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A B S T R A C T   

Epidemiology studies of traumatic brain injury (TBI) show individuals with a prior history of TBI experience an 
increased risk of future TBI with a significantly more detrimental outcome. But the mechanisms through which 
prior head injuries may affect risks of injury during future head insults have not been identified. In this work, we 
show that prior brain tissue injury in the form of mechanically induced axonal injury and glial scar formation can 
facilitate future mechanically induced tissue injury. To achieve this, we use finite element computational models 
of brain tissue and a history-dependent pathophysiology-based mechanically-induced axonal injury threshold to 
determine the evolution of axonal injury and scar tissue formation and their effects on future brain tissue 
stretching. We find that due to the reduced stiffness of injured tissue and glial scars, the existence of prior injury 
can increase the risk of future injury in the vicinity of prior injury during future brain tissue stretching. The softer 
brain scar tissue is shown to increase the strain and strain rate in its vicinity by as much as 40% in its vicinity 
during dynamic stretching that reduces the global strain required to induce injury by 20% when deformed at 15 
s− 1 strain rate. The results of this work highlight the need to account for patient history when determining the 
risk of brain injury.   

1. Introduction 

Research has shown that individuals with a prior history of traumatic 
brain injury (TBI) are three times as likely to experience another TBI 
with outcomes expected to be worse than the original TBI (Annegers 
et al., 1980; Dams-O’Connor et al., 2013a). One study on high school 
and college football athletes found that 59% of head injuries occurred in 
athletes with a prior head injury, with 71% of these head injuries 
occurring in the same season (B.P. Boden et al., 2007). Further repetitive 
head insults have been assumed to have cumulative effects, with the 
disease progressing in professional athletes beyond retirement (Hay 
et al., 2016; Kiernan et al., 2015; McKee et al., 2013, 2016; Mez et al., 
2017; Omalu et al., 2005). Considering the results of these epidemiology 
and pathology studies of TBI, it is imperative that the history effects of 
prior TBI be considered in current head insult incident assessments. 

Early animal surrogate studies of head insults and concussion (Fall-
enstein et al., 1969; Pudenz and Shelden, 1946) pointed to brain “mo-
tion” as a potential cause of concussions. Those early works motivated 
the study of brain tissue mechanical properties such as its viscoelasticity, 
hyperelasticity and deformation rate dependency among other things to 

better understand brain deformation (Franceschini et al., 2006; Rashid 
et al., 2012, 2013, 2014). Following these advances, computational 
head models were developed using finite element (FE) methods that 
allowed the modeling of head impact scenarios. Through these simula-
tions brain injury criteria based on head angular rotations and acceler-
ations (Zhang et al., 2004) and brain tissue stresses, strains, and strain 
rates (Hajiaghamemar et al., 2020; Hajiaghamemar and Margulies, 
2020; Sahoo et al., 2016) were developed. A review of brain injury 
criteria has been published here (Tse et al., 2015). Another approach is 
the in vitro testing of neuronal cell cultures under different strain and 
strain rates to determine axonal injury thresholds (Bar-Kochba et al., 
2016; KURTOGLU et al., 2017; Li et al., 2019). These injury criteria are 
now readily used in FE head impact simulations to determine the risk of 
injury during head insults (Perkins et al., 2022, 2023). Some recent ef-
forts have also looked to determine neuronal injury thresholds from the 
subcellular components using computational models. These works have 
focused on molecular dynamics simulations of neuronal cell components 
to identify pathophysiological injury pathways (Bakhtiarydavijani et al., 
2019; Murphy et al., 2018; A.T.N. Vo et al., 2023; Anh T N Vo et al., 
2023). More recent work on brain injury modeling, especially those 
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motivated by chronic traumatic encephalopathy and its relation to re-
petitive head insults, point to the need for a history dependent brain 
injury or damage model (Horstemeyer et al., 2019; Noël and Kuhl, 2019) 
that addresses the evolution of brain injury through multiple head in-
sults. In this regard, cyclic tensile-compression testing of brain tissue 
shows mechanical behavior does not deteriorate even for cyclic de-
formations of up to 40% stretch (Franceschini et al., 2006). This is while 
tensile strains as low as 0.10, in high enough strain rate, have been seen 
to induce brain injury (Giordano and Kleiven, 2014). In regards to injury 
evolution, cell culture studies have shown that cell response to the 
mechanical load evolves in the time scale of hours even after high-rate 
deformations (Bar-Kochba et al., 2016; Johnson et al., 2013; LaPlaca 
and Thibault, 1997; Li et al., 2019). This means that brain injury models, 
and especially those for repetitive head impact modeling, should 
consider the temporal evolution of neuro-pathophysiology and the ef-
fects of prior head impacts on their injury prediction. 

Diffuse axonal injury, more accurately described as multi-focal 
axonal injury, is one of the most common neuropathological conse-
quences of closed head TBI, especially in lower severity TBI (Johnson 
et al., 2013). Axonal injury occurs when large rotational accelerations, 
due to an impactor or inertial forces, are imposed on the head and thus 
brain tissue. In the soft brain tissue, these rotational accelerations 
translate into the stretching and shearing of the axons. Here, cell culture 
studies show axons over-stretched at sufficiently high strain rates may 
be injured (Pfister et al., 2003; Singh et al., 2009; Skotak et al., 2012). 
While larger stretches can tear the axon completely, lower magnitudes 
of stretching may disrupt the cub-cellular cytoskeletal microtubules and 
the axonal membrane. In the axonal cytoskeleton, the 
microtubule-associated protein tau that binds the microtubules (Binder 
et al., 1985; Black et al., 1996) is susceptible to overstretching 
(Ahmadzadeh et al., 2014; Tang-Schomer et al., 2010), in a rate 
dependent manner (Ahmadzadeh et al., 2014; Kant et al., 2021), as the 
tau protein is significantly smaller than the microtubules it connects. 
After over-stretching, as shown by amyloid precursor protein immuno-
reactivity that is transported by fast axonal transport, transfer material 
begins to accumulate locally resulting in swelling within a few hours 
(Johnson et al., 2013; Tang-Schomer et al., 2010). Following injury local 
axonal swelling and degradation may occur. Axonal swelling, blebbing, 
and loss of cross-section are some of the pathophysiologies used to 
determine critical axonal stretching thresholds (Bain and Meaney, 2000; 
Pfister et al., 2003; Singh et al., 2009; Skotak et al., 2012). As the axons 
begin to degrade, glial cells are attracted to the site (Bardehle et al., 
2013; Wang et al., 2018) to clean up the degrading axons and prevent 
further deleterious effects on neighboring brain cells. This clean-up 
process is accompanied by glial scar development (Rolls et al., 2009). 
However, these scars prevent the regeneration of brain tissue and axonal 
regrowth (Asher et al., 2001; Faulkner et al., 2004; Fawcett and Asher, 
1999; Rolls et al., 2009). A recent study has shown that the glial scar 
tissue is significantly softer than the surrounding tissue (Moeendarbary 
et al., 2017). The effects of axonal degradation and the resulting for-
mation of softer glial scar tissue on future head insult-related injury 
remains to be determined and is a focus of this study. 

The goal of this work is to determine whether prior axonal injury and 
glial scar formation in the brain tissue can facilitate future axonal injury 
from a mechanical standpoint. We hypothesize that tissue softening as a 
result of axonal degradation and glial scar formation can facilitate 
axonal injury during future tissue deformations. To assess this hypoth-
esis, we use mesoscale computational models of brain tissue consisting 
of healthy and injured tissue. A novel neuropathology-based injury 
model is then developed to capture injury threshold and evolution. The 
axonal critical stretch threshold (ACST) is determined considering the 
axonal stretch and stretch rate history based on molecular dynamics 
studies of microtubules (Ahmadzadeh et al., 2014) and cell culture re-
sults (Skotak et al., 2012). The mechanical effect of the ensuing axonal 
degradation and scar formation (Moeendarbary et al., 2017) is deter-
mined using a temporally evolving damage model. The mesoscale 

computational models of brain tissue are then used to determine the 
effects of prior axonal injury and damage evolution during future brain 
tissue stretching. To the extent of the authors’ knowledge this is the first 
pathophysiology-based brain injury model implemented that captures 
the history of injury. 

2. Methods 

2.1. Constitutive material model 

A constitutive material model is developed at the mesoscale to cap-
ture the mechanical response of the brain tissue subjected to injury. The 
mechanical response of the brain tissue is assumed to be hyperelastic 
and viscoelastic with a damage evolution term that captures the effect of 
axonal injury on the mechanical response. A unique history, deforma-
tion, and deformation rate dependent axonal injury threshold is devel-
oped to determine when axonal injury has occurred. We note that the 
term “damage” herein refers to the effect of injury evolution on tissue 
stiffness. Finally, it should be noted that scalar variables are written in 
italic (such as λ) while tensors are written in bold (such as σ). 

2.1.1. Mechanical constitutive model 
The brain’s response to mechanical loads is determined using a first- 

order Ogden hyperelastic material model with a second-order Prony 
series viscoelastic model. The strain energy, W, is described by: 

W =
μp

α
(
λα

1 + λα
2 + λα

3 − 3
)
+

1
C
(J − 1), [1]  

where λi are the principal strains, J is the second invariant of the 
deviatoric stress tensor, and α is a material constant. Material constants 
C and μp are calculated by 

C=
2
K
=

3(1 − 2ν)
μ0(1 + ν), μp =

μ0α
2

(1 − D), 0 ≤ D < 1 . [2]  

Here, K is the bulk modulus, μ0 is the initial shear modulus, ν is the 
Poisson’s ratio, and D is the mechanical effects of axonal injury and 
scaring. The hyperelastic principal stresses are then calculated through: 

σj = λi
∂W
∂λj

− p [3]  

with p being the hydrostatic pressure. The viscoelastic response G(t) is 
determined by: 

G(t)= 1 −
∑2

i=1
gk

[

1 − exp
(

−
t
τk

)]

, [4]  

where, gk is the loss modulus, t is time, and τk is the decay time. The 
stress in the current time is then defined as a function of the current 
hyperelastic stress, σ0, the history response of the rate of the loss 
modulus, Ġ, and the hydrostatic pressure: 

σ(t)= σ0(t) +
1

G0

∫t

0

Ġ(t′)σ0(t − t′)dt′ + Ip. [5]  

Here σ(t) is the current stress tensor, σ0(t) is the hyperelastic stress 
tensor, and I is the identity tensor. The integration accounts for the 
viscoelastic relaxation of the material considering its deformation his-
tory. 

2.1.2. Glial scarring model 
The process of glial scar formation is a two-step phenomenon that 

can be initiated by axonal injury. Following the initial injury, axonal 
degradation can occur (Moeendarbary et al., 2017). This is followed by 
the clean-up process and the removal of axonal myelin sheaths (Fawcett 
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and Asher, 1999) that affect tissue stiffness. This process occurs in the 
hours following the initial insult reducing the modulus by three-fold 
(Moeendarbary et al., 2017). As glial scars begin to form, brain tissue 
then slowly recovers some of its mechanical strength, with the elastic 
modulus increasing from day 9 to day 21 (Moeendarbary et al., 2017). 
As scarring blocks the reconnection of axons and the development of 
myelin sheets, it can be inferred that tissue stiffness does not fully 
recover but further study for longer time frames is required. Based on the 
mentioned prior clinical and molecular dynamics studies of axonal 
injury, an axon critical stretch threshold (ACST), Φcrit, is defined in the 
rate form considering its strain rate dependence: 

Φcrit =

∫t1

t0

Φ̇critdt, Φ̇crit = a1

(

1 − a2 exp
(

−
ε̇l

a3

))

ε̇l,Φcrit t=0 = − a4. [6]  

where ε̇l is the magnitude of the Lagrangian axonal strain rate calculated 
from the local strain, a1, a2, a3, and a4 are constants and dt is the time 
increment. Here the first term addresses the effect of strain and strain 
rate on straining the microtubule and tau cleavage, while the second 
term (a4dt) is a slow relaxation that relates to the possible slow tau 
protein creep. Once the ACST is achieved, the mechanical properties 
evolve, or degrade and recover, with the axonal degradation and scar 
formation: 

D=

[

D0

(

1 − exp
(

−
tinj

τinj

))

− D1

(

1 − exp
(

−
tinj

τrec

))]

, [7]  

0 < D1 < D0 < 1, 0 < τinj < τrec. [8]  

Here the term D0(1 − exp (− tinj /τinj)) captures the softening of the me-
chanical properties due to axonal degradation and the term 
D1(1 − exp (− tinj /τrec)) captures the scar formation. D0 and D1 are the 
axonal injury and scarring stiffness-related constants, respectively. τinj 

and τrec are the half-life of axonal degradation and scar development, 
respectively, and tinj is the time passed after ACST is first achieved. 

Our custom constitutive material model is implemented in a VUMAT 
user subroutine in Abaqus SIMULIA 2020; Smith (2020). In short, 

Equation (6) determines when axons are injured, Equation (8) defines 
the damage that feeds into the mechanical response of the tissue. The 
mechanical response of the tissue is then determined with Equation (5) 
informed by equations (4) and (2). 

2.2. Finite element models 

All simulations were performed in Abaqus SIMULIA 2020 in dynamic 
explicit with no modifications to the linear and quadratic bulk viscosity. 
Models used for calibration were deformed at 30 s− 1 with no mass 
scaling. Models used to study the phenomenon were deformed at 15 s− 1, 
1.0 s− 1, and 0.1 s− 1 strain rates, with 1.0 s− 1 and 0.1 s− 1 using 1000 and 
3000 mass scaling, respectively. These strain rates were chosen to 
consider injury strain rate dependency seen in experimental data (see 
section 2.2.1). 

Fig. 1. One-eighth symmetry meshed mesoscale brain tissue model with light 
gray healthy tissue (section 1) and dark green scar tissue (section 2). This model 
has a radius of 2 mm and height of 2 mm. 

Fig. 2. Calibration of material model stress-strain curves for brain tissue 
deformed at 30 s− 1 strain rate to experimental data of porcine tissue (Rashid 
et al., 2012, 2013, 2014) in a) tension-compression, b) relaxation, and c) three 
cyclic tensile load-unload (only model response). 

A. Bakhtiarydavijani and T.W. Stone                                                                                                                                                                                                      



Journal of the Mechanical Behavior of Biomedical Materials 153 (2024) 106489

4

The models used to calibrate the mechanical responses under uni-
axial tension, uniaxial compression, uniaxial tension-relaxation, and 
cyclic loading all use a one-eighth cylindrical model with a 7.5 mm 
radius and 10 mm height that is meshed with 540 C3D8R elements. The 
shear state calibration uses a rectangular 19 by 19 mm cross-section 
with a height of 4 mm, which is meshed with 2880 C3D8R elements. 
These dimensions relate to the works of Rashid et al. (Rashid et al., 2012, 
2013, 2014) whose work is used to calibrate the mechanical behavior of 
the material model at dynamic strain rates. 

A mesoscale finite element model is developed to study the effects of 
the axonal injury site. This model is a one eighth symmetric with a 
radius of 2 mm and a height of 2 mm with 11500 C3D8R elements. The 
initial scar is assumed to have a radius of 0.1 mm (Fig. 1). Considering 
the model size, the direction of the axons is assumed to uniformly align 
with the Y direction, that is the same as the loading direction. 

2.2.1. Model calibration 
The material model of the healthy brain tissue is calibrated for tensile 

(Rashid et al., 2014), shear (Rashid et al., 2013), and compressive 
(Rashid et al., 2012) tests performed at 30 s− 1 strain rate (Fig. 2). The 
viscoelastic relaxation response was also calibrated to tensile tests 
(Rashid et al., 2014) performed at 30 s− 1 strain rate (Fig. 2). 

The axonal injury threshold ACST (Fig. 3a) in equation (7) is cali-
brated to tau cleavage during tension (Ahmadzadeh et al., 2014). The 
work of Ahmadzadeh is quantified to determine a 50% chance of injury 
where the values for injury are determined by the midway point be-
tween uninjured and injured (black line in Fig. 3a). The injury evolution 
is directly calibrated with Moeendarbary (Moeendarbary et al., 2017) 
(Fig. 3b) results that are normalized by the initial modulus. 

The material constants for the calibrated hyperelastic viscoelastic 
constitutive model with secondary injury are presented in Table 1. Here, 
the hyperelastic and viscoelastic material properties are determined by 
optimizations shown in Fig. 2. ACST constants in Table 1 are determined 
from Fig. 3 a, and injury evolution are determined from Fig. 3 b. Φ = 0.5 
is the critical value for the ACST whereby the axon is assumed to be 
injured. 

After the ACST is achieved the mechanical properties of the injured 
tissue evolve temporally (Fig. 4a) with the evolution of injury. As the 
axons begin to degrade the tissue modulus is reduced, (Fig. 4b); How-
ever as the glial scars begin to form, the tissue starts to regain some of its 
stiffness (Fig. 4b) (Moeendarbary et al., 2017). 

Fig. 3. a) Injury threshold (ACST) calibration for equation (7) (black line) to molecular dynamics simulations of tau breakage (Ahmadzadeh et al., 2014) under 
tensile strain. Green circle and red triangle represent undamaged and damaged microtubule connections derived from molecular dynamics simulation results. The 
squares represent cell culture risk of axonal injury based on the strain and strain rate magnitude (Skotak et al., 2012) and the diamond represents a tissue injury 
threshold from the optic nerve (Bain and Meaney, 2000). The provided data point labels with the cell culture data (square) show percentage of dead cells based on the 
strain and strain rate magnitude. b) Mechanical injury softening (equation (8)) calibrated to scar stiffness (Moeendarbary et al., 2017). The experimental data show 
that after the initial injury brain tissue regains some of its stiffness as scar tissue forms (see section 2.1.2). 

Table 1 
Material constants for the mesoscale hyperelastic viscoelastic constitutive ma-
terial model with secondary injury.  

Hyperelasticity μp (MPa) α C  
0.0036 − 8.701 100  

Viscoelasticity G1 G2 τ1 τ2 

0.5837 0.2387 0.02571 0.0257 
ACST a1 a2 (1/s) a3 a4 

2.8212 0.7089 9.2139 0.01 
Injury evolution D0 τinj (s) D1 τrec (s) 

0.995767 60000 0.7 1858227  

Fig. 4. The effect of axonal degradation and scar formation (with time) on the tissue mechanical response when stretched at 15 s− 1 strain rate. a) stress-strain curves 
of tensile test after initial scarring where the red arrow shows the softening and stiffening of the tissue post injury time, b) true stress at 0.4 true strain versus post- 
injury time, and c) Damage at 0.4 true strain versus post-injury time. These results are from a whole injured computational model where sections 1 and 2 in Fig. 1 are 
both defined as injured tissue. 
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3. Results 

A mesoscale model of brain tissue with an injured site (Fig. 1) with a 
novel axonal injury threshold (ACST), Eq. (7), and injury evolution, Eq. 
(8), is used to study the effects of axonal degradation and scar tissue 
formation on tissue stretching. The model is then pulled at different 
strain rates and considering different rest times after injury to determine 
susceptibility to future injury. 

Fig. 5 shows brain tissue model with an initial one-day old, injured 
site (that is hidden for better visualization) that is pulled to 0.15 true 
strain in tension at 15 s− 1 strain rate. The existence of a softer injured 
tissue in the model is shown to increase the axonal strain, axonal strain 
rate, and von Mises stress locally as shown in Fig. 5a-c, respectively. The 
increases in axonal strain and strain rate cause the injury threshold to 
accumulate much faster in the vicinity of the scar (Fig. 5d). 

Fig. 6 shows the ACST evolution in a model with an initial one day 
old injured site pulled in tension at 15 s− 1 strain rate. The axonal injury 
threshold is achieved after 0.151 global strain, adjacent to the axonal 
scar. The injury threshold in the rest of the tissue (far away from the 
injured tissue) stays uniform until it is achieved in most of the model 
when global strain reaches 0.217. 

Fig. 7 a. and b. show the local strain and local strain rate, normalized 
by the global strain, vs the global strain and their evolution considering 
their distance from the scar, respectively. In these figures the 0 legend 
refers to brain tissue on the scar surface, while 1 refers to a distance of 1 
scar radius from the scar surface. It is seen that both normalized strain 
and normalized strain rate are highest at the scar interface with a value 
of 1.4 for both strain and strain rate. Both strain and strain rate ratios 
decrease toward 1 as we move away from the scar and as higher strains 

are achieved in the tissue. 
The strain rate dependence of the axonal injury initiation for meso-

scale tissue models with and without a scar is summarized in Table 2 
where the global strains are calculated from the displacement of the top 
node of the model (Fig. 1). This injury mechanism is seen to be very 
strain rate dependent where at 0.1 s− 1 strain rate with a preexisting scar, 
0.41 axonal strain is required to trigger injury while at 15 s− 1 strain rate 
only 0.16 axonal strain is required. The global strains required for the 
injury threshold to be achieved considering damage in an element of the 
model are then presented in Table 3. 

Fig. 8 presents the effect of damage magnitude on the local 
normalized strain profile, that is the local strain normalized by the 
global strain, for global strains from 0.05 (Fig. 8a) to 0.3 global true 
strain (Fig. 8f) for a model pulled at 15 s-1 strain rate. It is seen that the 
higher the magnitude of damage, or the softer the injured tissue, the 
higher the strain localization. Again, it is seen that the local increases in 
the axonal strain because of the scar are reduced at larger strains. It 
should be noted that the effective radius of the scar seems to be inde-
pendent of the global true strain. 

Fig. 9 shows the effect of scar size on the normalized local strain 
profile. The radius of the scar in Fig. 1 was increased by 1.5 and 2 times. 
The models were then stretched to 0.1 strain at a 15 s− 1 strain rate. The 
strain profile at the vicinity of the scar and perpendicular to the 
stretching direction was then normalized by the global strain (0.1 strain) 
and was plotted considering the distance from the scar vicinity. It can be 
seen that the radius through which the scar increases the strain 
magnitude is 0.4 times the radius of the injury site. 

Fig. 5. Side view of model (Fig. 2) results after 0.151 global strain at 15 s-1 strain rate under uniaxial tension close to the scar tissue (hidden): a) Axonal strain, b) 
axonal strain rate c) von Mises stress, and d) ACST. The scar mechanical properties correlate to 1 day post initial injury (D~ = 0.8) and at the time of injury initiation 
(Fig. 5 a.). 

Fig. 6. The evolution of ACST in the vicinity of a scar with 0.8 damage pulled at 15 s-1 strain rate where 0.5 is the injury threshold. The global strain on the 
mesoscale tissue models from left to right are: a) 0.151, b) 0.174, c) 0.197, d) 0.207, and e) 0.217. Note that the scar is hidden, and a surface cut is shown to facilitate 
visualization. 
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4. Discussion 

In this work, we have identified a pathway through which prior brain 
injury in the form of axonal injury and the resulting glial scar formation 
can facilitate injury during future head insults. We show that the exis-
tence of prior injury can reduce the global strains (Fig. 7a) required to 
achieve axonal injury thresholds in its vicinity by as much as 20% 
(0.20–0.16 global strain, Table 2). This means that head injury thresh-
olds for individuals with a history of TBI may be lower than those 
without a prior TBI, though macroscale head simulations are required to 
determine the results more accurately. This finding agrees with prior 

epidemiology studies that found individuals with a history of TBI are 
three times as likely to experience another TBI when compared to adults 
without a history of TBI (Annegers et al., 1980; Dams-O’Connor et al., 
2013b). This locally lowered injury threshold may also hint at a mech-
anism for local injury growth via generally sub injurious/concussive 
head impacts. Here the strains in the brain from a generally 
sub-concussive head insults could trigger axonal injury in the vicinity of 
prior sites of injury. 

It was also seen that the effective radius of a scar, that is the radius 
through which the brain tissue experienced increased strains and strain 
rates, is independent of scar tissue stiffness (Fig. 8) and is to be directly 
related to the scar radius (Fig. 9). As the circular effective area of the scar 
is approximately the square of its radius, the larger the current injury 
site, the faster injury can grow during the next head insult. Hence when 
considering multiple head insults, as the number of head insults in-
creases the number of axons injured through this mechanism would 
grow by the power of two. The progressive nature of this proposed injury 
growth agrees with epidemiology studies showing individuals with a 
history of TBI will experience more detrimental consequences with a 
second TBI incident (Dams-O’Connor et al., 2013b). It should be noted 
that this high rate of injury growth only occurs when the head insults 
result in tensile stretching of the axons. 

The computational models presented here capture the effects of 
temporal axonal injury evolution and allow us to study the effects of 
such injuries during multiple head insults. After an initial injury, the 
mechanical stiffness of the injured brain tissue evolves. Initially the 
injured tissue slowly becomes softer. This tissue softening represents the 
slow degradation of axons. Following the initial tissue stiffness degra-
dation, the tissue recovers some of its stiffness. This recovery of stiffness 
represents glial scar development (Fig. 4a and 5b). In the meantime, the 
surrounding healthy tissue retains its stiffness. Because of this difference 
in stiffness, when tissue that includes an injury site is stretched more of 
the load is focused on the stiffer healthy tissue (Fig. 5c) in the scar vi-
cinity. The higher loads mean that this healthy brain tissue experiences 
increased axonal strain (Fig. 5a and Fig. 6a) and strain rate (Fig. 5b and 
Fig. 6b) on the plane perpendicular to the loading direction when 
compared to the applied, or global, strain. In this regard, the initial 
axonal strain and strain rate next to the scar at a global strain rate of 15 
s− 1 is approximately 1.4 times that of the global strain and strain rate 
(Fig. 8a). While the strain rate does dissipate to global strain rate levels 
at larger strains, the local strain is still 1.15 times the global strain after 
0.3 true strain (Fig. 8f). The reduction of the normalized strain with 
increasing strain (Fig. 8) may be due to the changes in the material 
stiffness (hyperelasticity) that is initially nearly constant but increases at 
larger strains (Fig. 2a). At larger strains, the stiffness of the scar and 
healthy tissue in its vicinity increases faster than the rest of the model 
that is at a lower strain magnitude. This mitigates some of the effects of 
the extra soft scar tissue on strain localization. The collective effect of 
the increase in the local strain and strain rate is that, when prior injury is 
present, injury thresholds require smaller global strains (0.16 versus 
0.20) to be triggered (Table 3). 

A novel framework for mechanically induced axonal injury is pre-
sented that includes a history dependent injury threshold or ACST and a 
temporally evolving pathophysiology-based injury evolution for axonal 
injury that determines the local mechanical properties of brain tissue 
and its effects on further injury. In determining the ACST or axonal 
injury criterion we have used axonal tau cleavage thresholds determined 
through molecular dynamics simulations (Ahmadzadeh et al., 2014). In 
comparison other axonal injury criteria have been determined using in 

Fig. 7. The effect of a scar on the local axonal strain and local axonal strain rate 
in the vicinity of the scar in the mesoscale model under uniaxial tension at 15 
s− 1 in the direction of axons. a) local axonal strain normalized by the global 
strain and b) axonal strain rate normalized by the global axonal strain rate at 
different normalized distances from the scar with 0 being on the scar-tissue 
interface, and 1 being a distance of 1 scar radius from the scar surface. 

Table 2 
Global strain required to initiate or further injury in brain tissue considering 
strain rate in healthy issue and one day after injury.  

Global tensile rate (s− 1) Global strain required to induce axonal injury after initial 
injury 

Healthy tissue One day after initial injury (D = 0.8) 

0.1 0.554 0.492 
1 0.482 0.410 
15 0.211 0.160  

Table 3 
Global strain required to induce injury after a previous injury for tissue strained at 15 s− 1 strain rate for considering different scar tissue damage magnitude.  

D Healthy 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

εinj 0.211 0.205 0.201 0.193 0.187 0.180 0.174 0.166 0.160 0.151  
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vitro (Bain and Meaney, 2000; Li et al., 2019; Pfister et al., 2003) and FE 
simulations (Hajiaghamemar et al., 2020; Sahoo et al., 2016). In this 
regard, the ACST can be calibrated to other axonal injury criteria. This 
should affect the strain required to injure the tissue but not the strain 
localization in the scar vicinity. Considering the complexity of this 
problem, some assumptions have been made to simplify the modeling 
effort. These include axonal waviness, orientation distribution, and 
injury threshold variation. As this injury model is developed at the 

mesoscale where elements at the site of injury are in the tens of microns, 
axonal waviness and orientation distribution cannot be prescribed at 
this length scale but will need to be accounted for in organ level 
(macroscale) models. Further, injury threshold variations because of 
geometrical and structural differences between axons can also be 
introduced via statistical means into the macroscale model. 

5. Conclusions 

In the current work, we used mesoscale FE models to show that prior 
TBI in the form of axonal degradation and glial scar formation may in-
crease the risk of future brain injury during secondary tissue stretching.  

• The existence of the softer injured tissue increases the strain and 
strain rate in its vicinity, reducing the global strains required to 
initiate further axonal injury by as much as 20% at higher stretching 
rates.  

• The model predicts that a secondary insult of similar magnitude may 
be accompanied by a near 2nd order growth of the injured region 
when compared to the initial insult.  

• The magnitude of normalized strain in the vicinity of the scarred 
tissue is dependent on the loss of tissue stiffness in the scar (Fig. 8 and 
Table 3) but did not the scar size (Fig. 9). 

The novel pathophysiology based axonal injury model presented 
here captures the initiation of axonal injury, the degradation of tissue, 
and the temporal evolution of tissue mechanical properties that ensue. 
Hence this modeling approach is especially useful in determining injury 
for repetitive head insults when extended to the organ and whole head 

Fig. 8. The effect of tissue stiffness degradation (D) on the strain profile adjacent to a glial scar. Here D = 0 refers to healthy tissue and D = 0.9 refers to a 90% 
reduction in tissue stiffness from healthy tissue. The figures show the local strain normalized with the global strain considering distance from scar (normalized by scar 
radius) at the global true strain of a) 0.05, b) 0.10, c) 0.15, d) 0.20, e) 0.25, and f) 0.30. 

Fig. 9. The independence of normalized strain profile from normalized scar 
radius. The normalized local strain versus the normalized distance from scar is 
shown for three different scar sizes with R = 0.1 mm. Note that the distance 
from scar is normalized by the respective scar radius. 
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models. 
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Appendix A. Mesh convergence 

Mesh size study was performed to confirm convergence using tensile tests at 30 s− 1 strain rate (Figure A1.). It was found that the force- 
displacement behavior was stable. The finer mesh with further refined mesh at the scar boundary was chosen to provide more resolution at the 
scar interface.

Fig. A.1. Mesh convergence for force-displacement at 30 s− 1 strain rate.  
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