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Abstract

Association football, also known as soccer in some regions, is unique in encouraging its participants to intentionally use
their head to gain a competitive advantage, including scoring a goal. Repetitive head impacts are now being increasingly
linked to an inflated risk of developing long-term neurodegenerative disease. This study investigated the effect of heading
passes from different distances, using head acceleration data and finite element modelling to estimate brain injury risk. Seven
university-level participants wore a custom-fitted instrumented mouthguard to capture linear and angular acceleration-time
data. They performed 10 headers within a laboratory environment, from a combination of short, medium, and long passes.
Kinematic data was then used to calculate peak linear acceleration, peak angular velocity, and peak angular acceleration as
well as two brain injury metrics: head injury criterion and rotational injury criterion. Six degrees of freedom acceleration-
time data were also inputted into a widely accepted finite element brain model to estimate strain-response using mean peak
strain and cumulative strain damage measure values. Five headers were considered to have a 25% concussion risk. Mean
peak linear acceleration equalled 26 +7.9 g, mean peak angular velocity 7.20 +2.18 rad/s, mean peak angular acceleration
1730+ 611 rad/s?, and 95th percentile mean peak strain 0.0962 +0.252. Some of these data were similar to brain injury
metrics reported from American football, which supports the need for further investigation into soccer heading.
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Introduction

Association football, known as soccer in some regions, is
the most popular global sport. Participant numbers were
estimated at 265 M in 2007, including over 13 M women
players [1]. Participation has several benefits including
improved cardiovascular and mental health, and well-being
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article: [2, 3]. Recently, potential risks associated with the sport
Information on the data underpinning the results presented here, have gained attention, particularly in relation to head injuries
including how to access them, can be found at http://doi.org/10. [4]. Of specific concern is repeated ball heading [5]. This
17035/4.2024.0304657273. occurs during both gameplay and training, where players
54 P.S. Theobald intentionally strike the ball with their head to gain a com-

TheobaldPS @cardiff.ac.uk petitive advantage, including goal-scoring. Recent interest

in sports-related repetitive head impacts, such as soccer
heading, have motivated researchers to better understand
the risks of mild traumatic brain injuries (mTBI) including
concussion, and how these may increase the risk of longer-
term neurodegeneration. Football Associations including
in England and Wales have recently implemented guidance
focused on a maximum 10 high force practice headers per
week, for better player welfare [6].
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Chronic traumatic encephalopathy (CTE), or dementia
pugilistica [7], is a neurodegenerative condition identifi-
able during post-mortem examination, which is believed
to be caused by repeated head impacts [8]. Defined by
specific changes in neurofibrillary tangles and hyperphos-
phorylated tau protein deposition [9], risk of developing
CTE is now known to increase for those who participate
in elite, male American football [10]. Studies consider-
ing elite-level male soccer players, typically playing
in the 1960’s and 70’s, have identified a higher mortal-
ity rate attributed to neurodegenerative disease, than in
an age-matched control group [11, 12]. Position-specific
data indicates heading exposure may be a potential cause,
with a 5- and 3.5- fold greater CTE risk for defensive and
attacking players, respectively, versus goalkeepers [13];
however, confounding factors (e.g. genetics, lifestyle, etc)
and the lag between exposure and post-mortem examina-
tion, prevents a conclusive correlation.

Recent studies have focused on prospectively correlat-
ing sporting activity with head/brain kinematics (e.g. lin-
ear, rotational acceleration) [14-20], with some focussing
on soccer heading [21, 22]. Equipment- or skin-mounted
sensors have enabled data collection across a wide vari-
ety of sports, including soccer [23-26]. Such technologies
are typically wireless and need to be very small, meaning
acquisition can be prone to issues including inaccuracies
and false positives [27]. Custom-fit instrumented mouth-
guards (iMGs), where the sensor is embedded within the
polymer which, in turn, is fitted to the upper dentation of the
athlete and so forming a direct coupling to the skull, have
been shown to more accurately capture head kinematics [14,
28]. Investigators have then used these measures to explore
relative brain injury risk, including via finite element (FE)

analyses. Such an approach also aids understanding sub-
concussive impacts, which lack clinical sequelae.

This study aims to understand the brain injury risk asso-
ciated with soccer heading, adopting iMGs to collect kin-
ematic data from a controlled population of amateur players.
FE analysis is then used to estimate the brain strain associ-
ated with each heading event, before kinematic and strain-
based injury metrics are applied to understand injury risk.

Materials and Methods
Participants

Seven male amateur soccer players (age=20.1 years + 1 year;
height=178.6 cm+5.9 cm; weight=69.4 kg + 7.6 kg) were
recruited from a university soccer league. Participants pro-
vided written, informed consent following approval of the
study by our Institutional Review Board.

Experimental Setup

A laboratory methodology was established to replicate
three scenarios that commonly lead to a header: a throw in
(hereafter termed a “short pass™); a corner kick (“medium
pass”), and a long, lofted kick (“long pass”) (Fig. 1). Con-
sistent ball delivery was achieved using a Globus EuroGoal
3000, launching an Adidas Champions League 21/22 soccer
ball inflated to 0.8 bar (mass =434.17 grams +0.35 grams),
which is within the FIFA Quality Pro regulations [29]. Each
participant headed 3 short, 3 medium and 4 long passes,
spaced evenly across the 60-minute test period, which was
consistent with the Football Association guidelines [6].
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Fig. 1 Experimental setup detailing three pass distances (red crosses), relative to the participant (blue cross).
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Ball velocities were approximately 8 ms~', 13 ms~!, and

16 ms™! for short, medium, and long pass distance, respec-
tively. Participants were instructed to return the ball back
towards the delivery location, using the frontal portion of
their head, only attempting to head those deliveries where
they could achieve this objective. All impacts were video
recorded, using 2 cameras positioned on tripods, one at a
perpendicular distance of 4 m from the impact location, the
second angled 7° and 0.5 m from camera 1, capturing a bin-
ocular view. Both cameras [Mini AX200, Photron Europe;
resolution: 1024 X 672 pixels; sample rate: 10000fps] began
recording simultaneously when triggered, capturing high-
speed video to validate true positive events by cross-refer-
encing time-stamped data against iMG data.

Head Impact Data Collection

Kinematic data were recorded during each header using an
iMG (Protecht; Sports and Well Being Analytics, Swansea,
UK.), designed for measuring impacts in non-helmeted, col-
lision sports. These iMGs have previously been validated for
impacts lower than 70 g, to provide kinematic measurements
that allow for accurate calculation of brain injury metrics
[30]. Dental impressions were taken prior to data collec-
tion, allowing for custom manufacture of each iMG device
against each participant’s upper dentation (Opro; Hertford-
shire, UK). The iMG main board comprised: a 3-axis accel-
erometer (H3LIS331DL; STMicroelectronics, Genova, Swit-
zerland), sampling at 1 kHz (+ 200 g, 16-bit resolution); a
3-axis gyroscope (LSM9DS1; STMicroelectronics, Genova,
Switzerland)) sampling at 0.952 kHz (+ 35 rad s71, 16-bit
resolution); and an additional accelerometer with a focussed
bandwidth (0.5-1 kHz) [28]. This iMG configuration is con-
sistent with previous studies [14—16], with an on-board prox-
imity sensor ensured properly siting to the upper dentation.
The iMG was programmed to trigger data collection when
a threshold of 5 g was met in any of the X, Y or Z direc-
tions for linear acceleration. A 5 g threshold was selected
over the usual 10 g threshold, as the controlled nature of
the heading events allowed for accurate distinction between

false-positive and true positive events. Once the threshold
was achieved, a 104 ms window of linear and angular accel-
eration data was collected. This data was wirelessly trans-
mitted to a receiver unit, connected to a secure cloud-based
storage and analysis system.

Kinematic Data Processing

All iMG data was manually cross-checked against high-
speed video, to achieve visual confirmation of positive
header events. Neither linear, rotational acceleration, nor
rotational velocity data was filtered, as a Fast Fourier Trans-
form did not identify any high-frequency components. Peak
linear acceleration (PLA), peak angular acceleration (PAA)
and peak angular velocity (PAV) were then identified for
each header. The orientation and angular offset of the mouth-
guard sensors were determined using MRI data, captured on
a 3 T Siemens Connectom (300mT/m). Further details can
be found in the supplementary information. Raw kinematic
data was estimated at the centre of gravity (CoG) of the
head using multiple transformations, also detailed in the sup-
plementary information. This enabled extraction of X, Y, Z
linear and X, Y, Z angular acceleration-time data, for input
into FE modelling.

FE Modelling

The University College Dublin Brain Trauma Model (UCD-

BTM) [31, 32] was adopted to simulate brain strain during
each header. The head geometry was previously developed
using imaging datasets of adult male cadavers and is formed
of the scalp, skull, pia, falx, tentorium, cerebrospinal fluid,
grey and white matter, cerebellum, and brain stem. The
model contains approximately 26,000 hexahedral elements
and comprises material property data as per Tables 1 and 2
[33-37]. The shear characteristics of the viscoelastic brain
tissue have previously been defined for the model defined
using Eq. 1.

Table 1 UCDBTM material

properties Material Young’s modulus (MPa) Poisson’s ratio Density (kg/m®)
Scalp 16.7 0.42 1000
Cortical bone 15,000 0.22 2000
Trabecular bone 1000 0.24 1300
Dura 31.5 0.45 1130
Pia 11.5 0.45 1130
Falx and tentorium 31.5 0.45 1130
CSF 15,000 0.5 1000
Gray matter Hyperelastic 0.49 1060
‘White matter Hyperelastic 0.49 1060
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Table 2. Viscoelastic UCDBTM material properties

Material G, G, Decay con- Bulk
stant (s71) modulus
(GPa)
Grey matter 10 2 80 2.19
White matter 22.5 4.5 80 2.19
Brain stem 12.5 2.5 80 2.19
Cerebellum 10 2 80 2.19
G(t) = Gg +(Gy = G)e ™ M

where G, is defined as the long-term shear modulus, G, is
the short-term shear modulus and f is the decay factor.

Model validation was achieved by comparison of real-
world brain injury events and cadaveric impacts performed
by Nahum et al. [38—42], whilst brain motion data was
captured by Hardy et al. to validate the shear deforma-
tion behaviour [41]. Gilchrist and Horgan reported good
correlation between their model and experimental tests.
A mesh refinement study was undertaken by Horgan and
Gilchrist to ensure better agreeability between the model
and the model outputs [31, 32]. Post et al. [43] reported the
UCDBTM to generate large strain deformation data when
only linear acceleration curves were used during load-
ing. To ensure confidence in the use of this model for this
study, a separate analysis was performed on a randomly
selected simulation set, which can be found in Supplemen-
tary Information 2.

The transformed linear and angular acceleration time-
series were applied to the CoG as a boundary condition,
to determine the estimated deformation of the brain tis-
sue during each header. Analysis was restricted to the
cerebrum, in line with previous FE studies investigat-
ing influence of head kinematics on brain strain [44—49].
Simulations were performed in commercially available FE
modelling software (Abaqus; Dassault Systemes), using a
double precision explicit solver.

Head injury Metrics

Kinematic values were used to calculate various brain
injury criteria that predict head injury risk. Linear accel-
eration, angular acceleration, and angular velocity were
analysed for kinetic definition. Common brain injury
metrics were calculated to quantify brain injury risk:
head injury criterion (HIC) and rotational injury criterion
(RIC). HIC is considered the most widely used metric to
measure the likelihood of an impact causing a head injury
[50]. It considers linear acceleration only and is calculated
using Eq. 2:

@ Springer
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HIC = l(r2 —zl){ G- tl)/f a(t)dt} ] 2)

ax

where a() is resultant linear acceleration [g]. Time points
t, and ¢, [s] report the maximised value of HIC and do not
exceed a time interval of 0.015 s.

RIC utilises rotational acceleration [51] and is defined as:

! f 25
RIC = l(lz —tl){ @ _tl)/z a(t)dt} ] 3)

max

where a(f) is resultant angular acceleration [rad/s?]. Time
points f, and ¢, [s] report the maximised value of RIC and
do not exceed a time interval of 0.036 s.

Evaluating Brain Strain Response

Two strain metrics were used to quantify the brain response
during each heading impact: maximum principal strain
(MPS) and CSDM. To report the severity of brain tissue
deformation more accurately, ninety-fifth percentile MPS
values were chosen to ensure mitigation of false strain values
encountered in single elements. The MPS values extracted
from the FE models were classified into established catego-
ries based on brain injury risk: very low (0-0.079 strain),
low (0.08-0.169 strain), medium (0.17-0.259 strain), high
(0.26-0.349 strain), and very high (> 0.35 strain) [17]. The
medium category has been defined using biomechanical
white and grey matter data and describes a 50% risk of con-
cussion [17]. CSDM reports the cumulative volume fraction
for every element exceeding a MPS threshold [52]. In this
study, a 10% threshold is adopted (CSDM10), presenting
the volume fraction of elements exceeding MPS 0.1 [52].

Results

Seventy headers were performed, though only 65 iMG
events were acquired due to data recording challenges. No
clinical concussions or other symptomatic head injuries were
reported during experimental testing.

Brain Kinematic Data Analysis

The resultant traces (linear and angular acceleration, and
angular velocity, against time) were analysed, identifying
the peak values. Fig. 2 shows the frequency distributions of
PLA, PAA, PAV and MPS across all 65 header events, show-
ing a skew towards the lower values. PLA values ranged
from 14.2 to 52.1 g, with a median value of 24.3 g and a
mean (+ SD) of 26 g (+ 7.9 g). PAA values ranged from
816.4 to 3391.7 rad/s*> with a median value of 1597 rad/
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Fig.2 Frequency distributions of heading impacts (n=65) detailing peak head kinematics and 95th percentile MPS across three pass distances

s? and a mean (+ SD) of 1730 rad/s” (+ 611 rad/s®). Fur-
ther, PAV values ranged from 4.12 to 12.1 rad/s, with a
median value of 6.75 rad/s and a mean (& SD) of 7.20 rad/s
(+ 2.18 rad/s). MPS had a range of 0.0562 to 0.1646, with a
median of 0.0927 and a mean (& SD) of 0.0962 (+ 0.252).

Kinematic data is also presented relative to ball deliv-
ery distance (Table 3), and used to calculate HIC and RIC
(Fig. 3). All three metrics increase with increasing pass dis-
tance, in line with increased PLA, PAA and PAV.

Brain Strain Response Analysis

Kinematic data was inputted into the FE model to estimate
the brain strain response across all headers. MPS and CSDM
were outputted as strain-response metrics. Comparisons of
the frequency of estimated brain strain for each pass dis-
tance can be found in Fig. 4. All recorded events presented
MPS values categorised as very low or low, brain injury

risk. The short pass distance produced a greater number of
impacts that had a very low risk of brain injury, than low
risk. The medium and long passes saw a greater number of
MPS events in the low, than very low risk, category.

The relationship between kinematic measures and strain-
based values were then investigated to further understand the
brain response (Fig. 5). The expected positive correlation
between pass distance and risk is evident in all plots, with
5 headers exceeding a 0.14 MPS threshold, which defines
a 25% risk of mTBI [45]. Each participant experiences a
similar kinematic and strain response when considering
their individual heading events, at different pass distances.
Large variations do exist when considering the relative per-
formance of individuals across the different heading dis-
tances. High-speed video analysis was investigated to bet-
ter understand this variation. Fig. 6. presents two headers
from the same player at the same distance. Fig. 6a shows the
player returning the ball along the pathway of the inbound

Table 3. Mean head kinematic

n Linear acceleration (g) Angular acceleration (rad/s?) Angular
data across the three pass velocity
distances (rad/s)

Mean (SD) Mean (SD) Mean (SD)
Short pass 20 18.72 (3.73) 1242.30 (342.40) 5.50 (1.27)
Medium pass 21 26.57 (5.51) 1765.10 (369.90) 6.77 (1.69)
Long pass 24 31.90 (7.28) 2127.40 (663.95) 9.05 (1.75)
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Fig.3 Box and Whisker plots describing HIC and RIC

direction, whilst Fig. 6b demonstrates poor technique as the
player deflects the ball onto a different trajectory. The kin-
ematic metrics and resultant MPS value for the two headers
are presented in Fig. 5.

CSDM10 values were investigated against PAA and PAV
(Fig. 7). CSDM10 values for each participant are shown
against different pass distances, though only medium and
long pass distances resulted in MPS values exceeding a 0.1
threshold. Of the total 65 headers, 20 exceeded an MPS
threshold of 0.1 (CSDM10), five from a medium and 15
from a long pass distance.

Fig.4 Frequency of 95th per- 25
centile MPS based on pass dis-
tance categorised by predicted
brain injury risk level. 20

Frequency

Very Low (0-0.079)
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Discussion

This study investigated the effect of heading on brain
strain, given the increasing concern that repeated
impacts can lead to long-term neurodegenerative dis-
eases. A homogenous cohort of amateur male footballers
was chosen to minimise participant variability, thus better
accomplishing the primary aim of the study. Increasing
pass distance was generally associated with higher head
accelerations; however, none of the 65 headers were con-
sidered injurious when compared to HIC and RIC thresh-
olds. It should be recalled, though, that while such met-
rics are used widely to describe injury risk in sport, these
thresholds are derived from higher energy applications and
so concussive injuries, being too insensitive for the low
magnitude impacts associated with soccer.

FE modelling of tissue strain provides opportunity for a
more sensitive, if in-direct, prediction of brain injury. A pos-
itive trend was observed when plotting kinematics against
brain strain, which is consistent with the results of other
studies [22, 53-58]. A CSDM10 injury risk threshold of
0.107 (10.7%)—derived from [59] to represent where 10%
of all elements have exceeded a critical strain associated
with 25% risk of mTBI, was not breached. Applying a 0.14
MPS threshold resulted in 5 headers from the longest dis-
tance being associated with a 25% mTBI risk. As 23 head-
ers were recorded from this distance, approximately 1-in-5
breached this injury threshold. Should this be translatable
to game play, then these data suggest heading should be
considered a concussion risk [60-64]. Indeed, this ratio will
likely be greater when including ‘higher force’” headers, from
distances > 35 m, which is the current threshold for the Foot-
ball Association’s practice restrictions.

Assuming that one header was concussive in this study,
then 64 (or 98%) are sub-concussive, though importantly

Medium (0.17-0.259)

MPS95 Category

High (0.26-0.349) Very High (>0.35)

m Short Pass mMedium Pass Long Pass
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they still likely pose an injury risk based on accumulated
trauma, especially when multiplied through a playing sea-
son and career. Sub-concussive severity thresholds have
yet to be established due to a lack of associated clinical
sequalae, though magnetic resonance-based metrics are
being explored [65]. FE modelling was used to estimate
brain strain in youth American football impacts for non-
concussed players. Though using a different FE model,
namely the atlas-based brain model, Miller et al. [66—68]
reported neurostructural changes corresponding to ninety-
fifth percentile MPS values, which were similar to the
higher values reported here (0.1525). It may be, therefore,
that the cumulative effect of heading long-distance passes
is comparable to those neurological outcomes associated
with repeated impacts in American youth football players.

Significant intra-participant variation was observed in
the kinematic and strain-based metrics. High speed video
was utilised for further investigation. Fig. 6 a. demon-
strates sound technique, heading the ball back in the direc-
tion of travel. The same participant then poorly directed

* Medium Pass Long Pass|

another long pass (Fig. 6b). This has, however, provided
an inadvertent insight into how rotation-inducing headers
can increase head injury risk (Fig. 7) with poor technique
breaching the 0.14 MPS value (25% risk of concussion).
This is consistent with studies across other sports that have
explored links between rotation-inducing impacts and
injury risk factors [69-72]. Wililko et al. reported a 68%
risk of concussion due to rotational accelerations from
punches delivered from Olympic boxers [70], whilst oth-
ers reported a ‘hook’ boxing punch to induce significantly
greater rotational acceleration compared to other punch
types, resulting in a 96% risk of concussion. Interestingly,
punches resulting in higher rotational accelerations also
increased the likelihood of injury from linear acceleration,
a 23% increase in concussion risk compared to the second
most injurious punch [72]. Many studies have reported
rotational acceleration to have a greater influence on strain
values, though linear acceleration still creates injury risk,
particularly when considering concussions and other
mTBI [73, 74].
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Demonstrating the validity of our data is challenging,
given the variation in data across published studies consid-
ering head/brain kinematics in soccer heading. Saunders
et al. used skin patch sensors to capture on-field PLA and
PAA values in collegiate-level males. Both training and
gameplay PLA values were lower than this study (17.26 g
and 21.92 g, respectively), however PAA values were much
higher (2704.2 rad/s> and 3825 rad/s?) [53]. Their use of
skin-mounted accelerometers may have contributed to their
significantly higher values, with Wu et al. [16] noting the
frequent inclusion of artefactual data caused by soft tissue
deformation. Our approach, using iMGs, provides a more
rigid coupling between the sensors and skull. Another study
used a custom tight-fitting elastic cap to measure PLA and
PAA in a mixed cohort of youth, high school, and colle-
giate players. Results for men were reported as 27.6 g and

@ Springer

2219 rad/s? for PLA and PAA, respectively. These were sim-
ilar to results in this study (26 g and 1730 rad/s®); however,
the collegiate level mixed cohort results were 30% and 47%
greater for PLA and PAA, respectively (34.8 g and 2792 rad/
s2) [55]. The inclusion of women in the collegiate cohort is
expected to increase peak values due to women recording
higher kinematic data [53, 55, 57]. Sokol-Randell et al. used
iMGs to capture PLA, PAA and PAV in a cohort of ten uni-
versity level males during gameplay across a season. Three
similar pass distances reported kinematic values approxi-
mately 50% less than our values [58]. Miller et al. used iMGs
and 3 similar pass distances during on-field sessions, with
PLA, PAV and PAA values varying between 4 and 42%
lower than the data in this study [22]. This was recorded in
youth female soccer (under 14 years old) while we reported
21-year-old males, meaning that the variation in values is
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unsurprising. Our data may be higher than that recorded
in-game, due to the athlete being focussed exclusively on
performing against the objective, as has been reported else-
where [75]. Another study used iMGs and FE modelling
to quantify head kinematic data and estimate brain strain
response. A pass distance between the short and medium
used in this study, resulted in smaller PLA, PAA and PAV
values by 23%, 25% and 9%, respectively, while MPS values
were 55% smaller. Lower values reported are likely due to
the study considering adolescent players [76].

The results of this study provide a greater understanding
of the head kinematics and brain strain generated during
a full-scale, laboratory investigation. These values indi-
cate that heading a soccer ball appears almost exclusively
to achieve sub-concussive impacts, though these are still
associated with brain tissue strains that breach recognised
injury thresholds. Given this, plus how these headers are
not considered ‘high force’, and how soccer encourages
repetitive heading, further investigation is warranted to bet-
ter understand the potential long-term effects of ball-head
impacts, exploring how these risks can be managed to the
benefit of the players and the game. Future studies should
predominately focus on the effect of header configurations
frequently seen in game play scenarios on brain injury risk,
including expansion of the cohort to better represent female
and younger players.

Supplementary Information The online version contains supplemen-
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