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Abstract
Traumatic brain injury (TBI) is a global health concern. Mild TBI
(mTBI) which accounts for the majority of TBI cases, is hard to
detect since often the imaging is normal but can still cause
brain damage and long-term sequelae. Physiologically, acute
primary damage to the brain is thought to be caused by tissue
deformation from the inertial movement of the brain after rapid
head rotation. Respecting tissue biomechanics, animal models
are often used to understand the pathophysiology of mTBI. We
have reviewed the literature focusing on connecting biome-
chanics with mTBI pathologies at the tissue scale using
neuroimaging, neurobehavioral tests, and pathologies across
species, particularly studies using strain and strain rate. These
studies have found strain and strain rate predict mTBI pathol-
ogy and strain is generalizable across species, including small
animals, large animals, and humans. We propose that re-
searchers can leverage tissue-level strain and strain rate to
bridge biomechanics and mTBI pathology.
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Introduction
TBI is one of the leading causes of disability and death
worldwide, particularly for children and young adults
[1,2]. The onset of TBI can be attributed to head
www.sciencedirect.com
impacts or rapid head rotation from multiple sources,
including but not limited to accidental falls, traffic ac-
cidents, various contact sports, and domestic abuse [3e
7]. Repetitive mild TBI (mTBI) may cause cumulative
brain injury over time and lead to long-term cognitive
deficits [8]. It has been postulated that repetitive TBI
can lead to neurodegenerative diseases and chronic

traumatic encephalopathy in some cases [9,10].

Human patients with a GlasgowComa Scale (GCS) score
of greater than 12 (13e15) are classified as having mTBI.
Because of the variability of the outcomes in mTBI in
human patients, animal mTBI models have been devel-
oped to study mTBI more rigorously [11,12]. In large
animal models, in the absence of capturing clinical signs,
researchers often define mTBI by the postmortem
neuropathological examination of axonal injury [12,13],
such that animals with axonal injury volume

levels<0.26% of cerebral volume are classified as below a
clinical radiologically detectable level, with no observable
cognitive or behavioral deficits [14].

When the head suddenly starts or stops (with or without
impact), the resulting brain tissue deformation may lead
to mTBI pathology, including blood-brain barrier (BBB)
disruption [15] and diffuse axonal injury (DAI) [12,13].
The strain and strain rate (as metrics of tissue-level
deformation) are thought to be the key parameters
that indicate mTBI risk. The state-of-the-art method to

compute the strain-based injury metrics is finite
element modeling (FEM) [16e22], which takes the
material properties of different animals’ brains into
consideration [13,23], as well as machine learning head
models [24e27]. Different from kinematics-based pa-
rameters, the strain-based metrics, which reflect the
tissue-level biomechanical loading, may better translate
across different species. Therefore, in this study, we will
focus on the publications which have investigated the
connection between biomechanics, particularly the
strain and strain rate, and the mTBI findings as shown
by neuroimaging, histopathology, and neurobehavioral

tests. We performed a literature search on papers across
various species with keywords including “biome-
chanics,” “traumatic brain injury,” “strain,” “strain rate,”
“injury threshold.” All abbreviations in this review are
shown in Table 1. Compared with some newly published
review article on the concussion biomechanics in
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Table 1

Abbreviations used in this study.

Abbreviation Meaning

mTBI Mild traumatic brain injury
GCS Glasgow Coma Scale
BBB Blood-brain barrier
FEM Finite element modeling
FE Finite element
MPS Maximum principal strain
MPSR Maximum principal strain rate
MAS Maximum axonal strain
MASR Maximum axonal strain rate
CSDM Cumulative strain damage:

percentage of brain elements
with MPS larger than a threshold

CCI Controlled cortical impact
FP Fluid percussion
FA Fractional anisotropy
MD Mean diffusivity
DTI Diffusion tensor imaging
CHIMERA Closed-head impact model of engineered

rotational acceleration
AIV Axonal injury volume
EEG Electroencephalograph
MMA Mixed martial arts
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contact sports and protective gears [18,19], in this
review, we show the mTBI biomechanics across
different species with a clear focus on the preclinical
studies and translation, which extends beyond human
studies. The injury thresholds on tissue-level strain and
strain rate have been summarized in Table 2. Readers
should take caution when interpreting the injury risk
thresholds due to: 1) the models have selection bias

caused by under-sampled non-injury cases; 2) the
models do not account for the reduced injury tolerance
after previous brain trauma; 3) the different FE models
used by different researchers (Table 4).
Connecting biomechanics with mTBI
pathologies in small animal models
Animal models are crucial translational tools to investi-
gate pathology, diagnostics and therapeutics of many
diseases, including TBI and mild TBI (example animal
models are listed in Table 3) [36]. Although the brains of
the large animal models such as non-human primates,
pigs, and sheep are more similar to human brains with a
thick skull and gyrencephalic properties, small animal
models have much lower cost, and the animal logistics
are more feasible.

Small animal models typically involve rodents, and the
models can be generally categorized into open-head
injury and closed-head injury [36]. The open-head
injury typically involves direct brain deformation.
Typical examples of open-head injury models include
the controlled cortical impact (CCI) [37,38] models and
fluid percussion (FP) models [39,40]. In the open-head
Current Opinion in Biomedical Engineering 2022, 24:100422
models, to link biomechanics with mTBI pathologies,
Donat et al. [23] developed an FE model for a CCI rat
model. Neuroimaging and histopathology were used to
quantify TBI pathology. The authors found the
maximum principal strain (MPS) threshold of 0.3 and
the MPS rate (MPSR) threshold of 2500/s to accurately
predict the volume fraction of contusion. Based on the
marginal R2 in linear models, the strain and strain rate

explain 33% and 28% variance in the changes in frac-
tional anisotropy, 22% and 16% variance in the changes
in orientation dispersion in diffusion tensor imaging
(DTI). In another study, Farajzadeh Khosroshahi et al.
[41] leveraged the CCI model on 9-week-old rats and
developed a multiscale model of cerebrovascular injury.
The researchers find large axial stress in the vessels at
the locations of fibrinogen extravasation and quantita-
tively, the multiscale model can accurately predict the
location of fibrinogen extravasation with a R2 of 0.72
when thresholding the stress with a critical value of 200

kPa. This study also found strong correlation between
the area of fibrinogen extravasation and the brain area
where axial strain in vessels exceeds 0.14. Mao et al. [42]
developed an FE model with more than 250,000 hexa-
hedral elements for the rat CCI model and showed that
the high strains estimated by the FE model correlated
with the experimentally reported contusions, hippo-
campal cell injury and cortex axonal dysfunction several
days post injury.

Closed-head injury models typically involve the impact

onto the animal or the rapid rotation of the head
movement (inertial loading), and restrained or unre-
strained head movement. Examples are weight-drop
models [43], the inertial loading model [44,45] and
the blast-wave model [46]. In the closed-head injury
models, FEmodels has also been developed and applied.
Unnikrishnan et al. [47] developed a high-fidelity 3-D
rat brain FE model for blast-wave exposure and vali-
dated the model with blast simulation. Zhu et al. [48]
developed an FE model with 530,000 hexahedral ele-
ments of rat heads subjected to air shock loading.
Namjoshi et al. [49] leveraged the closed-head impact

model of engineered rotational acceleration
(CHIMERA) to induce injury on rats aging from 4 to 5
months (approximately 17 years in humans). This study
quantifies the biomechanics loading in the term of
impact energy and tested the loading ranging from 0.1 to
0.7 J on inducing neurological deficits, axonal damage,
white matter tract microgliosis and astrogliosis. This
study shows that 0.5 J is the injury threshold that led to
one or more phenotypes and 0.6 and 0.7 J resulted in
significant changes in all mTBI outcomes assessed.
Connecting biomechanics with mTBI
pathologies in large animal models
In the 1940e60s, large animal models delivered direct,
and often multiple head impacts to dogs, cats, and
www.sciencedirect.com

www.sciencedirect.com/science/journal/24684511


Table 2

The injury thresholds of mTBI pathology on strain-based injury metrics across different species. It should be noted that the FE models for
different species were validated differently.

Species mTBI Metric Threshold Model Validation Reference

Human Concussiona (50%) MPS95 0.271 Profiles of displacement,
in situ [16]

[16]
Human Concussiona (50%) MAS95 0.127
Human Concussiona (50%) MPS x SR95 6.2/s
Human Concussiona (50%) MAS x SR95 1.4/s
Human Concussiona (50%) MPS95 (Gray Matter,

Corpus Callosum)
0.26, 0.21 Profiles of displacement,

in situ [28]
[28]

Human Concussiona (50%) MPSR95 (Gray Matter) 48.5/s
Human Concussiona (50%) MPS x SR95 (Gray Matter) 10.1/s
Human Concussiona (50%) CSDM10(White Matter) 0.47
Human Concussiona (50%) Von Mises

Stress(White Matter)
8.4 kPa

Human Concussiona CSDM10 0.182 Profiles of displacement,
in situ [29]

[30]

Human DAI CSDM10 0.85 Profiles of displacement,
in situ [31]

[31]
Human DAI CSDM15 0.59
Human DAI CSDM25 0.27
Human DAI MAS 0.1465
Human DAI MASR 80
Human Concussiona (50%) Peak MPS 0.20,0.21 Profiles of displacement,

in situ [32]
[33]

Human Concussiona (50%) Peak MAS 0.09, 0.1 [33]
Pig Axonal injury MPS95 0.286 Strain distribution, Ex

vivo [16]
[16]

Pig Axonal injury MPSR95 140.86 [12]
Pig Axonal injury MAS95 0.121 [16]
Pig Axonal injury MPS x SR95 24.91/s [12]
Pig Axonal injury MAS x SR95 4.87/s [12]
Pig Axonal injury MASR95 66.45 [12]
Rat Focal Contusion Maximum Axial Strain 0.14b No direct validation [23]
Rat Focal Contusion MPS 0.3
Rat Focal Contusion MPSR 2500/s
Rat BBBD MPS 0.18 Cortical displacement, in

vivo [34]
[34]

Rat BBBD Maximal Principal Stress 5.6 kPa
Multiple Species Concussiona (50%) MPS95 0.270 - [16]
Multiple Species Concussiona (50%) MAS95 0.123
Multiple Species Concussiona (50%) MPS x SR95 12.21
Multiple Species Concussiona (50%) MAS x SR95 2.622
Multiple Species Concussiona (50%) MPS95 0.360 [35]
Multiple Species Concussiona (50%) MPS99 0.463
Multiple Species Concussiona (50%) CSDM15 0.477
Multiple Species Concussiona (50%) CSDM25 0.139

Abbreviations: BBBD: blood-brain-barrier disruption; MPS95: 95th percentile maximum principal strain; MPSR95: 95th percentile maximum principal strain
rate; MAS95: 95th percentile maximum axonal strain; MASR95: 95th percentile axonal strain rate; CSDM10: cumulative strain damage (percentage of brain
elements with MPS larger than 0.1).
a Concussion (clinically defined mTBI) is not strictly recognized as a pathology but a symptom.
b No classification models have been developed. Strong correlation between the area of fibrinogen extravasation and the brain area where axial
strain in vessels exceeded 0.14 was found.
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non-human primates [50e52]. Concussion was defined
as a loss of voluntary movement and consciousness
because of local tissue response to trauma [52]. Brain

deformation was identified as the key contributor to
injury, however due to the lack of sophisticated
computational models and sensitive measurement
tools, head kinematics and physiological responses
(heart rate, blood and intracranial pressure, EEG) were
correlated with graded concussion [53]. Severity of
concussion was correlated to the magnitude and
duration of the applied mechanical input to the head
[54], with key findings from this research highlighting
the importance of rotational kinematics on shear strain
www.sciencedirect.com
deformations linked to diffuse axonal injuries,
including mTBI [55].

Current large animal models of mTBI have employed
ferrets [56], sheep [57], and swine [58]. Neuroana-
tomical characteristics such as the skull, falx, and
tentorium, gyri, sulci, gray and white matter distinctions
are important determinants of the distribution of de-
formations from head loading as they play an important
role in modeling the biomechanics and patterns of
human TBI [54,59]. Sheep have been used to model
closed head injuries from high-velocity head impacts
using a cap gun where the early version of this model
Current Opinion in Biomedical Engineering 2022, 24:100422
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Table 3

Some example animal models for mild traumatic brain injury.

Animal Model Biomechanics loading Characteristics

Rat CCI Impact Can induce graded injury severity, high controllability,
no rebound injury, induce focal injury

Rat FP Impact Can induce graded injury severity, high controllability,
may induce focal injury

Rat Blast Blast wave More related to military TBI, waves induce ICP changes
Rat Weight Drop Rotation Simple, inexpensive, may lead to highly variable results
Rat CHIMERA Rotation Induce less focal injury, better simulates human mTBI
Ferrets CHIMERA Rotation Induce less focal injury, better simulates human mTBI
Pig Rapid Rotation Rotation Induce less focal injury, better simulates human mTBI
Pig CCI Impact High controllability, no rebound injury
Sheep Impact Acceleration Impact High velocity, rubber bolt reduces skull fracture,

can induce graded injury severity

4 Neural Engineering 2022: Traumatic Brain Injury
produced axonal injuries similar to human TBI [60].
The latest developments of this model employed a
modified bolt with a rubber tip that produced a range of

TBI from mild to severe as confirmed using MRI [57].
More recently, CHIMERA was designed to deliver
direct and unrestricted head impacts to ferrets. In a
study of three 5e6-month-old ferrets sustaining 6e10
head impacts, radio-opaque markers and high-speed
cameras tracked dynamic brain motion, confirming the
lag in brain motion after the skull started to move [56].
Both the sheep and ferret animal models are under
continued development for applications for mTBI, and
these studies have demonstrated feasibility of the
impact methods employed.

Swine models of TBI have been involved in extensive
experimental and advanced computational work because
of similarities in anatomy and physiology [61] including
the study of diffuse axonal injuries from mild to severe,
in addition to focal types of brain injuries [62]. Different
ages of swine have been used to capture human infants
to adults [63,64]. In regard to mTBI, swine have un-
dergone head rapid non-impact head rotation loading
conditions scaled from human levels producing neuro-
pathology (or lack thereof) consistent with mTBI [65],

disruption of the blood-brain barrier with a leakage of
fibrinogen at regions consistent with axonal injury and
gray matter regions as early as 6 h post head rotation in
swine [66]. Additionally, neuroinflammation after single
and repetitive head rotations were observed in adult
swine subject to mild and moderate rotational velocities
[67]. In summary, mTBI affects axons, neurons, neuro-
vascular tissues, and microglia.

To model the biomechanics of diffuse brain injury, a
finite element model of the swine brain was first

developed by [68] to study intracranial hemorrhage
associated with rapid head rotation. Later [69],
improved the model by adding axonal fiber tractography
illustrating that white matter axonal strain is an impor-
tant correlative to diffuse axonal injury pathology. This
Current Opinion in Biomedical Engineering 2022, 24:100422
model has been recently modified to include anatomical
features such as the lateral ventricles, corpus callosum,
white matter and axonal structures [12] and was com-

bined with experimental results of piglets experiencing
DAI as determined by pathology. The axonal injury
volume (AIV) was calculated using these maps for the
whole brain and was found to be between 0.02 and
1.65% of cerebral volume [12]. Results of the FE sim-
ulations revealed that axonal strain and strain rate were
better predictors for DAI in pigs [12], strain response
metrics are more related to angular velocity, and that
angular acceleration is more related to strain rate mea-
sures for rapid head rotations lasting between 12 and 20
ms [65,70]. Additionally, the axonal deformation

measured in this piglet FE model was able to predict the
location of DAI confirmed from neuropathology within
2.5 mm (brain size: 42e66 mm, number of 3-mm brain
slices: 14e22, [13]. Further, this model was used in a
study comparing inter-species brain injury metrics
employing a baboon and a human FE model. These
models were simulated using reconstructions of head
acceleration events of no-injury, mTBI, or severe TBI
[16]. Finite element simulations of species-specific
models yielded stress and strain responses associated
with the severity of the different brain injury levels,

which were then employed in predictive analyses to
establish TBI risk functions (Table 2). Overlapping
strain levels across different studies support that strain
and strain rate measures may be robust predictors of
mTBI and these findings show promise of translatability
of pre-clinical animal models to human levels of mTBI.

Connecting biomechanics with mTBI
pathologies in human studies
In humans, brain tissue deformation has been linked to
the risk of concussion and brain imaging changes. To
calculate the brain tissue deformation, real head kine-
matics during the impacts were measured, which were
then given as input to the FE head model [71e73]. In
parallel, concussion or non-concussion of patients were
diagnosed and recorded to develop logistic risk models
www.sciencedirect.com
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Table 4

Comparison of the injury thresholds of mTBI pathologies across
species based on the injury risk functions fitted on the datasets of
different species.

Metric Human Pig Rat Multiple
speciesa

MPS95 0.20–0.271 0.286 0.18–0.3 0.27–0.36
MAS95 0.09–0.1465 0.121 0.14b 0.123
MPSR95 (/s) 48.5 140.86 2500 –

MASR95 (/s) 80 66.45 – –

MPS x SR95 (/s) 6.31–10.1 24.94 – 12.21
MAS x SR95 (/s) 1.4 4.87 – 2.622
CSDM10 0.47–0.85 – – –

CSDM15 0.59 – – 0.477
CSDM25 0.27 – – 0.139

Multiple thresholds can be found for some metrics because of different
pathologies and different studies, and the thresholds of some metrics
cannot be found and marked as “-”“
a The numbers in this column are the injury thresholds found on multi-
species datasets, not those calculated from the previous three
columns.
b No classification models have been developed. Strong correlation
between the area of fibrinogen extravasation and the brain area where
axial strain in vessels exceeded 0.14 was found.
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of concussion. The correlations between the changes in
MRI scans in specific brain regions and the brain strain
and strain rate were tested [74e77].

Kleiven et al. [28] developed the KTH model and
simulated brain deformation of 58 reconstructed NFL
head impacts with 25 concussions [78]. Instead of brain
strain, the maximum pressure over the entire gray

matter showed a higher correlation with injury
(concussion). Merging the on-field head impacts [79]
and a reconstructed NFL dataset [78], Kimpara et al.
[30] simulated head impacts and found that 50% risk of
concussion corresponded to CSDM of 18.2% for the
strain of 0.1. It should be noticed that the NFL dataset
was updated because of the sensor issue, and the
updated kinematics resulted in an average error of 20%
in MPS [80]. Hernandez et al. [81] calculated brain
strain and strain rate of head impacts in collegiate
football, boxing, and mixed martial arts (MMA) (caveat:

only two concussions were in the dataset used to fit the
logistic regression model) and found that the peak
principal strain in the corpus callosum was the strongest
predictor of concussions based on logistic regression.
Based on the on-field and reconstructed football head
impact datasets, Wu et al. [82] developed a network-
based response feature matrix of brain strain, which
could predict the concussion cases with high accuracy.
Using helmet-mounted sensors, Beckwith et al. [83]
collected kinematics from 105 diagnosed concussions
and 532 control impacts and calculated the brain strain

and strain rate from computational models. Unlike
previous studies, the brain strain and strain rate did not
improve the estimation of injury risk compared with
kinematics.

Besides binary prediction of concussion, researchers
have also pursued correlating the brain strain and strain
rate with results of MRI scans. Using subject-specific
head models McAllister et al. [84] investigated the
variations of DTI results along with the brain strain and
strain rate in 10 collegiate players who were diagnosed
with concussions, and found that brain strain and strain

rate at corpus callosum were positively correlated with
the change of fractional anisotropy (FA), and negatively
correlated with the change of mean diffusivity (MD).
Based on a dataset collected from youth football players,
Miller et al. [77] examined the correlation between DTI
changes and kinematics-based and strain-based injury
metrics. Similar to [84], a positive correlation was found
between injury metrics and FA, and the strain-based
injury metrics were found to outperform kinematics-
based metrics. Ghajari et al. [85] developed a high-
fidelity head model with modeling the sulci and gyri

and predicted large strain most prominent at the depth
of sulci, which was consistent with the finding of the
distribution of tau pathology in CTE. O’Keeffe et al.
[76] instrumented 5MMA fighters and measured blood-
brain barrier (BBB) disruptions after fights. The largest
www.sciencedirect.com
brain strain and strain rate as well as the number of
impacts that fighters experienced were found to corre-
late with the volume ratio of BBB disruption, as esti-
mated from imaging changes, rather than the “gold
standard” of neuropathology.
Discussion
Based on the previous publications, the mTBI injury
thresholds found across different species can be sum-
marized in Table 2 and the thresholds were compared
across different species in Table 4. Across different
animal models, there has been generalizability in the
relationship between strain-based injury metrics and

mTBI pathology. The MPS95 threshold on mTBI was
generally within the range between 0.2 and 0.4 and the
MAS95 threshold on mTBI was generally within the
range between 0.12 and 0.15. On the other hand, the
injury thresholds on strain rate vary largely across
different species. These findings indicate that strain can
be a biomechanics loading metric that can be translated
across species. However, one caveat in the translational
study is that there is no generalizable definition of mild
traumatic brain injury across different species on which
researchers widely agree. The definition of mTBI in

human beings based on GCS cannot be directly matched
with mTBI definitions in animals. Studies on more ac-
curate and generalizable mTBI definitions should be
investigated.

With previous studies showing the generalizability of
strain as an mTBI predictor, the time scaling effect (e.g.,
what age in an animal species is equivalent to what age
Current Opinion in Biomedical Engineering 2022, 24:100422
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in humans; and how do days or weeks after injury in rats
of pigs translate to post-injury timepoints in humans)
when translating from species to species should be
elucidated. The time scaling effect has been under
investigation over the past years [86], but lacks the so-
phistication of these more nuanced time course issues.
Firstly, in previous studies, animal models with different
ages were used by researchers to reflect the TBI effects

on humans of different age groups [12,23]. Secondly, the
time scaling effect can also affect the injury thresholds
because the thresholds associated with acute neuro-
pathological presentation may differ from thresholds
associated with persistent neuropathologic features (of
note, Tables 2 and 4 combined all the data available
without distinguishing acute versus persistent thresh-
olds). Thirdly, the time window in which significant
changes in the metrics of DTI can be detected on an
animal model may not reflect the actual time window in
which such changes can be observed in humans. Lastly,

typical animal studies sacrifice subjects within a week
after the exposure to the impact or rotational load. In
the future, in addition to selecting animals to represent
the human age group of interest, we propose investi-
gating neuroradiological and pathological evidence of
mTBI to determine injury thresholds in animal models
at specified acute and longer-term post-injury time-
points that are relevant to humans and scaled to animals.
Given the attention to mTBI effects in humans lasting
months and years, we recommend animal studies that
capture the long-term neuroimaging, behavioral and

histopathology evidence, to distinguish persistent from
transient features.

It should be mentioned that in this study, the focus has
been placed on the tissue-level mechanical properties in
cross-species mTBI predictions, which is limited in the
information for the predictions. In the future, the cross-
species differences in the brain-skull interface condi-
tions and cellular-level tolerance criteria and their in-
fluence on the predictions of mTBI should be further
investigated. In addition, most of the injury thresholds
in animal models are defined by the structural damage,

consistent hallmarks of more severe brain injury, and less
consistent fingerprints in mTBI, which is more typically
diagnosed by symptoms and neurodysfunction. How-
ever, mTBI should be defined by brain functional
damage. In the future, more studies relating the
biomechanics with the neurobehavioral test results and
brain functional damage should be done.

As more mTBI diagnostics approaches and modalities
are developed, more studies will investigate the rela-
tionship among the biomechanics loading, neuroimaging

biomarkers, neurobehavioral tests, blood biomarkers,
cerebral spinal fluid biomarkers, and histopathology.
Therefore, it is also worthwhile to comprehensively test
the effectiveness and generalizability of the biomarkers
in different animal models and loading conditions. For
Current Opinion in Biomedical Engineering 2022, 24:100422
example, in small animal models, diffusion MRI has
been recently combined with FEM and histopathology
in CCI models [23]. In large animal studies, neuro-
behavioural tests have been combined with FEM and
histopathology in swine models [87]. In clinical studies
with TBI patients, microdialysis of interstitial fluid in
the brain has been used to investigate various biomarkers
in characterizing TBI [88]. Whether the biomarkers

associated with specific species can be translated across
different species is still open to investigation and these
studies can be significant in proving that the biomarkers
can be translated to clinical studies.

In the term of correlating biomechanics with pathol-
ogies, the studies which focus on the spatial distribution
are still limited. Although there have been researchers
investigating the prediction of traumatic axonal injury
locations with whole-brain MPS and MAS [13], most
previous studies leverage scaler metrics (e.g., MPS95,

MPSR95, CSDM) to predict the binary outcome of
mTBI. These metrics are deemed as limited without
the consideration of spatial distribution and there have
been studies showing the concern regarding the facts
that the injury tolerance can be spatially different, and
the variance and sensitivity of different metrics such as
MPS, MPSR, MPSxSR can be spatially different
[18,89]. Considering the neuroimaging results (e.g.,
DTI metrics) are generally spatially distributed, the
correlation between biomechanics metrics and the pa-
thologies should be further investigated beyond the

scaler metrics.

The validation of FE models are important to interpret
the brain strain and strain rate results. Human brain
deformation during head impact of cadaver were
measured by high-speed x-ray and sonomicrometry [90e
92], and the human FE head models were validated by
comparing the displacementetime profiles of the
trackers. Different from humans, the only available brain
deformation data for pigs is ex-vivo: the pig brain was
placed into a cylindrical canister and the brain strain was
measured by tracking ink marks on brain tissue using

high-speed cameras [12]. The brain deformation data for
rats is missing except the study where the brain was
injured by vacuum pulse [34]. Considering the different
validations of the FE models for different specifies, we
think the specific values listed in Tables 2 and 4 may vary
when the animal FE head models are validated against
more accurate measurement of brain deformation. In
order to translate the preclinical results, we also think
measuring brain deformation of animals using the
methods for humans is necessary.

Several concerns associated with the broad idea of injury
risk models also worth discussion: as pointed out by a
newly published review article [18], firstly, the injury
risk models are generally affected by the selection bias
because of the severe under-sampling of non-injury
www.sciencedirect.com
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cases; secondly, the injury risk models do not account for
the reduction in the injury tolerance caused by the
accumulation of previous brain injury; furthermore, the
comparison across different injury risk models can be
hard due to the different datasets and FE models used
by different researchers as well as the different ap-
proaches to validate these FE models. Because There-
fore, the readers should interpret the thresholds with

caution. In the future, more studies that seek to address
these concerns should be done to validate the injury
threshold values.

Additionally, different researchers tend to use different
metrics to quantify the biomechanics loading of mTBI
and investigate the relationship between the metrics
and mTBI pathology. Strain-based metrics, kinematics-
based metrics, the height and weight of dropping
weights and the impact energy have all been used in
previous studies to describe biomechanics loading. As

the brain is damaged due to tissue-level deformation,
strain-based metrics may better represent the proximal
causal biomechanical mechanism of mTBI. Therefore,
in the future, we recommend standardizing the use of
strain-based metrics for injury thresholds and target
loading conditions for animal studies instead of head
kinematics or weight drop heights, as strain-based
metrics offer more relevant loading conditions that are
independent of species.
Declaration of competing interest

The authors declare the following financial interests/
personal relationships that may be considered as po-
tential competing interests: David Camarillo reports a
relationship with Savior Brain Inc. that includes: board
membership, consulting or advisory, equity or stocks,

and funding grants.

Acknowledgments
This research was supported by the Pac-12 Conference’s Student-Athlete
Health and Well-Being Initiative, the National Institutes of Health
(R24NS098518 and R01NS097549), Taube Stanford Children’s Concus-
sion Initiative, and the Georgia Research Alliance.

References
Papers of particular interest, published within the period of review,
have been highlighted as:

* of special interest
* * of outstanding interest

1. James SL, Theadom A, Ellenbogen RG, Bannick MS, Montjoy-
Venning W, Lucchesi LR, …Karch A: Global, regional, and
national burden of traumatic brain injury and spinal cord
injury, 1990–2016: a systematic analysis for the Global
Burden of Disease Study 2016. Lancet Neurol 2019, 18:
56–87.

2. Dompier TP, Kerr ZY, Marshall SW, Hainline B, Snook EM,
Hayden R, Simon JE: Incidence of concussion during
practice and games in youth, high school, and collegiate
American football players. JAMA Pediatr 2015, 169:
659–665.
www.sciencedirect.com
3. Camarillo DB, Shull PB, Mattson J, Shultz R, Garza D: An
instrumented mouthguard for measuring linear and angular
head impact kinematics in American football. Ann Biomed Eng
2013, 41:1939–1949.

4. Cecchi NJ, Monroe DC, Fote GM, Small SL, Hicks JW: Head
impacts sustained by male collegiate water polo athletes.
PLoS One 2019, 14, e0216369.

5. Caswell SV, Lincoln AE, Stone H, Kelshaw P, Putukian M,
Hepburn L, …Cortes N: Characterizing verified head impacts
in high school girls’ lacrosse. Am J Sports Med 2017, 45:
3374–3381.

6. Cecchi NJ, Domel AG, Liu Y, Rice E, Lu R, Zhan X,
…Grant G: Identifying factors associated with head impact
kinematics and brain strain in high school American foot-
ball via instrumented mouthguards. Ann Biomed Eng 2021,
49:2814–2826.

7. Corrigan JD, Wolfe M, Mysiw WJ, Jackson RD, Bogner JA: Early
identification of mild traumatic brain injury in female victims
of domestic violence. Am J Obstet Gynecol 2003, 188:
S71–S76.

8. Kay T, Harrington DE, Admas R, Anderson T, Berrol S,
Cicerone K, Dahlberg C, Gerber D, Goka R, Harley P, et al.:
Definition of mild traumatic brain injury. J Head Trauma
Rehabil 1993, 8:74–85.

9. Doherty CP, O’Keefe E, Wallace E, Loftus T, Keaney J, Kealy J,
…Campbell M: Blood–brain barrier dysfunction as a hallmark
pathology in chronic traumatic encephalopathy.
J Neuropathol Exp Neurol 2016, 75:656–662.

10. DeKosky ST, Blennow K, Ikonomovic MD, Gandy S: Acute and
chronic traumatic encephalopathies: pathogenesis and bio-
markers. Nat Rev Neurol 2013, 9:192–200.

11. Bodnar CN, Watson JB, Higgins EK, Quan N, Bachstetter AD:
Inflammatory regulation of cns barriers after traumatic brain
injury: a tale directed by interleukin-1. Front Immunol 2021, 12:
1910.

12
* *
. Hajiaghamemar M, Wu T, Panzer MB, Margulies SS: Embedded

axonal fiber tracts improve finite element model predictions
of traumatic brain injury. Biomech Model Mechanobiol 2020b,
19:1109–1130.

Brief description: The authors modified a previously developed pig FE
model to include anatomical features such as the lateral ventricles,
corpus callosum, white matter and axonal structures and was com-
bined with experimental results of piglets experiencing traumatic
axonal injury (TAI) as determined from pathology maps. The axonal
injury volume (AIV) was calculated using these maps for the whole
brain and was found to be between 0.02 and 1.65% (Hajiaghamemar
et al., 2020). Results of the FE simulations revealed that axonal strain
and strain rate were better predictors for TAI in pigs.

13
* *
. Hajiaghamemar M, Margulies SS: Multi-scale white matter tract

embedded brain finite element model predicts the location of
traumatic diffuse axonal injury. J Neurotrauma 2020, 38:
144–157. https://doi.org/10.1089/neu.2019.6791.

Brief description: In this study, the authors created a multi-scale FEM
of the pig brain with embedded axonal tracts to estimate the sites of
traumatic axonal injury. The authors showed that firstly, the distributions
of the FEM-derived brain/axonal deformations spatially correlate with
the locations of acute DAI. Secondly, the axonal deformation measured
in this piglet FE model was able to predict the location of DAI confirmed
from neuropathology within 2.5 mm

14. Naim MY, Friess S, Smith C, Ralston J, Ryall K, Helfaer MA,
Margulies SS: Folic acid enhances early functional recovery in
a piglet model of pediatric head injury. Dev Neurosci 2010, 32:
466–479.

15. Hay JR, Johnson VE, Young AM, Smith DH, Stewart W: Blood-
brain barrier disruption is an early event that may persist for
many years after traumatic brain injury in humans.
J Neuropathol Exp Neurol 2015, 74:1147–1157.

16
* *
. Wu T, Hajiaghamemar M, Giudice JS, Alshareef A,

Margulies SS, Panzer MB: Evaluation of tissue-level brain
injury metrics using species-specific simulations.
J Neurotrauma 2021, 38:1879–1888. https://doi.org/10.1089/
neu.2020.7445.
Current Opinion in Biomedical Engineering 2022, 24:100422

http://refhub.elsevier.com/S2468-4511(22)00055-1/sref46
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref46
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref46
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref46
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref46
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref46
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref21
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref21
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref21
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref21
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref21
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref8
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref8
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref8
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref8
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref10
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref10
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref10
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref9
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref9
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref9
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref9
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref11
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref11
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref11
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref11
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref11
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref14
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref14
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref14
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref14
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref50
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref50
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref50
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref50
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref19
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref19
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref19
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref19
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref17
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref17
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref17
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref6
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref6
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref6
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref6
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref45
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref45
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref45
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref45
https://doi.org/10.1089/neu.2019.6791
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref68
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref68
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref68
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref68
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref40
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref40
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref40
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref40
https://doi.org/10.1089/neu.2020.7445
https://doi.org/10.1089/neu.2020.7445
www.sciencedirect.com/science/journal/24684511


8 Neural Engineering 2022: Traumatic Brain Injury
Brief description: This pig FE model with embedded axonal fiber was
used in a study comparing inter-species brain injury metrics
employing a baboon and a human FE model. These models were
simulated using reconstructions of head acceleration events of no-
injury, mTBI, or severe TBI. Finite element simulations of species-
specific models yielded stress and strain responses associated with
the severity of the different brain injury levels which were then
employed in predictive analyses to establish TBI risk functions. The
authors showed that when the human and animal datasets were
combined, the injury analysis was able to delineate maximum axonal
strain (MAS) as the best predictor of injury for all species and TBI
severities, with maximum principal strain (MPS) as a suitable alter-
native metric. Overlapping strain levels supports that strain and strain
rate measures may be robust predictors of mTBI and these findings
show promise of translatability of pre-clinical animal models to human
levels of mTBI.

17. Zhou Z, Li X, Liu Y, Fahlstedt M, Georgiadis M, Zhan X,
…Zeineh M: Toward a comprehensive delineation of white
matter tract-related deformation. J Neurotrauma 2021, 38:
3260–3278.

18
* *
. Ji S, Ghajari M, Mao H, Kraft RH, Hajiaghamemar M, Panzer MB,

…Stitzel JD: Use of brain biomechanical models for moni-
toring impact exposure in contact sports. Ann Biomed Eng
2022:1–20.

Brief description: This newly published review article reviews the
studies investigating the relationship between biomechanics and
mTBI in contact sports. Multiple finite element (FE) models have been
investigated, in which the head impact kinematics are translated into
brain mechanical responses through physics-based computational
simulations. This review also presented lots of perspicacious ideas on
the validation of the FE models in investigating the injury biome-
chanics of mTBI and the data-science approaches in this research
field to facilitate the injury risk monitoring and prevention in contact
sports.

19. Rowson B, Duma SM: A review of head injury metrics used in
automotive safety and sports protective equipment.
J Biomech Eng 2022, 144.

20. Li X: Subject-specific head model generation by mesh
morphing: a personalization framework and its applications.
Front Bioeng Biotechnol 2021, 9.

21. Li X, Zhou Z, Kleiven S: An anatomically detailed and
personalizable head injury model: significance of brain and
white matter tract morphological variability on strain. Bio-
mech Model Mechanobiol 2020:1–29.

22. Madhukar A, Ostoja-Starzewski M: Finite element methods in
human head impact simulations: a review. Ann Biomed Eng
2019, 47:1832–1854.

23
*
. Donat CK, Yanez Lopez M, Sastre M, Baxan N, Goldfinger M,

Seeamber R, …Ghajari M: From biomechanics to pathology:
predicting axonal injury from patterns of strain after trau-
matic brain injury. Brain 2021, 144:70–91.

Brief description: The relationship between biomechanical forces and
neuropathology is key to understanding traumatic brain injury. The au-
thors developed a finite element (FE) model for the mouse and deliv-
ered injury on the rats aging from 8 to 9 weeks with controlled cortical
impact (CCI). Neuroimaging with in vivo MRI and histopathology were
used to quantify the TBI pathologies, which showed that the strain and
strain rate predict the location of focal contusions, moderate CCI impact
causes a marked thinning of the corpus callosum segments subjected
to the highest strain, strain and strain rate are the predictors of the white
matter imaging abnormalities and glia activation. The authors found the
maximum principal strain (MPS) threshold of 0.3 and the MPS rate
(MPSR) threshold of 2500/s to accurately predict the volume fraction of
contusion. Based on the marginal R2 in linear models, the strain and
strain rate explain 33% and 28% variance in the changes in fractional
anisotropy, 22% and 16% variance in the changes in orientation
dispersion in diffusion tensor imaging (DTI). Additionally, 35% and 26%
variance in the change of thickness of corpus callosum, 51% and 73%
variance in the change of IBA1+ cells, 52% and 23% variance in the
change of GFAP + cells are explained by strain and strain rate,
respectively. The results provide support for the use of this model in
understanding the relationship of biomechanics and neuropathology

24. Ghazi K, Wu S, Zhao W, Ji S: Instantaneous whole-brain
strain estimation in dynamic head impact. J Neurotrauma
2020 (ja).
Current Opinion in Biomedical Engineering 2022, 24:100422
25. Wu S, Zhao W, Ghazi K, Ji S: Convolutional neural network for
efficient estimation of regional brain strains. Sci Rep 2019b, 9:
1–11.

26. Wu S, Zhao W, Ji S: Real-time dynamic simulation for highly
accurate spatiotemporal brain deformation from impact.
Comput Methods Appl Mech Eng 2022b, 394, 114913.

27. Zhan X, Liu Y, Raymond SJ, Alizadeh HV, Domel AG, Gevaert O,
…Camarillo DB: Rapid estimation of entire brain strain using
deep learning models. IEEE (Inst Electr Electron Eng) Trans
Biomed Eng 2021, 68:3424–3434.

28. Kleiven S: Predictors for traumatic brain injuries evaluated
through accident reconstructions. Stapp car crash J 2007, 51:
81–114.

29. Kimpara H, Nakahira Y, Iwamoto M, Miki K: Investigation of
anteroposterior head-neck responses during severe frontal
impacts using a brain-spinal cord complex FE model. Stapp
car crash journal 2006, 50:509.

30. Kimpara H, Iwamoto M: Mild traumatic brain injury predictors
based on angular accelerations during impacts. Ann Biomed
Eng 2012, 40:114–126.

31. Sahoo D, Deck C, Willinger R: Brain injury tolerance limit
based on computation of axonal strain. Accid Anal Prev 2016,
92:53–70.

32. Ji S, Zhao W, Ford JC, Beckwith JG, Bolander RP,
Greenwald RM, …McAllister TW: Group-wise evaluation and
comparison of white matter fiber strain and maximum prin-
cipal strain in sports-related concussion. J Neurotrauma 2015,
32:441–454.

33. Zhao W, Cai Y, Li Z, Ji S: Injury prediction and vulnerability
assessment using strain and susceptibility measures of the
deep white matter. Biomech Model Mechanobiol 2017, 16:
1709–1727.

34. Shreiber DI, Bain AC, Meaney DF: In vivo thresholds for me-
chanical injury to the blood-brain barrier. SAE Trans 1997:
3792–3806.

35. Wu T, Sato F, Antona-Makoshi J, Gabler LF, Giudice JS,
Alshareef A, …Panzer MB: Integrating human and nonhuman
primate data to estimate human tolerances for traumatic
brain injury. J Biomech Eng 2022a, 144, 071003.

36. Xiong Y, Mahmood A, Chopp M: Animal models of traumatic
brain injury. Nat Rev Neurosci 2013, 14:128–142.

37. Feeney DM, Boyeson MG, Linn RT, Murray HM, Dail WG: Re-
sponses to cortical injury: I. Methodology and local effects of
contusions in the rat. Brain Res 1981, 211:67–77.

38. Brody DL, Mac Donald C, Kessens CC, Yuede C, Parsadanian M,
Spinner M, Kim E, Schwetye KE, Holtzman DM, Bayly PV:
Electromagnetic controlled cortical impact device for pre-
cise, graded experimental traumatic brain injury.
J Neurotrauma 2007, 24:657–673.

39. Gurdjian ES, Roberts VL, Thomas LM: Tolerance curves of
acceleration and intracranial pressure and protective index in
experimental head injury. J Trauma 1966, 6:600–604.

40. Thompson HJ, Lifshitz J, Marklund N, Grady MS, Graham DI,
Hovda DA, McIntosh TK: Lateral fluid percussion brain injury:
a 15-year review and evaluation. J Neurotrauma 2005, 22:
42–75.

41
*
. Farajzadeh Khosroshahi S, Yin X, K Donat C, McGarry A, Yanez

Lopez M, Baxan N, …Ghajari M: Multiscale modelling of ce-
rebrovascular injury reveals the role of vascular anatomy and
parenchymal shear stresses. Sci Rep 2021, 11:1–12.

Brief description: The authors leveraged the CCI model on 9-week-
old rats and developed a high-fidelity multiscale model of cerebrovas-
cular injury. The researchers find large axial stress in the vessels at the
locations of fibrinogen extravasation and quantitatively, the multiscale
model can accurately predict the location of fibrinogen extravasation
with a R2 of 0.72 when thresholding the stress with a critical value of
200 kPa. This study also found strong correlation between the area of
fibrinogen extravasation and the brain area where axial strain in ves-
sels exceeds 0.14.
www.sciencedirect.com

http://refhub.elsevier.com/S2468-4511(22)00055-1/sref106
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref106
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref106
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref106
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref47
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref47
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref47
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref47
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref79
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref79
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref79
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref57
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref57
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref57
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref58
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref58
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref58
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref58
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref62
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref62
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref62
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref20
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref20
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref20
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref20
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref31
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref31
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref31
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref97
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref97
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref97
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref100
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref100
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref100
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref102
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref102
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref102
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref102
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref55
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref55
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref55
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref54
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref54
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref54
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref54
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref53
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref53
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref53
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref80
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref80
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref80
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref48
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref48
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref48
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref48
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref48
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref103
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref103
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref103
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref103
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref83
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref83
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref83
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref96
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref96
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref96
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref96
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref99
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref99
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref25
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref25
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref25
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref7
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref7
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref7
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref7
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref7
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref37
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref37
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref37
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref88
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref88
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref88
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref88
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref24
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref24
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref24
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref24
www.sciencedirect.com/science/journal/24684511


Translational models of mild traumatic brain injury Zhan et al. 9
42. Mao H, Zhang L, Yang KH, King AI: Application of a finite element
model of the brain to study traumatic brain injury mechanisms in
the rat (No. 2006-22-0022. 2006. SAE Technical Paper.

43. Shohami E, Shapira Y, Cotev S: Experimental closed head
injury in rats: prostaglandin production in a noninjured zone.
Neurosurgery 1988, 22:859–863.

44. Davidsson J, Risling M: A new model to produce sagittal plane
rotational induced diffuse axonal injuries. Front Neurol 2011,
2:41.

45. Tagge CA, Fisher AM, Minaeva OV, Gaudreau-Balderrama A,
Moncaster JA, Zhang XL, …Goldstein LE: Concussion,
microvascular injury, and early tauopathy in young athletes
after impact head injury and an impact concussion mouse
model. Brain 2018, 141:422–458.

46. Goldstein LE, Fisher AM, Tagge CA, Zhang XL, Velisek L,
Sullivan JA, Upreti C, Kracht JM, Ericsson M, Wojnarowicz MW,
et al.: Chronic traumatic encephalopathy in blast-exposed
military veterans and a blast neurotrauma mouse model. Sci
Transl Med 2012, 4:134ra160.

47. Unnikrishnan G, Mao H, Sundaramurthy A, Bell ED, Yeoh S,
Monson K, Reifman J: A 3-D rat brain model for blast-wave
exposure: effects of brain vasculature and material proper-
ties. Ann Biomed Eng 2019, 47:2033–2044.

48. Zhu F, Mao H, Leonardi ADC, Wagner C, Chou C, Jin X,
…King AI: Development of an FE model of the rat head
subjected to air shock loading. Stapp car crash journal 2010,
54:211.

49. Namjoshi DR, Cheng WH, Bashir A, Wilkinson A, Stukas S,
Martens KM, …Wellington CL: Defining the biomechanical and
biological threshold of murine mild traumatic brain injury
using CHIMERA (Closed Head Impact Model of Engineered
Rotational Acceleration). Exp Neurol 2017, 292:80–91.

50. Denny-Brown D, Russell WR: Experimental cerebral concus-
sion. Brain 1941, 64:93–164.

51. Gurdjian ES, Hodgson WG, Hardy LM, Lissner HR: Evaluation of
protective characteristics of helmets in sports. J Trauma
1964, 4:309–324.

52. Ommaya AK: Trauma to the nervous system. Ann R Coll Surg
Engl 1966, 39:317–347.

53. Ommaya AK, Hirsch AE, Flamm ES, Mahone RH: Cerebral
concussion in the monkey: an experimental model. Science
1966, 153:211–212.

54. Gurdjian E, Lissner H, Patrick L: Concussion: mechanism and
pathology. In Paper presented at the proceedings: American
association for automotive medicine annual conference; 1963.

55. Ommaya AK, Gennarelli TA: Cerebral concussion and trau-
matic unconsciousness. Correlation of experimental and
clinical observations of blunt head injuries. Brain 1974, 97:
633–654.

56. Whyte T, Liu J, Chung V, McErlane SA, Abebe ZA, McInnes KA,
…Cripton PA: Technique and preliminary findings for in vivo
quantification of brain motion during injurious head impacts.
J Biomech 2019, 95, 109279. https://doi.org/10.1016/
j.jbiomech.2019.07.023.

57. Grimmelt AC, Eitzen S, Balakhadze I, Fischer B, Wölfer J,
Schiffbauer H, …Greiner C: Closed traumatic brain injury
model in sheep mimicking high-velocity, closed head trauma
in humans. Cent Eur Neurosurg 2011, 72:120–126. https://
doi.org/10.1055/s-0031-1271732.

58. Margulies SS, Kilbaugh T, Sullivan S, Smith C, Propert K, Byro M,
Saliga K, Costine BA, Duhaime AC(: Establishing a clinically
relevant large animal model platform for TBI therapy devel-
opment: using cyclosporin A as a case study. Brain Pathol
2015, 25:289–303.

59. Gennarelli TA: Head injury in man and experimental animals:
clinical aspects. Acta Neurochir Suppl 1983, 32:1–13.

60. Anderson RWG, Brown CJ, Blumbergs PC, McLean AJ,
Jones NR: Impact mechanics and axonal injury in a sheep
www.sciencedirect.com
model. J Neurotrauma 2003, 20:961–974. https://doi.org/
10.1089/089771503770195812.

61. Lind NM, Moustgaard A, Jelsing J, Vajta G, Cumming P,
Hansen AK: The use of pigs in neuroscience:modeling brain
disorders. Neurosci Biobehav Rev 2007, 31:728–751.

62. Cullen DK, Harris JP, Browne KD, Wolf JA, Duda JE, Meaney DF,
…Smith DH: A porcine model of traumatic brain injury via
head rotational acceleration. Methods Mol Biol 2016, 1462:
289–324.

63. Duhaime AC, Margulies SS, Durham SR, O’Rourke MM,
Golden JA, Marwaha S, Raghupathi R: Maturation-dependent
response of the piglet brain to scaled cortical impact.
J Neurosurg 2000, 93:455–462. https://doi.org/10.3171/
jns.2000.93.3.0455.

64. Weeks D, Sullivan S, Kilbaugh T, Smith C, Margulies SS: In-
fluences of developmental age on the resolution of diffuse
traumatic intracranial hemorrhage and axonal injury.
J Neurotrauma 2014, 31:206–214. https://doi.org/10.1089/
neu.2013.3113.

65
* *
. Hajiaghamemar M, Seidi M, Margulies SS: Head rotational ki-

nematics, tissue deformations, and their relationships to the
acute traumatic axonal injury. J Biomech Eng 2020a, 142.
https://doi.org/10.1115/1.4046393.

Brief description: In this study, a pig model of traumatic axonal injury
(TAI) was used to examine a wide range of the biomechanics loading
on the head in two directions. The correlation between either the FEM-
derived tissue deformations or the head rotational kinematics and the
pathology-evidence TAI was examined. Peak angular acceleration and
maximum strain rate of axonal fiber and brain tissue showed good
correlation to the volume of TAI, with similar correlation trends for both
directions separately or combined. These rotational kinematics and
tissue deformations can estimate the TAI volume. The relationships
between the head kinematics and the tissue strain, strain rate, and
strain times strain rate demonstrate that peak angular velocity and
acceleration affect the underlying tissue deformations and the knowl-
edge of both help to predict TAI risk. These relationships were com-
bined with the injury thresholds, extracted from the TAI risk curves, and
the kinematic-based risk curves representing overall axonal and brain
tissue strain and strain rate were determined for predicting TAI.

66. Johnson VE, Weber MT, Xiao R, Cullen DK, Meaney DF,
Stewart W, Smith DH: Mechanical disruption of the
blood–brain barrier following experimental concussion. Acta
Neuropathol 2018, 135:711–726. https://doi.org/10.1007/s00401-
018-1824-0.

67. Wofford KL, Harris JP, Browne KD, Brown DP, Grovola MR,
Mietus CJ, …Cullen DK: Rapid neuroinflammatory response
localized to injured neurons after diffuse traumatic brain
injury in swine. Exp Neurol 2017, 290:85–94. https://doi.org/
10.1016/j.expneurol.2017.01.004.

68. Coats B, Eucker SA, Sullivan S, Margulies SS: Finite element
model predictions of intracranial hemorrhage from non-
impact, rapid head rotations in the piglet. Int J Dev Neurosci
2012, 30:191–200. https://doi.org/10.1016/j.ijdevneu.2011.12.009.

69. Sullivan S, Eucker SA, Gabrieli D, Bradfield C, Coats B,
Maltese MR, …Margulies SS: White matter tract-oriented
deformation predicts traumatic axonal brain injury and re-
veals rotational direction-specific vulnerabilities. Biomech
Model Mechanobiol 2015, 14:877–896. https://doi.org/10.1007/
s10237-014-0643-z.

70. Eucker SA, Smith C, Ralston J, Friess SH, Margulies SS: Phys-
iological and histopathological responses following closed
rotational head injury depend on direction of head motion.
Exp Neurol 2011, 227:79–88. https://doi.org/10.1016/
j.expneurol.2010.09.015.

71. Gabler LF, Huddleston SH, Dau NZ, Lessley DJ, Arbogast KB,
Thompson X, Resch JE, Crandall JR: On-field performance of
an instrumented mouthguard for detecting head impacts in
American football. Ann Biomed Eng 2020:2599–2612.

72. Liu Y, Domel AG, Cecchi NJ, Rice E, Callan AA, Raymond SJ,
Zhou Z, Zhan X, Li Y, Zeineh MM, Grant GA, Camarillo DB: Time
window of head impact kinematics measurement for calcu-
lation of brain strain and strain rate in American football. Ann
Biomed Eng 2021, 49:2791–2804.
Current Opinion in Biomedical Engineering 2022, 24:100422

http://refhub.elsevier.com/S2468-4511(22)00055-1/sref65
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref65
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref65
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref84
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref84
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref84
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref16
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref16
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref16
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref86
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref86
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref86
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref86
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref86
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref32
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref32
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref32
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref32
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref32
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref90
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref90
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref90
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref90
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref104
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref104
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref104
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref104
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref70
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref70
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref70
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref70
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref70
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref18
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref18
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref35
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref35
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref35
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref74
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref74
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref76
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref76
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref76
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref36
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref36
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref36
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref75
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref75
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref75
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref75
https://doi.org/10.1016/j.jbiomech.2019.07.023
https://doi.org/10.1016/j.jbiomech.2019.07.023
https://doi.org/10.1055/s-0031-1271732
https://doi.org/10.1055/s-0031-1271732
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref63
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref63
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref63
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref63
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref63
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref28
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref28
https://doi.org/10.1089/089771503770195812
https://doi.org/10.1089/089771503770195812
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref59
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref59
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref59
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref15
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref15
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref15
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref15
https://doi.org/10.3171/jns.2000.93.3.0455
https://doi.org/10.3171/jns.2000.93.3.0455
https://doi.org/10.1089/neu.2013.3113
https://doi.org/10.1089/neu.2013.3113
https://doi.org/10.1115/1.4046393
https://doi.org/10.1007/s00401-018-1824-0
https://doi.org/10.1007/s00401-018-1824-0
https://doi.org/10.1016/j.expneurol.2017.01.004
https://doi.org/10.1016/j.expneurol.2017.01.004
https://doi.org/10.1016/j.ijdevneu.2011.12.009
https://doi.org/10.1007/s10237-014-0643-z
https://doi.org/10.1007/s10237-014-0643-z
https://doi.org/10.1016/j.expneurol.2010.09.015
https://doi.org/10.1016/j.expneurol.2010.09.015
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref27
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref27
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref27
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref27
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref60
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref60
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref60
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref60
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref60
www.sciencedirect.com/science/journal/24684511


10 Neural Engineering 2022: Traumatic Brain Injury
73. Liu Y, Domel AG, Yousefsani SA, Kondic J, Grant G, Zeineh M,
Camarillo DB: Validation and comparison of instrumented
mouthguards for measuring head kinematics and assessing
brain deformation in football impacts. Ann Biomed Eng 2020,
48:2580–2598.

74. Hernandez F, Giordano C, Goubran M, Parivash S, Grant G,
Zeineh M, Camarillo D: Lateral impacts correlate with falx
cerebri displacement and corpus callosum trauma in sports-
related concussions. Biomech Model Mechanobiol 2019, 18:
631–649.

75. Bastien C, Neal-Sturgess C, Davies H, Cheng X: Computing
brain white and grey matter injury severity in a traumatic fall.
Math Comput Appl 2020, 25:61.

76
* *
. O’Keeffe E, Kelly E, Liu Y, Giordano C, Wallace E, Hynes M,

Tiernan S, Meagher A, Greene C, Hughes S: Dynamic
blood–brain barrier regulation in mild traumatic brain injury.
J Neurotrauma 2020, 37:347–356.

Brief description: In this study, the authors instrumented 5 mixed
martial arts (MMA) fighters with Stanford instrumented mouthguard and
measured blood-brain barrier (BBB) disruptions after fights. The brain
strain and strain rate as well as the number of impacts were found to
correlate with the average BBB disruptions and the volume of BBB
disruption.

77
* *
. Miller LE, Urban JE, Espeland MA, Walkup MP, Holcomb JM,

Davenport EM, Powers AK, Whitlow CT, Maldjian JA, Stitzel JD:
Cumulative strain-based metrics for predicting subcon-
cussive head impact exposure–related imaging changes in a
cohort of American youth football players. J Neurosurg Pediatr
2022, 1:1–10.

Brief description: The authors compared the ability to predict the
changes diffusion tensor imaging metrics based on the strain-based
injury metrics and kinematics-based injury metrics. On 95 male foot-
ball athletes and 116 unique athlete seasons from 2012 to 2017, the
authors found that all the strain-based metrics performed better than
any of the kinematic metrics, indicating that strain-based metrics are
better discriminators of imaging changes than kinematic-based
measures.

78. Newman J, Barr C, Beusenberg MC, Fournier E, Shewchenko N,
Welbourne E, Withnall C: A new biomechanical assessment of
mild traumatic brain injury. Part 2: results and conclusions. In
Proceedings of the international research council on the biome-
chanics of injury conference. International Research Council on
Biomechanics of Injury; 2000.

79. Rowson S, Beckwith JG, Chu JJ, Leonard DS, Greenwald RM,
Duma SM: A six degree of freedom head acceleration mea-
surement device for use in football. J Appl Biomech 2011, 27:
8–14.

80. Sanchez EJ, Gabler LF, Good AB, Funk JR, Crandall JR,
Panzer MB: A reanalysis of football impact reconstructions
for head kinematics and finite element modeling. Clin Bio-
mech 2019, 64:82–89.
Current Opinion in Biomedical Engineering 2022, 24:100422
81. Hernandez F, Wu LC, Yip MC, Laksari K, Hoffman AR, Lopez JR,
Grant GA, Kleiven S, Camarillo DB: Six degree-of-freedom
measurements of human mild traumatic brain injury. Ann
Biomed Eng 2015, 43:1918–1934.

82. Wu S, Zhao W, Rowson B, Rowson S, Ji S: A network-based
response feature matrix as a brain injury metric. Biomech
Model Mechanobiol 2019:1–16.

83. Beckwith JG, Zhao W, Ji S, Ajamil AG, Bolander RP, Chu JJ,
McAllister TW, Crisco JJ, Duma SM, Rowson S: Estimated brain
tissue response following impacts associated with and
without diagnosed concussion. Ann Biomed Eng 2018, 46:
819–830.

84. McAllister TW, Ford JC, Ji S, Beckwith JG, Flashman LA,
Paulsen K, Greenwald RM: Maximum principal strain and
strain rate associated with concussion diagnosis correlates
with changes in corpus callosum white matter indices. Ann
Biomed Eng 2012, 40:127–140.

85. Ghajari M, Hellyer PJ, Sharp DJ: Computational modeling of
traumatic brain injury predicts the location of chronic
traumatic encephalopathy pathology. Brain 2017, 140:
333–343.

86. Charvet CJ, Finlay BL: Comparing adult hippocampal neuro-
genesis across species: translating time to predict the tempo
in humans. Front Neurosci 2018:706.

87. Oeur RA, Margulies SS: Target detection in healthy 4-week old
piglets from a passive two-tone auditory oddball paradigm.
BMC Neurosci 2020, 21:1–9.

88. Graham NS, Zimmerman KA, Moro F, Heslegrave A, Maillard SA,
Bernini A, …Sharp DJ: Axonal marker neurofilament light
predicts long-term outcomes and progressive neuro-
degeneration after traumatic brain injury. Sci Transl Med 2021,
13, eabg9922.

89. Zhan X, Liu Y, Cecchi NJ, Gevaert O, Zeineh M, Grant G,
Camarillo DB: Find the spatial co-variation of brain deforma-
tion with principal component analysis. IEEE (Inst Electr
Electron Eng) Trans Biomed Eng 2022.

90. Hardy WN, Foster CD, Mason MJ, Yang KH, King AI, Tashman S:
Investigation of head injury mechanisms using neutral density
technology and high-speed biplanar X-ray (No. 2001-22-0016).
SAE Technical Paper; 2001.

91. Hardy WN, Mason MJ, Foster CD, Shah CS, Kopacz JM,
Yang KH, …Tashman S: A study of the response of the human
cadaver head to impact. Stapp car crash journal 2007, 51:17.

92. Alshareef A, Giudice JS, Forman J, Salzar RS, Panzer MB:
A novel method for quantifying human in situ whole brain
deformation under rotational loading using sonomicrometry.
J Neurotrauma 2018, 35:780–789.
www.sciencedirect.com

http://refhub.elsevier.com/S2468-4511(22)00055-1/sref61
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref61
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref61
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref61
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref61
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref41
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref41
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref41
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref41
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref41
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref4
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref4
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref4
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref72
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref72
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref72
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref72
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref67
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref67
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref67
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref67
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref67
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref67
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref71
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref71
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref71
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref71
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref71
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref71
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref78
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref78
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref78
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref78
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref82
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref82
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref82
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref82
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref42
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref42
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref42
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref42
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref98
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref98
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref98
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref5
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref5
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref5
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref5
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref5
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref64
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref64
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref64
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref64
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref64
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref30
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref30
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref30
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref30
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref12
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref12
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref12
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref73
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref73
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref73
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref33
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref33
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref33
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref33
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref33
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref101
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref101
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref101
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref101
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref38
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref38
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref38
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref38
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref39
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref39
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref39
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref1
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref1
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref1
http://refhub.elsevier.com/S2468-4511(22)00055-1/sref1
www.sciencedirect.com/science/journal/24684511

	Translational models of mild traumatic brain injury tissue biomechanics
	Introduction
	Connecting biomechanics with mTBI pathologies in small animal models
	Connecting biomechanics with mTBI pathologies in large animal models
	Connecting biomechanics with mTBI pathologies in human studies
	Discussion
	Declaration of competing interest
	Acknowledgments
	References


