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The cerebral environment is a complex system consisting of parenchymal tissue and multiple fluids. Dementia is
a common class of neurodegenerative diseases, caused by structural damages and functional deficits in the ce-
rebral environment. In order to better understand the pathology of dementia from a cerebral fluid transport angle
and provide clearer evidence that could help differentiate between dementia subtypes, such as Alzheimer’s
disease and vascular dementia, we conducted fluid-structure interaction modelling of the brain using a multiple-
network poroelasticity model, which considers both neuropathological and cerebrovascular factors. The pa-
renchyma was further subdivided and labelled into parcellations to obtain more localised and detailed data. The
numerical results were converted to computed functional images by an in-house workflow. Different cerebral
blood flow (CBF) and cerebrospinal fluid (CSF) clearance abnormalities were identified in the modelling results,
when comparing Alzheimer’s disease and vascular dementia. This paper presents our preliminary results as a

proof of concept for a novel clinical diagnostic tool, and paves the way for a larger clinical study.

1. Introduction

Alzheimer’s disease (AD) and vascular dementia (VaD) are two
common subtypes of dementia (Di Marco et al., 2014; Dsm et al., 2000).
AD is mainly characterised by the accumulation of toxic extracellular
beta-amyloid (AB) and hyperphosphorylated tau (Bateman et al., 2012;
Jack et al., 2013; Lorenzo et al., 2000), whereas the pathology of VaD
suggests impaired cerebral vasculature/perfusion (Braun and Iliff, 2020;
Kapasi and Schneider, 2016). Recent research has proposed a cerebro-
vascular hypothesis for AD as well (Canobbio et al., 2015; Janota et al.,
2016; Vardakis et al., 2019), which implied that hemodynamic distur-
bances and neurodegeneration acted in a coupled manner (Ashby et al.,
2012; Liu et al., 2018; Sabayan et al., 2012; Torre, 2004). Thus, there
may be coupling of impaired cerebral blood flow (CBF) and reduced
cerebrospinal fluid (CSF) clearance (Iliff et al., 2012; Lee et al., 2020;
Simon and Iliff, 2016; Zhang et al., 2012). Meanwhile, previously pure
VaD was believed to only refer to infarction and white matter lesions
(Goujon et al., 2018; Kalaria, 2002). However, more recent publications
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have identified that some cortical functions of VaD patients gradually
deteriorate over time due to neurovascular coupling (Donahue et al.,
2017; Kim et al., 2020; Lecrux et al., 2019; Marina et al., 2020). These
overlapping clinical characteristics make the differentiation between AD
and VaD not always accurate.

It is difficult to obtain dementia biomarkers directly measured in vivo
(Bateman et al., 2006). Neuroimaging techniques play an important role
in the diagnosis of dementia (Bateman et al., 2006; Clark et al., 2017;
Yan et al., 2018; Zhang et al., 2017). Although amyloid markers can be
acquired early to diagnose AD, sensitive and reliable clinical biomarkers
are still lacking (Jiang et al., 2017). In this respect, numerical modelling
can provide novel tools to help understand mixed pathology, identify
targets for intervention, and determine the interaction between VaD and
AD pathologies. In this paper, we present the preliminary results of
integrating a fluid-structure interaction model — the multiple-network
poroelastic theory (MPET) (Guo et al., 2020; Tully and Ventikos,
2011; Vardakis et al., 2013), into a computational modelling platform to
investigate dementia subtypes. This computational model has been
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Fig. 1. The workflow of creating the brain model.
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Fig. 2. The ventricular system in the reconstructed brain models of the three subjects. (1) FH, frontal horn; (2) MF, Monro foramen; (3) VB, ventricular body; (4) VT,
ventricular trigone; (5) TH, temporal horn / IH, inferior horn; (6) OH, occipital horn / PH, posterior horn; (7) THV, third ventricle; (8) IA, interthalamic adhesion; (9)

CA, cerebral aqueduct; (10) FV, fourth ventricle.

validated in a previous study of stroke (Guo et al., 2019).
2. Methodology

2.1. Subject recruitment and data collection

Two patients admitted to Beijing Tiantan Hospital (Beijing, China),
presenting with onset of VaD or AD were randomly brought into this
study. The diagnosis of the AD patient (female, 62 years old) was
confirmed by an amyloid-PET (Positron Emission Tomography) scan
and the VaD patient (female, 69 years old) had an ischemic stroke before
onset of dementia. A healthy control (HC) subject without dementia
(female, 72 years old) was also recruited to provide baseline data for
comparison. All of the subjects gave informed consent, and the study
was approved by the Institutional Review Board of Beijing Tiantan
Hospital Affiliated to Capital Medical University in China. The detailed
parameters for data collection can be found in the Supplementary
Material.

2.2. MRI post-processing

Segmentation and reconstruction of the brain model were performed
following the workflow shown in Fig. 1. Freesurfer (Fischl et al., 2004)
was used to automatically segment the brain geometries from T1w im-
ages. The ventricular geometries (Fig. 2) are highly subject-specific in
patients with neurovascular abnormalities; for example, clear atrophy

can be seen in the AD patient — the brain parenchyma volumes of the
VaD and AD patients are 945.54 ml and 942.82 ml, respectively,
compared with 1149.92 ml of the healthy control. Thus, we further
performed manual segmentation based on CSF images using an
embedded T1 segmentation module in the SPM12 toolbox (Penny et al.,
2007). We then discretised the brain model into a computational mesh
using ANSYS (ANSYS, Inc., Canonsburg, USA). The mesh resolution used
has been shown to satisfy strict grid convergence criteria (Guo et al.,
2018).

We further divided the brain into ten regions (Fig. 3) to obtain
region-specific results in post-processing. Due to the different mechan-
ical responses between the white matter (WM) and the grey matter
(GM), we calculated fractional anisotropy (FA) values from DTI (Diffu-
sion Tensor Imaging) images using a standard FSL (the FMRIB Software
Library) routine, and then mapped the FA values to each tetrahedral
element as an index to determine whether the element belongs to WM or
GM (Li et al., 2022). More specifically, we calculated the centroid of
each tetrahedral element in the mesh space and assigned the FA value
from the voxel that contains this centroid. The DTI-based optimisation
worked better in the simulations compared with reconstruction purely
using structural description based on T1w images.

2.3. MPET model and computed functional images

The complete description of the multiple-network poroelastic theory
(MPET) was given in previous publications (Guo et al., 2020; Tully and
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Fig. 3. Ten regional labels in the computational domain.

Table 1
Global means of CBF and CSF clearance rate from MPET simulations.

Subject mean CBF (ml/100 g/min) mean GSF clearance rate (10~ m/s)
VaD 23.497 2.178
AD 12.160 2.318
HC 21.575 2.549

Ventikos, 2009; Tully and Ventikos, 2011). By coupling Darcy flow and
elastic deformation, the MPET model assumes the brain as porous tissue
perfused by four “types” of fluids — the arterial blood, the arteriole/
capillary blood, the venous blood and the CSF/ISF. Filtration velocities
(represented by Darcy velocities) of the arteriole/capillary and the CSF/
ISF compartments are assumed to represent cerebral blood perfusion
and CSF clearance, respectively, which are the main variables investi-
gated in this paper. Due to the lack of patient-specific data, we used
previous data (Guo et al., 2019) for the arterial compartment; the other
boundary conditions and parameters are mainly derived from literature
(details given in Guo et al., 2020). This MPET formulation is cast in an
in-house 3D transient finite element model.

Furthermore, we developed an in-house MATLAB script to process
the numerical results to obtain regional data for each anatomical par-
cellation. In the data projection, the values of variables of interest in
each voxel are calculated as the average of the nodal values in the
tetrahedral mesh within this voxel. Therefore, the numerical results can
be visualised as standard images, which are called MPET-Perfusion and

MPET-Clearance modalities. Then, the computed functional images are
registered to a standard brain template, such as AAL 3 (automated
anatomical labelling atlas 3, https://www.oxcns.org/aal3.html) (Rolls
et al., 2020).

2.4. Workflow to identify potential abnormal parcellations

In order to quantify the hydromechanical differences between the
VaD and AD patients, we further processed the CBF and CSF clearance
rate data following the steps listed below, to identify potential abnormal
parcellations (Fig. 1 in the Supplementary Material):

1. Calculate the differences (including the regional mean D; and the
global mean Djeqy) of the two variables of interest — CBF and CSF
clearance rate, between HC and VaD/AD subjects, respectively.

2. Compare the absolute value of each regional difference with the
absolute value of the global mean difference and label the parcella-
tions where the magnitude of the regional difference is greater than
the global mean difference as potential abnormal parcellations
(dataset a for CBF and dataset ¢ for CSF clearance rate).

3. Determine whether the regional difference shows the same sign as
the global mean difference and label the parcellations with opposite
signs (dataset b for CBF and dataset d for CSF clearance rate).

4. Find symmetrically distributed (both in the left and right hemi-
spheres) parcellations to create sub-datasets as, bs, cs, ds, and calcu-
late the intersection of sub-datasets a; and c;. The majority of
previous studies mainly focused on lesions induced by unilateral
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Fig. 4. Voxel-based MPET-Perfusion (a) and MPET-Clearance (b) images of the healthy control, VaD and AD patients.

vascular pathology (Ding et al., 2016; Mitelpunkt et al., 2020; Van
et al., 2018). Here we expand our focus to find parcellations that are
abnormal both in the left and right hemispheres.

3. Results
3.1. Global flow dynamics

The numerical results show normal values of global CSF pressure,
which represents intracranial pressure, in all of the three subjects.
However, abnormalities were found in the global mean values of CBF
and CSF clearance rate in the VaD and AD patients (Table 1); both show
reduced CSF clearance rate compared with that of the healthy control
(Ray et al., 2019). Moreover, although the VaD patient shows similar
CBF level as the healthy control (Fahlstrm et al., 2021; Henriksen et al.,
2012; Lassen, 1985; Rostrup et al., 2005; Zhang et al., 2014), the AD
patient shows a substantial decline.

3.2. Regional flow dynamics

Previous research showed high frequency of small cortical or
subcortical lesions in specific brain structures of dementia patients
(Fyfe, 2017; Knopman et al., 2021; Mitelpunkt et al., 2020; Sabayan
et al., 2012). Therefore, we mapped MPET modelling results back to the
voxel space and generated MPET-Perfusion and MPET-Clearance images
to compare the regional data (Fig. 4).

The complete data of all the 166 parcellations can be found in Table 1
of the Supplementary Material. The potential abnormal parcellations in
the VaD and AD patients are shown in Fig. 5, which were identified by
applying the workflow listed in Section 2.4 and include the ones with
marked differences in magnitude (datasets a and c¢) and opposite trends
(datasets b and d). The complete data can be found in Table 2 of the
Supplementary Material. We then further identified parcellations with
symmetrical abnormalities in both the left and right hemispheres as sub-
datasets a; and ¢, (Fig. 6), and the intersection a; N ¢, is regarded as
disease-associated regions — 34 and 27 such regions were found in VaD
and AD patients, respectively (Table 2, also highlighted by yellow in
Table 3 of the Supplementary Material).

4. Discussion

It can be seen from Table 2 that the cerebrum has the most different
distributions of disease-associated regions between the VaD and AD
patients. Fluid dynamics abnormalities (intersection of datasets a; N c;)
are concentrated in the parietal lobe of the VaD patient, but they mainly
occur in the frontal lobe of the AD patient. Moreover, the basal ganglia is
also a characteristic region in VaD pathology. VaD patients normally
show motor retardation and response delay, which are related to the
functional integrity of the sensory cortex and motor cortex; the areas
where abnormal fluid dynamics are observed in the VaD patient (e.g. the
superior parietal gyrus, inferior parietal gyrus, caudate nucleus and
putamen) coincide with the parietal lobe and the basal ganglia.
Although both the VaD and AD patients show abnormalities in the
limbic system, only the AD patient shows differences in para-
hippocampus and temporal pole. These characteristics may imply brain
parenchymal lesions in the adjacent regions, such as the hippocampus
and temporal lobe, during the onset of AD (Livingston et al., 2020),
which coincide with areas where disease biomarkers (e.g. atrophy) are
observed. This is also consistent with other work, which found signifi-
cantly lower CBF values in the AD group in most frontal and temporal
lobes when comparing with VaD patients (Zimny et al., 2007), and the
temporal lobes are the most severely affected regions (Buffington et al.,
2013; Roman and Pascual, 2012; Zimny et al., 2007). Abnormal par-
cellations in the cerebellum, thalamus and brainstem look less different
between the VaD and AD patients than in the cerebrum, which may
mean disturbances spread from the cerebrum of both VaD and AD pa-
tients into the cerebellum, thalamus and brainstem (Kapasi and
Schneider, 2016).

Vascular lesions in the WM are also important in VaD and also
contribute to AD. However, the standard template AAL3 does not pro-
vide detailed WM parcellations. Therefore, we calculated the CBF and
CSF clearance rate in the entire WM of the cerebrum and cerebellum,
respectively (Table 3). Three main findings can be summarised here.
Firstly, the mean CBF in WM distribute asymmetrically between the left
and right cerebral hemispheres in both VaD and AD patients. In addi-
tion, all of the WM regions of the AD patient show reduced blood flow.
Secondly, CSF clearance rates are relatively low in both VaD and AD
patients except the cerebrum of the AD patient. Thirdly, the lowest CSF
clearance rate in Table 3 appears to be in the left cerebral hemisphere of
the VaD patient, whereas the CBF is the highest, which may mean that
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Fig. 5. Visualisation of potential abnormal parcellations (datasets a and c) in the VaD and AD patients viewed in three orthogonal directions, respectively. Regarding
the VaD patient, 108 out of the 166 parcellations were found as regions with abnormal CBF (dataset a) and 109 parcellations with abnormal CSF clearance rate
(dataset c). For the AD patient, CBF abnormalities were found in 92 parcellations (dataset a) and abnormal CSF clearance rates in 99 parcellations (dataset c).

the vascular damage causes fluid transport impairment in the down-
stream to the CSF.

The computed functional images (MPET-Perfusion and MPET-
Clearance) created by the new workflow can be processed as any stan-
dard imaging modality, which makes it more convenient and versatile
for the wider community. However, the major limitation of the current
work is the small sample size, which only includes one patient of each
disease and one healthy control. Another limitation is the results are
more qualitative than quantitative, which mainly suggest relative
comparison rather than specific data ranges to differentiate between
dementia subtypes. These preliminary findings should be further
investigated by larger datasets.

5. Conclusions

This paper investigated blood perfusion and CSF clearance rate of
dementia subtypes by computational modelling. Our preliminary results
show abnormalities in the temporal lobes and adjacent regions of Alz-
heimer’s disease and the frontal lobes of pure vascular dementia,
respectively. This paper presents the proof of concept for a novel clinical
diagnostic tool.
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Table 2
Parcellations identified as disease-associated regions.
VaD AD
Cerebrum parietal lobe (postcentral gyrus, superior parietal gyrus and inferior parietal gyrus), the frontal lobe (olfactory cortex), the limbic system (temporal pole, anterior
limbic system (cingulum gyrus and amygdala) and basal ganglia (caudate nucleus and cingulate subgenual cortex, parahippocampal gyrus and amygdala)
putamen)
Cerebellum  lobe (semilunar lobule) and vermis (lingula and central lobule) lobe (flocculus) and vermis (lingula, central lobule and nodule)
Thalamus lateral posterior and geniculate reuniens
Brainstem locus coeruleus and raphe nucleus substantia nigra pars compacta, red nucleus, locus coeruleus and raphe

nucleus
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Fig. 6. (a) Parcellations with symmetrical abnormal CBF (dataset a;) in the cerebrums of the VaD and AD patients. Almost all of the regions show low perfusion in the
AD patient, whereas the VaD patient only exhibits local high or low perfusion within the parcellations. (b) Parcellations with symmetrical abnormal CSF clearance
rate (dataset c,) in the cerebrums of the VaD and AD patients. Similar to the CBF results, the VaD patient shows local lesions with very high clearance rate.
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Table 3
Means of CBF and CSF clearance rate in WM.
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Subject mean CBF (ml/100 g/min) mean CSF clearance rate (10~ m/s)

Cerebrum Cerebellum Cerebrum Cerebellum

L R L L R L R
VaD 19.015 15.000 9.672 8.384 1.767 1.878 2.438 2.292
AD 9.763 6.590 6.691 5.328 2.803 2.457 2.227 2.136
HC 15.350 14.322 10.523 8.924 2.268 2.175 3.219 2.997
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