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The biomechanical signature of loss
of consciousness: computational modelling
of elite athlete head injuries

Karl. A. Zimmerman,»>? Janie Cournoyer,* ®Helen Lai,"* Samuel B. Snider,’

David Fischer,® ®Simon Kemp,”® Clara Karton,* Thomas B. Hoshizaki,*
Mazdak Ghajari® and David J. Sharp®?°

Sports related head injuries can cause transient neurological events including loss of consciousness and dystonic
posturing. However, it is unknown why head impacts that appear similar produce distinct neurological effects.
The biomechanical effect of impacts can be estimated using computational models of strain within the brain.
Here, we investigate the strain and strain rates produced by professional American football impacts that led to loss of
consciousness, posturing or no neurological signs. We reviewed 1280 National Football League American football
games and selected cases where the team’s medical personnel made a diagnosis of concussion. Videos were then
analysed for signs of neurological events. We identified 20 head impacts that showed clear video signs of loss of con-
sciousness and 21 showing clear abnormal posturing. Forty-one control impacts were selected where there was no
observable evidence of neurological signs, resulting in 82 videos of impacts for analysis. Video analysis was used
to guide physical reconstructions of these impacts, allowing us to estimate the impact kinematics. These were
then used as input to a detailed 3D high-fidelity finite element model of brain injury biomechanics to estimate strain
and strain rate within the brain.

We tested the hypotheses that impacts producing loss of consciousness would be associated with the highest bio-
mechanical forces, that loss of consciousness would be associated with high forces in brainstem nuclei involved in
arousal and that dystonic posturing would be associated with high forces in motor regions.

Impacts leading to loss of consciousness compared to controls produced higher head acceleration (linear acceler-
ation; 81.5 g+ 39.8 versus 47.9 + 21.4; P=0.004, rotational acceleration; 5.9 krad/s® + 2.4 versus 3.5 + 1.6; P <0.001) and
in voxel-wise analysis produced larger brain deformation in many brain regions, including parts of the brainstem
and cerebellum. Dystonic posturing was also associated with higher deformation compared to controls, with brain
deformation observed in cortical regions that included the motor cortex. Loss of consciousness was specifically asso-
ciated with higher strain rates in brainstem regions implicated in maintenance of consciousness, including following
correction for the overall severity of impact. These included brainstem nuclei including the locus coeruleus, dorsal
raphé and parabrachial complex.

The results show that in head impacts producing loss of consciousness, brain deformation is disproportionately seen
in brainstem regions containing nuclei involved in arousal, suggesting that head impacts produce loss of conscious-
ness through a biomechanical effect on key brainstem nuclei involved in the maintenance of consciousness.

UK Dementia Research Institute, Care Research & Technology Centre, Imperial College London, London, UK
Department of Brain Sciences, Hammersmith Hospital, Imperial College London, London, UK

HEAD Lab, Dyson School of Design Engineering, Imperial College London, London, UK

Neurotrauma Impact Science Laboratory, University of Ottawa, Ottawa, ON, Canada

B WN -

Received June 17, 2022. Revised November 17, 2022. Accepted December 02, 2022. Advance access publication December 22, 2022

© The Author(s) 2022. Published by Oxford University Press on behalf of the Guarantors of Brain.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-
nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use,
please contact journals.permissions@oup.com


https://orcid.org/0000-0003-1239-3414
https://orcid.org/0000-0002-1600-8440
https://orcid.org/0000-0002-3250-2713
https://orcid.org/0000-0001-5678-5124
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/brain/awac485

3064 | BRAIN 2023: 146; 3063-3078

K. A. Zimmerman et al.

5 Division of Neurocritical care, Department of Neurology, Brigham and Women’s Hospital and Harvard Medical

School, Boston, MA, USA

Rugby Football Union, Twickenham, UK

O 00N O

London, London, UK

Correspondence to: David Sharp

UKDRI Care Research and Technology Centre
Sir Michael Uren Hub, Imperial College London
86 Wood Lane, London W12 0BZ, UK

E-mail: david.sharp@imperial.ac.uk

Correspondence may also be addressed to: Mazdak Ghajari

Division of Neurocritical Care, Department of Neurology, University of Pennsylvania, Philadelphia, PA, USA

London School of Hygiene and Tropical Medicine, London, UK
The Royal British Legion Centre for Blast Injury Studies and the Department of Bioengineering, Imperial College

Dyson School of Design Engineering, Imperial College London

South Kensington, London SW7 2AZ, UK
E-mail: m.ghajari@imperial.ac.uk

TBI; biomechanics; loss of consciousness; sports tbi; concussion

Introduction

There are 45 to 54 million mild traumatic brain injuries (mTBI) a
year globally.’ These can be associated with loss of consciousness
(LOC) and other focal neurological signs, including abnormal motor
posturing. These effects are apparent in professional sports, where
they are used to identify suspected concussion and trigger removal
from play decisions.>® However, it is unclear why impacts that can
appear superficially similar produce very different immediate
neurological outcomes. Distinct neurological signs are likely to re-
flect transient dysfunction in specific brain regions produced by
the biomechanical effects of the head impacts. Hence, understand-
ing the biomechanical effects of head impacts within the brain is
likely to be informative and provides a way to quantify TBI sever-
ity.*® The magnitude and distribution of these biomechanical
forces in the brain are known to contribute to the severity of the in-
jury,” and initial results suggest LOC involves a greater degree of tis-
sue deformation in the brain®° It is unknown how the spatial
patterns of deformation relate to specific neurological signs that
are produced.

Loss of consciousness is characterized by complete loss of mo-
tor tone and can be reliably identified with video review or via
pitchside surveillance. Similarly, abnormal posturing can also be
identified, as abnormal motor activity produces a ‘fencing’ re-
sponse seen either unilaterally or bi-laterally. Medical staff and
dedicated ‘concussion-spotters’ are increasingly used to identify
these features in sports including American football or rugby.™°
Reported rates of LOC in mTBIs from professional sports range
from 6.4 to 8.8%."'? The frequency of posturing that is reported
is more variable, with a rate of 7.1% in rugby*® and 35.2% in a select
review of professional American football concussions from
2013-15." It is not clear if neurological events at the time of injury
are indicative of poorer long term outcomes. Posturing is generally
thought to be relatively benign, with an absence of related long-
term imaging or cognitive impairments.’"” Evidence for LOC is
mixed, as some studies also report that LOC is not associated
with poorer outcomes or cognitive impairment,'®?° although
others show worse cognitive performance and an increased prob-
ability of radiological abnormalities post-LOC.?>??

Head impacts can produce biomechanical effects within the
brain stem that may be particularly relevant to understanding
LOC. Experimental injuries in cats show damage to the reticular for-
mation within the brainstem produces coma.?*** More recent hu-
man work has shown that lesions in the brainstem tegmentum
are highly predictive of prolonged LOC.?>?® The brainstem tegmen-
tum contain neuromodulatory nuclei, including cholinergic, dopa-
minergic and noradrenergic neurons involved in arousal and
alertness.”’?® Damage to the dorsal raphé or locus coeruleus is
prominent after severe TBI and can be associated with impaired
arousal.?® Loss of consciousness from a head impact may therefore
be aresult of biomechanical effects within these specific brainstem
nuclei or their cortical projections which are particularly vulnerable
to mechanical loading, including the shear, tensile and compres-
sive forces that are generated as a result of mTBIs.> 32

Dystonic posturing may result from transient dysfunction with
the motor system. This can occur with or without LOC, probably be-
cause the biomechanical effects of an impact differentially affect
the motor and arousal systems.’®** Dystonic posturing is not
thought to be epileptic in origin, but rather due to a transient
physiological change, perhaps produced by a reduction in cortical
inhibition.>* Hence, impacts leading to LOC and posturing may re-
sult from distinct biomechanical effects on the motor and arousal
systems.

Finite element modelling can be used to investigate the pat-
tern of biomechanical forces in the brain produced by head im-
pacts.®®93>%2 These models incorporate mechanical tissue
properties*® and have been validated using cadaver and animal
models of TBL.*** We have developed a high-fidelity finite elem-
ent model that has been used to predict patterns of strain and
strain rate produced by a range of head impacts with high spatial
resolution.®*”-3® Controlled cortical impact modelling in the rat
has been used to validate this approach. This work shows that es-
timates of strain and strain rates produced by the impact corre-
lated with histopathological and MRI markers of axonal, glial
injury and blood-brain barrier damage.®*° In humans, the model
has been used to investigate sporting impacts, falls and road
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traffic accidents, showing high strain and strain rates in the
depths of sulci at points of anatomical gyral inflection where
tau pathology is observed in cases of chronic traumatic encephal-
opathy.?”"*® A version of this model that contains a definition of
the anatomy of the venous system has also been developed®®
and has been used to predict the location of microbleeds after
head impact in sports.*

Here, we performed detailed investigation of 82 head impacts
from professional adult male American football players and in-
vestigated differences in the magnitude and distribution of brain
deformation from impacts that led to LOC, posturing or produced
no observable immediate neurological signs. Previous work has
shown that impacts leading to neurological signs (LOC and pos-
turing) are associated with a general increase in brain deform-
ation,” with the highest deformation reported to be in the
cerebral white matter for LOC impacts.>® However, computational
models used previously have lacked the anatomical features and
resolution to investigate the spatial distribution of brain deform-
ation in detail. In addition, we have been able to apply advanced
statistical techniques derived from neuroimaging to investigate
the biomechanical correlates of clinical features of mTBI using a
highly anatomically detailed 3D model of TBI biomechanics.
This allows a detailed evaluation of strain and strain rate magni-
tude and distribution differences between groups. Here we specif-
ically test the hypotheses that: (i) impacts leading to LOC will be
associated with higher strains and strain rates across the brain;
(ii) these forces will be particularly high within the brainstem in
impacts leading to LOC; and (iii) impacts leading to posturing
will be associated with high strain in the motor cortex and/or cor-
ticospinal tracts.

Materials and methods

The method for case selection of impacts has been described previ-
ously.’ A total of 1280 elite American football games over a 5-year
period were reviewed for concussive head injuries, defined based
on the diagnosis of a ‘concussion’ by the team’s medical personnel
and communication through associated press releases. Videos of
impacts leading to the injury were then analysed for observable
signs of neurological events (Fig. 1A). Loss of consciousness was de-
fined as impacts leading to a player displaying a complete loss of
motor tone or a failure to protect themselves during the ensuing
fall within the first 2 s after impact. Posturing was defined as im-
pacts leading to flexion or extension in the upper or lower extrem-
ities in any combination, and did not fit the criteria for LOC. In cases
where the neurological events could not be confirmed, cases were
excluded from the study. We also defined specific control impacts
that were event matched (e.g. a fall, or shoulder/helmet to helmet
collision) to impacts in the LOC and posturing group. These impacts
were concussive head injury events, as defined earlier, that did not
produce any visible signs on video, i.e. posturing or LOC. All concus-
sive impacts preceded players being removed from play. This al-
lowed for the identification of the injurious impact in the control
group. Control impacts were selected using a random number gen-
erator to select control cases from a range of impacts that matched
the collision characteristics of the LOC and posturing group cases,
i.e. if a shoulder-to-helmet impact produced LOC, then a similar
type of impact was selected at random from all the examples of
shoulder-to-helmet impacts in the control dataset. In total, 20
LOC cases, 21 posturing cases and 41 impacts leading to no visible
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signs (control cases) were included in this study. Return to play dur-
ation was defined as the time after which players returned to a
game or were allowed full contact as stated in a press release. For
subgroup analysis, players were grouped into either fewer than 14
days required for return to play, or 14 days or more for subgroup
analysis, consistent with definitions for persistent post-traumatic
symptoms in adults.*

The methodologies involved in video analysis and laboratory re-
constructions of head impacts have been described previously in
detail.***¢ In brief, videos were first screened for suitability of phys-
ical reconstruction. Videos required a clear view of the impact and
distinguishable pitch markings to allow for calibration of distances
on video to known pitch dimensions. Kinovea (version 0.8.20) was
used to calculate impact velocity by determining the distance be-
tween the injured players head and impacting surface 0.04-0.2 s
prior to impact (Fig. 1B). This method yields measurement errors
of less than 10% in ice hockey*’ and is likely to be similar or smaller
in American football due to the increased number of markings on
the field to establish a more accurate calibration. Furthermore, vid-
eos of professional American football include a larger number of
cameras, with angles typically perpendicular to the field, increasing
the field of view and accuracy of the measurement. Head location/
orientation and event type was also recorded from video footage.

These parameters were used to guide physical reconstructions
of the head impact events at the University of Ottawa using a
Hybrid III 50th-percentile adult male headform and neutral un-
biased neckform, which performs similarly to a Hybrid III neck
without a directional bias (Fig. 1C).*® Mounted accelerometers
were used to capture linear and rotational acceleration of the
head during an impact. The headform was equipped with an
American football helmet with matching liners based on helmets
worn at the time of impact. Helmet-to-helmet collisions were simu-
lated using a 15.9 kg impacting arm wearing an American football
helmet. In cases of shoulder-to-helmet impacts, a 13 kg impact
arm with an American football shoulder pad was used.

The Imperial College London 3D finite element model of the human
head (IC 1.0) was used to calculate brain deformations from each
head impact. The model was developed using high-resolution MRI
of a healthy 34-year-old male subject and consists of nearly one mil-
lion hexahedral elements and a quarter of a million quadrilateral
elements. Briefly, we used an image-based mesh generation ap-
proach to develop the head FE mesh, similar to previous work.***°
We segmented the T;-weighted image of the subject into skin, skull,
CSF, grey matter, white matter, ventricles and brainstem using
Freesurfer and FSL.>*°* Each voxel of the image was replaced with
a hexahedral element (1.5 mm edge length) using an in-house
code. The falx and tentorium were added between the hemispheres
and cerebrum/cerebellum, respectively, using shell elements. A
layer of shell elements was added on the grey matter to represent
the pia matter. The mesh at the interface between CSF/skull and
grey matter/CSF was smoothed, but we did not smooth the mesh
at the interface between grey matter and white matter, because
they had the same material properties. The final model had an aver-
age element size of 1.5 mm, with 0.1 mm for the smallest element,
representing 11 tissues, including the scalp, skull, brain, meninges,
subarachnoid space and ventricles, as well as anatomical features
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Video analysis
A Case selection

Loss of conciousness - Complete loss of motor tone
n=20 - ora failure to protect themselves during
the ensuing fall within the first 2 seconds
after impact

Posturing - Flexion or extension in the upper or lower
n=21 extremities in any combination
- Did not fit the criteria for LOC

No visible signs - No neurological signs evident on )

n=41 video
- Removed from play, subsequent press
release of concussion diagnosis

B Impact analysis using Kinovea

K. A. Zimmerman et al.
Impact reconstruction

C Physical reconstructions

Linear acceleration Rotational acceleration

D Finite element modelling

Imaging and statistical analysis

F Region of interest analysis

Figure 1 Methods and workflow. Videos of professional American football games were analysed to select cases of (A) players who lost consciousness,
experienced dystonic posturing or did not show any visible signs of injury but were later diagnosed with a concussion by a team’s medical professional.
(B) Impacts were analysed using Kinovea and (C) were physically reconstructed in a lab to estimate the accelerations of the head during the impact. (D)
Information on head acceleration was then used as input for finite element modelling of the biomechanics of the injury, producing metrics such as
strain and strain rate. (E) Blomechanical metrics were then analysed using neuroimaging techniques such as voxel-wise analyses, and (F) region of

interest analysis was performed to test specific hypotheses.

such as sulci. The model predictions of brain displacement were va-
lidated against recently published experimental data from well-
documented and open-access post-mortem human subject
(PMHS) experiments.***? In short, controlled rotational motion
was applied to a PMHS head, with crystals inserted to allow for
measuring displacement time histories. These were compared to
model predictions using the LS-DYNA CORA (CORrelation and
Analysis) to assess prediction fidelity (with acceptable threshold de-
fined as CORA > 0.44). The mean CORA for all tests and axes range
from 0.50 to 0.65, which indicates an overall fair fidelity of the pre-
dictions. Further detail on the model material characteristics, devel-
opment details and validation are described in previous work®->
and in Supplementary Figs 1-5 and Supplementary Tables 1-2.

The finite element head model was loaded by linear and rota-
tional accelerations obtained from the physical reconstructions of
the impacts (Fig. 1D). For each element of the model, we determined
the maximum principal value of the Green-Lagrange strain tensor
(E), ameasure of how much the element has been stretched with re-
spect to its original shape (hereafter labelled as strain). We also cal-
culate the maximum principal value of the total time derivative of
the Green-Lagrange strain tensor that the element experienced
during the simulation, which is a measure of the maximum time
rate of stretch within each element (hereafter labelled as the strain
rate).”® Values for strain and strain rate were encoded in a voxel-
wise basis and saved as a NIFTI (Neuroimaging Informatics
Technology Initiative) file for neuroimaging analysis.
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Strain and strain rate data for each impact were analysed using fMRIB
Software Library (FSL) v6.0.2. Whole brain measures of strain and
strain rates were defined as the 90th percentile value of strain and
strain rate sampled from voxels across the whole brain. This was
done to account for possible abnormally large strains in poorly de-
fined elements and represents the peak strain and strain-rate values
reached across the whole brain during an impact. Strain and strain
rate images were merged and means calculated at each voxel across
all impacts per neurological event type. Voxel-wise analysis was con-
ducted using the general linear model with non-parametric permuta-
tion testing (10000) in FSL Randomise,** and results reported are
threshold-free cluster enhancement (TFCE)-corrected for multiple
comparisons at a threshold of P<0.05 (Fig. 1E). A secondary voxel-
wise analysis was repeated but with 90th percentile strain and strain
rates used as covariates to investigate proportional spatial differ-
ences. Region of interest analysis was conducted after registering
strain and strain rate images to MNI152 space, and sampling from
within masks of the thalamus, brainstem and motor cortex.
Thalamus, brainstem and supplementary motor area masks were de-
rived from the Harvard-Oxford brain atlas,’® while the motor cortex
atlas was derived from the primary and pre-motor masks from the
Jiilich histological atlas.>® Corpus callosum and corticospinal tract re-
gions of interest were derived from the ICBM-81-DTI white matter at-
las.”” Left and right anterior thalamic radiation regions were derived
from the JHU white-matter tractography atlas®® and motor areas de-
termined to be associated with upper limb function from the brainne-
tome atlas.>® The Harvard AAN atlas was used to identify brainstem
nuclei in Montreal Neurological Institute (MNI) space.®

We compared areas of significant brainstem deformation from
voxel-wise analyses with regions of interest identified from previous
studies of lesions leading to LOC. A comparison was made with a
coma-specific brainstem region, identified from an analysis of brain-
stemn lesions that either did or did not cause coma.”® A second com-
parison was made with a brainstem region identified based on
preferential functional connectivity to penetrating traumatic cortical
lesions in patients that did or did not have LOC.?® Relevant methods
for lesion analyses can found in their respective publications.

Statistical tests were completed in the open-source software package
R. The comparison of proportion of lateralized impacts, impact loca-
tion and return to play classification between groups was completed
using a Pearson’s ” test. Peak resultant linear and rotational acceler-
ation and velocities were calculated from accelerations and veloci-
ties in the x, y and z plane. Head kinematics including linear and
rotational velocity and acceleration, whole brain deformation mea-
sures including 90th percentile strain and strain rate and region of
interest analysis of mean strain and strain rates were tested for nor-
mality using the Shapiro-Wilk test for normality and Levene’s tests
was used to assess homogeneity of variances across groups. Due to
the tests violating the normality assumption, comparisons of all
head kinematic data and whole brain deformations were done using
the non-parametric Kruskal-Wallis H tests, which can accommodate
both parametric and non-parametric data, with pairwise Wilcoxon
rank sum tests and false discovery rate (FDR) correction for post hoc
analysis. A Pearson’s correlation was used to test the correlation
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between 90th percentile strain and strain rate. Voxel-wise imaging
statistical analysis to test whether there were differences between
impacts leading to different neurological events was used as de-
scribed above. Group differences in impact kinematics and brain de-
formation between players with return to play durations greater or
less than 14 days long were investigated using two-sided Student’s
t-tests. A P-value threshold for reporting of <0.05 was used.

The processed kinematics, simulation and clinical data that sup-
port the findings of this study are available from the corresponding
author upon request.

Results

Eighty-two head impacts were investigated: 20 produced LOC, 21
dystonic posturing and 41 control impacts had no visible neuro-
logical signs (Supplementary Table 3). Impacts occurred to both
the left side of the head (n=40) and right (n=29), and more were la-
teralized (left or right, n=70) compared to direct (front or back, n=
12). Posturing was seen in both limbs bilaterally in 15 cases, with
a higher number of impacts to the left (n=12) than right (n=6)
side of the head. A comparison of the groups showed no differences
in impact location (P =0.82) or proportion of impacts that were dir-
ect compared to lateralized (P=0.76). Voxel-wise analysis showed
no differences in strain between impact location groups. There
was no relationship between the side of the head impacted and lat-
eralization of dystonic posturing. There was also no difference in
the proportion of individuals who had a return to play within, or
longer than 2 weeks between the groups (P=0.63).

Physical reconstructions of the impacts produced kinematic mea-
sures of peak linear and rotational accelerations. Illustrative cases
are shown in Fig. 2. Case study 1 shows a head-to-head impact to-
wards the front of the head around 15-50 degrees off centre to the
right. This produced LOC with a high negative linear acceleration in
the x-axis (forward and back) in the first 20 ms (Fig. 2A). High levels
of strain were seen in many brain regions. These exceeded 1.5 times
the group interquartile range (IQR) in all but two regions of interest.
Case study 2 shows a head-to-head impact producing dystonic pos-
turing. A high negative linear acceleration in the y-axis (right to left)
was observed, with strains generally above the IQR but not exceed-
ing 1.5 times the IQR in any regions of interest (Fig. 2B). Case study 3
shows a concussive head injury eventinvolving a head-to-head im-
pact to the left of the head that did not produce LOC or dystonic pos-
turing. Negative linear acceleration was seen, predominantly in the
y-axis, but the associated strains were below average in all brain re-
gions (Fig. 2C).

We next tested for group differences in head kinematics (rotation-
al/linear acceleration and velocity; Fig. 3A). A non-parametric
Kruskal-Wallis H test was used with three levels (LOC, posturing
and control impacts). These tests showed a significant main effect
of group on peak linear acceleration [H(2,79) =11.3, P=0.004], peak
rotational acceleration [H(2,79) =15.7, P <0.001] and peak rotational
velocity [H(2,79) =7.4, P=0.025] (Fig. 3A). These differences were pri-
marily the result of differences between LOC and control group
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Figure 2 Case studies of injuries with different clinical features. Case studies of (A) LOC; (B) posturing; and (C) no neurological signs (control). The left
panel shows head impact kinematics (linear and rotational acceleration). The middle panel shows the 90th percentile strain in brain regions of interest
(individual = dot, box plots show median and IQR of all other impacts with whiskers indicating 1.5 times IQR). The right panel shows whole brain analysis
of Green-Lagrange strain. BS =brainstem; CC = corpus callosum; CST = corticospinal tract; LUL =left upper limb; RUL =right upper limb; SMA = supple-

mentary motor area; Th =thalamus; Th R=thalamic radiation.

impacts, with impacts leading to LOC associated with higher linear
acceleration (P=0.004) and rotational acceleration (P <0.001), with
borderline significance in rotational velocity (P=0.053). Impacts
leading to dystonic posturing also had higher rotational acceler-
ation than control impacts (P=0.018).

High brain strain and strain rates associated with
loss of consciousness and posturing

Group changes in brain deformation were then assessed by estimat-
ing average strain and strain rates (Fig. 2B). As for head kinematics,
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Figure 3 Kinematics and biomechanics of impacts. (A) Plots of rotational and linear acceleration and velocity; (B) Strain and strain rates for impacts
leading to LOC (left), posturing (middle) or no visible signs (control, right). Format of box plots as in Fig. 2. Horizontal bars and asterisks highlight where

groups are significantly different after post hoc testing (P < 0.05).



3070 | BRAIN 2023: 146; 3063-3078

A Mean strain across head injury subtypes
i Loss of Consciousness cases

y:24 y:1 4

il Posturing cases

iii Control cases
_
i

Maximum principal Green-Larange strain

B Mean strain rate across head injury subtypes

i Loss of Consciousness cases

Maximum principal Green-Larange strain rate (s)

K. A. Zimmerman et al.

Figure 4 Spatial distribution of strain, strain rate across head injury subtypes. (A) The mean of maximum strain and (B) mean of maximum strain rate
(s-1) across (i) LOC cases; (ii) posturing group; and (iii) control cases calculated for each voxel. y coordinates provided in MNI space.

there was a significant main effect of group in a non-parametric
Kruskal-Wallis H test of 90th percentile strain [H(2,79)=11.8, P=
0.003] and 90th percentile strain rate [H(2,79)=11.3 P=0.004].
Impacts leading to LOC had significantly higher strain (P=0.004)

and strain rate (P=0.010) than control impacts. Both strain (P=
0.031) and strain rates (P=0.016) were also higher in the posturing
group compared to controls. Across the whole brain, 90th percentile
strain and strain rates were highly correlated (P<0.001, r=0.89).
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A Comparisons of maximum strain between groups
i LOC vs control: Areas of higher maximum strain in LOC

B Comparisons of maximum strain rate between groups
i LOC vs control: Areas of higher maximum strain rate in LOC

impact

!
A

P<0.001

Figure 5 Areas of the brain with strain and strain rate differences across head injury subtypes. Voxel-wise analysis of strain and strain rates. (A) Areas
of significantly higher maximum strain in (i) LOC compared to control group impacts; and (ii) posturing group compared to control group impacts. (B)
Areas of significantly higher maximum strain in (i) LOC compared to control group impacts; (ii) posturing group compared to control group impacts; and
(iii) LOC compared to posturing. Areas coloured are thresholded to indicate voxels which are significantly different between groups (TFCE corrected P <

0.05) across the brain. x, y and z coordinates provided in MNI space.

Voxel-wise maps of mean strain and strain rate showed distinct pat-
terns of biomechanical effects as predicted by the FEM model. High
mean strains and strain rates were apparent in many brain regions
in LOC impacts [Fig. 4A(i) and B(i)]. Less pronounced strain and strain
rates were seen in posturing group cases [Fig. 4A(ii) and B(ii)]. Strain
was concentrated within the depths of the sulci bilaterally for all

three event impact types, although concentration of forces in the
sulci was less obvious for strain rate (Fig. 4B).

Directly comparing the groups showed distinct patterns of strain
and strain rate for LOC and posturing groups. LOC compared to con-
trol impacts were associated with higher strain and strain rates in
many brain regions, including the brainstem, cerebellum and many
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Comparisons of maximum strain rate with 90th percentile strain rate as a covariate
A Areas of hlgher maximum strain rate in LOC vs control |mpacts

z=38 z=18 z=8

z=-2 z=-22

B Areas of higher maximum straln rate in LOC vs posturmg impacts

P=0.05

C Overlay of regions that are significantly higher in LOC vs control & posturing

¢

z=48 z=33

&6 ﬁ‘c’?@ é

z=-12 Z=- z=-42

Areas where strain is higher in LOC vs control impacts
Areas where strain is higher in LOC vs posturing impacts
I Areas where strain is higher in LOC vs control and posturing impacts

Figure 6 Strain rates associated with loss of consciousness controlling for overall biomechanical severity. Voxel-wise analysis including 90th percent-
ile as a covariate. (A) Areas of increased strain rate for LOC compared control impacts; (B) Areas of increased strain rate for LOC compared to posturing
impacts; (C) Overlay of increased strain rate for LOC versus posturing and control impacts. x, y and z coordinates provided in MNI space. Thresholding

as in Fig. 5.

cortical regions except the frontal pole [Fig. 5 A(i) and B(i)]. Posturing
impacts compared to controls showed less extensive strain increases,
mainly seen in the left temporal lobe, left frontal orbital cortex, right
putamen, right motor cortical regions and in white matter such as the
body and splenium of the corpus callosum and left superior longitu-
dinal fasciculus. Differences in strain were not observed in the

cerebellum or brainstem [Fig. 5A(ii)]. Strain rates were also higher in
the posturing group compared to control impacts, with increases in
similar regions to those seen for strain but increases also seen in sub-
cortical structures such as the thalamus, cerebellum and parts of the
brainstem [Fig. 5B(ii)]. Region of interest analysis of strain and strain
rates confirmed these observations (Supplementary Table 4).
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A Areas in brain stem of higher maximum strain rate in LOC vs posturing

NG ORC)

=

s

P<0.001
T

B Brainstem voxels associated with LOC

‘e s

C Coma-specific brainstem lesions
Z=3.54

D Overlap in significant voxels

Overlap between strain rate voxels (A) and LOC associated voxels (B)

Overlap between strain rate voxels (A) and coma-specific lesion voxels (C)

Overlap between all three results (A, B & C)

Figure 7 Overlap of strain rate differences with lesions associated with coma and LOC. (A) Areas of the brainstem with disproportionately higher strain
rates in impacts with LOC compared with posturing impacts, compared with (B) lesions in the brainstem significantly associated with LOC (P <0.05)
from prior work® and (C) lesions significantly associated with brain-stem coma (z > 3.54) from prior work.?® (D) Overlap between strain rate results
(in A) with lesion maps from B (in blue) and C (in red). Yellow areas indicate overlap between all three maps. z coordinates are provided in MNI space.

affected.®® This showed that the locus coeruleus, dorsal raphé, me-
dian raphé and parabrachial complex were likely to be affected.
There were no differences in strain between the LOC and posturing
Loss of consciousness was associated with higher strain rates in groups.
the brainstem and cerebellum than posturing impacts [Fig. 5B(iii)]. We next controlled for the overall biomechanical severity of im-
The Harvard AAN atlas was used to evaluate brainstem nuclei pact, as direct comparisons are potentially confounded by overall
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differences in the magnitude of strain and strain rate between the
groups. By using whole brain 90th percentile strain or strain rates as
a covariate, this allows for spatial differences to be located regard-
less of the overall magnitude of strain. Proportionally higher strain
rates were observed for LOC compared to controls in the cerebel-
lum, pons and medulla of the brainstem and small areas of the mo-
tor cortex (Fig. 6A). These were observed in brainstem regions that
included brainstem nuclei such as the pontis orealis, periaqueduc-
tal gray, locus coeruleus, dorsal raphé, median raphé and parabra-
chial complex, the left premotor cortex and the right temporal lobe
(Fig. 6B). There were areas of overlap in the cerebellum, medulla
and brainstem nuclei, including the locus coeruleus, dorsal raphé
and parabrachial complex where strain rates were higher for the
contrasts of LOC with posturing and control groups (Fig. 6C).
There were no differences in proportional strain between any of
the groups, or differences in strain rates observed between impacts
leading to posturing and controls. There were also no regions where
strain rate was disproportionally higher in control impacts or
where posturing impacts showed higher strain or strain rate than
LOC.

Finally, we investigated the spatial distribution of strain rates
associated with LOC in comparison to previous reports of brain-
stem regions involved in LOC (Fig. 7). These studies used autopsy,
CT or MRI to delineate different lesion types (vascular lesions of
the brainstem versus cortical and subcortical lesions from pene-
trating head trauma) and together implicated the dorsal pontine
tegmentum as being specifically associated with LOC (Fig. 7B and
C).?>?® Areas of increased strain rate associated with LOC in our
study showed overlap with the dorsal pontine tegmentum, locus
coeruleus and parabrachial complex (Fig. 7D).

We assessed if brain deformation metrics were related to length of
return to play duration. Impacts were grouped into leading to a re-
turn to play of less than 14 days, or 14 days or greater. Analysis of
impact kinematics and brain deformation showed no differences
between the groups (Supplementary Table 5).

Discussion

Our investigation of concussive head injuries show that specific
patterns of biomechanical forces produced by head impacts are
associated with distinct neurological impairments. We used a
high-resolution computational model of head injury biomechanics
to estimate the pattern of strain and strain rate produced by varying
head impacts that had been reconstructed after video analysis.
Advanced neuroimaging analysis techniques provided voxel-wise
biomechanical estimates, allowing us to test specific hypotheses
about the relationship between the anatomical location of strain
and post-traumatic LOC and dystonic posturing. Whole brain strain
and strain rates were high in a large number of brain regions follow-
ing impacts leading to LOC. These included parts of the brainstem
previously implicated in disorders of consciousness. After control-
ling for overall biomechanical severity, brain deformation was par-
ticularly seen in the cerebellum and brainstem. This overlapped
with the location of brainstem lesions known to produce LOC, in-
cluding the locus coeruleus, dorsal raphé and parabrachial complex.
Less specific strain patterns were also seen in impacts producing
dystonic posturing. This shows that quantifying the distribution of
biomechanical forces in the brain produced by sporting head im-
pacts informs the understanding of neurological signs and that
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head impacts may produce LOC through a biomechanical effect on
key brainstem nuclei involved in the maintenance of consciousness.

Impacts producing LOC and those producing dystonic posturing
were more biomechanically severe than control impacts. Higher le-
vels of strain and strain rate were seen across widespread brain re-
gions. The diffuse nature of the brain deformation may well be
relevant to LOC, as distributed brain regions are involved in con-
sciousness.?” However, controlling for overall biomechanical sever-
ity allowed us to test whether strains and strain rates were more
specifically related to LOC or dystonic posturing by comparing
strain/strain rates across the groups, while accounting for individ-
ual differences in maximum strain/strain rates. This analysis
showed no differences between posturing and control cases. In
contrast, higher strain rates were present in LOC cases, specifically
in brainstem and the cerebellum compared to impacts leading to ei-
ther no visible signs or dystonic posturing. The dorsal brainstem
was particularly affected. This region contains the locus coeruleus
and dorsal raphé, which provide noradrenergic, dopaminergic and
serotonergic projections to the cortex.?”°* Strain rates were also
high in areas overlapping the parabrachial complex, which projects
to the thalamus, basal forebrain and other brainstem nuclei in-
volved in consciousness.?”%?

The location of high deformation in the dorsal raphé suggests
that disruption of the arousal network is a potential mechanism
for transient post-traumatic loss of consciousness. The locus coer-
uleus, dorsal raphé and parabrachial complex are involved in
the control of arousal.®®® Recent work shows that photoinhibition
of the parabrachial complex blocks hypocretin-mediated sleep-to-
wake transitions, whilst stimulation of the locus coeruleus in-
creased arousal.®® Similarly, chemogenetic inhibition of dopamin-
ergic neurones in the dorsal raphé reduces wakefulness, while
optogenetic stimulation of these neurones promoted wakeful-
ness.®® Both the locus coeruleus and dorsal raphé neuron popula-
tions are disproportionately damaged following severe-TBI,*
which is commonly associated with disorders of sleep and wakeful-
ness.” Lesioning glutamatergic neurones in the parabrachial com-
plex of rodents directly produced a comatose state.®® Hence, high
levels of biomechanical force in these nuclei during impacts may
therefore interrupt ascending arousal signals, leading to LOC.

The way in which high strain impairs the ability of brainstem
nuclei function remains unclear. Transient impairment of the arou-
sal network might be produced either through direct compression
or distortion of the brainstem itself or via shearing and distortion
of axonal projections.”™”? Axonal projections are particularly vul-
nerable to mechanical loading, including the shear, tensile and
compressive forces that are generated as a result of mTBIs.>*%?
High biomechanical strains can produce this type of injury, because
axons become brittle when force is applied rapidly,”® particularly
4074 of the head at the time of impact.
LOC appears particularly related to rotational acceleration of the
head, with impacts with purely linear acceleration components
less likely to produce LOC.”>”® Biomechanical forces are concen-
trated in upper parts of the brainstem due to it being relatively fixed
within the posterior fossa in relation to the tentorium.”* After TBI,
white matter damage has particularly seen within the brainstem
and thalamus of patients with long-term disorders of conscious-
ness,””®° and the degree of this damage may correlate with the se-
verity of impairment in consciousness.®! Diffuse axonal injury
affecting projections of the brainstem and thalamus may also dis-
connect the arousal system from cortical regions necessary for
awareness, and play a critical role in producing prolonged disorders
of consciousness.

from rotational accelerations
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Figure 8 Proposed mechanism for traumaticloss of consciousness. High strain rates within the dorsal brainstem affect key arousal nuclei associated with
arousal: the parabrachial complex, locus coeruleus and dorsal raphé. Axonal membrane disturbance temporarily impairs action potential firing, leading
to transient reductions in noragenergic, dompaminergic, serotonergic and gulatamatergic projections (red-blue) to the cortex and subsequent LOC.

The transient nature of LOC suggests a physiological disruption
in axonal function is likely, rather than a structural lesion. Animal
neurophysiological studies are informative in this respect. Studies
of rat and guinea pig spinal cord indicate that the degree of func-
tional impairment, as measured by compound action potentials,
is dependent on the strain rates, at strain similar to the levels ob-
served in this study.®?#® Disruptions of axonal membrane function
and permeability are observed after high strain rates, which mainly
resolve by 30 min, in keeping with the time course of LOC produced
by head injury.®*#* Hence, LOC produced by head injury observed
could be the result of high strain rates to cause a disruption of axon-
al membrane function that exceeds the threshold necessary to
temporarily disrupt of action potential propagation. Our results
suggest that if high strain rates are locally concentrated within
brainstem arousal nuclei, including the locus coeruleus, dorsal
raphé and parabrachial complex, this may be sufficient to produce
transient LOC (Fig. 8).

There are some limitations to our study. These partly relate to the
use of video analysis and impact reconstruction methods. Video

analysis carries a degree of error in estimation of velocity and angle
of impacts that need to be considered, and the biofidelity of physical
reconstruction and simulations depends on several factors including
the anatomical fidelity of the head and neck, along with and fidelity
of material models and properties. These limitations and how
they are minimized are described in previous publications.®”-34¢
Nevertheless, these methods remain an important way to estimate
the kinematics of the head and brain deformations during impacts
in sport. The diagnosis of concussion in the cases we studied was
made by medical professionals involved at the pitchside and could
be influenced by some variation in diagnostic judgements. This is
unlikely to have influenced our main findings as we focused on ana-
lysing the biomechanics of LOC and posturing, which were objective-
ly quantified from video evidence. We analysed data from 2009-13
and did not require that an individual was only analysed in one of
the experimental groups. Therefore, it is possible that multiple im-
pacts from a single individual appeared in both control and non-
control groups. This potential source of non-independence in the
samples was not controlled for. Control impacts were selected to
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be ‘event matched’ to the LOC and posturing groups, i.e. impacts
with similar types of impact such as fall to the ground or
shoulder-to-head collisions were included. We were able to control
for differences in biomechanical confounders such as head impact
location and injury severity. However, the players included in the
three groups were not matched for demographic, prior head injury
exposure or clinical information, because this was not available. It
is possible that individual variability may have influenced the pat-
tern of strain and strain rate we observed, and this is an important
direction for future research. However, the players we studied
were relatively homogenous, as they were all healthy professional
athletes who were of similar age. Hence, the potential effects of ex-
treme age or medical co-morbidities on the biomechanical effects of
injury are unlikely to be relevant in this study group. We had limited
access to clinical data from the post-traumatic effects of these injur-
ies, which means we are unable to analyse the longer-term clinical
effects of the impacts studied. Furthermore, the physical reconstruc-
tion methods and computational modelling did not consider physio-
logical differences that may influence kinematics and brain
deformations. Future studies should take into account the possibility
of using the pipeline for generating the FE model on an individua-
lized basis from subject MRI scans, which could be combined with
advanced MRI such as diffusion tensor imaging of subjects to look
at measures of white matter injury or structural connectivity.**#
We did not study any potential influence of repeated impacts within
the game prior to the ‘index’ injury. It is possible that these are rele-
vant to the occurrence of a concussive impact. Work using sensors
systems such as instrumented mouthguards will enable research
of this nature as they provide acceleration data throughout games
and trainings without the need for video analysis or reconstruction®
and can be paired with data science approaches that vastly reduce
the time required to predict biomechanical forces within the brain.®’

In conclusion, our study shows that impacts leading to LOC in-
volve higher accelerations and velocities of the head, which in
turn lead to higher levels of strain and strain rates within the
brain. We show how novel brain injury biomechanics can be stud-
ied using advanced neuroimaging statistical tools. When coupled
with a high-resolution computation model of brain injury bio-
mechanics, this allows a detailed assessment of patterns of strain
and strain rate produced by head impacts. In head impacts produ-
cing LOC, brain deformation is disproportionately seen in brain-
stem regions containing nuclei involved in arousal, including the
locus coeruleus, dorsal raphé and parabrachial complex. This sug-
gests that head impacts produce LOC through a biomechanical ef-
fect on key brainstem nuclei involved in the maintenance of
consciousness.
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