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Abstract

Numerous problems of relevance in physiology and biemechanics have at their core the presence of a
deformable solid matrix which experiences flow-induced strainaOften, this fluickste interaction is directed
the opposite way, i.e. it is solid deformation that creates:flow, which thé heiag the most prominent
example. In mangaseghis interaction of fluid and solid is‘genuinely two-way and strongly coupliga salid
deformation inducing flow and fluid pressure,deferming the solid. Although a fluidtste interaction
problem, numerous cases in biomechanics are not tractable via the traditiomatR&lologies: in the internal
flows that are of interest to use, the number and range of fluid passsmeast that the direct approach of a
deterministically defined boundary between, fluid and solid is impossible to applthese cases,
homogenisation and statistical treatment, of the material-fluid systeossbly the only way forward. Such
homogenization, quite common to flow-anly systems through porous media considerations, is alsofpossible
fluid-structure interaction systems,“where the loading is effectively intéontie material. A prominent
technique of this type is that of paroelasticity. In this paper, we discuss a class of gorielas/ techniques
that allow for the co-existence of a multitude-always statistically treateechannels and passages of widely
different properties: termed, multiple-network poroelasticity (or moitipartmental poroelasticity), this
paradigm is particularly Suitable for the study of living tissue, thaiviariably permeated perfused- by
fluids, often different intnature and across a wide range of scales. Multicoraptatimoroelasticity is capable
of accounting for & full two-way coupling between the fluids and the solidxnaaiti allows us to track transport
of a multitude-of substances together with the deformation of thersatitial that this transport gives rise to
or is caused by, or both. For the purposes of demonstration, we utilise a complex an@gbgijolvery
important system, the human brain, to exemplify the qualities and efficacy sofmisihodology. The
methadology»we present has been implemented through the Finite Element Method, inahrganeer,
allowing for the co-existence of an arbitrary number of compartments. For the appdicegenl in this paper to
exemplify the method, a four-compartment implementation is used. A unified pielised on a cohort of 35
subjects to provide statistically meaningful insight into the underlyiaghanisms of the neurovascular unit
(NVU) in the hippocampus, and to ascertain whether physical activity would havéluemae in the both
swelling and drainage by taking into account both the scaled strain field and theipnopioperfused blood
injected into the brain tissue. A key result garnered from his stuiiheistatistically significant differences in
right hemisphere hippocampal NVU swelling between CHC males and MCI femalag digh and low
activity states.

Key words: Multiple-Network Poroelastic Theory, Finite Element Method, Brain Biomechanesebtia
Neurovascular Unit
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55

56 1. INTRODUCTION
57

58  Fluid-Structure Interaction (FSI) methods allow for the coupling of solid and fluid mechanics
59 phenomena and enable the study of processes that involve the exchange of loads between the two (o0
60 more media), the fluid and the solid [1]. An example of an internal flow where such interactions are at
61 play is shown in Figure 1: In the first part of this figure, Figure 1a, a deformable solid is shown, which
62 is permeated by a series of channels, or arbitrary shape with non-trivial interconnections. In this case,
63 traditional FSI methods can capture the flow field in the channels/passages and the deformation field
64  of the solid matrix, Figure 1b, since it is straightforward and computationally feasible t6. mesh the two
65 domains (in a wide variety of ways) and solve the coupled problem.

66 The challenge necessitating a different viewpoint is illustrated in Figure 1cAwhich of course can
67 be further complicated almost ad infinitum, to the limit of real biological materials, Figure 1d: for the
68 latter figure, it becomes extremely difficult, and in most cases intractable computationally, to discretize
69 the multitude of fluid channels, as well as the fine solid ligaments and _strands that define them; it is
70 clear that an alternative is needed. An approach that is often used, priginally in geotechnical
71 engineering and groundwater studies and as of recently in increasing frequency within the field of
72 biomedical engineering, is that of poroelasticity.

73
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77  Figurel: a) Porous matrix of a deformable solid, when no flow is present, idibeigm b) when flow is present, a pressure
78  field develops which loads and deforms the solid matrix, c) direct FQlgh detailed deterministic meshing captures
79  flow and deformation fields, d) highly complex network of flpi@ssages render direct FSI methods through discretisation
80  of the exact deterministic interface and passages computationally impractical ssilofgo
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1.1 POROELASTICITY

Poroelastic systems describe fluid flow through a porous medium coupled with deformation of the
solid matrix. The fundamental poroelastic equations consist of conservation of mass and momentum
equations, which are derived at the macroscopic scale [2-4], effectively assuming a statistical
representation of the fluid passages and the fluid/solid interface; a homogenisation approach. Building
on the principles of linear elasticity, the conservation of momentum in a poroelastic system also
includes a fluid pressure term (as a measure of the effect of the fluid in the medium). It is also worth
noting that deformation of the medium is usually much slower than the flow rate, and therefore inertial
terms are ignored in the formulation, ultimately incorporating a quasistatic gassumption. The
momentum equation is derived by considering the total stéesand a body force, , leading to:

—V.-&6=f (1)
The total stress (see Table 1) tensor accounts for the fluid pressure in addition to the material stress

tensor (or effective stress) as derived from linear elasticity.
The conservation of mass is derived from the fluid content of the mefijuire volumetric

fluid flux, Vi, and any additional volumetric fluid source/sink terms. The final form of this conservation
eqguation is of the form:

%:—v-vfm )

The model is closed by assuming the constitutive relationships summarised in Tgdble 1 [5

Table 1. Summary of constitutive relations

Relation Deser iption

&, (u,p)=c; (u)-0g p Total'stress

o, (U) =23, g, (u)+2ug (u)", Effective stress

{=c,p+aVv-u Fluid content

v, =-K (Vp— p; g) Volumetric fluid flux (Darcy’s Law)

These relationships relate the total stress, volumetric fluid flux and fluid content to the primary
variables of‘the two-field formulation, namely the solid matrix displacemeénarfd scalar pore
pressurei(p)-For the fluid content relationship,¢hpterm represents the amount of fluid that can be

injected into a fixed material volume, whilst tleé/-uterm is a measure of the amount of fluid that
can be’squeezed out of the same volume.

1.2 GOVERNING EQUATIONS AND MODELLING

Building on the principles of poroelasticity, the standard mathematical model for diffusive flow in an
elastic porous medium is the diffusion-deformation model of poroelasticity proposed by Biot §2]. Thi

is based on the coupling between the pore-fluid potential and the solid-stress fields. An extension of
Barenblatt’s double-diffusion approach [6] andiot’s diffusion-deformation theory leads to the
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Barenblatt-Biot poroelastic model representing multiple-network diffusion in elastic porous media.
This model takes the following form:

—V-(C:s(u))+z/j;ochpj = f,

A (3a-b)
Gy by +oy V- 0=+ KVF?)JFZQH (p-p)=t

In the above formulation, for a given number of netwofs )N, the displacementsof the' solid
skeleton is given by = u(x t), whilst the fluid potentials for each respective«compartment is given

by p,=p(xt), where 1<j<A for xeQcR(d=12,3)and te[0,T].,The Biot-Willis
coefficient (which traditionally couples the momentum and mass conservation equations, see Table 1),
a; €(0,1], for each compartment satisfies ¢ < Zaj < 1, where ¢ is the total(porosity., c; >0 is the
constrained specific storage coefficientjdthe symmetric and uniformly pesitive definite hydraulic
permeability tensor defined by, =« (pj )71 > 0(the ratio of the compartmental permeability tensor,

i, to fluid viscosity), &, is the intercompartmental transfef ceefficierit=f (x,t) represents a

joi
body force anch=h (x t) represent any additional compartment specific source/sink terms. In this
manuscripts (u) denotes the small-strain tensor derived fromthe symmetric part of the of the gradient
of the solid matrix displacement u

21 T
s(u).—E(Vu+(Vu) ) (4)
The elastic stiffness tensor, C, defines a stressitensor ¢ using Hooke’s Law:
c:=Ce(u) (5)

We assume an isotropic,and homogeneous linear elastic medium with elasticityGeds@ined by
the identity:

C:g(u) = 2ue(u) +#X( V)l (6)
wherel is th¢ identity tensor, and p and A are the Lamé moduli.

It is usefulkat-this stage to describe a field of application of the above class of methodologies, namely
biomeehanics and in particular the biomechanics of brain diseases. Brain disorders such as
developmental and neurodegenerative diseases represent an enormous healthcare burden, not only |
terms of human distress, but also economic cost (in Europe, this figure approaches 1 trillion euros [7])
Cognition is a group of mental processes which include memory, attention, learning, decision making,
problem solving, language processing and executive functions. Dementia is classified as a progressive
cognitive disorder which primarily affects memory, but additional symptoms also include aphasia,
apraxia, agnosia, and lifestyle impairments Bje most common form of dementia is Alzheimer's

disease (AD), and the major risk factor for its development is increasing age [9], in addition to other
known factors, such as hypertension and hypotension, heart failure, low levels of physical activity and
of education, obesity, and genetic factors [8, 10-13].
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Interestingly, there is a growing body of evidence that suggests a close association between
cardiovascular risk and cognitive impairment and dementia [14]. Furthermore, it is also postulated that
cardiovascular risks are associated with modifiable risk factors (such as physical inactivity, depression,
hypertension, and smokingyo it may be possible to improve brain health and to delay the onset of
dementia in later life (see Figure 2&elaying the onset of AD by just 1 year would lead to an
estimated 9 million fewer cases by 2050 [15].

(a) (b)

, Genetic/epigenetic factors \

Neurodevelopment * Social Environment

\ Environmental exposures J

3 1

I Optimal Brain Health I

L

I Cognitive Dysfunction I

lCerebrovascuIar Diseasel f e I Cardiovascular Disease I

Vascular risk factors Control subject MCI subject

Figure 2: (a) Determinants of optimal brain health. The blue arrow denoteS fHtadisan promote optimal brain health,
whilst the red arrows indicate factors that hinder brain health. Neurodeweitadngenetic and environmental factors can
therefore promote or hinder brain health. (b) An example of cerebimdstlar dilatation from the cohort used in this study
The horizontal section of a cognitively healthy control subject (femalge &8 old) can be seen to possess smaller cérebra
ventricles than the mild cognitively impaired subject (female, 62, yell)s Similarly enlarged cerebroventricular
representations exist for hydrocephalic patients, as ventriculomegalyvsriapping characteristic of this disorder.

1.3 HYDROCEPHALUS

Although a precise definition is controversial, hydrocephalus (HCP) can be succinctly described as the
abnormal accumulation (imbalance between production and circulation) of cerebrospinal fluid CSF
within the brain [16-20]. This balance of CSF production and reabsorption normally allows the
maintenance of the CSF pressure-to lie within a tight range. HCP is classified with regards to whether
the point of CSF obstructionr discrete lesion lies within the ventricular system (obstructive) and
obstructs the flow before it.enters the subarachnoid space (SAS) [21], or not (communicating). There
is currently no definitive gure for this disorder. Dilatation of the cerebroventricular system (see Figure
2b) canlead to loss of<brain.eells that ultimately results in a variety of neurological symptoms (such
as AD described in thé next 'section), stroke, and sometimes even death due to pressure applied on th
brain parenchyma 32

1.4 ALZHEIMER'S DISEASE, MILD COGNITIVE IMPAIRMENT AND THE HIPPOCAMPUS

AD can beideemed as a heterogeneous mixture of multiple age-related neurodegémetiasvand
vascular related pathologies. The hallmark pathological features of the disease are thkukdtrac
deposition of amyloig (AB) peptide into parenchymal senile plaques or within the walls of arteries
and capillaries, in addition to the aggregation of hyperphosphorylated tau into intracellular
neurofibrillary tangles and neuropil threads [23-24]. Evidence also suggests that AD may be a vascular
disorder [25-26], caused by impaired cerebral perfusion (characterized by reduction in both total and
regional CBF [2]) [26, 28], which is observable at the early stages of the disease |[ZBhE&l
reduction in perfusion can compromise the oxygenation of neurons, negatively affect the synthesis of
proteins required for memory and learning and subsequently lead to neuronal dysfunction 82death |
33]. Ultimately, the final consideration thaieds to be made is the clearance of AP at the level of the
blood-brain barrier (BBB). The BBB forms an important part of the neurovascular unit (NVU), a
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functional cellular structure that allows for the highly efficient regulation of CBF. The BBB consists
of endothelial cells connected by tight junctions and a thick basement membrane which is supported
by astrocytic end feet (see Figure 3). Communication between the cells of the N\duiisdeo
enableefficient clearing of AP to prevent it from accumulating in the form of plaques [34]. Breakdown
of the BBB ultimatelyresults in the impaired clearance of AP, leading to amyloid accumulation in the
brain parenchyma and in and around capillaries. The latter process is known as cerebral amyloid
angiopathy (CAA), and it is defined as a major pathological insult th¥é [35]. CAA is associated
with cognitive impairment [36], is accelerated by hypoperfusion and is present in over 80% of patients
with AD [37].

One of the overarching foci of neuropsychology][88ce the turn of this century’has been to
better understand the prodromal stages of AD. During this early stage, AD may presentiitself as mild
cognitive impairment (MCI), an intermediate state between normal “‘ageing and dementia.
Traditionally, MCI has been defined as a condition whereby an individual experiences nessadoy
a greater extent than that expected for that age, but does not meet the criteria for dementia [38].

The hippocampus is small structure in the brain, and it plays ansimportant role in spatial and
episodic memory. It is the region of the brain that tends to show the most rapid loss of tissue earliest
in the disease course. Reduced hippocampal volume results in an_amnestic syndrome, a core featur
of Alzheimer's disease [R9
1.5MODELLING ALZHEIMER’S DISEASE USING POROELASTICITY

In the literature, several works have utilised a poroelasti¢,approach in modelling parahttbsue

within the realm of hydrocephalus and oedema formation in'the small intestine [16, 20, 40, 52, 61, 70-
80]. The poroelastic modelling of parenchymal tissue for the purpose of investigathegmer’s

Disease yields a narrower selection of relevant work [40, 80]. Recently, Aldea and coll@&@jues
utilise poroelastic theory in a multiscalemeodel of arteries in order to test the hypothesis that
cerebrovascular smooth muscle cells drive intramural periarterial drainage. Guo and colleagues [40]
introduce a pipeline that intertwines'a general 3D multiple-network poroelastic model of perfused
parenchymal tissue, an image-based modelling pipeline and a detailed subject-specific boundary
condition model that can be used to, model the influence of lifestyle and environmental factors in
obtaining novel biomarkers during-the MCI stage of AD.

1.6 OUTLINE OF THE ARTICE

This work uses a novel consolidated pipeline that integrates three important components: a three-
dimensional multiple-network poroelastic theory (MPET)-based model of perfused cerebral
parenchyma; an“accurate, fully automated image-based model personalization workflow [40]; and a
subject-specific boundary condition model that is targets the driving compartment of the MPET model
Specificallyy MPET is allows for the detailed investigation of spatio-temporal transport of fluid
between thewcerebral blood (arteries, capillaries and veins), cerebrospinal and interstitial fluid
(CSFIISF)and brain parenchyma across multiple scales. This pipeline is used on a cohort of subjects
(both cognitively healthy controls and mild cognitively impaired subjects stratified with respect to
gendeyin order to assess two novel biomarkers (swelling and drainage which is derived from the fluid
content of the capillary compartment of the four-network MPET model described duB2g the

early stages of AD. This is done by providing insight into the underlying mechanisms of the
neurovascular unit in the hippocampus for both controls and cognitively impaired subjects during two
states of activity (high and low) within a 24-hour period. The essential breakdown of the methodology
behind the full implementation scheme follows in 82, which highlights the consolidated pipeline
embedded within the VPH-DARE@IT research platform, the prospective data collection programme
used to extract the subject-specific data (including boundary conditions) for the 35 subjects used in
this study, and an outline of the statistical analyses used to analyse the MPET results (swielling an
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drainage). The results are given in 83, where two MPET simulations are presentedo(based
control and one MCI subject) in order to depict the nature of the solution fields that are obtainable at
the level of the parenchyma. Subsequently, a three-way mixed ANOVA was conducted in to
understand the effects of gender, cognitive status and activity on blood flow rate in the left and right
ICA and VA (as the blood flow rate was a key driver in the MPET model), followed by a Kruskal-
Walllis H-test (to determine if there were differences in NVU swelling and drainage in thedngpose
between the groups considered, during two levels of activity) and Wilcoxon signed-rank test (to
determine whether there was no statistically significant median deanédige) swelling and drainage

in the hippocampus when subjects lowered their activity level). The results are discussed in 84, along
with limitations and perspectives for future work. The conclusions to the paper are given in 85.

2. METHODOLOGY

Modelling the transport of fluid within the brain, in a personalised manner and from first principles, is
essential to help decipher some of the underlying mechanisms that are currently being investigated
regarding diseases of the cerebral environment, such as hydrocephalus and AD. An MPET model for
perfused parenchymal tissue is codpleith an automated image-based model personalization
workflow [40], and a subject-specific blood flow variability model.<I' he consolidated pipeline will then
be used on a small cohort of 35 subjects and used to provide,insight into the underlying mechanisms
of the NVU in the hippocampus.

In the previous section, we discussed the basic governing equations of poroelasticity and how
they can be cast for multiple compartments. In this seetion we shall briefly present atiomuitere
four compartments are used, and we shall describe ‘a computational framework where these equations
are solved using the Finite Element Method.

2.1 THREE-DIMENSIONAL MPET MODEL FOR THE CEREBRAL ENVIRONMENT

In this paper, the MPET model was used 'to conduct mechanistic modelling of fluid transport through
the brain parenchyma. Biologically, the solid matrix represents brain parenchyma, and the
communicating fluid phaseseonsidered are: an arterial network (a), an arteriole/capillary network (c),
a CSF/ISF network (e) and.a venous network (v) (see Figure 3). This model allows for trensioudt
solutions of continuity,and’ momentum conservation equations, in four interconnected fluid
compartments, within-a.deformable solid matrix (the parenchymal tissue).
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287  Figure 2. (Left) A schematic representation of the Neurovascular unit (NVU)tfRilgé four-compartment MPET model
288  reflect the key fluid transport mechanisms in the brain tissue. Fiprofsbited between the CSF/ISF and the arterial
289  network, whilst directional transfer exists between (a) and (c), (cp\an(c) and”(e) and finally (e) and) (v

290

291  The MPET model uses the parenchymal tissue displacemgrand the pore pressures of the four
292  fluid compartments @ pe, pe, pv) as the primitive variables in the governing equations, which are
293 given below:

GVAU+(G+A)Ve=a,Vp,+aV p.+o V ptoty p,
C,p.+oV-u-v-(K,Vp,)=S, .
294  c.p+aV-u-V-(KVp)=S, +S & S, . (7Ta€)
C.P+oV-u-V-(KVp)= S, #S, i
(

Cvp,-i'(XVV'U—V vap/):$—>v+ §—>v
295
296 The Sterms in Equation 7b=e define spatially varying sougce Q% or sink ($< 0) densities (rate of
297 fluid transfer between networks). More details can be found in Guo et plAgl@described in 81K
298 is the hydraulic permeability tensor for each fluid compartment. It is definegids wherex is the
299 permeability,tenserfor each of the four fluid networks; whilgefines the viscosity of each fluid. In
300 this work,three of the four fluid domains are isotropfa, c, v), which impliex = «lI, wherex is a
301 constant and'is the unit tensor for an isotropic medium. For the CSF/ISF compartment (e), a spatially
302 varying permeability tensor extracted from diffusion-weighted imaging (DWI) was asedan be
303 defined in a heterogeneous and anisotropic mgAogr
304
305 2.2 NUMERICAL IMPLEMENTATION OF THE MPET SOLVER, VERIFICATION AND MESH
306 INDEPENDENCE
307
308 The highly coupled governing equations of the MPET theory have been discretised using the finite
309 element method and implemented into an in-house FORTRAN code. Both the equilibrium equation
310 (the displacement field) and mass conservation equations (scalar presguieapproximated in the
311 continuous piecewise linear polynomial space. Based on the principle of minimum potential energy,
312 the algebraic form of the equilibrium equation is:



313

314 Ku—-(Qp,+Qp +Qp +Qp )=F (8)
315

316 where,

317

K, =] B'DBdQ
318 Q = aB'hdQ
F=| N'bdQ+| NTt,dr

319

320 Ksis the stiffness matriXB the deformation matrix arid is the elasticity matrixQ; isithe load on the

321 solid phase contributed from tHefiuid network anch is a mapping vectoF ishe load vectot) is

322 the vector of body forces in the three-dimensional dofaendtn the vectorof external force at the

323 boundaryI'n. The Dirichlet boundary conditions are imposed in a strong way.

324 For the continuity equations of the fluid networks, the method._of weighted residuals and the
325 continuous Galerkin formulation are applied to derive the integral form (weak form) of these mass
326 conservation equations. The continuity equation of'ttfeiid network ¢an be written as,

327

328 j[ap, (q%}rVSp KVp-8p$S, —Simé} dQ- s pal =0 (9)
Q By

329

330 wherel'y is the boundary where the Neumann, boundary condition is applied,i andhg flux

331 prescribed in the Neumann boundary condition: . The discretised continuity equation ®flthe i

332 network is:

333
334 Ap+Cp=P (10)
335
336 where,
337
A=c [NNTdQ
Q

K T
338 C=-[VNVN'dQ (11-13)

Hi o

P=[(S.,)Ndo-a[éNd2+ [ gNd”
Q Q 'y

339 In the aboveN is the continuous piecewise linear polynomial functions. The temporal discretisation
340 utilises”an implicit backward Euler scheme. The discretised governing equations are solved by the
341 standard preconditioned Krylov subspace (KSP) methods in the Portable, Extensible Toolkit for
342  Scientific Computing (PETSc) library [41-42].
343
344 The governing equations of the MPET system have been discretised using the finite element method
345 and implemented into an in-house FORTRAN code, which has been verified [43} dgazaghi’s
346 [43] and Mandel’s [44] problems. In addition to the verification, mestdependence (12 meshes with
347 total element numbers ranging from ~100k to ~9 million) of the 3D MPET outputs (displacement,
348 scalar pressures and relevant filtration velocities from the four compartments) using a subject-specific
349  brain geometry has been confirmed [40].
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2.3 SUBJECT-SPECIFIC DATASETS

The subject-specific datasets used in the MPET modelling of this paper were collected as part of the
VPH-DARE@IT project (www.vph-dare.eu), and prospective data collection was conducted at the
Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS) San Camillo, Lido di VertaiyaThis

study, including a total of 103 people£®0 cognitively healthy controls (CHC), age 71.1 £ 7.9 years,

and n= 53 with diagnosed MCI, age 75.1 £ 6.7 years), was approved by the joint ethics committee of
the Health Authority Venice 12 and the IRCCS San Camillo (Protocol number 2014.08), and all
participants gave informed consent prior to participation in the study. A cohort of 35'subjects (n = 20
CHC, n = 15 MCI) was picked from the 103 available subjects. This smaller cohert can be stratified
into 4 groups, considering males (M) and females (F): &£KHC= 8, age 69.4 + 8.5 years), CH@ =

12, age 72.5 £ 5.7 years), M(n = 8, age 75.4 5.0 years) and MGI(n =7, age 74.9 £ 8.2 years).

Each subject had several measurement modalities collected as' part-of the study; such as
lifestyle questionnaires and neuropsychological tests, whole brain MR imaging, clinical ultrasound
flow imaging, portable Holter recordings of blood pressure, and actigraph measured activity levels.
Further details can be found in Guo et al. [48)r the Lido study, cohort, Holter recordings and
ultrasound flow measurements were used to generate boundary conditions of arterial blood flow using
cerebral autoregulation models and lumped parameter circulation models [4D]1-4Ngighted and
diffusion-weighted MR images were processed to create accurate 3D whole-brain meshes ynd finall
permeability tensor maps of the parenchyma were extracted using the workflow described in detail in
Guo et al. [40].

2.4 SUBJECT-SPECIFIC BOUNDARY CONBITIONS AND PARAMETERS

In Figure 3, the subject-specific modelling pipeline for acquiring personalised cerebralflbleod
waveforms [45] that are fed into the“arterial compartment of the MPET model [40] is depicted. For
each subject, four waveforms were calculated at every time point, which are the ICA blood to the left
and right cerebrum (ICAand ICAR), and the vertebral artery (VA) blood to the left and right
cerebellum (VA and VAR). In order.to apply these subject-specific waveforms as boundary conditions
for the arterial compartment in equation 14b, the cortical surface is divided into four perfusion regions
corresponding to the four.waveforms [40]. Furthermore, the blood flow waveform is of 1 second
duration depicting a peried of the maximum (high activity) and minimum (low activity) activity during

a 24-hour period. Onee the”Neumann boundary conditions are applied at the partitioned cortical
surface, the numerical simulations are executed for 50 cycles (ofadyketmd flow waveforms), for

the solution fieldS to,reach a periodic steady state. This approach is adopted in the work of Guo and
colleagues [40]..The MPET solutions from the final steady state are used to conduct the statistical
analysis.

Lifestyle Data
1.Lifestyle questionnaire
2.ECG/BP Holter
3.Actigraph

Subject profile

Cardiovascular Data
1.Literature
2.Carotid ultrasound
3.Cardiac ultrasound
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Figure 3. Subject-specific modelling pipeline for acquiring personalised cerebral Bmedvaveforms that are fed into
the arterial compartment of the MPET model, in the fovip,n = Q,. Ageing and lifestyle related patient-specific

boundary conditions are generated following the data collection and subjectiasiedl parameterisationThe
personalisation of the lumped parameter circulation model (LPCM) was acceldsagesurrogate model to approximate
its input-output response4d]. LPCM = Lumped parameter circulation model (based 48)] CAM = cerebral
autoregulation model (based atv]).

Table 2: Parameters used in the MPET modelling.

Parameters Values  Units Parameters Values  Units
Oac 0.25 Kacev 1.0x10° m?

e 0.49 ®ac 1.5x10° m°Nis?
Oy 0.01 ®cv 1.5x10*° m?N1s?
A 505 Pa ey 1.0x10% m’Nis?
G 216 Pa Oce 1.0x10%° miN's?
L 70x10° m R 8.5x13° m?3

d 3x10° m Qp 5.8x10%®m°st
Pop 650 Pa At 0.1 S

Cac 2.9x10* m°N?

Ce 3.9x10* m?N?

Cv 1.5x10° m°N*?

The MPET system is completed with the following boundary conditions for each of the four
compartments (a, e, ¢, v), whed€s and dl'y are boundaries at the skull and cerebral ventricles
respectively, and is the outward unit normal vector.

On the cortical surface:

u=0 on dlg,

SSBFHN the formV pn= Q on ol'g

Vpn [, =0 on oly,

p,N |arS= Pp on o, (14af)
Pe .= P’ br, +ﬂeRQ, on ary,

Pe lor, = Pop

#R 128 |_('Oe oy pelars)“ﬁ( KeVpnds on or g

On the ventricular wall:

ANEg; N on ar,,
vpa\n |6F :0 on al_,v,
Koo {D0 b, = Q on oy, (15a€)
vpn |y, =0 on or,,
d4
N _1zau|_(p”v Polr, )= 47k (1 U)Vpn+ 4r( 1 ¢) U on ar,

Since this is an adult brain that is being taken under consideration; a rigid wall approximation can be
envisaged stemming from the elimination of layers like the dura mater and scalp. A subject-specific
blood flow profile (SSBFP) depicting a period of high and low activity is used as the BC éotdhal
network at the cortical surface.
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CSF is assumed to be produced at a constant ratejtign the ventricles. g is the blood
pressure in the sagittal sinus,..... represents the capillary network resistance to the flow from the
capillary network, R is the resistance due to the presence of arachnoid granulations an@Q.fisally
the efflux of CSF at the region of the skullrepresents the radius of the spherical shell encapsulating
the cerebroventricular system andsithe maximum ventricular displacement at each time increment.

It is necessary to restrict the transfer of water between fluid networks, and Figure 2 depicts a schematic
of the setting in which the quadruple MPET model functions. Table 2 gives the complete list of all
parameters used to execute the MPET model.

2.5 STATISTICAL ANALYSIS

A Shapiro-Wilk's test (p > 0.05 for all cases) is used to assess the normality‘of theydata. Outliers in the
ICA and VA based data were assessed by inspection of a boxplot. Levene's,test was,used to assess fc
equality of variances, whilst Mauchly's test of sphericity [67] was also usedto test thepotitidsys

that the variances of the differences of the groups £(BA), ICAL(HA),/ICAR(LA), ICAL(LA),

VA(HA), VA(LA)) considered are equal. A three-way mixed ANOVA ‘'was run to understand the
effects of gender, cognitive status and activity on blood flow rate in‘the left and right ICA and VA. All
pairwise comparisons were performed for statistically significant simple main effects.

A Kruskal-Wallis H-test [48] was conducted to determinefifithere were differences in swelling and
drainage in the hippocampus of the brain between 4 groups@HE 8), CHG (n = 12), MClx (n

= 8) and MC¢ (n = 7)), during two levels of activity (highand low). Visual inspection of the relevant
boxplots was used to determine whether the distributions of swelling and drainage were similar for all
groups. This is needed since if the distributions are‘not similar, one cannot make inferences about
differences in medians between groupssteady mean ranks are then used for the analysis.
Subsequently (where a statistically significant,Kruskal-Wallis H-test exists), pairwise comparisons
were performed using Dunn's [49]-procedure with a Bonferroni correction [50] for multiple
comparisons. Adjusted p-values arepresented.

A Wilcoxon signed-rank te461] was used to determine whether there was no statistically
significant median decrease iniswelling and drainage in the hippocampus when CHC and MCI subjects
lowered their activity level. It,was assessed whether the differences in swelling and drainage were
symmetrically distributed (via'a histogram). A Wilcoxon signed-rank test requires the distribution of
the differences between thetwo related groups to be symmetrical in shape. Where this is not the case
a sign test with continuity correction is used, as this test does not make any distributional assumptions.

The statistical'analyses were performed using IBM SPSS Statistics, Version 25 ¢ipMATmMonk,
NY).

3.\RESULTS

Figure’4 depicts a typical set of results (for one 69-year-old female CHC and one 75-year-old male
MCI subject) obtained from running the consolidated pipeline. In the figure, coronal sections of the
brain at the level of the hippocampus are depicted. The results pertaining to the NVU fluid content,
clearance and perfusion for two subjects, one female CHC and one male MCI, are shown. The
intracranial pressure (pore pressure of the CSF/ISF compartment) is also shown, and this solution field
was made to overlap with the filtration velocity vectors of the capillary compartment and CSF/ISF
compartment respectively. There is a reduction in peak clearance observed between the two subjects
with the femaleCHC subject having a peak clearance of 24 pum/s compared to 31 um/s for the male
MCI subject. Similar characteristics were observed for swelling and drainage between the two subjects,
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with the female CHC possessing lower peak values (1.91 and -0.13) compared to the male MCI subject
(1.92 and -0.49). The level of peak perfusion was reversed, with the female CHC possessing higher
level of perfusion (0.26 mm/s) compared to the male MCI subject (0.14 mm/s).

1088.84
2.4e-05 g G I
2e-5 z d
E
1505 gy
Q
le-5 5 |
=
o]
5e-6 2
(8]
23e-18 |
192 191
150 150

o
8

s
NVU fluid content

-0.49
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Figure 4. A selection of MPET results for the brain‘parenchyma. Specifically, cleaf@acey velocityof the CSF/ISF
compartment), perfusion (Darcy velocitf the capillary eompartment) and the fluid content of the neurovasautafau
positive value indicates swelling, and a negative value indicates drainageCdesojl section of the brain at the level of
the hippocampus for a 75-year-old male MClssubject. (d-f) Cosmwlon of the brain at the level of the hippocampus for
a 69-year-old female CHC subject. (g) An axial slice of the braingffle@HC subject), with the intracranial pressure (pore
pressure of the CSF/ISF compartment)“Solution filed in the parenchyma ouwglaipp Darcy velocity vectors of the
capillary compartment. (h) The intracranial pressure solution field ovenigputh the Darcy velocity of the CSF/ISF
compartment (female CHC subject). Themmagnitude of the vedsrbden doubled to improve visibility. All results are
acquired during a period of high-activity:

Blood flow rates in theslCAg-and VA for males and females (both CHC and MCI) during both high
and low activity were-normally distributed, as assessed by Shapiro-Wilk's test (p > 0.0%dses)!

[68]. There were outliers in the ICA and VA based data for females diagnosed with MCI during the
period of low activity, as assessed by inspection of a boxplot. There was homogeneity of variances (p
> 0.05) for(ICAx(HA), ICAR(LA), ICAL(HA), ICAL(LA), VA(HA) and VA(LA) as assessed by
Levene's testmMauchly's test of sphericity is not violated as there are only two levels of the within-
subjects factor (high and low activity) and, therefore, there is only one paired difference. For the right
ICA, the three-way interaction between gender, cognitive status and activity was not statistically
significant, F(1, 31) = 0.147, p = 0.704, partjak 0.005. Similarly, for the left ICA this was F(1, 31)
=0.391, p = 0.536, partigf = 0.012, and for the VA this was F(1, 31) = 0.26% (p609, partial n?

= 0.009. All two-way interactions were not statistically significant (p > 0.05). For the four groups
considered, the mean CBF and standard deviation of the mean are listed in the following table and
approximated to 1 decimal place.
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Table 3: Mean CBF and parenchymal tissue volume (with the standard deviatioa wleansby) for the four groups in
addition to the overall CHC and MCI cohorts. High activity is indicated byedd, whilst low activity by the blue cells.

CHC-M +F Brain
[ml/min] Volume [ml]
ICAL | ICAR | VA ICAL | ICAR | VA

0 559.7| 571.2| 1414 331.0| 338.9| 83.7 1132.6
SDu | 138.3| 120.4| 30.6 87.9 | 72.8 | 18.7 105.1
CHC - M [ml/min]
n 540.6 | 539.8 | 135.1 320.8| 314.1| 79.4 1154
SDu | 164.2| 157.0| 39.2 103.0| 93.0 | 24.0 144.7
CHC - F [ml/min]
u 572.4| 592.1| 145.6 337.8| 355.4| 86.7 1117.7
SDu | 116.2| 815 | 22.3 754 | 48.8 | 135 62.4

MCI [ml/min] -M +F
0 492.5| 521.0| 126.7 300.4| 321.4| 77.7 1066.8
SDu | 131.6| 115.0| 29.5 86.7 | 70.3 | 18.2 109.2
MCI - M [ml/min]
0 519.1| 532.2| 1314 326.2| 326.8| 81.6 1106.7
SDu | 154.4| 112.1| 32.0 103.7| 62.5 | 20.0 38.7

MCI - F [ml/min]
u 462.1| 508.3| 121.3 270.8| 315.1| 73.2 1021.2
SDup | 90.0 | 117.0| 25.2 465 | 77.8 | 147 102.6

As can be seen from Table 3, there peak flow rates that,are ealculated from the gersoredibral
blood flow waveform pipeline are lower during low activity for the left and right ICA, and VA. It can
be observed that grouped (both males and females) CHC ‘subjects possess higher flow rates than th
grouped MCI subjects. The stratified results (with respeet to gender) indicate that female CHS subjec
possessed on average higher flow rates for the left ICA, right ICA, and VA compared to the male CHC
cohort, whilst for the MCI subjects, this trend was .reversed (MCI males possessed higher flow rates).
For all gender specific groups, the flow rates were higher during high activity compared to those
recorded during low activity. The parenchymal brain volume (including the cerebral ventricles) for
each group is also given in the last columm of Table 3, for reference.

A Kruskal-Wallis H-test wasiconducted to determine if there were differences in swelling and
drainage in the hippocampus ofithe brain between the four yC88GC-, MClu and MCE) groups,
during two levels of activity (high and low). Distributions (see Figure 5) of swelling wesamitear
for all groups, whilst the"distributions of drainage were similar for all groups. Subsequently, a
Wilcoxon Signed RanK Test determined whether there was any statistically significant median
decrease in swelling’and,drainage in the hippocampus when subjects of the four groups lowered their
activity level. Thesesults for the Kruskal-Wallis H-test is given in Table 4.
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Figure 5. Traditional box and whisker plots (median &, 75" percentile) for NVU swelling and drainage (stratified
with respect to combined groups (males and females) and individually);amittiata points laid over a 1.96 SEM (95%
confidence interval) in orange and a 1 SD in blue. Means are also shittwanvworange circle. Raw data are dispersed

NVU swelling in the Hippocampus (Groups)

NVU drainage in the Hippocampus (Groups)

along the x-direction for clarity. Square black boxes indicate outliers
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Table 4. Kruskal-Wallis H-Test for NVU swelling and drainage in the hippocamphs.t&st statistic is reported (to an
accuracy of two decimal places) as the value of thaqhired (%) statistic, with 3 degrees of freedom. Distributions of
NVU swelling and drainage were not similar for all groups, as assessed alingnection of a boxplot. Values are mean
ranks unless otherwise stated. Where the Kruskal-Wallis H-test is statisticaificaigt (p < 0.05), pairwise comparisons
were performed using Dunn's procedure with a Bonferroni correfdiomultiple comparisons. Adjusted p-values are
presented in the post hoc columns. Mean ranks are given in brackedsappespriate. HIPP = Hippocampus, Subscripts:
S = swelling, D = drainage, M = male, F = female.

Right Hemisphere Left Hemisphere

HA LA HA LA
X2 ‘ P ‘ post hoc X2 ‘ P ‘ post hoc ) ‘ P X2 ‘ P
HIPP; 8.929  0.030 R0 g 2638 8.929  0.030 R0 a6 0.789  0.852 (0789 0.852
HIPP, 3319 0.345 3319 0.345 2.369 , (0499 ), 2.369) 0.499

In the right hippocampus, the level of NVU swelling was statistically significantly different between
the categories of cognitive status and gender during the period of highsand low,aé(@)ty 8.929,
p = 0.030 (for both activity states). Subsequently, pairwise comparisons were performed using Dunn's
[49] procedure with a Bonferroni correction for multiple comparisens [50]. The post hoc analysis
revealed statistically significant differences in NVU swelling,between CHC males (11.19) and MCI
females (26.36) (p 0.025) during both activity states, but'not between any other group combination.
Drainage of the NVU was lower in CHC males (-0.41)than CHC females (-0.86), and higher in MCI
females (-0.79) than MCI males (-0.4) during both /activity states, but the differences were not
statistically significanty?(3) = 3.319, p= 0.345 (for both activity states).
In the left hemisphere, there were differences.in the’degree of swelling and drainage between the four
groups, but these were not statistically significant.

When conducting a Wilcoxon Signed Rank Test, it was observed that when comparing the four
groups during high and low activity, there were differences in the degree of swelling and dizumhage
that these differences were not statistically significant.

4. DISCUSSION

In the work presented here, various advancements have been made in refining the integrity of the
qualitative representation offluid accumulation and drainage and applying it to the level of the BBB.
Firstly, the consolidated. pipeline has been applied to a cohort of 35 subjects (20 CHC, 15 MCI), and
MPET results are statistically analysed at a region-specific level, namely the hippocampus. Secondly,
it was hypothesized‘that physical activity would have an influence in both swelling and drainage.

In Table 1 (specifically, the fluid content relationship), the term represents the amount of
bloodw(which'is also exchanging fluid with the cerebrospinal/interstitial figde Figure 2) that can
be injected into a fixed material volume (in this case, the parenchymal tissue), whilsVthe term

(the Biot-Willis constanta, is deemed to reflect mechanical compliance )[16la measure of the
amount of blood that can be squeezed out of the same volume of parenchymal tissue. Importantly, this
second term reveals the importance of the scaled (with respect to the Biot-Willis coefficient) strain
field within the parenchymal tissue, and the role this plays in determining whether the overall effect
of the fluid content is either positive or negative as it is possesses a larger magnitude in the simulations
conducted in this work. Of course, this is also dependent on the boundary conditions attributed to pore
pressure in the capillary compartment, as in the simulations conducted here, the range in pore pressure
was approximately 2.4-2.5 kPa. Enforcing a large pressure on the boundaries would translate into a
larger quantity of fluid that can be injected into the fixed parenchymal volume, which would therefo
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dampen the influence of the scaled strain, and in the process determining the propensity of the fluid
content. It is worth noting that a balance should be struck when determining the optimal course of
action here, as being able to account for the influence of the surface concavity (and thieeefore
accumulation of strain) is beneficial in assessing the macroscopic effects of not only the geometry
under consideration (as in the case of the cerebral ventricles), but also the cumulative effect of the
imposed boundary conditions on the remaining compartments and the intercompartmental fluxes.

In Figure 5, the effect of incorporating physical activity are negligible. This rasfist sight
seems unexpected, as the variation in CBF between activity states (see Table 3) that is dpplied as
arterial boundary conditions to the MPET model (and essentially drives the MPET system) shows a
clear reduction during the period of low activity. The value of the constrained specific storage
coefficient for the capillary compartment underestimates the contribution of the pereypressure in this
compartment and allows the strain field to play a dominant role in determining.the resultant fluid
content. It is important to note here that the constant strain cross-storage effeets relating to the other
three compartments are also not incorporated in this formulation, as the usefulness-‘of their inclusion
in our model is debatable [p2An additional limitation is that the current®quadruple-MPET model
conflates all the fluid outside the vascular tree (CSF and ISF) into a single compartment. This negates
the important effects of the paravascular/perivascular spaces, glial cells and the overarching influenc
of the glymphatic system, which are known to play an impertant_rolBBB breakdown and
dysfunction [60,69]. The current MPET model has been recently extended to six compartments (in a
simplified, spherically symmetric 1D formulation) and hesixed the assumption of quasi-steady
behaviour [70] in order to account for both agueductal stenosis'during acute hydrocephalus in addition
to providing insight into oedema formation [71]. In future.work, the 3D extensittrstdiscretization
template will be implemented within the consolidated pipeline described in this work.

From figure 4, both swelling and drainage 1s,asymmetric in nature, as the distribution of the
results varies between the left and right portion of the hippocampus. The mean swelling in the NVU
is higher in the MCI subjects (also considering the stratified results with respect to gender), which can
be postulated to signify the highersprobability of BBB breakdown or dysregulation within the
representative elementary volume of/parenchymal tissue that the MPET system covers.

The biomarker defined by the\fluid content in the capillary compartment can be deemed to
qualitatively describe the physialogical cascade of events that evolve due to NVU malfunction in a
variety of pathological processesiindoth acute (such as traumatic brain injury) and chronic conditions
(such as AD [53-54]), as.these are characterised by an inflammatory response, degradation of the
extracellular matrix and less of permeability and selectivity of the BBB [55]. More sdigifiwithin
the brain tissue, BBB«breakdown leads to the perivascular accumulation of blood-derived neurotic
products which ultimately leads to neuronal injury, cell death and inflammatory response [56], and
albumin which contributes to oedema formation (which can be captured by a positive fluid content in
the CSF/ISF compartment of the MPET model), hypoperfusion and tissue hypoxia [57]. Detachment,
degeneration and loss of pericytes (see figure 2) also leads to BBB breakdown [58]. As opposed to
BBBbreakdown, a dysregulated BBB effetiiskey mechanisms behind A} homeostasis in the brain
[59] and eam-lead to inefficient drainage along the perivascular route which is signified by AB
accumulating in the space between the astrocytic end-feet and the blood vessel walls (perivascular
space-see figure 2) [60]. It has been noted in previous work by the same authors that when considering
the CSF/ISF compartment, the fluid content was here used to describe periventricular lucency, and in
doing so, conceptual links could be made with the swelling activated components of the parenchymal
tissue microstructure [40,61].

There is evidence to suggest that a disruption to the BBB comproAfiselearance at the level
of the NVU, which is postulated to result in a cycle betw&praccumulation and BBB dysfunction
during AD progression [62Ap has been deemed a likely candidate in the disruption of tight junctions
in endothelial cells, which ultimately perturbs the ability of the endothelial cells to function as an
effective barrier. In the results presented for NVU swelling in the hippocampus, the mean swelling in
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the left and right portions of the hippocampus are lower for CHC subjects when compared to MCI
subjects (1.94 and 1.86 compared to 1.95 and 1.95). The level of drainage in the NVU is asymmetri
between the two sets of subjects, as the left hippocampal portion portrayed more pronounced mean
drainage (-0.22 for CHCs compared to -0.42 for MCIs) compared to the right portion (-0.63 for CHCs
compared to -0.58 for MCIs). When stratifying the results with respect to gender, male aiel fem
CHC subjects displayed lower degrees of swelling and drainage in both hippocampal portions
compared to male and female MCI subjects. Further analysis revealed statistically significant
differences in NVU swelling between CHC males (11.19) and MCI females (26.36) (p = 0.025) during
both activity states for the right hemisphere.

5. CONCLUSIONS

This paper describes a three-dimensional multicompartmental poroelasticity, model for perfused
parenchymal tissue coupled with an automated image-based model personalization workflow, and a
subject-specific blood flow variability model. This unified pipeline is used on acohort of 35 subjects
(stratified with respect to gender and disease status) to provide insight,(statistically analysis) into the
underlying mechanisms of the neurovascular unit (NVU) in the hippeeampal region of the brain, and
to ascertain whether physical activity would have an influence in‘both swelling and drainagedy

into account the scaled strain field and the proportion of perfased blood injected into the brain tissue.
A key result garnered from his study is the statistically significant differences in hippocampal (the
right portion) NVU swelling between CHC males and MClifemales during both activity states.

In future work, revised estimates for the constrained specific storage coefficients need to be
established, as these allow for the percolationyof fluid between networks to be more accurately
captured. It has been postulated that systemic hypertension causes stiffening and microvascular
distortion of vessels, increased tortuosity andithickened membranes in arterioles, and is associated with
a reduction of capillary density [63]. The CSF/ISF and capillary compartments can be liskd to
microvascular permeability and overall,cerebral compliance, and therefore provide further insight (via
rule-based remodelling processes whichywill also need to account for white matter changes associated
with AD [65]) into the influence of lifestyle and environmental factors of interest and the extent of
chronic cerebral hypoperfusion (promoting the notion of age-dependent vascular compliance [66]).
Finally, tortuosity may be better served by more intricate models (as @ppd3ercy’s law) of flow

in porous media (such as the Blake-Kozeny-Carman (BKC) model [64] for a packed bed).
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