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Abstract

Cerebrospinal fluid (CSF) is recognized to play an important role in the brain environment and
central nervous system (CNS). At the microscopic level, glial cells and water channel proteins
(WCPs), also known as aquaporins (AQPs), are believed to be central in regulating CSF. Further-
more, such elements are postulated to associate with numerous cerebral and neurological pa-
thologies. The novelty of the present research is the attempt to investigate such pathophysi-
ological phenomena via a multi scale physical model incorporating mechanisms across all scales,
including the AQP effects. The proposed physical multiscale model can explore the relationship
between CSF and glial cells via the incorporation of AQPs (as microscopic channels) and elaborate
on the macroscopic manifestations of this interplay. This study aims to make a tangible contribu-
tion to the understanding of cerebral or neurological pathologies via virtual physiological human
(VPH) in silico.
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1. Introduction

Neurocognitive conditions are getting more common, especially if the aging population is taken into account.
Brain science focused on modern lifestyle diseases is thus receiving increasing attention. Various brain diseases
are related to imbalance in water regulation [1]. Not making any attempt to be exhaustive, we can mention tu-
mours that may lead to obstructions and problems in absorption of CSF; strokes and head impact injuries leading
to oedemas, malformations of the cerebral ventricles and passages resulting in hydrocephalus or Chiari disease,
and elevated intracranial pressure that may lead to ischemic dementia [2]. Although the relationship between
water transport and the function of each component of the central nervous system (CNS) still appears as, more
or less, an enigma because of the complexity of the human brain, it plays an important role in its physiology and
pathology. For instance, the regulation of the water balance in the different fluid compartments of the brain via
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the activity of water channel proteins (WCPs) is a critical issue which has not been fully explored.

In recent years many neuroscience research groups have made attempts to address topics concerning WCPs.
After the discovery of the first AQP (AQP1) in red blood cell membranes, other WCPs have been discovered in
various parts of the human body, including the brain and the nervous system (NS), where they are believed to
play a role in physiology and pathology [3] [4]. AQP effects are not well understood, especially when the dif-
ferent interplaying scales of the cerebral environment are considered.

We propose extending the Multiple-Network Poroelastic Theory (presented previously by the group) with an
AQP mechanism (MPET-AQP). Further to this, we propose to embed the new model within a finite-volume
computational fluid dynamics (CFD) framework, for the purpose of studying, in detail, the transport of water
within a patient-specific cerebral environment reconstructed from T2 weighted MRI data. The advantage of us-
ing the MPET-AQP formulation is that it allows the investigation of fluid transport phenomena regarding CSF,
brain parenchyma and cerebral blood across all scale, in a physically consistent and comprehensive manner.

2. Methodology

The one-dimensional consolidation of clay soils was described by Karl von Terzaghi who coined the term po-
roelastic theory [5]. Biot introduced a three-dimensional generalization of the poroelastic theory in 1941 [6] to
describe the settlement of soil under a load where the mechanism of consolidation is similar to the process of
squeezing fluid from an elastic porous medium (like a sponge). Since then, this theory has had wide applications
in Mechanical Engineering, e.g. two phase flows [7] and in Civil Engineering (e.g. Geotechnical Engineering
[8]). This framework has also been applied on biological soft tissues, for the last 10 - 15 years [9]-[13]. At the
macroscopic level, it is rational that we base our analysis on the MPET model in order to illustrate the behavior
of CSF in the parenchyma within the cerebral environment (shown in Figure 1).

2.1. MPET-AQP Model

This research proposes a novel application of Multiple-Network Poroelastic Theory (MPET) to investigate water
transport in the brain. This study adopts an extension of Biot’sporoelastic theory [5] which was initially used to
describe the relationship between the pressure of a fluid permeating a solid matrix and its constituent displace-
ment (consolidation). The system equations for the MPET model are can be cast as:

Arachnoid granulations

Lateral Ventricle

Third Ventricle

Cerebral aqueduct

Figure 1. The ventricular system of the human brain.
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where del, Vv, is defined in terms of partial derivative operators; o , is the effective stress vector; p, , is the
density of the fluid phase; ", is the body force vector, and u, is the displacement vector; «” is the Biot pa-
rameter of the fluid network.
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where Q”, is the amalgamated compressibility of both fluid and solid phases; S'b_,ﬂ Jis the rate of fluid ex-
change between any two networks; & , represents the anisotropic permeability coefficient.

MPEt allows a novel extension of traditional poroelastic models to include detailed transfer mechanisms be-
tween the cerebral blood and extracellular fluid/CSF (and generally, any other compartment deemed necessary).
The four fluid networks concept is shown in Figure 2. This biological system is based on two assumptions re-
garding fluid networks concerning wall thickness and leakiness of blood vessels in the system. The first assump-
tion is that the characterization of the network keeps directional flow transport. The second assumption is that
the MPET framework could be considered as a quasi-steady system, hence, 62/ o> >0 and o/t — 0 —this
assumption is specific to the clinical problems we are interested in (like for example HCP) that involve very
slow development (order of days or weeks) and can thus be viewed as quasi-steady.

Meanwhile, we have tried to establish a simple, heuristic, AQP model, implementing it and embedding it
within the MPET framework and assessing the impact of AQP expression by varying S, . We attempted to use
the following equation to demonstrate the selective permeability of the AQP behaviour in the cerebral aqueduct:

Kpop = Ke [1_{ﬁJ] A (3)
pref

where «, is the base permeability between extracellular and intracellular space in the CSF compartment, p,
is the CSF pressure, p, Iis a reference pressure, and A, is an amplification factor (heuristic at the present
stage).

The basic idea here is that the above-defined permeability depends on the porosity of this compartment. The
porosity (ratio of free space over total volume or equivalently difference of total minus occupied volume over
total volume) depends on the volume of the astrocytes. Therefore astrocytes may swell or shrink via water
transport through their AQPs — that are speculatively “gated” by pressure [14]. Therefore, the purpose of intro-
ducing such a relationship is to examine the potential influence of the pressure-controlled permeability of this
compartment. Since the arbitrary amplification factor can assume relatively large values and the dependence of
permeability on porosity is a complex affair, it has been shown that, quantitatively, it can involve very substan-
tial changes [15].

2.2. Boundary Conditions

We discuss the boundary conditions that close the system.

Venous
Blood (v) K Qo ut

o

N
Control Volume
(Skull)

Figure 2. The schematic illustration of the transfer restrictions set in the

MPET model [16].
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2.2.1. Skull
The shell responsible for outlining the skull lies at r =r,, , and at the same location, the displacement is consi-
dered as naught. Hence, we have the boundary condition of a rigid skull (as in adults), and it could be represen-

tedas:
u(n, )=0 C)
The blood pressures in the arterial and venous compartments are given by:
P* () = Py ®)
and,
P’ (v ) = Py (6)

Moreover, the above boundary conditions have the restriction for the inlet and outlet flow of the capillary
network, c, at the skull and the accumulation of CSF of the venous network, v. The following equations assume
that the CSF absorption induces a pressure rise and zero deformation of a purely rigid skull.

op°(ry.t
p ( M ):0 (7)
ot
A pressure rise depends on the resistance to absorption, R, and the rate of absorption, Q¢ , is presented as:
P°(ry.t)=P"(ry.t)+ £°RQ:: (8)

where ° is the dynamic viscosity of the CSF, R is the outflow resistance due to the arachnoid granulations,
and Qg is the efflux of CSF at the region of the skull.

2.2.2. Ventricular Wall
Since the stress is assumed continuous across the wall, we have the following boundary conditions at r=r,,

Wpﬂ(r\“t):o (9)

ou(r,t)  u(r,t)
(1-v) p» +2v " =2 pacon

The reduced pressure gradient occurs in the capillary compartment due to the production of CSF from the
blood. Hence, we have:
op° (r,.t)

~Kesven T —Qesr (10)

where «, ., IS the capillary network resistance to the flow from the capillary network, c.
Furthermore, no inlet and outlet flow between the arterial networks, a, and venous networks, v, exists (see

Figure 2); then the equation is given as:

ap®(r,,t) _op'(r,.t)
or or
Finally, the conservation of bulk flow and momentum within the aqueductal system can be considered by uti-
lizing Poiseuille’s Law, in the first instance. It is assumed that the CSF is produced by the porous choroid plex-
uses, and it also accumulates within the ventricles and induces the cerebroventricular volume to increase. Hence,
the following conditioncan be cast:

zd?
128.°L

=0 (11)

20U

e ¢ Ak op°
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where d is the diameter of the cerebral aqueduct, and L is the length of the cerebral aqueduct (shown in Figure
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Figure 3. The concept of the 3D cerebral aqueduct in a spherically symme-
tricgeometry for the human brain [17].

2.3. Numerical Implementation

The governing MPET-AQP equations mentioned above are coupled with a solver that accounts for the full 3D
unsteady momentum and continuity equations, as they apply to open, CSF-occupied, spaces (like ventricles and
the cerebral aqueduct). These conservation equations are solved with a finite volume implicit second-order cen-
tral finite difference scheme and with SIMPLEC (Semi-Implicit Method for Pressure-Linkage Equations Con-
sistent) pressure-velocity coupling [18]. The coupling between the MPET-AQP solver and the flow solver is im-
plemented via user-defined subroutines in CFD-ACE+.

After each time step of the MPET solver, the pressure at the skull and inside the ventricles is fed back to the
user-defined subroutine as a pressure boundary condition. Following the solution of the aqueduct flow, the bulk
flow is calculated in the user-defined subroutine and passed to the MPET-AQP solver for the next iteration.

3. Results and Discussion

Although the exact role of AQP4 in oedema (or in general) continues to be debated, it is known that the expres-
sion of AQP4 rapidly increases with oedema formation, thus there is evidence of correlation between water im-
balances and AQP4 action [19]. We will present some initial results to demonstrate the potential importance of
considering AQP effects.

We conduct two sets of numerical experiments: firstly, we test the heuristic AQP4 sensitization approach pro-
posed, for an open (normal) cerebral aqueduct case. Secondly, we try the same approach to a case where the
aqueduct is severely stenosed (i.e. a case where much of the produced CSF has to permeate and pass through the
parenchyma—and thus experiences the permeability change effects that the CSF compartment undergoes under
the influence of the AQP4 sensitization approach). The results we shall present will illustrate three interesting
points:

a) Under the quasi-steady imposed conditions (the pulsatility is introduced via the boundary conditions only),
the system of equations converges, in most cases, relatively quickly to steady values regarding pressure distribu-
tions and deformations in the parenchyma.

b) For the open cerebral aqueduct case, the AQP4 sensitization has a limited influence on the simulation re-
sults; however when the aqueduct is severely stenosed substantial differences between the AQP-insensitive and
the AQP-sensitized models can be observed. Moreover, the specifics of this sensitization in terms of the per-
meability-pressure relationship also play a significant role, thus justifying exploring this theme further.

¢) The coupled MPET-AQP model can provide valuable insight regarding the ventricular and aqueductal hy-

&
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drodynamics; in terms (for example) of flow patterns and pressure distribution in the aqueduct—a quantity of
practical interest clinically.

Figure 4 shows the pressure distribution along a radius through the parenchyma and ventricles for the case of
open cerebral aqueduct and for values of A =1 and A = 1000 in the pressure-permeability AQP relationship.
Additionally, it shows a similar setting but with a substantially augmented value of the amplification factor (A =
1000). This value does not influence the speed of convergence, at the same time it does not change the distribu-
tion of pressure either (the changes in shape and values for the converged pressure plots are negligible). It is
even more interesting (but expected, from these pressure plots) to note that the corresponding ventricular dis-
placement plots also show negligible differences when the permeability of the CSF compartment is adjusted and
sensitized to pressure, with values tested spanning three orders of magnitude. This behavior however changes
very substantially when the stenosed aqueduct case is taken into consideration. In this scenario, substantial flow
is expected to “pass” through the porous parenchyma because the pressure drop generated at the aqueduct is
substantial. Figure 5 demonstrates first that the rate at which pressure builds up to steady-state is dramatically
delayed: it takes roughly 10 hours for the pressure profile to stabilize.

Moreover, as expected, the shape and values of the pressure profile are substantially different than those of
the open cerebral aqueduct case (compare the dotted line in Figure 4 and Figure 5). Although the former dis-
crepancy may be, partly, an artifact of the omission of the inertial terms in the basic poroelastic equations, the
different shape and value (approximately 40% higher pressure) are converged effects.

Furthermore, Figure 6 demonstrates representative streamlines through the open cerebral aqueduct, severe
cerebral aqueduct, as well as a cut through the cerebral aqueduct with the velocity magnitude distribution. The
lower amplification factor induces a reduction of the peak of the velocity magnitude, as the alterations in the
permeability would imply.

This exploratory investigation is concluded by examining the concomitant displacement fields that reflect of
course the same message as the pressure conveys. Figure 7, presenting a selection only of the cases computed,
compares the open and severe stenosed cerebral aqueduct cases for the same value of the amplification factor
and shows a marked difference in the displacement field.
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Figure 4. Convergence features and pressure distribution of the MPET-AQP

model for open aqueduct case.
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Figure 5. Transient behavior of pressure distribution—MPET-AQP model and
severe aqueduct case.
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Figure 6. Open cerebral aqueduct in the left, severe cerebral aqueduct (A = 1) in
the middle and severe cerebral aqueduct (A = 10) in the right.

4. Conclusion

In this study, utilizing a novel implementation of the MPET-AQP model for integrative cerebral biomechanics,
we have investigated the applicability and utility of such a multiscale framework for cerebral transport pheno-
mena. This platform can assist in exploring unclear processes in the brain, such as the exact role of AQP4 in re-
gulating water transport. We have demonstrated the coupling of the MPET-AQP model with a detailed patient
specific 3D geometry, with unsteady ventriculoaqueductal hydrodynamics as well as a novel, albeit heuristic,
relationship accounting for the cellular absorption of water through pressure-controlled AQP4. Early results are
promising: the AQP-sensitized model shows that the AQPs may play an important role in obstructed aqueduct
pathologies. Furthermore, a completely novel application of stent deployment has been proposed to replace cur-

rent aqueductoplasty methods.
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