gonzalez-Custodio, et al., 2019).

After evaluating their validity and reliability, these variables have been widely used in team
sports for workload quantification since 2010 (Gémez-Carmona, Bastida-Castillo et al., 2020).
In event detection, impacts >5G range from 490-613 in soccer (Abade et al., 2014; Gémez-
Carmona et al., 2018) to 895-1222 in rugby and American football (Suarez-Arrones et al.,
2012; Wellman et al., 2016); and in accumulated workload through PL, values from 900-to-
1500 a.u. have been registered in team sports (Gastin et al., 2019; Oliva-Lozano et al., 2020;
Pino-Ortega et al., 2019). So, due to the higher values registered, numerous studies have
analyzed the association between neuromuscular workload and injury risk in different team
sports such as Australian football (Colby et al., 2014) or soccer (Barrett et al., 2016; Bowen et
al., 2017). A previous study showed that the injury risk in youth soccer players is higher than
in seniors, especially during matches (Pfirrmann et al., 2016). For this reason, it is important
to analyze the total workload in youth players, but it is necessary to perform a specific
assessment of the location where that workload is suffered.

Concerning the location of IMU, it is accepted that the center of mass (COM) is a valid
placement to detect whole-body movement (Barrett et al., 2014). However, in team sports, the
interscapular line (upper back) is admitted as the best location for GPS signal reception
(Gomez-Carmona, Bastida-Castillo et al., 2020). Nedergaard et al. (2017) subsequently found
that accelerometers only record the acceleration of the body segment that they are attached. So,
the measuring of whole-body acceleration is inadequate due to multi-joint complexity during
sports movements. In this respect, the latest investigations suggested locating the device on the
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lateral malleolus to detect the ground reaction forces (Goémez-Carmona, Bastida-Castillo,
Gonzalez-Custodio, et al., 2019; Rojas-Valverde et al., 2019; Zhang et al., 2016).

However, the study of the accelerations in the different joints and body segments at the same
time can provide useful information on the absorption dynamics of external workload that the
athlete’s musculoskeletal structure supports (Morris & Lawson, 2009). Therefore, the purposes
of the study were to: (i) describe the multi-joint external workload profile of a U-18 soccer
team during an incremental treadmill running test, (ii) identify the between-participants
differences related to the anatomical location, (iii) analyze the workload dynamics at different
speeds in each joint and body segment, and (iv) characterize the multi-joint individual
workload and the within-participants difference in each body segment.

Methods

Participants

Twenty-one U-18 male national-level soccer players participated voluntarily in this testing
(age: 17.2+0.87 years, height: 1.77+0.07 m, body mass: 73.96+4.2 kg, BMI: 21.5+1.1 kg/m?).
Although the sample was intentionally selected, all soccer players were part of a soccer team
that competed in the maximum youth category in Spain (Youth Spanish First Division, Group
VII). Participants had to meet the following inclusion criteria: (i) up to two years of experience
at the national level in soccer, (ii) more than one year of experience with high-level monitoring
both in training and competition context, and (iii) not to present any physical limitations or
musculoskeletal injuries that could have affected testing.

The study was approved by the ethics committee of the University (register number 232/2019)
before the start of the testing. The investigation was conducted following the ethics code of the
World Medical Association by the 7 edition of the Declaration of Helsinki (Hellmann et al.,
2014). Before the start of this investigation, participants were fully informed about the testing
and written informed consent was obtained from both the participants and their guardians.

Equipment

Anthropometric characteristics

Each participant's height and body mass were assessed. Specifically, height was measured to
the nearest 0.5 cm during a maximal inhalation using a wall-mounted stadiometer (SECA
model 213, Hamburg, Germany) (Baharudin et al., 2017). Body mass was obtained with an 8-
electrode segmental body composition monitor (TANITA model BC418-MA, Tokyo, Japan)
(Kelly & Metcalfe, 2012). One ISAK technician with level-2 accreditation completed the
anthropometrical assessment.

External workload

The variables of the players when performing the incremental running treadmill test were
recorded by four inertial devices WIMUPRO™ (RealTrack Systems, Almeria, Spain) (Gomez-
Carmona, Bastida-Castillo, Gonzalez-Custodio, et al., 2019). These devices contain four
triaxial accelerometers that can detect and measure movement using a micro-electromechanical
system with an adjustable sampling frequency from 10 to 1000 Hz. The full-scale output ranges
are +16 g, +16 g, £32 g, and £400 g. Besides, each device has its own microprocessor, 8-GB
internal memory, and high-speed USB interface, to record, store and upload data. The device
is powered by an internal battery with 4-h of life, that weighs 70-g and is 81x45%16 mm in
size. In the present research, the sampling frequency of the accelerometers was 100 Hz
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following recommendations of accuracy and reliability for sports measurement (Goémez-
Carmona, Rojas-Valverde et al., 2020).

Variables
In the present research, the following independent and dependent variables were analysed:

Dependent variable

e Player Load: This variable is the vector sum of the four accelerometer data points in their 3
axes of movement (vertical, anteroposterior, and lateral). It is developed by RealTrack
Systems and is represented in arbitrary units (a.u.). Besides, it is calculated from the
following equation where PL is the player workload calculated in the current moment; X,
Y., and Z, are the values of BodyX, BodyY, and BodyZ in the current moment; and X1,
Yn-1, and Zn.1 are the values of BodyX, BodyY, and BodyZ in the previous moment. Then,
the sum of PL during the session is calculated and multiplied by 0.01 as scale factor (Gémez-
Carmona, Bastida-Castillo, et al., 2020).

PL = \](Xn - Xn—l)z + (Yn - Yn—l)2 + (Zn - Zn—l)2
100

m
Accumulated PL = Z PLpr x 0.01

n=0

Independent variables

e Speed: The distance covered related to the time spent.

e IMU placement: This variable represented the anatomical location of the IMUs during the
testing. The location made it possible to analyze two variables:

o Joints: Acceleration detected by the IMU accelerometers in each anatomical location
(ankle, knee, lower back, and upper back).

o Body segments: Differences among anatomical locations that represent the impact
absorption by the musculoskeletal structures of the human body related to gravity: (1)
ankle - knee; (2) knee-lower back; (3) lower back - upper back.

Procedure

The research was conducted over 3 weeks (one testing session per week) during the pre-season
phase (August 2018). All tests were conducted in the lab of the Sports Science Faculty (San
Javier, Spain). In the first session, the anthropometrical measurements were recorded, and
information about the testing protocol and objectives was explained. The second session
consisted of familiarization with the testing procedure (treadmill running) and experimental
equipment (high-level monitoring with IMUs). Finally, in the last session, participants
performed the incremental treadmill running test. The starting velocity was 8 km/h. Velocity
was increased every 12 seconds, by 0.1 km/h (1 km/h every 2 minutes). The test ended when
the athlete could no longer maintain the effort. This protocol was used in a previous study
(Gomez-Carmona, Bastida-Castillo, Gonzélez-Custodio, et al., 2019) and was proposed due to
it being a laboratory-controlled trial, where velocity and environmental variables can be
controlled accurately (temperature: 22.1+0.2° celsius, humidity: 50+2%).

Before the testing, participants performed a standardized warm-up composed of 5 min of
running at aerobic intensity (65% of maximum heart rate, HRmax). This procedure was
monitored by the WIMU PRO™ inertial devices that sent the data in real-time through Wi-Fi
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technology to a computer with the S PRO™ software (RealTrack Systems, Almeria, Spain) to
check that the devices were working correctly. When the testing finished, participants
performed 5 min of running at recovery intensity (55% HRwmax).

Prior to placement, the inertial devices were calibrated manually, according to the
manufacturer’s recommendations, and synchronized. This process eliminated four 3D
accelerometer error sources: offset error, scaling error, non-orthogonal error, and random error
(Wu et al., 2007). The accuracy and the between and within-devices reliability have obtained
satisfactory results (Gomez-Carmona, Bastida-Castillo, Garcia-Rubio, et al., 2019; Gémez-
Carmona, Bastida-Castillo, Gonzalez-Custodio, et al., 2020).

Then, the devices were placed in different anatomical locations: (i) upper back, on the
interscapular line (Barrett et al., 2014); (ii) lower back, at L3 near to the center of mass
(McGregor et al., 2011); (iii) knee, 3-cm above the kneecap crack (Takeda et al., 2009); and
(iv) ankle, 3-cm above the malleolus lateralis (Klassen et al., 2016). Both at the knee and ankle,
the devices were placed on the outside of the right leg on all athletes. A specifically-designed
elastic band was used to attach the devices on the participants, except on the upper back where
they were placed in an anatomically designed harness (see Figure 1 for more details).

A

Upper back A
(C3-C4 vertebra)

Lower back
(L3-L5 vertebra)

Knee -
(3-cm from kneecap)

Ankle -
(3-cm from malleolus)

Figure 1. Anatomical placement of inertial devices during test in one of the participants.

To reduce the interference of uncontrolled variables, all the participants were instructed to
maintain their habitual lifestyle and normal dietary intake before and during the study.
Furthermore, the participants performed the different tests at the same time of day (i.e. 9:00
AM) to avoid the possible effects of circadian rhythms on physical performance, and with no
high-intensity physical activity performed 48-hours before all tests (Spriet, 2014).

Statistical analysis

Firstly, the Shapiro-Wilk test to analyze the data distribution due to the sample size (n=21; less
than 50 participants) and the Levene test to check the homoscedasticity of the sample, were
performed to determine the appropriate statistical process (Field, 2013). The analysis showed
a normal distribution, so parametric tests were selected. Secondly, a descriptive analysis was
performed, showing data as mean (M) and standard deviation (SD).

A one-way ANOVA test was performed to identify the among-participants differences at all
anatomical locations. A t-test for related samples analysed the workload dynamics concerning
the speed in each joint and body segment, and also within-participants comparisons of each
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body segment, showing these results with the percentage of differences (%s4i) (Vincent &
Weir, 2012). The magnitude of the differences was termed unclear, being considered the
observed magnitude. Thus, Cohen’s d effect size (d) was calculated and interpreted using the
following criteria: very low (0-0.2), low (0.2-0.6), moderate (0.6-1.2), high (1.2-2.0), and very
high (>2.0) (Hopkins et al., 2009). The statistical analysis was performed using the Statistical
Package of Social Science (SPSS) software (release 24; SPSS Inc., Chicago IL, USA). Besides,
the plots were designed using the GraphPad Prism software (release 7; GraphPad Ltd., La Jolla
CA, USA). Statistical differences were considered at the p<.05 value.

Results

Descriptive analysis and between-participants differences at anatomical locations

Table 1 shows the descriptive analysis and between-participant differences comparison of
PL1wM in the different analysed locations at all speeds. The highest values were found in the
lower limb (ankle=1.6540.47; knee=1.62+0.51) in comparison with the upper limb (lower
back=0.68+0.15; upper back=0.59+0.12). In the between-participants comparison, statistical
differences were found at all locations (p<.05; F=13.03-56.61; d=1.04-to-2.17), with the
greatest differences on the upper back at high speed (p<.01; d=2.49-t0-4.10).

Table 1. Descriptive analysis and comparison between-participants in PLrt variable in function of accelerometer
location at different speeds.

Speed Ankle Knee Lower back  Upper back Ankle Knee Lower back Upper back

(km/h)  M=+SD M=+SD M=+SD M=+SD F; d F:d F:d F:d

8.0 0.98+0.17  0.99+0.13 0.47+0.08 0.45+0.07 103.34;2.93* 78.74; 2.56* 255.70; 4.62* 123.84;3.21*
8.5 1.05+0.15  1.06+0.15 0.50+0.08 0.47+0.08 47.03; 1.98* 67.31;2.37* 172.53; 3.79* 74.56; 2.49*

9.0 1.14+0.15  1.14+0.15 0.53+0.08 0.49+0.09 56.44;2.17* 68.31;2.39* 146.87; 3.50* 98.00; 2.86*

10.0 1.32+0.17  1.30+0.17 0.59+0.09 0.52+0.09 46.64; 1.97* 97.62; 2.85* 132.75; 3.32* 123.09; 3.21*
10.5 1.39+0.18  1.36+0.19 0.62+0.09 0.54+0.09 61.89;2.27* 87.55;2.70%* 145.21; 3.48* 124.99; 3.23*
11.0 1.46+0.19  1.47+0.26 0.64+0.09 0.56+0.09 74.71;2.50* 88.88; 2.72%* 136.54; 3.37* 78.99; 2.55%
11.5 1.56+£0.19  1.55+0.29 0.67+0.09 0.58+0.09 59.48;2.23* 194.12; 4.02* 161.14; 3.66* 110.69; 3.04*
12.0 1.65+0.20  1.63+0.31 0.70+0.09 0.60+0.09 46.70; 1.97* 129.91; 3.29* 128.72; 3.27* 144.95; 3.46*
12.5 1.75+0.20  1.71+0.33 0.73+0.09 0.62+0.09 63.30;2.30* 157.17; 3.62* 145.57; 3.49* 128.34; 3.27*
13.0 1.85+0.23  1.81+0.34 0.75+0.09 0.63+0.10 58.38;2.22* 204.24; 4.13* 166.12; 3.70* 121.45; 3.18*
13.5 1.96+£0.25 1.90+0.36 0.77+0.09 0.65+0.10 71.39; 2.44* 214.95; 4.23* 205.57; 4.14* 165.81; 3.68*
14.0 2.05£0.24  2.03+0.45 0.79+0.09 0.68+0.10 76.63;2.53* 107.61; 3.00* 133.16; 3.33* 116.74; 3.12*
14.5 2.14£0.24  2.17+0.61 0.82+0.09 0.71+0.11 52.21;2.09* 508.58; 6.51* 105.36; 2.97* 201.73; 4.10*
15.0 2.26+£0.25  2.20+0.48 0.83+0.09 0.72+0.11 53.84;2.12* 334.37;5.28* 122.49; 3.20* 160.63; 3.64*
15.5 2.37+£0.23  2.19+0.27 0.87+0.10 0.75+0.11 32.05; 1.63* 71.82;2.45* 115.50; 3.10* 175.84; 3.86*
16.0 2.51£0.19  2.27+0.17 0.92+0.09 0.79+0.10 14.05; 1.08* 43.88; 1.91* 17.20; 1.20* 116.53; 3.68*

Total 1.65+0.47  1.62+0.51  0.68+0.15 0.60+0.13 13.03; 1.04* 24.85; 1.44* 30.51; 1.59* 56.61;2.17*
Note. M: Mean; SD: Standard deviation; F: F-value of ANOVA; d: Cohen'’s d effect size. *Statistical differences (p<.01).

Speed influence on the external workload suffered by the joints and body segments

The external workload dynamics in each joint at all running speeds are shown in Figure 2.
Higher velocity is related to a higher accelerometer workload at all anatomical locations. In
addition, in the between-joint comparison, statistical differences were found in the lower limb
(ankle-knee) from 12-km/h and in the upper limb (lower back — upper back) from 9.5-km/h.
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= Ankle

= Knee
25 | ~ Lower back
Scapulae

Player Loadg (a.u.)

8 10 12 14 16
Speed (km/h)

Figure 2. PLrt dynamics of all the participants in the analyzed joints between 8-16 km/h.
*Statistical differences (p<.05).

Figure 3 presents the analysis of workload dynamics in relation to body segments. The greatest
differences were found in segment 2 (knee — lower back), and they increased when the speed
was faster. The external workload dynamics in segment 1 (ankle-knee) and segment 3 (lower
back — upper back) remained constant at all speeds.

1.75

= Ankle - Knee
1.50 - Knee - Lower back -
- Lower back - Scapulae [ ‘

1.25 I 1
1.00
0.75 . 1 —

0.50="

Player Loadgy (a.u.)

0.35

ff;f*]LI/l/

0.05 10 12 14 16
Speed (km/h)

-0.25-
Figure 3. PLrt dynamics of all the participants in the analyzed body segments between 8-16 km/h.
Individual external workload profile and within-participant differences in body segments

Finally, the individual external workload profile and the within-participant comparison of the
body segments analysed are shown in Table 2. The greatest differences were found in segment
2 (knee — lower back) with very high effect size, showing all soccer players had a higher PLrr
at the knee in comparison with the lower back (%= 34.25-t0-67.28; d= 2.20-t0-4.77).
Conversely, in segment 1, 23.81% of the participants (6, 8, 9, 12, and 13) supported a higher
workload at the knee than the ankle (%64= -2.77 to -65.98), and in segment 3, 23.81% of the
participants (5, 8, 12, 13 and 14) suffered a higher workload in the upper back than the lower
back (%oaii= -2.79 to -16.43). Besides, greater between-participant variability was found in the
external workload profile in all body segments.
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Table 2. Within-participant differences of related samples. Percentage of differences, p-value, ranges and Cohen’s d
effect size on PLrr dynamics in relation to body segments during the incremental treadmill running test.

Ankle Knee Lower Upper Segment 1 Segment 2 Segment 3
N back back Knee - Ankle Lower back - Knee Upper back — Lower Back

MESD MESD MESD MESD ap: d ?:igg; a d g{aﬁjgff) Yoan d (ﬁf_‘sﬁfs)
1 1.49+0.40 1.47+0.46 0.65+0.13 0.47+0.08 1.94; 0.05* 55-19-3 54.11;2.53* 77-0-0 27.74; 1.71%* 77-0-0
2 1.30+0.38 1.26+0.23 0.82+0.09 0.58+0.07 -0.50; 0.03 24-34-1 34.25;2.61* 59-0-0 29.50; 3.01* 59-0-0
3 1.38+0.33 2.40+1.08 0.73£0.11 0.62+0.13 -65.98; -1.23* 0-72-0 64.68; 2.29* 72-0-0 15.21;0.91* 67-4-1
4 1.77+0.34 1.79+0.36 0.75£0.11 0.62+0.09 -0.84; -0.06 25-35-10 57.67; 4.07* 70-0-0 17.49;1.31 70-0-0
5 1.77+0.55 1.51£0.31 0.50+0.05 0.60+0.05 11.47; 0.60* 50-12-1 58.41;4.77* 25-0-0 -12.40; -2.00 0-25-0
6 1.58+0.47 1.77+£0.41 0.68+0.13 0.51£0.11 -14.44; -0.43* 4-77-1 61.43;3.73* 82-0-0 24.85;1.42 82-0-0
7 1.65+0.43 1.53+£0.21 0.84+0.17 0.58+0.06 3.73;0.37* 46-36-1 45.92; 3.65* 83-0-0 28.83;2.12 83-0-0
8 1.80+0.38 2.00+0.52 0.65+0.10 0.75+0.07 -10.45; -0.43* 0-74-1 66.65; 3.78* 75-0-0 -16.43; -1.18 0-75-0
9 1.45+0.34 1.50+0.41 0.56+0.09 0.47+0.05 -2.77;-0.13* 24-53-3 61.79; 3.32% 80-0-0 14.33;1.27 80-0-0
10 1.71£0.51 1.49+0.35 0.71+0.20 0.63£0.11 11.02; 0.51* 74-9-0 52.96;2.81* 83-0-0 7.03; 0.51 64-18-1
11 1.93+0.48 1.84+0.52 0.70+0.14 0.55+0.07 4.87,0.18* 56-19-4 61.11;3.13* 79-0-0 20.34;1.40 79-0-0
12 1.44+0.45 1.59+0.41 0.51£0.11 0.53+0.10 -12.07;-0.35* 5-75-1 67.28; 3.76* 81-0-0 -4.05; -0.19 12-57-12
13 1.52+0.47 1.67+0.42 0.58+0.13 0.59+0.13 -11.83; -0.34* 11-71-0 64.85; 3.65* 82-0-0 -2.79; -0.08 17-57-8
14 1.85+0.47 1.46+0.32 0.70+0.10 0.80+0.11 19.93; 0.99* 81-0-0 51.63;3.34* 81-0-0 -15.58;-0.95 0-81-0
15 1.91+0.60 1.43+0.43 0.64+0.15 0.55+0.13 24.58;0.93* 85-0-0 54.33;2.55% 85-0-0 12.87; 0.65 83-1-1
16 1.63+0.49 1.20+0.25 0.69+0.11 0.58+0.06 9.50; 1.14* 50-7-1 47.05;2.73* 58-0-0 15.67;1.28 58-0-0
17 1.47+0.29 1.45+0.27 0.72+0.11 0.65+0.06 1.05; 0.07* 42-22-6 50.31; 3.67* 70-0-0 8.16; 0.81 55-10-5
18 1.47+0.33 1.28+0.25 0.75£0.11 0.62+0.09 12.43; 0.66* 79-0-0 40.76; 2.84* 79-0-0 16.45;1.31 79-0-0
19 1.59+0.35 1.38+0.34 0.56+0.14 0.46+0.09 13.65; 0.61* 76-0-0 59.02; 3.27* 76-0-0 16.99; 0.87 73-3-0
20 1.82+0.48 1.63+£0.43 0.70+0.16 0.70+0.19 10.81; 0.42* 86-0-0 56.70; 2.98* 86-0-0 0.01; 0.00 36-47-3
21 1.49+0.27 1.41+£0.23 0.63+0.11 0.48+0.04 4.49; 0.32* 54-7-1 55.89; 4.46* 62-0-0 22.31;1.88 62-0-0
Total 1.61+0.46 1.60+0.51 0.68+0.15 0.59+0.13 -0.11; 0.02* 927-622-34 55.84; 2.55* 1545-0-0 -0.56; 0.64 1164-378-31

Note. %uaiy: Percentage of differences; p: p-value; Ranges (a: ankle, k: knee, Ib: lower back, ub: upper back, d: draws); d: Cohen’s d effect
size. *Statistical differences (p<0.01).

Discussion

Different investigations have analysed the influence of external workload on sports injuries
(Bowen et al., 2017; Kiernan et al., 2018). However, a lack of research has been found about
investigating the body segment differences (absorption dynamics of external workload in the
whole body) through measurement at different anatomical locations simultaneously. Therefore,
the main goal of the present research was to describe the multi-joint external workload profile
of a U-18 soccer team related to speed and device location on joints and body segments and its
comparison within- and between-participants. The main results showed that a lower distance
to the ground-to-ground contact and a faster speed provoked higher external workloads. In
addition, great between-participant variability was found both in joints and body segments in
the accelerometer workload profile.

Multi-joint external workload profile

The results of the present study showed a greater external workload on the lower limb (ankle
=1.65 % 0.47; knee = 1.62 + 0.51) than the upper limb (lower back = 0.68 = 0.15; upper back
=0.59 +0.12). Besides, each group obtained different external workload dynamics. Regarding
the workload dynamics of the upper limb, Barrett et al. (2014) and Simons & Bradshaw (2016)
found a greater external workload at the lumbar region than the scapulae in an incremental
treadmill running test and in a specific jump assessment, respectively. Regarding the workload
dynamics of the lower limb, Zhang et al. (2016) analyzed the difference in external workload
between the ankle and the tibia, finding higher impacts on the ankle than the tibia, determining
that the ankle is the most valid location to detect ground reaction forces (GRF).

Finally, only one investigation carried out by Nedergaard et al. (2017) has evaluated peak
acceleration at different upper limb and lower limb joints simultaneously. The referred study
found a greater acceleration peak at the tibia in comparison with the trunk, the center of mass,
the pelvis and the scapulae at all speeds (2-5 m/s), both in linear locomotion and in 45°-to-90°
changes of direction, the external workload being smaller as the distance to the ground
increases. The highest external workload was recorded at the ankle and knee, and a recent
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review by Lopes et al. (2012) found that most sports injuries in runners were in both structures
with an incidence rate between 22.7% and 9.1%, specifically Achilles and patellar
tendinopathy and tibial stress fractures for every 1000 hours of practice. Therefore, a smaller
distance to the ground contact during running will cause a higher external workload and a
greater probability of injury, which is reduced as the distance to the ground increases. Besides,
there are different workload dynamics between the lower and upper body.

Speed influence

Another interesting finding in our study was that a higher speed caused an increase in external
workload at all anatomical locations, showing significant differences between ankle and knee
from 12 km/h and between the lower back and upper back from 9.5 km/h. In this line of
research, Barrett et al. (2014) and Nedergaard et al. (2017) found that a higher speed provoked
higher PlayerLoad™ and peak triaxial acceleration in an incremental treadmill test from 8-to-
16 km/h at the center of mass and scapulae and during specific movements from 2-to-5 m/s at
the tibia, trunk, center of mass, trunk and back, respectively. Specifically, Barrett et al. (2014)
found significant differences at all speeds in the PL of the anteroposterior axis, not finding
differences in the PL of the vertical axis and mediolateral axis at high speeds (> 11 km/h),
results which contrasted with those found in the present investigation. Conversely, Nedergaard
et al. (2017) obtained significant differences in all locations at all speeds, in contrast to the
present investigation where a speed higher than 12.5 km/h had to be reached to obtain
significant differences between the ankle and knee. Therefore, speed directly influences the
external workload that the evaluated joints support, being its influence more important in the
lower limb in comparison with the upper limb regarding the nearer distance to the ground
contact (Gomez-Carmona, Bastida-Castillo, Gonzalez-Custodio, et al., 2019; Nedergaard et al.,
2017). In this respect, a comparative analysis of the external workload supported at each speed
by a healthy athlete could be performed and considered in the return-to-play processes to
program the specific progress in running speed, especially in lower limb injuries.

Anatomical location comparison

Significant differences were shown in the between-participant comparison in all joints and at
all speeds. The differences with the smallest effect size were obtained specifically at the ankle.
These differences were greater the higher the unit location and the highest was found in the
upper back. The smallest differences were found in the ankle as it is in the closest contact with
the ground concerning Newton's third law. The ankle impact is influenced by the athlete’s
weight (Derrick et al., 2002), the muscle mass and fat mass of the lower limb (Liu and Nigg,
2000), the impact surface (Dixon et al., 2000), the type of footwear (Hardin et al., 2004), and
the flight time between steps related to the stride rate (Heiderscheit et al., 2011). In this study,
only the weight of the participants (SD=4.2 kg), the ratio of muscle mass and fat mass on the
lower limb, and the flight time could influence the results. The type of footwear and the impact
surface (treadmill) were not modified.

The differences in the rest of the joints increased when there was a greater distance from the
ground so that the results obtained could be explained in relationship with different specific
running biomechanics (Cochrum et al., 2017; Nigg, 2001), or an individualized absorption of
the external workload by the musculoskeletal structures. In summary, because the players had
similar anthropometric and physiological characteristics, the difference in the external
workload at the ankle is the least variable among participants. In the rest of the anatomical
locations, due to musculoskeletal characteristics and individual gait biomechanics, the
variability of the external workload increased the higher the location in the body. Therefore,
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individual analysis of the external workload at all anatomical locations and at the specific
intensities of locomotion that will be performed during the competition is recommended.

Body segment comparison

Regarding body segment comparison, the highest external workload absorption was found in
the segment between the knee and the lower back in all the participants, where the change in
external workload dynamics occurs between the lower limb and the upper limb (% = 34.25
to 67.28; d = 2.20 to 4.77). In addition, it was found that the differences in segment 1 (ankle-
knee) (%air=-0.11; d= 0.02) and segment 3 (upper back — lower back) (%6457 = -0.56; d= 0.64)
remained stable throughout all speeds, while segment 2 (knee—lower back) increased as the
speed got faster. This aspect is important, because the majority of muscle injuries in team
sports, and specifically in soccer, are produced in segment 2 (knee-lower back) both in the
anterior and posterior part of the thigh (Ekstrand et al., 2011). Maybe this phenomenon could
be considered as a factor of the injury risk. Also, the same as at each joint, there is a large
between-participants variability of the external workload among the body segments. This
finding confirms the results presented in the comparison between joints, showing that gait
biomechanics (Cochrum et al., 2017), and the musculoskeletal characteristics of the athletes
are determinants in the absorption of the external workload.

Finally, different participants were found (8/21, 38.09%) who presented an atypical pattern of
impact absorption as a higher impact was recorded in a location that was further from the
ground compared to a location that was nearer to the ground. This atypical profile was divided
into three groups: (a) an abnormal profile of the lower limb, with a higher workload at the knee
than the ankle (%ap= -2.77 to -65.98) that was found in three soccer players (3, 6, and 9;
14.28%); (b) an abnormal profile of the upper limb, with a higher workload at the upper back
than the lower back recorded in two players (5 and 14; 9.52%) (%uai= -2.79 to -16.43) and (c)
an abnormal profile in the upper and lower limb of three players (8, 12 and 13; 14.028%) that
presented a higher accelerometer workload at the knee and upper back than the ankle and lower
back, respectively. This atypical pattern of impact absorption could be due to different causes
such as gait biomechanics (Cochrum et al., 2017), sex and maturation development (Sigward
et al., 2012), and previous sports learning (Rugg et al., 2018). The last variable is very
important because early sport-specialized athletes in basketball, soccer and volleyball
demonstrated altered lower extremity coordination that may lead to less stable landings and
increased injury risk (DiCesare et al., 2019). This aspect was confirmed in elite-level basketball
players where multisport participants during their sport formation were less likely to sustain a
major injury risk during their career and had a longer active time (Rugg et al., 2018). Therefore,
individualized analysis of the difference in the accelerometer workload between joints is very
important to identify the impact absorption profile of each participant (Gémez-Carmona, Pino-
Ortega, & Ibafiez, 2020; Gomez-Carmona, Bastida-Castillo et al., 2020).

Limitations and future research

While the results of this study have provided information regarding a new protocol to assess
the multi-joint external workload profile of youth soccer players through simultaneously joint
evaluation (ankle, knee, lower back, and upper back) with inertial measurement units (IMUs),
some limitations to the study must be acknowledged. One of the limitations concerns the
sample studied; it would be interesting to extend this study to include more athletes, levels,
categories, and sport disciplines, to characterize the specific profiles and compare these profiles
among groups. Besides, only one inertial device model with a specific variable was used in the
present research, in this sense, users can compare the results if this specific formula is applied
to the data raw provided by their inertial device models. In addition, it would also be interesting
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for futures studies to analyze the same parameters on sport-specific locomotion and skills in
training and competition contexts.

Conclusions and practical applications

From the results obtained in the present study, five conclusions concerning the study purposes
can be mentioned:

1. The highest external workload is suffered at ankle location as a consequence of a nearer
distance to the ground contact, decreasing the impact when is ascend in the human body.

2. A faster speed caused a greater neuromuscular workload, being the highest increase in the
lower limb locations (ankle and knee).

3. A different external workload dynamic was found between lower limb (ankle-knee) and
upper limb (lower back — upper back). For this reason, related to speed, these differences
are shown before in upper limb locations (9 km/h) respect to lower limb (12.5 km/h).

4. The segment 2 (knee — lower back) presented the greatest differences on external workload,
showing an increase of these when the speed was faster. Instead, no differences in segment
1 and segment 3 were found related to a faster speed.

5. A great between-subject external workload variability was found at joints and body
segments. For this reason, an individualized assessment is recommended.

The standardized protocol performed in the present research is proposed to evaluate the
external workload suffered by the joints and body segments at all speeds during linear
locomotion. It implies a direct practical application, since knowledge of the absorption capacity
of the external workload in each athlete will make it possible to establish individualized
training protocols to avoid injury risk, and the referential values obtained will be able to help
the return-to-play process.
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