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Abstract: In recent years, the fields of brain biomechanics and neural engineering have started to play an increasingly important
role to modern neuroscience. Although the object of study of these two research areas is the brain, the two fields have developed
independently of each other, neglecting any possible linkage between the electric brain and the mechanical brain. The aim of the
present paper is to formulate the first neuro-mechanical model of the brain that will couple the electro-chemical and mechanical
properties of the brain. We assume that the brain tissue is a charged hydrated soft tissue made of a solid phase, an interstitial fluid
phase and an ion phase with two monovalent ion species. To investigate the mechano-electrochemical coupling phenomena of the
brain tissue, we study the onset of normal pressure hydrocephalus due to a change in the ionic concentrations of the ventricular
cerebrospinal fluid in the absence of an elevated intracranial pressure.
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1. INTRODUCTION

Normal pressure hydrocephalus (NPH) is a serious neurological disorder characterized by gait disturbance, mental
deterioration and urinary incontinence in patients with enlarged cerebral ventricles in the absence of increased
intracranial pressure [1, 2] (Figure 1). NPH is predominantly found in adults over 60 years of age and is often missed
or misdiagnosed because many conditions affecting older individuals can mimic the symptom profile of NPH,
including: Parkinson's disease, Alzheimer's disease, metabolic and psychiatric disorders, endocrine dysfunction,
infections, trauma, vascular and neurodegenerative disorders, and incontinence from urinary tract disorders [6]. In most
of the cases, the cause of NPH is unknown.

Figure 1: CT images of a normal brain (left, [3]) and a brain with NPH (right, [4]).

Recent estimates of NPH incidence range from 50,000 to 375,000 people in the United States, with the higher figure
more likely to be correct [5]. According to the U.S. Census Bureau, in 2002, there were nearly 60 million people age 55
or older living in the United States. Average life expectancy was approximately 77 years in 2001, according to the
National Center for Health Statistics, Centers for Disease Control and Prevention [7]. Since average life expectancy is
expected to continue to increase, the number of diagnosed cases of NPH and the associated treatment costs will
continue to grow, as well.

The efforts in treatment have been principally through CSF flow diversion. Within limits, the dilation of the ventricles
can be reversed by a surgical placement of a shunt in the brain to drain excess CSF into the abdomen where it can be
absorbed. The extent of improvement after neurosurgical shunt procedures varies greatly: 45%-65% of patients respond
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positively [8, 9, 10], while morbidity is about 40%-50% [8, 10, 11]. Therefore, there is an urgent need for a proper
selection of patients who may benefit by a shunt operation.

In order to design better diagnostic and treatment protocols for NPH, we need to develop realistic biomechanical
models of the brain for the numerical simulation of NPH. Most of the models presented in the engineering literature on
NPH are based on the hydrodynamics of cerebro-spinal fluid (CSF) which tends to accumulate in the brain ventricular
system during the development of NPH (in a healthy brain, the CSF circulates continuously between the ventricles, the
site of CSF production, and the subarachnoid space, the site of CSF absorption) [12-22]. All these models are based on
the bulk flow theory: the driving force of the CSF bulk flow is the CSF pressure at the production site being slightly in
excess of the pressure at the absorption site. In this theory, the enlargement of the ventricles during the development of
hydrocephalus is due to an increased intracranial pressure. However, NPH is incompatible with the bulk flow theory
since in the case of NPH the ventricles dilate without an increase of the CSF pressure [23]. Recently, Levine [24]
postulated that there exists an abnormal but very small gradient of static pressure across the cerebral mantle that should
be sufficient to produce the ventricular dilatation of NPH. Although this is an attractive theory, it has very limited
medical applicability since there are no instruments sensitive enough to measure such small abnormal gradients. Finally,
none of the published biomechanical models of NPH incorporates any relevant clinical information about abnormal
electro-chemical processes taking place during the development of NPH [25, 26].

The aim of the present paper is to formulate the first neuro-mechanical model of the brain that will couple the electro-
chemical and mechanical properties of the brain. We assume that the brain tissue is a charged hydrated soft tissue
made of a solid phase, an interstitial fluid phase and an ion phase with two monovalent ion species. We will use the
proposed model to study the onset of NPH due to a change in the ionic concentrations of the ventricular CSF in the
absence of an elevated intracranial pressure.

2. THE TRIPHASIC MECHANO-ELECTROCHEMICAL MODEL

So far, the triphasic mechano-electrochemical theory has been applied to model the mechanics of the articular cartilage
[27-30]. However the theory can be applied to any charged hydrated soft tissue made of an intrinsically incompressible,
porous-permeable, charged solid phase; an intrinsically incompressible, interstitial fluid phase; and an ion phase with
two monovalent ion species anion (-) and cation (+). Although the theory has been extended to include multiple species
of ions [28], for simplicity we will consider the 1:1 electrolyte case first. In addition, there exist positively and
negatively charged groups on the solid phase called fixed charges since they are much less mobile than the freely
mobile ions dissolved in the fluid phase. The solid phase and the ion phase are electrically charged, while the fluid
phase and the tissue as a whole are electrically neutral. A schematic picture of the structure of the triphasic soft tissue is
shown in Figure 2.
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Figure 2: Structure of a charged hydrated soft tissue.

The constitutive equations of the thriphasic soft tissue with infinitesimal deformations are [27, 30]:

o=—-pl+Atr(e)[+2u¢ (1)
p' = ul +[p=RTO(c" +c)]/ p’ 2
u=pu +(RT /M )n(y,cV+z,FEy /M, a=+,— 3)
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where equation (1) is Hooks law for the linear elastic phase, and equations (2), (3) are the constitutive equations for the
fluid phase and the ion phase. We have denoted by p the fluid pressure, 0 the stress tensor in the elastic solid, & the

strain tensor in the elastic solid, A,z the Lame coefficients which depend on solid volume fraction and ion
concentrations ¢,,a =+, —, R is the universal gas constant, T is the absolute temperature, ,uf is the chemical potential
of the fluid phase with luof the reference chemical potential, @ the osmotic coefficient, p‘f the true mass density of
the fluid, y the electric potential, ¥, the activity potential coefficients, £ the electro-chemical potential of the ion
species a with yg its reference electro-chemical potential, z, the valence of ion species a including sign, M the

molar weight of the a ionic species, and F,, is Faraday constant. The governing equations are made of the equilibrium

equation of the mixture, and the continuity equations of the mixture and of the ions, which combined with the
electroneutrality condition become [30]:
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In equations (4)-(7) we denoted by cF=ct+ c, a= (Df / k with k the hydraulic permeability and porosity
o = %f +(1- go(')f)tr(é‘) , V' the velocity of the solid phase, and D", D~ the diffusivity coefficients of the two ion
species. The modified electrochemical potential functions are defined as:

f_ )4 k + _ + F;l// - _ - F;W
g =—=-Dc", & =y.c ex , & =yc ex 8
a et o) o= el L ®

In addition, the fixed charged density (FCD) is by definition c=c"—c.

3. NUMERICAL SIMULATION OF NPH

In this section we investigate the onset of NPH due to a change in the ionic concentrations of the ventricular CSF in the
absence of an elevated intracranial pressure. For simplicity, we consider the linearized one-dimensional (1D) case.
Initially, a brain tissue sample made of white matter only is at equilibrium with the intraventricular CSF (external

bathing solution) with concentration c; of monovalent ions. Since there is no existent clinical literature on what ions in
the ventricular CSF might cause NPH, we assume for example that the two monovalent ions are Na*and C1™, since
they have the largest concentrations in the ventricular CSF [31]. We assume that the tissue of brain with NPH has
length / and is confined by the rigid, impermeable skull which does not allow for lateral movement of the tissue (Figure

3).. The boundary conditions at the bottom of the specimen are that the solid displacement and all the electrochemical
fluxes are zero, while the boundary conditions at the top are that the stress and the electrochemical potentials are

. . .. . . . . . *
continuous across this boundary. Initially, the ionic concentration in the ventricular CSF decreases from ¢, to

c; linearly. If the total ionic concentration in the brain tissue is zero, then the brain tissue will swell. However, if we
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assume that the brain tissue with NPH varies linearly from ¢, at the top to zero at the bottom, then the brain tissue
will shrink.
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Figure 3: Schematic representation of the 1D brain.

The parameters used in our simulations are: 4 = 1lmm, A +2u = 51.35 kPa [32], D' =0.5x10"m’/s,
D™ =0.8x10"m’/s, a=0.7x10"Ns/m*, 7 = 298 K, ¢/ =0.75, ®=1, ¢, = 0.2 mEq/ml (most of these
parameters are not known for the brain so we have taken them from [30]). The initial concentration of ions in the

ventricular CSF has a normal value of c; =0.265 mol/l [31]. It decreased linearly to the abnormal value of cl* =0.125
mol/l within 1500 s. The displacement of the ventricular wall is shown in Figure 4.
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Figure 4: Ventricular wall displacement showing an initial swelling followed by shrinking.

In Figure 5 we show the influence of the initial fixed charged density c(f on the displacement of the ventricular wall,
while in Figure 6 we show how this displacement varies with the initial porosity (0({ . We notice that as c(f increases

the swelling and the displacement decrease, and as %f decreases the swelling and the displacement increase.
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Figure 5: The ventricular wall displacement for c(f = 0.2 (straight line), 0.4 (dashed line) and 0.8 (dotted line).

01 T

0.05

1

uwh @ h

-0.25 : :
0 500 1000 1500
time [s]

Figure 6: The ventricular wall displacement for (p(’)f = (.25 (straight line) , 0.5 (dashed line) and 0.75 (dotted line).

4. CONCLUSION

In this paper we have proposed the first neuro-mechanical model of the brain that links the electro-chemical and
mechanical properties of the brain. Using the thriphasic theory, we assumed that the brain is a charged hydrated soft
tissue made of a solid phase, an interstitial fluid phase and an ion phase with two monovalent ion species. We have
shown that the proposed model can predict the shrinkage of the brain tissue seen in NPH patients due to a change in the
ionic concentrations of the ventricular CSF and in the absence of an elevated intracranial pressure. To the best of our
knowledge this is the first time when such a result has been obtained for studying NPH. In our future work we

plan to study diffusion properties of ions in the brain and investigate other ions and proteins that might play a role in the
development of NPH.
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