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Introduction

Emerging studies indicating long term psychiatric, cognitive and neurobehavioral impairments associated with concussion have made it clear that concussion, in spite of being a mild traumatic brain injury (mTBI), is a serious health problem [START_REF] Zhang | A proposed injury threshold for mild traumatic brain injury[END_REF][START_REF] Murray | Sports concussion: time for a culture change[END_REF][START_REF] Smith | Neuromechanics and pathophysiology of diffuse axonal injury in concussion[END_REF].

Worldwide sixty-nine million people are estimated to suffer from a TBI each year [START_REF] Dewan | Estimating the global incidence of traumatic brain injury[END_REF],

among which 80-90% belong to mild injury category [START_REF] Dewan | Estimating the global incidence of traumatic brain injury[END_REF]5]. Though mortality rate in the case of mTBI is below 1%, the long term consequences are serious and adversely affect the lives of individuals, their families and the wider society [5],

especially when the occurrence is repeated as in the contact sports [START_REF] Guskiewicz | Association between recurrent concussion and late-life cognitive impairment in retired professional football players[END_REF][START_REF] Guskiewicz | Recurrent concussion and risk of depression in retired professional football players[END_REF][START_REF] Misch | Sports medicine update: concussion[END_REF]. Since, diffuse axonal injury (DAI) due to sudden axonal stretch is known to be one of the most frequent pathological features of TBI [START_REF] Strich | Diffuse degeneration of the cerebral white matter in severe dementia following head injury[END_REF][START_REF] Hume Adams | Diffuse axonal injury in head injury: definition, diagnosis and grading[END_REF][START_REF] Christman | Ultrastructural studies of diffuse axonal injury in humans[END_REF][START_REF] Gentleman | Axonal injury: a universal consequence of fatal closed head injury?[END_REF][START_REF] Tang-Schomer | Mechanical breaking of microtubules in axons during dynamic stretch injury underlies delayed elasticity, microtubule disassembly, and axon degeneration[END_REF], knowledge of the mechanical threshold for concussion in terms of axonal strain [START_REF] Tamura | Variation in nerve fiber strain in brain tissue subjected to uniaxial stretch[END_REF][START_REF] Chatelin | Computation of axonal elongation in head trauma finite element simulation[END_REF][START_REF] Wright | An axonal strain injury criterion for traumatic brain injury[END_REF][START_REF] Giordano | The influence of anisotropy on brain injury prediction[END_REF] can help in developing better brain injury prediction tools to be applied in optimizing head protection systems or in managing sport related concussions. With this concept in mind and knowing that there is a continuum between DAI and concussion [START_REF] Gennarelli | Biomechanical tolerances for diffuse brain injury and a hypothesis for genotypic variability in response to trauma[END_REF], a number of finite element (FE) human brain models have incorporated anisotropy [START_REF] Chatelin | Computation of axonal elongation in head trauma finite element simulation[END_REF][START_REF] Giordano | Evaluation of axonal strain as a predictor for mild traumatic brain injuries using finite element modeling[END_REF][START_REF] Sahoo | Development and validation of an advanced anisotropic visco-hyperelastic human brain FE model[END_REF][START_REF] Garimella | Modeling the mechanics of axonal fiber tracts using the embedded finite element method[END_REF][START_REF] Ganpule | A three-dimensional computational human head model that captures live human brain dynamics[END_REF][START_REF] Zhao | White matter anisotropy for impact simulation and response sampling in traumatic brain injury[END_REF][START_REF] Wu | Explicit modeling of white matter axonal fiber tracts in a finite element brain model[END_REF] in order to identify mechanical thresholds to concussion. Study by Sahoo and colleagues [START_REF] Sahoo | Brain injury tolerance limit based on computation of axonal strain[END_REF] revealed that axonal strain is the best suitable predictor of DAI and proposed a brain injury tolerance limit of 14.65% of axonal strain for a 50% risk of DAI with loss of consciousness. This study was based on 109 head trauma simulations, performed using a three-dimensional anisotropic visco-hyperelastic FE human brain model [START_REF] Sahoo | Development and validation of an advanced anisotropic visco-hyperelastic human brain FE model[END_REF]. Another study by Giordano and Kleiven [START_REF] Giordano | Evaluation of axonal strain as a predictor for mild traumatic brain injuries using finite element modeling[END_REF] estimated the local injury thresholds ranging from 7.36% to 14.61% of axonal strains for a 50% risk of concussion. This study was based on the reconstruction of 58 American football head impacts and the simulations were performed using the KTH head model, where the brain was modelled with a hyper-viscoelastic fiber-reinforced anisotropic material [START_REF] Giordano | The influence of anisotropy on brain injury prediction[END_REF][START_REF] Giordano | Evaluation of axonal strain as a predictor for mild traumatic brain injuries using finite element modeling[END_REF]. However, incertitude and limited kinematic information in head impact measurements of athletes, unfeasibility of experimentation on in-vivo human brain and uncertainties in road/sport accident reconstruction used to establish tolerances (as mentioned earlier) restrict in-depth investigations for concussion under fully controlled impacts. Therefore, over the years, in-vivo animal models have become a preferred choice to overcome this restriction [START_REF] Mao | Application of a finite element model of the brain to study traumatic brain injury mechanisms in rat[END_REF][START_REF] Finan | Biomechanical simulation of traumatic brain injury in the rat[END_REF]. Many factors including neurological equivalence of an adult rat brain with the adult human brain [START_REF] Gefen | Agedependent changes in material properties of the brain and braincase of the rat[END_REF] as well as the interspecies similarities in the brain responses at tissue level [START_REF] Shreiber | In vivo thresholds for mechanical injury to the blood-brain barrier[END_REF] have made rats a suitable choice for such studies [START_REF] Finan | Biomechanical simulation of traumatic brain injury in the rat[END_REF]. Many two-dimensional (2D) [START_REF] Gefen | Agedependent changes in material properties of the brain and braincase of the rat[END_REF][START_REF] Pena | Brain tissue biomechanics in cortical contusion injury: a finite element analysis[END_REF][START_REF] Fijalkowski | A finite element model of region-specific response for mild diffuse brain injury[END_REF] and three-dimensional (3D) [START_REF] Mao | Application of a finite element model of the brain to study traumatic brain injury mechanisms in rat[END_REF][START_REF] Shreiber | In vivo thresholds for mechanical injury to the blood-brain barrier[END_REF][START_REF] Levchakov | Computational studies of strain exposures in neonate and mature rat brains during closed head impact[END_REF][START_REF] Baumgartner | Finite element analysis of traumatic brain injuries mechanisms in the rat[END_REF][START_REF] Lamy | Experimentally validated three-dimensional finite element model of the rat for mild traumatic brain injury[END_REF][START_REF] Ren | Effect of the inhomogeneous brain material characteristic on dynamic responses of head under trauma[END_REF][START_REF] Antona-Makoshi | Validation of local brain kinematics of a novel rat brain finite element model under rotational acceleration[END_REF][START_REF] Antona-Makoshi | Effect of ageing on brain injury prediction in rotational head trauma -a parameter study with a rat finite element model[END_REF][START_REF] Laplaca | Mechanoporation is a potential indicator of tissue strain and subsequent degeneration following experimental traumatic brain injury[END_REF][START_REF] Unnikrishnan | A 3-D rat brain model for blast-wave exposure: effects of brain vasculature and material properties[END_REF] rat brain FE models have been reported in the literature over last few decades (appendix Table A1). But, none of these models took anisotropy into account, which is rather a crucial aspect for the fidelity, whilst being debated since many years [START_REF] Giordano | The influence of anisotropy on brain injury prediction[END_REF][START_REF] Giordano | Evaluation of axonal strain as a predictor for mild traumatic brain injuries using finite element modeling[END_REF][START_REF] Sahoo | Brain injury tolerance limit based on computation of axonal strain[END_REF][START_REF] Budday | Fifty shades of brain: a review on the mechanical testing and modeling of brain tissue[END_REF][START_REF] Zhao | White matter injury susceptibility via fiber strain evaluation using whole-brain tractography[END_REF]. In this study, an anisotropic finite element rat brain model (FERBM) was developed, where anisotropy and heterogeneity were implemented by utilizing diffusion tensor imaging (DTI) data. This developed model was validated in terms of dynamic cortical displacements against [START_REF] Shreiber | In vivo thresholds for mechanical injury to the blood-brain barrier[END_REF] and in terms of brain-skull relative displacements against [START_REF] Antona-Makoshi | Validation of local brain kinematics of a novel rat brain finite element model under rotational acceleration[END_REF]. This validated anisotropic FERBM was then utilized to simulate twenty-six cases of experimental concussion and finally, the simulation results were statistically analyzed. This study provided promising results and therefore, this study can be considered as a contribution to the definition of brain injury tolerance limits towards developing better brain injury prediction tools and optimizing head protection systems.

Material and methods

Adult Sprague Dawley rats, weighing approximately 290 g, were chosen as the basis for this study. A 3D DTI atlas of Sprague Dawley rat brain at post natal day 72 (n = 6, weight = 289.3 ± 20.5 g, female) [START_REF] Rumple | 3-Dimensional diffusion tensor imaging (DTI) atlas of the rat brain[END_REF], was used for the geometry and for the diffusion parameters of the rat brain. Figure 1 illustrates the methods followed for the model development, validation and impact simulations. The impact simulation results

were worked out in terms of ten intra-cerebral parameters (maximum axonal strain, maximum strain energy, maximum von Mises stress, maximum von Mises strain, maximum shear stress, maximum shear strain, maximum principal stress, maximum principal strain, minimum pressure and maximum pressure) and two global kinematic parameters (maximum rotational acceleration and duration). Afterwards, these metrics were statistically analyzed to identify the tolerance limits for concussion. 

Development of the anisotropic FERBM

The development of the model involved constructing a finite element model, selecting an appropriate constitutive law and implementing the DTI data extracted from the rat brain DTI atlas [START_REF] Rumple | 3-Dimensional diffusion tensor imaging (DTI) atlas of the rat brain[END_REF] to incorporate anisotropy and heterogeneity. The rat brain geometry rendered from the DTI atlas [START_REF] Rumple | 3-Dimensional diffusion tensor imaging (DTI) atlas of the rat brain[END_REF] in the form of STL (stereolithography) file format was first converted into surfaces and then, the rat brain volume surrounded by these surfaces was meshed using HyperMesh software.

The meshed model consisted of 13,236 solid hexahedral elements, with an average element size of 0.5 mm. This brain model was enwrapped within a layer of cerebrospinal fluid (CSF), modelled with 3,252 solid hexahedral elements, having an average thickness of 0.7 mm. The brain and the CSF models were further enclosed inside the skull, modelled with 3,252 quadrilateral shell elements. The brain, the enwrapping CSF and the outer skull were meshed in continuity. An anisotropic viscous hyperelastic constitutive law for brain material developed by [START_REF] Chatelin | An anisotropic viscous hyperelastic constitutive law for brain material finite-element modeling[END_REF] was considered for this study. This law hypothesized that the brain tissue consists of an isotropic matrix material with an anisotropic fiber reinforcement in the principal fiber direction [START_REF] Chatelin | An anisotropic viscous hyperelastic constitutive law for brain material finite-element modeling[END_REF]. So, the brain was modelled as an anisotropic viscous hyperelastic material [START_REF] Chatelin | An anisotropic viscous hyperelastic constitutive law for brain material finite-element modeling[END_REF] and the CSF was modelled as elastic fluid material having a density of 1000 kg/m 3 and a bulk modulus of 6.57 GPa. Mechanical properties of the rat brain are shown in Table 1. The skull was modelled as a rigid material with a density of 1900 kg/m 3 , Young's modulus of 10 GPa and Poisson's ratio of 0.22 [START_REF] Gefen | Agedependent changes in material properties of the brain and braincase of the rat[END_REF][START_REF] Mao | Material properties of adult rat skull[END_REF]. The diffusion parameters, in terms of fractional anisotropy (FA) and principal fiber direction (PFD) were computed from the data provided in the DTI atlas [START_REF] Rumple | 3-Dimensional diffusion tensor imaging (DTI) atlas of the rat brain[END_REF]. The entire process of DTI implementation (Figure 2) [START_REF] Chatelin | Computation of axonal elongation in head trauma finite element simulation[END_REF][START_REF] Sahoo | Development and validation of an advanced anisotropic visco-hyperelastic human brain FE model[END_REF] that included computation of the diffusion parameters for every voxel, alignment of the FE model and the DTI volume, identification of voxels per element, estimation of the diffusion parameters per element and incorporation of the diffusion data of every single element into the constitutive law was achieved through dedicated coding in a high-level programming language -Python. More precisely, the Python code ensured that every element of the rat brain was attributed a FA value, which was the weighted average of the fractional anisotropies of all the voxels that fall inside that element volume, in such a way that the voxels at the center of the element had higher weightage than those at the element periphery. Similarly, after simulation, the Python code also ensured the estimation of axonal strains per element (Figure 2) by utilizing the previously identified PFDs of every single element of the rat brain. Hence, the developed FERBM is a heterogeneous anisotropic viscous hyperelastic model, which comprises brain material properties adapted from [START_REF] Chatelin | An anisotropic viscous hyperelastic constitutive law for brain material finite-element modeling[END_REF] along with the diffusion parameters of the rat brain, determined from a DTI atlas [START_REF] Rumple | 3-Dimensional diffusion tensor imaging (DTI) atlas of the rat brain[END_REF]. = strain tensor; = principal fiber direction vector).

Model validation

The model was validated against two experimentations available in literature. The first validation was in terms of dynamic cortical displacement (DCD) on the application of vacuum pressure pulse against [START_REF] Shreiber | In vivo thresholds for mechanical injury to the blood-brain barrier[END_REF]. A total of six simulations were performed for different combinations of pressure magnitudes and pulse durations that were available. To simulate the experiments, the skull was kept embedded and the loading was applied by means of a vacuum pressure pulse over the exposed brain elements, where CSF and skull elements were removed to represent craniectomy according to the experiment. The second validation was in terms of brain-skull relative displacements (BSRD), at four depths from the brain surface, on the application of rotational acceleration loading in the sagittal plane against [START_REF] Antona-Makoshi | Validation of local brain kinematics of a novel rat brain finite element model under rotational acceleration[END_REF].

One simulation was performed for the available rotational acceleration pulse. To simulate the experiment, the center of rotation was chosen in such a manner that the center of gravity of the brain was around 6.5 mm above the center of rotation according to the experimental loading [START_REF] Davidsson | A new model to produce sagittal plane rotational induced diffuse axonal injuries[END_REF].

Simulation of experimental concussion

For this study, twenty-six cases of experimental concussion were chosen from [START_REF] Stemper | Prediction of post-concussive behavioral changes in a rodent model based on head rotational acceleration characteristics[END_REF] for the numerical simulations. The experiments were performed on adult female Sprague Dawley rats, weighing 289 ± 22 g. In these experiments, concussion was induced in the in-vivo rat brains through rotational acceleration loading in the coronal plane as per the MCW (Medical College of Wisconsin) rotational injury model [START_REF] Stemper | Prediction of post-concussive behavioral changes in a rodent model based on head rotational acceleration characteristics[END_REF].

The use of this model resulted in zero mortality and no fracture or dislocation of the cervical spine [START_REF] Stemper | Prediction of post-concussive behavioral changes in a rodent model based on head rotational acceleration characteristics[END_REF]. Acute injury severity was evaluated using the recovery time that as per [START_REF] Stemper | Prediction of post-concussive behavioral changes in a rodent model based on head rotational acceleration characteristics[END_REF] is "the amount of time following removal of anesthesia just prior to injury or sham procedure until return of the righting reflex." Based on the average recovery time (178 ± 52 s) associated with shams (n = 16), the twenty-six cases were classified into the injured (15 cases) and the non-injured (11 cases) groups, such that those having recovery time lesser than that of shams were considered noninjured and vice versa. For these twenty-six cases of experimental concussion, the average magnitude of peak rotational acceleration was 319.5 ± 85.5 krad/s 2 and the average duration was 1.9 ± 0.8 ms. Thus, a total of twenty-six simulations were performed for different rotational acceleration pulses corresponding to twenty-six cases of experimental concussion. All the simulations were performed on a nonlinear, dynamic, explicit finite element solver -LS-DYNA SMP version R10.1.0 (Livermore Software Technology Corporation (LSTC), CA). The simulation time varied between thirty minutes to three hours thirty minutes. The simulations were checked for the stability and the maximum hourglass energy of the model was within the acceptable limits. To simulate the experiments, rotational acceleration pulse was applied to the skull about an axis in the lower half of the brain, which passed through the mid-sagittal plane in order to have a pure rotation in the coronal plane. The simulation results were determined in terms of ten intra-cerebral parameters, which are maximum axonal strain, i.e. the strain of reinforcing fibers in their anisotropic direction, maximum strain energy, maximum von Mises stress, maximum von Mises strain, maximum shear stress, maximum shear strain, maximum principal stress, maximum principal strain, minimum pressure and maximum pressure.

Statistical Analysis

Numerically computed mechanical parameters, along with the aforementioned global kinematic parameters, were statistically analyzed in order to identify the best suitable parameter for the prediction of concussion and consequently, the tolerance level for concussion in association with the experimental recovery time. Binary logistic regression method was utilized for this purpose and was carried out using statistical software package -IBM SPSS Statistics, Version 21. This method attempts to fit a regression model between various possible concussion metrics (x) in order to identify the probability (P) of concussion, such that P

(x) = 1/ (1 + exp(-(a + b x))),
where, a and b parameters are the regression coefficients. Then, Nagelkerke Rsquared statistic was used to compare the candidate parameters, with the objective of identifying the one that best correlates to the occurrence of concussion.

Nagelkerke R-squared statistic ranges from 0 to 1, where 0 indicates a poor fit and 1 indicates a good fit. Further, the Hosmer-Lemeshow test was conducted and the probability values or the p-values were calculated based on chi-square distribution, in order to test the goodness of fit of the logistic model [START_REF] Hosmer | Goodness of fit tests for the multiple logistic regression model[END_REF]. A p-value in the range 0.7 to 0.8 indicates acceptable discrimination, in the range 0.8 to 0.9 indicates excellent discrimination and greater than 0.9 indicates outstanding discrimination.

Additionally, the receiver operating characteristic (ROC) curve analysis was used to check the robustness of the estimated metric. The diagnostic capability of a binary classifier (in this study, injured as 1 and non-injured as 0) with the variation in its threshold value is illustrated by the ROC curve. A ROC curve is created by plotting the sensitivity i.e. the true positive rate against 1 -specificity i.e. the false positive rate in order to predict a dichotomous outcome. Another measure to test the performance is the area under ROC curve, commonly known as AUROC. When, the sensitivity is equal to one and the specificity is equal to zero, the AUROC value is 1 and the test is 100% accurate. Whereas, a test, which is not able to discriminate between normal and abnormal, results in a diagonal line from (0, 0) to (1, 1) and for this the AUROC is equal to 0.5. Hence, the metric corresponding to AUROC tending to one is supposed to be the best suitable predictor for concussion.

Results

Results of DTI data implementation in the FERBM

A comparison of actual diffusion tensor imaging data with the DTI data implemented into the FERBM showed a good accordance between the two (Figure 3). Brain regions indicating high FA values corresponded to the anatomical white matter regions, mainly in the locations of corpus callosum, brainstem and olfactory bulb. The number of voxels selected per element ranged from 21 to 177 with an average of 68 ± 24 voxels per element and the fractional anisotropy ranged from 0 to 0.96 with an average fractional anisotropy of 0.31 ± 0.12.

Validation results

Simulations for the validation against [START_REF] Shreiber | In vivo thresholds for mechanical injury to the blood-brain barrier[END_REF] resulted in maximum cortical displacements of 0.7 ± 0.01 mm, 0.9 ± 0.02 mm, 1.1 ± 0.04 mm, 1.1 ± 0.04 mm, 0.9 is presented graphically in Figure 7 of the discussion and limitations section i.e. section 4.

Results of the simulations of experimental concussion

Based on the classification of twenty-six cases of experimental concussion into the injured and the non-injured groups in association with the experimental recovery time, the values of the aforementioned global kinematic parameters and the computed intra-cerebral parameters were analyzed. With regard to the experimental global kinematic parameters (maximum rotational acceleration and duration) and to the computed intra-cerebral parameters (maximum axonal strain, maximum strain energy, maximum von Mises stress, maximum von Mises strain, maximum shear stress, maximum shear strain, maximum principal stress, maximum principal strain, minimum pressure and maximum pressure) the average values sustained by the non-injured and the injured groups are provided in Table 2. It was observed that for all the parameters, the values sustained by the injured group were significantly higher than that sustained by the non-injured group. To give an example for the individual maximum strain values for one of the cases (Case 20), where the strain values were found to be the highest, maximum axonal strain was 14.62%, maximum von Mises strain was 17.45%, maximum shear strain was 15.03% and maximum principal strain was 17.43%. In general, for all the cases, the ascending order of the strains was maximum axonal strain, maximum shear strain, maximum principal strain and maximum von Mises strain.

Additionally, when we segmented the brain into different anatomical regions based on the segmentation provided in the DTI atlas [START_REF] Rumple | 3-Dimensional diffusion tensor imaging (DTI) atlas of the rat brain[END_REF], there were in total twenty-four brain regions, which were hippocampus, external capsule, caudate -putamenglobus pallidus as one, anterior commissure, substantia nigra, internal capsule, thalamus, cerebellum, superior colliculus, hypothalamus, inferior colliculus, central gray, neocortex, amygdala, olfactory bulb, brainstem, fimbria, fornix, ventral tegmental area (VTA), corpus callosum, genu, aqueduct, splenium and rest of brain as one. On analyzing the maximum axonal strain values sustained by these twentyfour regions for all twenty-six cases, we observed that the regions which experienced high maximum axonal strains were neocortex, hypothalamus, brainstem, central gray, caudate-putamen-globus pallidus, fimbria, cerebellum and thalamus. Figure 4 highlights these brain locations by illustrating the cumulative top hundred elements of the twenty-six cases that experienced high maximum axonal strains (232 elements in total). 

Results of statistical analyses

Statistical analyses exposed that the intra-cerebral parameters are better suited predictors of concussion than the global kinematic parameters, since the Nagelkerke R-squared values for the global kinematic parameters were not significant (≤ 0.2) in comparison to that for the intra-cerebral parameters (≥ 0.4). Injury risk curves for the analyzed intra-cerebral parameters (except for the axonal strain) are illustrated in Figure 5. These injury risk curves indicated that in association with the experimental recovery time, for a 50% probability of concussion, the estimated tolerance levels are 4.20E-5 mJ of maximum strain energy, 5.6 kPa of maximum von Mises stress, 11.29% of maximum von Mises strain, 3.2 kPa of maximum shear stress, 9.74% of maximum shear strain, 282.5 kPa of maximum principal stress, 10.93% of maximum principal strain, -284.7 kPa of minimum pressure and 317.7 kPa of maximum pressure.

Figure 5: Diagram illustrating injury risk curves for the prediction of probability of concussion (injury probability), in association with experimental recovery time, corresponding to intracerebral parameters -strain energy, von Mises stress, von Mises strain, shear strass, shear strain, principal stress, principal strain, minimum pressure and maximum pressure. Blank green circles represent non-injured cases, whereas solid red circles represent injured cases.

Figure 6 illustrates the injury risk curve for the axonal strain along with the simulation results of all twenty-six cases and the ROC curve. It was found that for a 50% risk of concussion, in association with the experimental recovery time, the estimated tolerance level is 8.97% of axonal strain with a Nagelkerke R-squared value of 0.41, a HL p-value of 0.6 and AUROC of 0.8. Figure 6: Diagram illustrating injury risk curve (on the left) for the prediction of probability of concussion (injury probability), in association with experimental recovery time, corresponding to intra-cerebral parameter -axonal strain; simulation results (in the middle) and ROC curve (on the right). Blank green circles/bars represent non-injured cases, whereas solid red circles/bars represent injured cases.

Discussion and limitations

In this study, an anisotropic viscous hyperelastic finite element rat brain model was developed, validated and utilized for investigation of the mechanical threshold for concussion in terms of computed intra-cerebral parameters. This model was designed to mimic the mechanism of sport-related concussion (SRC) in the human (i.e. rapid brain tissue deformation primarily associated with head rotational acceleration). However, the use of the term 'concussion' has generated some criticism [START_REF] Sharp | Concussion is confusing us all[END_REF][START_REF] Smith | Concussion' is not a true diagnosis[END_REF], despite its widespread use in clinical diagnosis and the literature since decades [START_REF] Kontos | Association of time since injury to the first clinic visit with recovery following concussion[END_REF][START_REF] Lumba-Brown | Concussion guidelines step 2: evidence for subtype classification[END_REF][START_REF] Mccrea | Association of blood biomarkers with acute sportrelated concussion in collegiate athletes: findings from the NCAA and Department of Defense CARE Consortium[END_REF][START_REF] Yue | Sideline concussion assessment: the current state of the art[END_REF], as the term does not describe the pathological nature of the condition. The use of DAI has been suggested [START_REF] Smith | Concussion' is not a true diagnosis[END_REF] as an alternative description, despite historically be used to describe more severe pathology [START_REF] Carroll | The AIS-2005 revision in severe traumatic brain injury: mission accomplished or problems for future research?[END_REF][START_REF] Vieira | Diffuse axonal injury: epidemiology, outcome and associated risk factors[END_REF]. However, recent preclinical studies identified axonal pathology in a porcine head rotational acceleration model designed to mimic 'concussion' [START_REF] Smith | Axonal damage in traumatic brain injury[END_REF]. Similarly, the rodent studies that form the basis for the current FEM also identified evidence of white matter pathology using diffusion tensor imaging [START_REF] Stemper | Head rotational acceleration characteristics influence behavioral and diffusion tensor imaging outcomes following concussion[END_REF] while mimicking concussion. Therefore, the use of DAI terminology to describe the pathology associated with the current injury mechanism may also be appropriate and warranted. As a whole, it could be mentioned that axonal injuries that are diffused through the brain, e.g. DAI, represent a continuum of diffuse axonal injuries ranging from mild, moderate and severe concussion to severe DAI such as visible axonal injuries like retraction balls.

Therefore, DAI should not be reserved to the most severe and often fatal brain injuries, but could be extended to the full range of concussions.

In the present study, we hypothesized that 'concussion' is the consequence of a tissue level loading that is similar for mammalian such as rats, humans and other species. The choice of small animals (e.g. rodents) versus large animals (e.g. sheep, pigs) has been a point of debate. Both, the small and the large animals, have some relative strengths and weaknesses. Although, there is an increasing interest for the large animal models because the physiology and size of the large animals are closer to humans and they have gyrencephalic brains, but they are not only significantly expensive in terms of cost, time, skill and other resources, but also lack readily available data and well-validated behavioural measures [START_REF] Xiong | Animal models of traumatic brain injury[END_REF][START_REF] Vink | Large animal models of traumatic brain injury[END_REF][START_REF] Kinder | The pig as a preclinical traumatic brain injury model: current models, functional outcome measures, and translational detection strategies[END_REF]. On the other hand, small size, moderate cost, standardized measures of the outcome and many other similarities make rodents a preferred alternative for the TBI research [START_REF] Gefen | Agedependent changes in material properties of the brain and braincase of the rat[END_REF][START_REF] Shreiber | In vivo thresholds for mechanical injury to the blood-brain barrier[END_REF][START_REF] Xiong | Animal models of traumatic brain injury[END_REF][START_REF] Macmanus | Towards animal surrogates for characterising large strain dynamic mechanical properties of human brain tissue[END_REF].

Nonetheless, the results of the present study should only be transposed to human with care.

Another limitation of this study is modelling of the rat brain material. Even when efforts were deployed to implement an anisotropic viscous hyperelastic constitutive law, the modelling of an in-vivo brain under large strain and strain rate is challenging.

In the literature, we find studies that have implemented anisotropic laws [START_REF] Sahoo | Development and validation of an advanced anisotropic visco-hyperelastic human brain FE model[END_REF][START_REF] Chatelin | An anisotropic viscous hyperelastic constitutive law for brain material finite-element modeling[END_REF][START_REF] Hajiaghamemar | Embedded axonal fiber tracts improve finite element model predictions of traumatic brain injury[END_REF],

however, the experimental identification of material parameters remains difficult.

Further, the discussion on species specific constitutive laws is another critical question that has no definitive response [START_REF] Budday | Fifty shades of brain: a review on the mechanical testing and modeling of brain tissue[END_REF][START_REF] Macmanus | Region and species dependent mechanical properties of adolescent and young adult brain tissue[END_REF]. Modelling rat brain material and validating it experimentally via in-vivo tests is a challenging exercise. Viscoelastic as well as high strain and strain rate tests have been reported in literature and show huge discrepancies. Moreover, in-vivo versus in-vitro as well as inter-species differences and the anisotropic dimension further increase the complexity and is not yet available in literature conclusively. In the synthesis published by [START_REF] Nicolle | Shear linear behavior of brain tissue over a large frequency range[END_REF] these discrepancies have been shown and it is not rare to read contradicting results.

Despite recent studies focusing on in-vivo versus in-vitro characterization [START_REF] Budday | Fifty shades of brain: a review on the mechanical testing and modeling of brain tissue[END_REF][START_REF] Hamilton | Current ex vivo and in vitro approaches to uncovering mechanisms of neurological dysfunction after traumatic brain injury[END_REF][START_REF] Knutsen | In vivo estimates of axonal stretch and 3D brain deformation during mild head impact[END_REF] and papers dealing with anisotropic brain material data [START_REF] Sahoo | Development and validation of an advanced anisotropic visco-hyperelastic human brain FE model[END_REF][START_REF] Chatelin | An anisotropic viscous hyperelastic constitutive law for brain material finite-element modeling[END_REF][START_REF] Hajiaghamemar | Embedded axonal fiber tracts improve finite element model predictions of traumatic brain injury[END_REF][START_REF] Zhou | Investigate the variations of the head and brain response in a rodent head impact acceleration model by finite element modeling[END_REF], it must be stated that no definitive anisotropic viscous hyperelastic brain characteristics validated in vivo under large strain and strain rate are available. In order to modestly progress in the field, some hypotheses were accepted in the present study with a clear expression of the related limitations. It was hypothesized that the brain material at microscopic structural level does not change among species [START_REF] Gefen | Agedependent changes in material properties of the brain and braincase of the rat[END_REF][START_REF] Shreiber | In vivo thresholds for mechanical injury to the blood-brain barrier[END_REF][START_REF] Macmanus | Towards animal surrogates for characterising large strain dynamic mechanical properties of human brain tissue[END_REF].

Therefore, the brain constitutive law published by [START_REF] Chatelin | An anisotropic viscous hyperelastic constitutive law for brain material finite-element modeling[END_REF] was adopted, even though the anisotropic characteristics of brain material are still under debate [START_REF] Giordano | The influence of anisotropy on brain injury prediction[END_REF][START_REF] Giordano | Evaluation of axonal strain as a predictor for mild traumatic brain injuries using finite element modeling[END_REF][START_REF] Sahoo | Brain injury tolerance limit based on computation of axonal strain[END_REF][START_REF] Budday | Fifty shades of brain: a review on the mechanical testing and modeling of brain tissue[END_REF][START_REF] Zhao | White matter injury susceptibility via fiber strain evaluation using whole-brain tractography[END_REF].

Nonetheless, anisotropy of the model was achieved through implementation of DTI data extracted from a 3D rat brain DTI atlas [START_REF] Rumple | 3-Dimensional diffusion tensor imaging (DTI) atlas of the rat brain[END_REF]. A comparison of implemented DTI data with the actual imaging data showed a good agreement between the two.

The developed finite element rat brain model was validated simultaneously against [START_REF] Shreiber | In vivo thresholds for mechanical injury to the blood-brain barrier[END_REF] and [START_REF] Antona-Makoshi | Validation of local brain kinematics of a novel rat brain finite element model under rotational acceleration[END_REF]. Model validation against [START_REF] Shreiber | In vivo thresholds for mechanical injury to the blood-brain barrier[END_REF] showed good agreement between the experimental and the simulation results of dynamic cortical displacements. With regard to the model validation against [START_REF] Antona-Makoshi | Validation of local brain kinematics of a novel rat brain finite element model under rotational acceleration[END_REF], the experimental and the simulation results of brain-skull relative displacement were in good accordance with an exception at the measurement depth of 2 mm below the brain surface, where other models [START_REF] Ren | Effect of the inhomogeneous brain material characteristic on dynamic responses of head under trauma[END_REF][START_REF] Antona-Makoshi | Effect of ageing on brain injury prediction in rotational head trauma -a parameter study with a rat finite element model[END_REF] overpredicted the displacement as well. In [START_REF] Antona-Makoshi | Validation of local brain kinematics of a novel rat brain finite element model under rotational acceleration[END_REF], the discussion section addresses this peculiarity by mentioning that in comparison with the experimental behaviour, the simulation response of brain-skull relative displacement was reproduced qualitatively, but quantitatively it was overrepresented. It was hypothesized by [START_REF] Antona-Makoshi | Validation of local brain kinematics of a novel rat brain finite element model under rotational acceleration[END_REF] that the lack of validation of the brain material model against shear experiments could have affected the model's ability to simulate shear accurately. Also, in the experiments, a needle penetrated the brain cortex to a depth of around 2.5 mm before trauma, and during trauma, it was the brain motion against this needle that produced the scar. However, in the simulations, there was no needle and it was hypothesized that the presence of needle had no influence on the natural motion of the brain tissue under the similar loading conditions. Nonetheless, further verification of this hypothesis was suggested, since this too could have affected the results. The deep brain regions that show the highest strains are also the regions which are the most difficult to be validated. A comparison of the validation results of the developed FERBM with that of existing validated models along with the experimentally observed values, as shown in Figure 7, expresses that the developed anisotropic FERBM has been validated fairly well. Still, for having full confidence in a finite element model, an extensive validation of the model is a must. As suggested by [START_REF] Zhou | A reanalysis of experimental brain strain data: implication for finite element head model validation[END_REF] that the FE head models, which are intended to be used for strain predictions should be validated not only against the brain-skull relative movement, but also against the brain deformation data. But, for that to be feasible, availability of the experimental data in literature is essential. To the author's knowledge, [START_REF] Shreiber | In vivo thresholds for mechanical injury to the blood-brain barrier[END_REF] and [START_REF] Antona-Makoshi | Validation of local brain kinematics of a novel rat brain finite element model under rotational acceleration[END_REF] are the only rat brain experimentations available in literature that deal with either brain deformation or brain-skull relative displacement. However, the present model should be validated for rat head kinematics against [START_REF] Li | Quantitative relationship between axonal injury and mechanical response in a rodent head impact acceleration model[END_REF] as a further step. The DCD experimental values are as per [START_REF] Shreiber | In vivo thresholds for mechanical injury to the blood-brain barrier[END_REF] and the BSRD experimental values are as per [START_REF] Antona-Makoshi | Validation of local brain kinematics of a novel rat brain finite element model under rotational acceleration[END_REF].

Furthermore, in this study, based on the simulations of twenty-six cases of experimental concussion performed using an anisotropic finite element rat brain model, it has been found that the intra-cerebral parameters are better predictors of concussion than the global kinematic parameters and that the estimated tolerance level for a 50% risk of concussion, in association with the experimental recovery time, is 8.97% of axonal strain, which can be considered as an AIS1+ injury. In the road safety field, the accidentology experts defined an abbreviated injury scale (AIS) [START_REF]The Association for the Advancement of Automotive Medicine (AAAM). The Abbreviated Injury Scale (AIS)[END_REF], where AIS1 and AIS2 are defined as mild traumatic brain injuries and more precisely, AIS1 as mild concussion with no loss of consciousness, whereas AIS2 as moderate concussion with a loss of consciousness for less than an hour. Moreover, AIS3 brain injuries correspond to severe concussion with a loss of consciousness lasting over three hours.

A number of rat brain models exist in literature focusing on modelling of the brain material [START_REF] Gefen | Agedependent changes in material properties of the brain and braincase of the rat[END_REF][START_REF] Pena | Brain tissue biomechanics in cortical contusion injury: a finite element analysis[END_REF][START_REF] Levchakov | Computational studies of strain exposures in neonate and mature rat brains during closed head impact[END_REF][START_REF] Ren | Effect of the inhomogeneous brain material characteristic on dynamic responses of head under trauma[END_REF][START_REF] Antona-Makoshi | Validation of local brain kinematics of a novel rat brain finite element model under rotational acceleration[END_REF][START_REF] Antona-Makoshi | Effect of ageing on brain injury prediction in rotational head trauma -a parameter study with a rat finite element model[END_REF][START_REF] Unnikrishnan | A 3-D rat brain model for blast-wave exposure: effects of brain vasculature and material properties[END_REF]. Further, a number of studies dealt with rat brain models with an intension to establish brain injury tolerance [START_REF] Shreiber | In vivo thresholds for mechanical injury to the blood-brain barrier[END_REF][START_REF] Mao | Application of a finite element model of the brain to study traumatic brain injury mechanisms in rat[END_REF][START_REF] Fijalkowski | A finite element model of region-specific response for mild diffuse brain injury[END_REF][START_REF] Baumgartner | Finite element analysis of traumatic brain injuries mechanisms in the rat[END_REF][START_REF] Lamy | Experimentally validated three-dimensional finite element model of the rat for mild traumatic brain injury[END_REF][START_REF] Laplaca | Mechanoporation is a potential indicator of tissue strain and subsequent degeneration following experimental traumatic brain injury[END_REF][START_REF] Zhou | Investigate the variations of the head and brain response in a rodent head impact acceleration model by finite element modeling[END_REF]. Despite the findings of present study are not directly comparable to the findings of existing finite element rat brain models (appendix Table A1), a comparison in terms of brain injury threshold, with other relevant animal data as well as human data available in literature is possible. Over the last few decades there had been a number of in-vivo and in-vitro studies on cell cultures, nerve fibers and single axons using animal models. In a study [START_REF] Bain | Tissue-level thresholds for axonal damage in an experimental model of central nervous system white matter injury[END_REF], where right optic nerve of an adult male guinea pig was dynamically stretched to induce axonal injury, the optimal strain thresholds for morphological injury and electrophysiological injury were found to be 21% and 18% respectively. Another study [START_REF] Morrison | A tissue level tolerance criterion for living brain developed with an in vitro model of traumatic mechanical loading[END_REF] on 8-11 day old Wistar rat's hippocampal cell culture found the threshold for significant cell injury to be 20% of Lagrangian strain.

Experiments by Nakadate and colleagues [START_REF] Nakadate | In vitro uniaxial stretch model for evaluating the effect of strain along axon on damage to neurons[END_REF], where cultured neurons (rat) were subjected to uniaxial stretch revealed a strain threshold of 22% for significant neurite rupture. In a recent study on non-myelinated axons of primary cultured mouse neurons, it was found that for a stretch-induced acute axonal degeneration there exist an axonal threshold strain that ranges from 9.02 ± 0.91 % to 17.75 ± 1.65 % [START_REF] Li | A precise, controllable in vitro model for diffuse axonal injury through uniaxial stretch injury[END_REF]. More recently, Hajiaghamemar and colleagues [START_REF] Hajiaghamemar | Embedded axonal fiber tracts improve finite element model predictions of traumatic brain injury[END_REF] published a study based on modelling and experimentation on piglets, but focusing on more severe injuries (AIS3+). These authors revealed similar threshold for traumatic axonal injury, in terms of maximum axonal strain (MAS), which was 12% to 13%, but showed that the metric maximum axonal strain times strain rate (i.e. MAS x SR) is the most relevant injury predictor. The present study focused on intra-cerebral parameters known to be potential injury metrics as reported in literature [START_REF] Giordano | Evaluation of axonal strain as a predictor for mild traumatic brain injuries using finite element modeling[END_REF][START_REF] Sahoo | Development and validation of an advanced anisotropic visco-hyperelastic human brain FE model[END_REF][START_REF] Sahoo | Brain injury tolerance limit based on computation of axonal strain[END_REF][START_REF] Kleiven | Predictors for traumatic brain injuries evaluated through accident reconstructions[END_REF]. Despite the axonal strain threshold found in present study is close to the published data, there remains a fundamental discussion on the most appropriate intra-cerebral metric to predict injury. The study by [START_REF] Hajiaghamemar | Embedded axonal fiber tracts improve finite element model predictions of traumatic brain injury[END_REF] showed that MAS x SR is a more relevant metric than just the MAS, however, this recent finding needs to be confirmed also with the rat and the human brain models. Therefore, a further step for the present study is to compute the recently suggested 'MAS x SR' metric with the present rat brain model.

To compare with the findings of human models, in a similar approach, but considering the human brain and based on 109 head trauma simulations, it was found that in association with loss of consciousness, axonal strain was the best suitable parameter to predict DAI [START_REF] Sahoo | Brain injury tolerance limit based on computation of axonal strain[END_REF]. Moreover, the tolerance level for a 50% risk of DAI with loss of consciousness was proposed at 14.65% of axonal strain [START_REF] Sahoo | Brain injury tolerance limit based on computation of axonal strain[END_REF]. The results of our study can be considered in accordance with this study, since the study by Sahoo and colleagues [START_REF] Sahoo | Brain injury tolerance limit based on computation of axonal strain[END_REF] was based on moderate concussion, which is in fact an AIS2+ injury, whereas the current study was based on mild concussion, which can be considered as an AIS1+ injury. Hence, a lower threshold for an AIS1+ injury than for an AIS2+ injury is indeed expected. Another study by Giordano and Kleiven [START_REF] Giordano | Evaluation of axonal strain as a predictor for mild traumatic brain injuries using finite element modeling[END_REF] was based on the reconstruction of 58 American National Football League (NFL) head impacts, which included 25 mildly concussed (AIS1) and 33 non-injured cases.

The simulations performed on a validated anisotropic finite element human head model resulted in local injury thresholds ranging from 7.36% to 14.61% of axonal strain for a 50% risk of mild concussion [START_REF] Giordano | Evaluation of axonal strain as a predictor for mild traumatic brain injuries using finite element modeling[END_REF]. This study also demonstrated that the most relevant injury prediction metric is maximum axonal strain [START_REF] Giordano | Evaluation of axonal strain as a predictor for mild traumatic brain injuries using finite element modeling[END_REF]. Another study by Zhao and colleagues [START_REF] Zhao | Injury prediction and vulnerability assessment using strain and susceptibility measures of the deep white matter[END_REF], which was also based on the reconstruction of 58 American NFL head impacts, which included 25 concussed and 33 non-injured cases, simulated using Worcester Head Injury Model (WHIM) reported an injury threshold of 9.7 ± 2 % of axonal strain for a 50% risk of concussion. A consolidation of comparable findings in literature along with the present study is shown in Table 3. This table also opens the discussion about the wording for brain injury that are not objectivated via medical imaging. The results of the current study are in reasonable accordance with the threshold values reported in literature. Nonetheless, some limitations can be overcome in future, which were unavoidable under the given circumstances. Our rat brain model was developed as a whole brain rather than maintaining smooth boundaries between different anatomical brain regions. On one hand it is not feasible to develop such a segmented model, since there exist more than hundred different anatomical regions inside the brain, on the other hand the material properties for each of these different anatomical brain regions, but for a very few [START_REF] Macmanus | Towards animal surrogates for characterising large strain dynamic mechanical properties of human brain tissue[END_REF][START_REF] Elkin | A detailed viscoelastic characterization of the P17 and adult rat brain[END_REF][START_REF] Finan | Viscoelastic properties of the rat brain in the sagittal plane: effects of anatomical structure and age[END_REF][START_REF] Finan | Viscoelastic properties of the rat brain in the horizontal plane[END_REF][START_REF] Elkin | Viscoelastic properties of the P17 and adult rat brain from indentation in the coronal plane[END_REF], are not available in literature as mentioned earlier. However, the possibility that smoother boundaries between even a few of those regions might have resulted in more fidelity cannot be neglected.

Further, the number of cases selected for this study were not optimal for a robust statistical analysis. Also, with regard to the experimental output, an analysis that includes post-concussion histological data and medical imaging data as correlates is supposed to provide greater insights than with just the recovery time. These points can be fulfilled in future when the required information becomes available. This study is a contribution towards concussion related investigations dedicated to the optimization of protection systems and to the objectivation of repetitive mild traumatic brain injury (rmTBI) in contact sport.

Conclusion

In this study, an anisotropic finite element rat brain model was developed, validated and utilized for investigation of the mechanical threshold for concussion in terms of axonal strain. This was done with an objective to provide a basis for the development of better brain injury prediction tools and for the optimization of head protection systems. The implementation of the DTI data in the developed FE rat brain model (FERBM) showed good agreement with the actual imaging data. The model was reasonably validated against two experimentations available in literature, one in terms of brain deformation and the other in terms of brain-skull relative displacement.

This validated anisotropic FERBM was utilized to simulate twenty-six cases of experimental concussion. A thorough statistical analysis of the simulation results in terms of the computed intra-cerebral parameters and the global kinematic parameters was carried out. This analysis, in association with the experimental recovery time, revealed that for a 50% risk of concussion, the estimated tolerance level is 8.97% of maximum axonal strain. In comparison to the tolerance limit proposed in literature, which ranges from 7.36% to 14.65% of axonal strain for a 50% risk of mild to moderate concussion, the estimated tolerance level of this study accords. Recent investigations conducted on the porcine model [START_REF] Hajiaghamemar | Embedded axonal fiber tracts improve finite element model predictions of traumatic brain injury[END_REF] showed that MAS x SR is a more relevant metric than the MAS so this novel metric will be computed in a further development of this study in order to confirm this finding also with the rat and the human brain models. The findings through this anisotropic viscous hyperelastic finite element rat brain model, when translated to the human brain material, can contribute in consolidating brain injury prediction tools dedicated to the optimization of the head protection systems as well as in a better understanding of sport related concussion.

APPENDIX: 

Figure 1 :

 1 Figure 1: Diagram illustrating methodology for the development, validation and simulations of the finite element rat brain model. (Abbreviations: STL = stereolithography; CSF = cerebrospinal fluid; DTI = diffusion tensor imaging; FEM = finite element model; FA = fractional anisotropy; PFD = principal fiber direction; FERBM = finite element rat brain model; DCD = dynamic cortical displacement; BSRD = brain-skull relative displacement).

Figure 2 :

 2 Figure 2: Diagram representing the methodology of Python algorithm. (Abbreviations: FA = fractional anisotropy; PFD = principal fiber direction; DTI = diffusion tensor imaging; FE = finite element; f(Di) = exponential weighing function for the estimation of weighted average FA and PFD; Di = distance of the i th voxel from the center of the element; Lmax = half length of the maximum diagonal of the element;= axonal strain; = strain tensor; = principal fiber direction vector).

Figure 3 :

 3 Figure 3: Diagram representing actual DTI data [42] on the left and the implemented (in FERBM) DTI data on the right, in terms of (a) and (c) fractional anisotropy (FA) maps, and (b) and (d) principal fiber direction (PFD) maps (commonly known as directionally encoded color i.e. DEC maps), in the mid-sagittal plane of the rat brain. FA=0 represents perfectly isotropic voxel/element, whereas FA=1 represents perfectly anisotropic voxel/element. For PFD, red represents right-left (R-L) direction, green represents anterior-posterior (A-P) direction and blue represents inferior-superior (I-S) direction.

± 0 .

 0 03 mm and 1.1 ± 0.04 mm for the pressure pules of 2 psi (≈14 kPa) -25 ms, 3 psi (≈21 kPa) -25 ms, 4 psi (≈28 kPa) -25 ms, 4 psi -50 ms, 3 psi -100 ms, 4 psi -100 ms against the experimentally recorded cortical displacements of 1.0 ± 0.4 mm, 1.1 ± 0.3 mm, 1.2 ± 0.5 mm, 1.5 ± 0.6 mm, 1.3 ± 0.4 mm and 1.7 ± 0.6 mm respectively. As the simulation results were well within the experimental ranges, the model was considered validated. Simulation for the validation against[START_REF] Antona-Makoshi | Validation of local brain kinematics of a novel rat brain finite element model under rotational acceleration[END_REF] resulted in brain-skull relative displacements of 1.1 mm, 1.1 mm, 1.1 mm and 1.2 mm at the depths of 0.5 mm, 1.0 mm, 1.5 mm and 2.0 mm from the brain surface. The experimentally observed brain-skull relative displacements were 1.2 ± 0.1 mm, 1.2 ± 0.1 mm, 1.1 ± 0.1 mm and 0.6 ± 0.05 mm at aforementioned depths respectively. As the computed results were in good accordance with the experimental results, the model was considered validated. A comparison of the validation results of the developed model and that of the existing models along with the experimental results

Figure 4 :

 4 Figure 4: Diagram illustrating cumulative top hundred elements of twenty-six cases that experienced the highest maximum axonal strains; (a) isometric view, (b) sagittal view, (c) axial view and (d) coronal view of the rat brain.

Figure 7 :

 7 Figure 7: Diagram illustrating experimental and simulation results of dynamic cortical displacements (DCD) on the left and that of brain-skull relative displacements (BSDR) on the right. The DCD experimental values are as per[START_REF] Shreiber | In vivo thresholds for mechanical injury to the blood-brain barrier[END_REF] and the BSRD experimental values are as per[START_REF] Antona-Makoshi | Validation of local brain kinematics of a novel rat brain finite element model under rotational acceleration[END_REF].

  surface Experimental value with SD Current study Ren et al., 2014 Antona-Makoshi et al., 2015 Zhao et al., 2020

Table 1 :

 1 Mechanical properties used for the rat brain[START_REF] Chatelin | An anisotropic viscous hyperelastic constitutive law for brain material finite-element modeling[END_REF].

	LS-DYNA parameters	Constitutive parameters	Unit	Description	Value
	RO	ρ	Kg/m 3	Density	1040
	C1	C10	kPa	Mooney-Rivlin hyperelastic	-1.034
	C2	C01	kPa	coefficient for matrix	7.809

# DTI parameters, which were incorporated via Python programming

Table 2 :

 2 Average values of the experimental kinematic parameters and the computed intracerebral parameters sustained by the non-injured and the injured groups.

	Parameter	Average value for the non-injured group	Average value for the injured group
	Maximum rotational acceleration (krad/s 2 )	280.2 ± 79.5	348.3 ± 77.9
	Duration (ms)	1.6 ± 0.8	3.1 ± 0.8
	Maximum axonal strain (%)	7.99 ± 2.32	10.99 ± 1.97
	Maximum strain energy (mJ)	3.34E-05 ± 1.97E-05	6.00E-05 ± 1.82E-05
	Maximum von Mises stress	4.9 ± 1.6	6.9 ± 1.2 kPa

Table 3 :

 3 Threshold values reported in literature.

	Reference	Species	MAS (%)	Injury severity
	Sahoo et al. [25]	Human	14.65 #	Moderate concussion
	Giordano and Kleiven [19]	Human	7.36 to 14.61 #	Mild concussion
	Zhao et al. [76]	Human	9.7 ± 2 #	Mild concussion
	Hajiaghamemar et al. [61]	Piglet	12 to13 #	Traumatic axonal injury
	Bain and Meaney [71]	Pig (optic nerve)	18	Electrophysiological impairment
	Morrison et al. [72]	Rat (cell culture)	20	Cell injury
	Nakadate et al. [73]	Rat (cell culture)	22	Neurite rupture
	Li et al. [74]	Mouse (cell culture)	9.02 to 17.75	Stretch induced acute axonal degeneration
	Present study	Rat	8.97 #	Mild concussion
				# for a 50% risk of injury

Table A1 :

 A1 Existing finite element rat brain models in chronological order.

	Description	Validation	Findings
	1. Model by Shreiber et al. [29]	
	• 3D model having 36,664	Validated against dynamic	The threshold for blood-
	hexahedral solid elements	cortical displacement (DCD)	brain barrier breakdown is
	• Homogeneous and	measurements on the	18.8% of maximum principal
	isotropic structure with	application on vacuum	logarithmic strain.
	modified hyperelastic	pressure pulse	
	material properties		
	2. Model by Gefen et al. [28]	
	• 2D model having	Not validated	The structural rigidity of the
	quadrilateral elements		braincase increases with
	• Homogeneous, isotropic		age, not because of the
	and incompressible		stiffening of the brain tissue,
	structure with linear		but because of the increase
	viscoelastic material		in the skull thickness.
	properties		
	3		

. Model by Pena et al. [30]

  

	hexahedral solid elements	measurements on the application of impact	concentration of strain in the strain in brainstem is
	• Heterogeneous and	application of rotational acceleration loading	those regions where influenced by head-neck
	isotropic structure with	loading pulse	rotational experiments position, local skull
	general viscoelastic material		resulted in DAI. deformation and the
	properties		combined head kinematics.
	11. Model by Antona-Makoshi et al. [37]	
	• 3D model having 131,746	Validated against BSRD	• Brain tissue stiffening from
	hexahedral and tetrahedral	measurements on the	young adult to mature adult
	solid elements	application of rotational	rats results in an increase in
	• Heterogeneous and	loading pulse	strain based thresholds.
	isotropic structure with		• Brain tissue softening from
	general viscoelastic material		young adult to old age rats
	properties		results in an increase in
			DAIs.
	12. Model by LaPlaca et al. [38]	
	• 3D model having more	Validated against DCD	Experimentally induced TBI
	than 2,400,000 hexahedral	measurements on the	demonstrates
	solid elements	application on vacuum	mechanoporation and cell
	• Heterogeneous and	pressure pulse	death, and this correlates
	isotropic structure with		with the maximum shear
	incompressible, viscoelastic		stress and maximum
	material properties		principal strain estimated
			through numerical
			simulations.
	13. Model by Unnikrishnan et al. [39]	
	• 3D head model having	Validated against brain	Incorporation of vasculature
	250,935 quadratic	pressure data on the	and species specific brain
	tetrahedral solid elements	application of blast	material properties influence
	coupled with vasculature	overpressures	the strain predictions, but
	modeled with linear		pressure predictions.
	triangular shell elements		
	• Heterogeneous and		
	isotropic structure with		
	hyperelastic material		
	properties		
	• 2D model having triangular elements • Homogeneous and isotropic structure with linear elastic material properties 14. Model by Zhou et al. [65] • 3D head-neck model having over 0.83 million elements coupled with several axonal fiber tracts • Heterogeneous, mix of isotropic and transversely 4. Model by Levchakov et al. [32] Not validated • First validation against DCD measurements on the application on vacuum pressure pulse • Second validation against BSRD measurements on • 3D model having 30,000 tetrahedral solid elements • Homogeneous, isotropic and incompressible structure with viscoelastic material properties Not validated isotropic structures with the application of rotational incompressible, elastic, loading pulse viscoelastic and viscous • Third validation against hyper-elastic material measurements of linear properties acceleration, angular velocity and impactor displacement on the	The regional tissue elasticity • Helmet inclination angle has high influence on the influences the head linear transfer of forces acceleration. (developed by initial tissue • Head rotational velocity displacement) into the influences the linear surrounding tissues. acceleration inversely. • The change in skull The neonatal rat brain stiffness influences the head demonstrated higher peak linear acceleration, but not stresses and larger strain the rotational velocity. volumetric exposures, • The strain in corpus hence the hypothesis that callosum is only influenced the infant brain are more susceptible to TBI because by head rotation, whereas
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Model by Mao et al. [26]

• 3D model having 255,700 hexahedral and 250 pentahedral solid elements • Heterogeneous and isotropic structure with linear viscoelastic material properties Validated against DCD measurements on the application on vacuum pressure pulse Among strain, strain rate and pressure, the intracranial strains best correlate with the experimentally obtained injuries. 

Model by