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NEUROMECHANICAL CHARACTERIZATION OF BRAIN
DAMAGE IN RESPONSE TO HEAD IMPACT AND
PATHOLOGICAL CHANGES

Zolochevsky O. O., Martynenko O. V.

Traumatic injuries to the central nervous system (brain and spinal cord) have received special attention
because of their devastating socio-economical cost. Functional and morphological damage of brain is the most
intricate phenomenon in the body. It is the major cause of disability and death. The paper involves
constitutive modeling and computational investigations towards an understanding the mechanical and
functional failure of brain due to the traumatic (head impact) and pathological (brain tumor) events within the
framework of continuum damage mechanics of brain. Development of brain damage has been analyzed at the
organ scale with the whole brain, tissue scale with white and gray tissue, and cellular scale with an individual
neuron. The mechanisms of neurodamage growth have been specified in response to head impact and brain
tumor. Swelling due to electrical activity of nervous cells under electrophysiological impairments, and
elastoplastic deformation and creep under mechanical loading of the brain have been analyzed. The
constitutive laws of neuromechanical behavior at large strains have been developed, and tension-compression
asymmetry, as well as, initial anisotropy of brain tissue was taken into account. Implementation details of the
integrated neuromechanical constitutive model including the Hodgkin-Huxley model for voltage into
ABAQUS, ANSYS and in-house developed software have been considered in a form of the computer-based
structural modeling tools for analyzing stress distributions over time in healthy and diseased brains, for
neurodamage analysis and for lifetime predictions of diseased brains. The outcome of this analysis will be
how the neuromechanical simulations applied to the head impact and brain tumor therapies may assist
medical specialists with their decisions during planning and application of medical surgeries.
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INTRODUCTION the identification of the functional and
morphological damage [1]. Studies to
establish the threshold for the function of the
whole brain are related to the consideration of
the functional damage, as in the case of the
traumatic brain injury. Traumatic brain injury
results from a transfer of mechanical energy
into the brain from traumatic events, such as
head impact, rapid acceleration and
deceleration in car accidents, or an explosive
blast [2]. Morphological damage occurs when
the consideration of the brain dysfunction
exhibits the time dependence of process, as in
the case pathological events due to brain
tumor. As known [3], brain cancer is a very
serious and dangerous disease because of
their devastating socio-economical cost.

The structural irreversible changes may be

The functional state of the central nervous
system (brain and spinal cord) is strongly
dependent on adequate delivery of the main
substrates, such as glucose and oxygen
cerebral blood flow [1]. The decrease of these
main substrates below a certain threshold for
certain period of time may initiate destruction
of the structural integrity of the brain. The
upper level was termed as the flow threshold
for failure of neuronal function while the
lower level as the flow threshold for brain
damage [1]. Thus, analysis to define the
failure of neuronal function (total brain
failure) requires the consideration of the
damage accumulation in brain. In this way,
determination of the flow threshold leads to
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found in the brain as the indicators of the
functional and morphological damage. So,
one of the main functions of tau proteins is to
regulate the neuronal stability [4]. However,
after head impact it is possible to see (Fig. 1)
damage in a form of the aggregation of
misfolded tau proteins around small blood
vessels in the brain. The evolution of this
damage over time is shown in Fig. 2a, b, c
and d. Damage initiates through the focal

accumulation of tau protein tangles at the
depth of cerebral sulci (Fig. 1 a) [4], and then
misfolded tau proteins propagate to the
closely surrounding cortex (Fig. 1 b). In the
following stage (Fig. 1 c) protein misfolding
is broadly spreads across the brain. Finally
(Fig. 1d), tau pathology affects the entire
cerebral cortex and triggers brain atrophy,
and total brain fracture occurs [4].

Fig. 1. Focal perivascular epicenter of neurofibrillary tangles in the frontal neocortex of post-
mortem brain affected by chronic traumatic encephalopathy [4]

Fourier transform infrared (FTIR) spectra
of RNA isolated from tumor brain (glioma)
and DNA isolated from low-dose gamma-
irradiated epididymis cells of rats from the
Chernobyl accident zone have been
investigated in [5]. Observed changes in the
FTIR spectra represent the damage in the
primary, secondary and tertiary structure of
nucleic acid.

The importance of such discipline as
biomechanics is well recognized as a
foundation for further experimental and
theoretical studies of bone [6, 7] and heart
[8]. At present, biomechanics of the brain
combined with neurophysiology
(neuromechanics) is very multidisciplinary
research area with a broad range of
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techniques, ranging from traditional mecha-
nical engineering techniques (mechanical
testing, constitutive, mathematical, and
computational modeling) to emerging
imaging technique (magnetic resonance
elastography) and biological (biophysical)
techniques (atomic force microscopy, cellular
patch clamp biophysics, and electrophy-
siology) [9]. However, during many years the
brain had been largely neglected by
biomechanics [10]. The first studies of the
mechanical properties of the brain in the late
1960s were motivated by the increasing
number of traumatic brain injuries resulting
from the car accidents. The first finite
element models of the brain appeared in the
early 1980s [11].

c d

Fig. 2. Four characteristic stages of chronic traumatic encephalopathy ranging from focal pathology
in initial stages (a, b, and c) to widespread inclusions and neurites in final stage (d) [4]



The human brain is a complex structure
(Fig. 3) made up gray matter, white matter,
blood vessels, membranes, fissures and voids
surrounded by, or filled with, cerebrospinal
fluid [12-14]. In other words, brain tissue is
highly heterogeneous, and, as mentioned
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above, it includes white and gray matter.
Gray matter regions contain mainly neurons,
and white matter regions contain mainly
axons. Axons are the protrusions of neurons,
and they carry electrophysiological and
chemical signals through the brain.

Gray Matter

Cerebellum

Brain Stem

Fig. 3. A three-dimensional finite element model of the brain [12, 13]

At present, modeling in  brain
neuromechanics has been developed on the
organ scale with the whole brain (Fig. 4a),
tissue scale with white and gray tissue
(Fig. 4b), and cellular scale with an individual
neuron (Fig. 4c) [15].

Most of the studies in  brain
neuromechanics are mainly focused on the
brain response due to traumatic brain injury
caused by head impact [16]. Starting since the
model of Mendis [17], researchers are trying
to employ nonlinear viscoelastic properties of
brain at large strains. Differences in brain
response due to frontal and lateral impacts
were investigated in [18]. It was shown that
shear stress in the brain was much higher in a
lateral impact in comparison with a frontal
impact. Finite element analyses with a human
head/brain model are given in [19] using the
LS-DYNA software and constitutive model
of brain parenchyma taking account of strain
rate dependency with initial anisotropy. In the
following [20], the characteristic features in
the unloading process of brain were
introduced additionally into brain injury
prediction. A geometrically detailed finite
element head/brain model was proposed in
[21]. These brain features considered in [21]

are important to predict specific injuries such
as brain contusions.

The studies in [22] were conducted using
a well-known nonlinear explicit dynamics
finite element code LS-DYNA. In this way,
four approaches for modeling the brain—skull
interface were applied. Hence, the following
brain—skull interface models were used, such
as, direct representation of the brain
meninges and cerebrospinal fluid, outer
brain surface rigidly attached to the skull,
frictionless sliding contact, and a layer of
spring-type cohesive elements between the
brain and skull. Also, four constitutive
models for the brain tissue in the numerical
simulations were considered, such as, neo-
Hookean hyperviscoelastic, Ogden
hyperviscoelastic, Mooney-Rivlin  hyper-
viscoelastic and linear viscoelastic models.
The obtained results show that accurate
prediction of risk of brain injury may require
representation of the meninges and
cerebrospinal fluid in the modeling, as well
as, application of  hyperviscoelastic
(preferably Ogden-type) model for the brain.
A wrong targeted mechanism may be
selected to predict the risk of sustaining
brain injuries upon impacts [11, 23]. Then,
the model predictions may not represent the
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true responses of the brain. Thus, researchers
must utilize high-quality brain models and

organ level
10 !m

tissue level
10 2m

(@)

(b)

Fig. 4. Multiscale model of the human brain: organ level (a),
gray and white matter tissue level (b) and cell (neuron) level (c) [15]

The cerebrospinal fluid is one of the most
challenging features to represent correctly in
a finite element model of the brain and head.
Currently, researchers often employ a solid
element, Lagrangian mesh representation of
the cerebrospinal fluid, sometimes achieving
fluid-like responses through manipulation of
material properties in modeling injuries [24].
The approach given in [24] presents
combination of a hybrid smoothed particle
hydrodynamics and finite element model.
However, limitations of this framework make
further study necessary in investigating the
accuracy and effectiveness of this approach.
A comprehensive review of the numerical
methods implemented in 16 brain finite
element models during impact was
performed in [25]. A mechanics-based brain
damage framework developed in [26] has
been able to correlate chronic traumatic
encephalopathy pathology in deceased
National Football League players (USA) to
the damage nucleation, growth and
coalescence mechanisms within the brain
tissue.

Computational neuromechanical models
may find also applications in modeling the
development of structural diseases of the
brain, for example, for computer simulation
of brain deformation affected by tumor [27].
Such application for neurosurgical simulation
and brain image registration was considered
in detail in [28]. Computation of the brain
shift in response to tumor growth was done.
Hence, two constitutive models for the
brain were considered, such as, neo—

have complete understanding of the
underlying injury mechanisms [11, 23].
cell level
10 3m
(c)
Hookean hyperviscoelastic and Ogden

hyperviscoelastic models. Recent review [29]
presents experience accumulated during 23
years for analyses of surgical simulation
problems that involve large deformations,
nonlinear brain properties and nonlinear
boundary conditions. However, accurate
computations of the displacement field only
are given in [27-29]. Precise stress
computation is not considered here.
Additionally, the computational results are
available to an operating surgeon in less than
40 s. The computational monitoring in real
time is important, but the long-term
deformations of healthy and diseased brains
were not analyzed in [27-29].

Simulation of a promising treatment
approach for brain related to the long-lasting
drug infusion process was considered in [30-
36]. This problem is well known as
convection-enhanced drug delivery. In this
way, drug infusion processes in brain tumor
therapies were analyzed. The fluid phase of
brain tissue was taken into account by using
a biphasic constitutive model. Various
constitutive relations of poroelasticity and
poroviscoelasticity were developed.
Transport of therapeutic agent in the brain
was studied. Again, the long-term
deformations of diseased brains, as well as,
the evolution of stresses were not considered
here.

Although the short-term biomechanical
behavior of diseased brains after infusion of a
therapeutic agent into brain is impressive, the
long-term characteristic features of brain after



drug delivery are still unknown. The finite
element investigations related to the lifetime
prediction studies after such treatment have
not been published so far.

Biomechanical behavior of healthy and
diseased brains can be associated with the
several load and time dependent phenomena,
such as, elastoplastic deformation, creep
deformation, swelling and damage growth.
These phenomena can be investigated
experimentally in healthy and diseased
brains.

MATERIALS AND METHODS

Stress-Strain Diagrams. Mechanically,
the brain tissue behaves identically to any
other soft material in that it undergoes large
deformation when subject to an external load.
Mechanical properties of brain are studied on
the samples in basic experiments, such as,
compression, tension, shear and indentation.

The Young's modulus and Poisson ratio of
white matter are [37] E = 350 Pa and v=

0.35, respectively. These values were
obtained from experimental results for
(a) Lagrange stress [Pa)
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compression test on the calves brain
specimens. Indentation tests of bovine brain
tissue revealed that white matter is
approximately one-third stiffer than gray
matter [38], i.e., E = 1.895 kPa for white
matter and E = 1.389 kPa for gray matter.

Stress-strain  diagrams for swine brain
tissue in tension and compression [39] are
given in Fig. 5 a, b for the two values of the
strain rate. The specimens used in the
experiments consisted of the white matter and
grey matter. The measurement results
indicate that brain tissue properties in tension
are very different to those in compression.
Furthermore, stresses are significantly higher
in compression than in tension, i.e., brain
tissue is stiffer in compression than in
tension. Also, comparison of the experimental
data with the Ogden-type model predictions
has been shown in Fig. 5 a, b. Therefore, such
model can be applied to finite element
computations  using ABAQUS, which
contains built-in commands to model Ogden-
type hyperelasticity.
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Fig. 5. Experimental (solid line) versus theoretical (dashed line) stress-strain curves for brain tissue in
tension and compression at strain rates: 0.64s™ (a) and 0.64x107% s (b) [39]

The results given in Fig. 6 are obtained for
porcine brain tissue tested in simple shear
experiments [40]. Tests include loading,
unloading and further loading in the opposite

direction. It is clear (Fig. 6) that total strain in
the brain tissue includes linear elastic part,
nonlinear elastic part and plastic (permanent)
part.

Fig. 6. Stress—strain response of brain tissue obtained during constant
shear rate experiments at three different constant values of shear rates [40]
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Figure 7 a, b illustrates that human brain
tissue in the field of large strains, studied
experimentally in [41], not only stiffens with
increasing strain, but also with increasing
strain rate, as well as, that white matter is
stiffer than gray matter. This conclusion
coincides with one given in [14]. Also, the
brain tissue had been shown to deviate from
linearity at strains greater than 0.3 %. Same
remark was given in [10].

Using tension-compression and
compression-tension tests it was found [42]
that the human white matter is stiffer during
loading than during unloading (Fig. 8 a, b).
Additionally, white matter shows different
behavior in tension and compression, and
permanent (plastic) strain occurs in the

Lagrangian Stress [Pa]

True Strain

a
Fig. 7. Compression tests on human grey (a) and white matter (b) at three different
constant values of strain rates, height of cylindrical specimens is 7 mm [41]
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process of deformation. Also, brain deforms
similarly to filled rubber, and demonstrates
Mullins effect and hysteresis under cyclic
loading [42]. Brain deformation found during
cyclic loading can be described by the
Ogden-type model as well. The stiffness of
axonal fibers is about 10 times higher than
the brain matrix stiffness at 50 % stretch.

The comparison of the experimental data
in tension and compression (Figs.5 and 8)
shows the effect of the kind of stress state on
the processes of deformation of the brain
tissue. Thus, it is possible to conclude that the
brain tissue belongs to the broad class of the
materials with different behavior under
tensile and compressive loading types [43—
48].

True Strain

b

nominal stress
[kPa)

b

Fig. 8. Nominal stress versus uniaxial stretch response of tension-compression test (a)
and compression- tension test (b) performed on prismatic specimens of human
white matter [42]. Arrows indicate the loading direction

As mechanical properties of brain tissue
are becoming more accurately characterized,

10

the pronounced anisotropy (rather as
transverse isotropy) of white matter becomes



more apparent due to its oriented axonal
tracts [49-55], while grey matter has been
observed to be isotropic [55]. Thus, according
to the experimental data given in [49-55]
white matter belongs to the initially
anisotropic materials with different behavior
in tension and compression [56-62]. On the
other hand, no influence of anisotropic nerve
fiber distribution on the mechanical response
of the brain tissue in shear, compression and
tension was found in [63]. The general
conclusion given in [63] is that the human
brain tissue is nearly isotropic.

Brain Creep. The most of the in vitro
tests used in creep analysis of brain are
compression creep tests, and stress relaxation
tests in compression and shear [64]. The first
in vitro brain creep tests were performed on
mouse brain samples under compressive
loading type [65]. The creep curves have two
distinct regimes (primary and secondary) by
analogy with the engineering materials
(steels, cast irons, light alloys) at high
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temperatures. In the following, creep tests in
compression, and stress relaxation tests in
compression were performed on human and
monkey brain [66]. The stress exponent in the
Norton law was found to be one, and the
creep strains in brain were small.

Stress relaxation after compression in the
field of large strains was studied
experimentally in [41] on human white matter
and gray matter. These experimental results
are given in Fig. 9 a, b. Stress relaxation tests
in [67] were performed after compression and
shear on the specimens taken in four regions
of human brain. The further research obtained
on the ten tested human brain slices has been
discussed in [68].

Brain tissue demonstrates different stress
relaxation response after tension and
compression [54, 69-71], and, therefore, it
represents the broad class of the materials
with different creep behavior under tensile
and compressive loading types [72—79].

Lagrangian Stress ([Pa)

Fig. 9. Stress relaxation tests on human grey (a) and white matter (b) at three
different constant values of strain rates, height of cylindrical specimens is 7 mm [41]

Brain Swelling. Brain swelling, or edema,
occurs when there is an abnormal
accumulation of water within the brain tissue
[80, 81]. Edema is a significant cause of
morbidity and death [82]. Therefore, current
medical strategies aim to reduce brain
swelling in order to maintain blood supply
and retain cerebral metabolism [83]. As
known [84-88], swelling is a characteristic
feature of many materials with defects of the
microstructure. The water transport in the
brain, as well as, transport of therapeutic
agent in the brain with tumor can be
described under assumption of Fickian

11

diffusion [89-92] or non-Fickian diffusion
[93].

Experiments on rat brain slices were
performed by Elkin et al. [94], and the
volume of the slices was measured when
brain swelling occurred. The value of this
volume change was found to be about 75 %.
It was proposed [94] that brain tissue swelling
observed experimentally is caused by fluid
moved from the ionic solution into the porous
medium, i.e., by an accumulation of non-
permeating (electrically) neutral solutes
within the tissue.

However, in the experiments of Elkin et
al. [94] brain swelling evolved over several
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hours. This suggests that brain swelling under
study is maybe related to the biological
processes that determine the swelling rate,
such as, the fixed negative charges in the
brain due to macromolecules (proteoglycans
and DNA) rather than physical processes,
such as, the rate of movement of water [95,
96].

Below brain swelling will be considered
from the neuromechanical point of view. For
this purpose, we start from the classical work
by Hodgkin and Huxley [97] used the
voltage-clamp technique to investigate the
mechanisms for conduction of the nerve
impulse and generation of the action potential
in the squid giant axon. In this way, they

\
\

= Action potential propagatior
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developed their model known as Hodgkin-
Huxley model [97]. Action potential
generation was caused by the unequal
distribution of ions, particularly K*, Na*and
CI~, across the single axon. It was found [97]
that axon has a threshold for the initialization
of the action potential of about —45 to —55
mV. The geometry of the axon can be
modeled as a cylinder (Fig. 10a) with a thin
wall representing the axon membrane with a
constant thickness. The Hodgkin-Huxley
model was used to calculate the changes of
voltage field during an electrophysiological
pulse for unmyelinated axons and the Nodes
of Ranvier of myelinated axons (Fig. 10b)
[98].

1. Unmyelinated Axon

[} '
| i - I
l [ |

” -—

Myel inated Axon

Fig. 10. Representation of the axon in a local cylindrical coordinate system (a) with two
scenarios for consideration (b): unmyelinated axons (1) and myelinated axons (2) [98]

Initially, swelling of cell membranes
associated with action potential was measured
for squid giant axons [99-101] and HEK293
cells [102, 103]. Then swelling of biological
membranes has been observed experimentally
in many neuronal and non-neuronal cells
[104]. The review of these investigations can
be found in [105].

Brain Damage. The neurodamage in
brain is a naturally occurring event that
appears at the reference state, at least, in a
form of voids and fissures. In general, defects
of brain microstructure can be classified as
point, linear, planar (interfacial) and volume
defects. In this regard, there are four distinct
varieties of neurodamage in  brain,
respectively. These types of brain damage are
distinguished by their morphology and
location, as well as, the nature of the

neurological and mechanical stimuli that
cause them to form.

From the continuum damage mechanics
point of view [106-111], neurodamage
decreases stiffness and strength of brain
tissue, and eventually leads to collapse of
whole brain. In this sense, neurodamage
deteriorates the mechanical properties of
brain.

Two mechanisms of brain tissue damage
have been discussed by Lang [96]. The first
one is axonal stretch [112]. Thus, mechanical
deformation can cause axonal stretch, hence,
preventing the brain from functioning [96,
112].

The second one is compression of
capillaries leading to hypoxia and subsequent
cell death [95]. In this case, brain damage
will be tracked by the compressive stress
within the tissue.
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As an example, schematic of damage propagate through the brain is given in
mechanisms [96, 113] by which local Fig. 11.
ischemia can cause the ischemic region to

Ischemic region swells, Compressed capillaries close, New ischemic region
Locally restricted blood compressing surrounding causing ischemic region swells, compressing further
flow capillaries to spread capillaries
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Fig. 11. Schematic of the mechanism by which local edema and oxygen delivery
can cause tissue damage to propagate through healthy brain tissue [96, 113]

Recently, magnetic resonance during development of cancer [114]. In this
elastography (MRE) has been widely applied way, it was found (Fig. 12) that brain tumor
to brain in order to determine whether local from a patient with a meningioma is stiffer
changes in mechanical properties might arise than the surrounding healthy tissue.

(oo}

(edX) sssuyns

o

Fig. 12. Stiffening of meningioma as measured by MRE : CT image of the head (A),
corresponding MRI (B) and corresponding MRE image (C) showing homogenous tumor
with the stiffness greater than surrounding healthy tissue (in green) [114]

Similarly, the stiffness of neuronal cells (undeformed) configuration of the brain
increases after treatment with amyloid-p tissue, while X; are its coordinates in the
protein, which is considered as the prime deformed (current) configuration at a given
suspect for initiating the neuronal dysfunction instant of time t (t=0). Assume, for
in  Alzheimer’s disease [115]. Thus, simplicity, that the initial configuration of the
development of new approaches to find the brain tissue and its current configuration are
relationship between brain cell architecture, referred to the same coordinate
infused drug, biological environment, frame x; (i=1,2,3).
mechano-electrophysiological loading, In the Lagrangian formulation of the
damage growth and damage repair in neuromechanical model at large strains it is
diseased brain could be an important area of necessary to introduce the Cauchy-Green
focus in neuromechanics. strain tensor as an important strain measure in

Neuromechanics. Let x; (i=123) denote the reference configuration of the brain tissue
coordinates of a material point in the initial in the following form [116]:

13
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& =O.5(uiyj +U;; +uk‘iuk'j), (1)
where  u;(x, %, %3, 1) = X; =% the
components of the displacement vector of the
material points at time t in directions

X1, Xp, X, F€spectively. It is not difficult to

are

obtain the material time derivative of the
Cauchy-Green strain tensor

5:” = 0.5([]i,j+[°]j,i+uk'i ljlk,j'i‘uk'j L.Jk,ij, (i, Kk =1,2,3)
(2)

where the dot above the symbol denotes a
material time derivative. The rate of strain
tensor in the current brain configuration can
be defined as [116]:

d, =05 Ui, Ui
o,

X,
The connection between &; and d;; hasa
form [116]:

©)

g = g (4)
o, OX;
or
X, OX, *
AR ()
OX; OX;

Then the additive decomposition of the
time derivative of the total Cauchy-Green
strain tensor and of the rate of strain tensor
acting on the current brain configuration to a
linear elastic part, nonlinear elastic part,
plastic part, creep part and swelling one may
be postulated, respectively, in the following

form:

. o€ oNE oD 4C oS

gij = &jj + &ij + &ij + Eijt+ Eij

(6)
and
d; =dijf'+di;‘e+dijp+dij°.+d§. (7
The second Piola-Kirchhoff stress tensor
rj; in the brain tissue can be expressed in

term of the Cauchy stress tensor o; such that
[116]

- OX
7 ‘]O-klﬁij (8)
X, X,
and
o =37, XX, 9)
! oX, OX,

where J is the Jacobian of deformation; F is
the matrix of the deformation gradients in the
current configuration at time t;J=detF;

14

Kronecker delta.

Now we introduce objective stress rate,
such as, the Truesdell derivative o of the
Cauchy stress tensor which is essential in
order to formulate the constitutive equations
of the brain behavior in the rate form. Note
also that the material time degivative of the
Cauchy stress tensor oy , i.e. owu, is affected
by rigid-body motions, and it is not objective
(not frame-indifferent) [116]. The Truesdell
derivative of the Cauchy stress tensor and the
material derivative of the second Piola-
Kirchhoff stress tensor are connected by the
relation [116]:
: (10)

Tij =Joy

which is similar to (8). Then the relation
between o, and di; will be accepted in such
a form

N = Ausldy —d —d? —dS —d). (11)

Here Ay is the symmetrical tensor of the
appropriate elastic constants. By substituting
Eg. (11) into Eg. (10) and then taking into
account Eq. (5) we obtain

oNE P oC oS

‘;'ij = A [;‘kl — &N —EN— EN— 8li , (12

where
Aijkl = JAnmnrs : . . !

(m,n,r,s=123)-(13)
X, 0X,, X, X,

It is not difficult to establish that condition
Aja = Aqij of symmetry is valid.

Considering brain tissue as the anisotropic
material with different behavior in tension
and compression, the connection between the
kinematic tensor €, in the current
configuration and the Kirchhoff stress tensor
Ty can be written as follows [117-119]:

ju T
eu = eo( UTZ + bIJJ .

Here Ty =Jdoy; ij
T, =T, +T,; T =byTy; T/ =ayT;Ty; b;and
a.are the second order and fourth order
material tensors; T, and TZare the linear and
guadratic joint invariants of the Kirchhoff
stress and the material tensors; T, is the
equivalent Kirchhoff stress; e,is the scalar
function which depends on T,, as well as,

some structural parameters and which

(14)
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specifies for each physical state of the brain Different examples on how to specify the

(nonlinear elasticity, plasticity, creep). functionsv(T,), &£(q)and damage evolution
In the case of the nonlinear elasticity, the equation for o are given in [109, 111].

kinematic tensor e, =dg’is the nonlinear Now, a number of comments need to be made

elastic part of the rate of strain tensor in the in reference to the constitutive model given

current configuration, and it is necessary to by Egs. (12) and (14). First, using the spin

specify €, as the function of T,and of some tensor

parameters  affecting damage  growth, ] .

deformation hardening and deformation O - oui ouj

softening in the brain under nonlinear elastic ! oX; X,

deformation.
For plastic deformation of anisotropic

o ) . p
téralnlﬂss_uet,hthelkl?ematrltc tf?ﬁorr ik' _fd[;'r '2 Truesdell stress derivative in Eq. (11) does
0. (14) is the plastic part of the rate of strai not provide satisfaction of the symmetry

tensor in the current configuration, and it is condition Ay = Aq; . Second, the tensor

’:je{f isgairny thteo c:sifs:nc?f ;raestigoc?eoll‘lctlrﬁ?:tiovr\w/h%? relationship defined by Eq. (14) was used in
urildloading or neutral loading, as well as ,the [.120_127] for mo<_jeling of the_ biological
condition of loading ' ’ tissues, howevgr, without referencing sources

' [117-119]. Third, the present model reflects

m Cor;mdermn% c:eep dhar;denlng V‘:'thmﬂ:ﬁ the characteristic features of the anisotropic
€asure g and creep damage developme bimodular materials [128, 129]. Finally, the

with damage parameter for anisotropic model under discussion can be extended to

E:zle?ng;scuier:;c:? zosilkélce tic:] aézur?f 4;h?; :22 the case of the a_nisotropic_creep harqlening
creep part of the rgte ofklstrain ténsor in the under nonproportional loading according to
current  configuration, and the scalar the approaches [130’ 131-]' . _—
multiplier in Eq. (14) ca{n be defined as For orthotr_oplc materlals_wnh comc_lde_nce
' of the coordinate axes with the principal

and the Jaumann stress derivative [116]
o} =0i—Q,0,+0,Q, instead of the

ij ir-rj

0 = Mg(ﬁ) (15) directions of anisotropy Eq. (14) takes the
(L-w) following form [117-119]:
e, = eo(allllTll + a11-2|-2T22 + 8153155 n bllj’ e, = 2¢, aiz_i_lez (1,2, 3). (16)
2 2

Here the symbol (1, 2, 3) means that the rest of the relations can be obtained from Eq. (16) by
circular transposition of lower indexes 1, 2 and 3;

T22 = allllTli + a2222T222 + a3333T323 + 2a1122-|—11-|—22 + 2a1133T11T33 + 2a2233T22T33 + 4a1212T1§ + 4a1313Tlg + 4a2323T2§ ’
T, =0y Ty, +b,,Ty, + Ty 17)

Further simplification of Egs (16), (17) for orthotropic materials when the coordinate axes
coincide with the principal directions of anisotropy is related to the following requirements [132,
133]

A = a121’ 28y, = —aydy, , 4a,,, =3aya,, +a122 (11 2, 3) (18)
using the six material parametersa,,, a,,as;, a,,a,anda;,. Then it is easy to obtain from Egs.
(16)—(18) the following tensor relationship [133]

1

allell . (ailaZZTZZ + a11a33T33) 2

6, =6, 2 - by |, e, %eo ﬁ—LSaﬂaﬂ: )T (12,3, (19)
2 2

where
Tz2 = alleli + a222-|—222 + a323T323 - a11azzT11T22 - a11ae3T11T33 - azzasstszs + (3311322 + a122 )Tlg + (3311333 + a123 1@ +

2 2
+ (3a22a33 +ay, )T23 .

15
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Another possible simplification of Eqs (16), (17) for orthotropic materials with coincidence
of the coordinate axes with the principal directions of anisotropy is related to the requirements

341 =Gy + Ho,

8oz = Fo + Hoy 85335 = Gy + Ry @100 = —Hg 8pas = —F, 81133 = =G, 2811, = Ng, 285503 = Ly, 28131, = M,
based on the six material parametersG,, H,, F,,N,, L,andM,. Then the equivalent Kirchhoff

stress has a form

T=T+ \/ Ho(T T )2 +F (T 2 T3 )2 +G, (T s T )2 +2NoT5 + 21T +2MT5 (20)
Note that the expression given by Eq. (20) has been discussed recently in [134], however, without

referencing sources [117-119].

In a particular case of the transverse isotropy of white matter with a single axis of symmetry
1 the following equalities in Egs. (16), (17) take place [135]
b,, = b33 » 8oy = Baazy s Auipp = Auyggy Bupip = Bugizs Bgpp = 285 + B -

For gray matter tissue with the initial isotropy of mechanical properties it is necessary to

accept in Egs. (16), (17) the following conditions

b11 = bzz = b331 811 = Bppp = Bgzzgs Buizp = Byyay = Bopzgr Buprp = izrg = Bompg s Augyy = 28401 + 810
The swelling part of the rate of strain tensor defined by Eq. (7) in the conditions of
electrophysiological impairments of brain can be determined as [136, 137]

d; =c;V.

Here, V is the voltage across the nerve
membrane, the material tensor c;has to be
introduced under assumption of orthotropy
and coincidence of the coordinate axes with
the principal directions of anisotropy, and, as
earlier, the dot above the symbol denotes a
material time derivative. Additionally, it is
necessary to take into account that swelling is
only relevant in the through-thickness
direction of the nerve membrane, and zero in
the longitudinal and  circumferential
directions [136]. The voltage across the
membrane as a function of time can be found
using the Hodgkin-Huxley model [97, 98,
136, 137].

The axon can be considered as a cylinder
(Fig. 10a) with a radius ranging from 0.05 to

X

a

(21)

10 um [138] and with a thickness about 34
nm [98, 137]. Neuromechanical analysis of
damage in a single axon can be performed
using the models of a thin shell [56, 111,
139-141] and a moderately thick shell [142,
143], as well as, the 3D theory [144, 145].

The electrical and mechanical phenomena
were considered simultaneously in a nerve
bundle (Fig. 13) in order to understand the
electrophysiological changes due to trauma
[13, 136].The electro-thermal analogy in the
finite element software ABAQUS was used.
It was established numerically that at high
impact speed, mechanical failure occurs at
lower strain values in large unmyelinated
bundles than in myelinated bundles or small
unmyelinated bundles [13].

Fig. 13. 3D representation of the nerve bundle with four identical neurites:
the isometric view (a) and the frontal view (b) [136]



Constitutive models implemented into
ANSYS [84,88,92,146] and ABAQUS
[147, 148] qgive the possibility to predict the
mechanical and functional failure of brain
due to the traumatic (head impact) and
pathological (brain tumor) events within the
framework of continuum damage mechanics
of brain.

CONCLUSIONS

Computer-implemented modeling
systems, and methods for analyzing and

Series «Mediciney. Issue 39

of the limitations of traditional surgery.
Computer-integrated surgery systems can be
used as a supporting tool for diagnosis and
prognosis of brain disease, as well as, for
surgical  simulation and image-guided
neurosurgery.

The outcome of the computational
analysis will be how the neuromechanical
simulations applied to the head impact and
brain tumor therapies may assist medical
specialists with their decisions during
planning and application of medical
surgeries.

predicting brain behavior can overcome many
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HEHPOMEXAHIYHA XAPAKTEPUCTHUKA MIOMKO/)KEHHS MO3KY V 3B'SI3KY 3
TPABMOIO I'OJIOBH TA TATOJIOTTYHUMH 3MIHAMM

3onouescokuii 0. 0., Mapmunenxo O. B.

TpaBMAaTHYHUM TIOIIKO/DKEHHAM IIEHTPAIbHOI HEPBOBOI CHCTEMH (TOJIOBHOTO Ta CIHHHOTO MO3KY)
NPUOUIETECA 3HAYHA yBara uepe3 ix pYHHIBHI comianbHO-eKOHOMiuHI Hachigku. DyHKIioHampHE Ta
MOp(QOJIOTiUHE ypaXEHHS MO3Ky — HaHCKJIajHIme sBUINE B OpraHi3mi. lle ocHOBHa mpwu4mHa BTpaTH
mpane3gatHocTi Ta cMepTi. CTarTs MICTUTh B cO0i KOHCTUTYIIHE MOJEIIOBaHHS 1 OOYHCITIOBAaNBHI
JOCHIKEHHS A7l PO3YMIHHA MEXaHIYHOTO Ta (YHKI[IOHAJIBHOTO pyHHYBaHHS MO3KY, BHKJIMKaHOTO
TpPaBMaTHYHUMHU (TpaBMa TOJIOBH) Ta IATOJOTIYHMUMHM (ITyXJIMHA TOJOBHOTO MO3KY) SIBHIIAMH, B paMKax
KOHTHHYaJIbHOI MEXaHIKH ITOIIKOKEHb MO3KY. PO3BHTOK IOIIKOMKECHHS MO3KY NPOAHANi30BaHO Ha pPiBHI
opraHa (MO3Ky), TKaHWHHU (01101 Ta Cipoi pedoBHWHHU), Ta KITHHU (OKpeMOro HelpoHy). MexaHi3MH pocTy
HEWPOTOIIKO/DKEHb OyJIM BH3HAYEHI y 3B'SI3KY 3 TPaBMOIO T'OJIOBH Ta IyXJHMHOIO MO3Ky. IIpoaHamizoBaHO
HaOpSIK BHACIIIOK €JIEKTPHUYHOI aKTUBHOCTI HEPBOBHUX KIITHH NPHU €NCKTPOQi3i0MOTIYHNX MOPYIICHHAX, i
MpY)XKHOIDIACTHYHA JaedopMallis Ta TIOB3YUICTh INPH MEXaHIYHOMY HaBaHTa)KEHHI MO3Ky. Po3pobieHo
KOHCTUTYIiIHI 3aKOHH HEWpPOMEeXaHI9HOI OBEIIHKM B YMOBaX 3HAUYHUX NedopMariil, BpaXxOBaHO aCHMETPIl0
PO3TATYBaHHS-CTHCHEHHS, a TAKOXK ITOYaTKOBY aHI30TPOIII0 MO3KOBOI TKaHWHU. JleTasi o0 BIpOBaKEHHS
IHTETPOBaHOI HEHpPOMEXaHIYHOI KOHCTHUTYIIHHOI MOJENi, BKIIOYAI0OUYHM MOJENb XOIDKKiHa-XaKcmi st
Hanpyru, B ABAQUS, ANSYS Ta BHYTpImIHBO pO3poOIicHEe MporpaMHe 3a0e3MeueHHS, PO3TIIAAIICT Y
(opMi KOMITIOTEPHHUX IHCTPYMEHTIB CTPYKTYPHOTO MOZETIOBaHHS JUIA aHANi3y PO3MOIUTY MeXaHIdHOL
Halpyry 3a 4acoM Y MO3KY, K y 3/I0POBHX TaK 1 XBOPHX, @ TaKoX Ui aHANI3y HEHpPONOUIKOIKEHb Ta
MIPOTHO3YBaHHS JKUTTS TAIIEHTIB 3 IMATOJOTIYHHUMH 3MiHaMH MO3Ky. PesympraTtoM aHamizy Oyzae Te, SK
HEHpPOMEXaHIYHI KOMITIOTEPHI CHMYIIAIil, 3aCTOCOBYBaHI Ul MOJETIOBaHHS TPaBMH TOJIOBH Ta Tepamii
MYXJIMHA MO3KY, MOXYTb JOIIOMOITH MEIMYHHUM CHEUialicTaM y MPUHHATTI PillleHb Mifl 9ac IUIaHyBaHHS Ta
3IICHEHHS MEIMYHIX OTepartiii.

KJTIO490BI CJIOBA: momkopkeHHS MO3KY, HEHpOMEXaHiKa, TpaBMa TOJIOBH, NyXJIMHa MO3KY,
MOJICTFOBAHHS, CUMYJISIIIis
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HEHPOMEXAHUYECKAS XAPAKTEPUCTHUKA IMOBPEXJIEHUS MO3T'A B CBSI3H C
TPABMOM I'OJIOBBI X TATOJIOT MYECKUMHW U3SMEHEHUSIMHU

3onouesckuii A. A., Mapmuinenko A. B.

TpaBMaTHYECKIM MOBPEXICHUAM IICHTPAJIbHONH HEPBHON CHCTEMBI (TOJIOBHOTO M CIHMHHOTO MO3ra)
YACTACTCA 3HAUYUTCIBHOC BHUMAHUE HM3-3a UX PaspyHIMUTEIbHBIX COMUAIBHO-OKOHOMHWYECKUX HOCHGHCTBHﬁ.
OYHKIIMOHAIEHOE W MOP(OIIOTHYECKOE TMOpaXCHHE MO3Ta - CaMOE€ CJIOXHOE SBJICHHE B OpraHu3Me. JTo
OCHOBHAsl MPHUYMHA TOTEPU TPYAOCHOCOOHOCTH M cMepTh. CTaThs COAEPKHT B cebe KOHCTHUTYIIMOHHOE
MOJICIIUPOBAHNE M BBIYMCIHTEIBHBIC MCCICIOBAHUS ISl MOHUMAHHUSI MEXaHHYECKOTO M (YHKIIMOHAIBHOTO
paspymeHnss MO3Ta, BBI3BAHHOTO TPaBMATHYECKHMH (TpaBMa TOJOBBI) M TATOJIOTHYECKUMH (OITyXOJb
TOJIOBHOTO MO3Ta) SBICHISIMH, B paMKaX KOHTHHYaJIbHOM MEXaHWKH MOBpEXACHHI Mo3ra. Pasputhe
MOBPEKACHHUS MO3Ta MPOaHATM3UPOBAHO Ha YpOBHE oprana (Mo3sra), TKaHu (0eJoro u ceporo BEIIECTBa), U
KIETKA (OTAENLHOTO HEWpoHa). MexaHW3Mbl pocTa HEHUPOTOBpPEXKACHUN OBUIM ONpeAeNieHbl B CBS3H C
TpaBMOIl TOJIOBBI M OMyXOJbi0 Mo3ra. IlpoaHanm3mpoBaHBI pacIyXaHHE BCJIEACTBHE DSJICKTPUICCKON
AKTUBHOCTH HEPBHBIX KJIETOK TIPH DSICKTPOPHU3MOIOTHUECKUX HAPYMICHUAX, H YIPYTOIIACTHIECKOE
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JIe(OPMHUPOBAHUE U TMOJ3YYSCTh NMPU MEXAHUYECKOM HATPYKCHHU Mo3ra. Pa3paboTaHbl KOHCTHUTYIIMOHHEIC
3aKOHBI HEWPOMEXaHUYHOTO MOBEJCHUS B YCIOBHSIX 3HAYUTCIBHBIX Ac(opMaiuii, y4TeHa acHMMETPHS
PACTSDKEHUIO-CKATHIO, a TaKXKe HadajbHas aHU30TPONMsI MO3TOBOil TKaHU. JleTanu MO HUMILIEeMEHTalUU
VHTETPUPOBAHHON HEHPOMEXaHUYECKOW KOHCTUTYIIMOHHOM MOJENH, BKJIIOUas MOJENIb XOJKKHUHA-XaKCIU
s HampsokeHusi, B ABAQUS, ANSYS u BHyTpeHHe pa3paboTaHHOE NporpaMMHOE oOecreueHue,
paccMaTpUBAIKCh B (POPME KOMIBIOTCPHBIX HHCTPYMEHTOB CTPYKTYPHOTO MOJICITHUPOBAHUS JJIS aHAIHM3a
pacrpeeNicHusl MEXaHWYEeCKUX HAIMpPsOKCHWH MO0 BPEMEHH B MO3TE Y 370POBBIX M OOJBHBIX, a TAaKKE IS
aHanM3a HEHPOMOBPEKACHUM M MPOTHO3UPOBAHUS >KU3HMU TAllMEHTa C MATOJOTHYECKHUMH W3MEHEHUSMU
Mosra. PesynpraroM aHanu3a SABISETCS TO, KaK HEHPOMEXAHMUYECKHE KOMIIBIOTEPHBIE CHUMYJISALUU,
NPUMEHSAEMbBIE i1 MOJEJIHMPOBAHHWA TpaBMbl TOJIOBBI M TEpamuud OIyXOJd MO3ra, MOIYT IIOMOYb
MEJIMLIHUHCKUM CIIELUAJIMCTAaM B IPUHATHH PELIECHUN MIPU TUIAHUPOBAHUM U OCYIIECTBICHUU ONEpPALIUiA.

KIIFOYEBBIE CJ/IOBA: mnoBpexaeHHe MO3ra, HEHpoMexaHWKa, TpaBMa TOJIOBBI, OIYXOJb MO3ra,
MOJIETTUPOBAHUE, CUMYJIALIHS
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