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A B S T R A C T

Cerebral perfusion modelling is a promising tool to predict the impact of acute ischaemic stroke treatments
on the spatial distribution of cerebral blood flow (CBF) in the human brain. To estimate treatment efficacy
based on CBF, perfusion simulations need to become suitable for group-level investigations and thus account
for physiological variability between individuals. However, computational perfusion modelling to date has
been restricted to a few patient-specific cases. This study set out to establish automated parameter inference
for perfusion modelling based on neuroimaging data and thus enable CBF simulations of groups. Magnetic
resonance imaging (MRI) data from 75 healthy senior adults were utilised. Brain geometries were computed
from healthy reference subjects’ T1-weighted MRI. Haemodynamic model parameters were determined from
spatial CBF maps measured by arterial spin labelling (ASL) perfusion MRI. Thereafter, perfusion simulations
were conducted in 75 healthy cases followed by 150 acute ischaemic stroke cases representing an occlusion
and CBF cessation in the left and right middle cerebral arteries. The anatomical fitness of the brain geometries
was evaluated by comparing the simulated grey (GM) and white matter (WM) volumes to measurements in
healthy reference subjects. Strong positive correlations were found in both tissue types (GM: Pearson’s 𝑟 0.74,
𝑃 < 0.001; WM: Pearson’s 𝑟 0.84, 𝑃 < 0.001). Haemodynamic parameter tuning was verified by comparing the
total volumetric blood flow rate to the brain in healthy reference subjects and simulations (Pearson’s 𝑟 0.89,
𝑃 < 0.001). In acute ischaemic stroke cases, the simulated infarct volume using a perfusion-based estimate
was 197 ± 25 ml. Computational predictions were in agreement with anatomical and haemodynamic values
from the literature concerning T1-weighted, T2-weighted, and phase-contrast MRI measurements in healthy
scenarios and acute ischaemic stroke cases. The acute stroke simulations did not capture small infarcts (left
tail of the distribution), which could be explained by neglected compensatory mechanisms, e.g. collaterals.
The proposed parameter inference method provides a foundation for group-level CBF simulations and for in
silico clinical stroke trials which could assist in medical device and drug development.
1. Introduction

Acute ischaemic strokes (AIS) are caused by occlusions of major
cerebral arteries and account for the majority of stroke cases [1,2].
Thrombolysis [2] and thrombectomy [1] revolutionised stroke treat-
ent but more than 60% of patients remain functionally dependent
r die [3,4]. The IN Silico clinical trials for the treatment of acute
schaemic STroke (INSIST) consortium [5,6] set out to improve existing
stroke treatments based on simulations. The proposed computational
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models capture the key processes involved in AIS treatments, such as
clot resolution by a thrombolytic drug [7,8], clot removal with a stent
retriever [9,10], and the development of micro-occlusions due to clot
fragmentation [11]. In AIS, perfusion shortage is the primary driver of
infarct formation associated with irreversible brain tissue and function
loss. Therefore, one of the models proposed in INSIST simulates pre-
treatment and post-treatment spatial perfusion distributions [12,13].
vailable online 30 September 2023
010-4825/© 2023 The Authors. Published by Elsevier Ltd. This is an open access ar

ttps://doi.org/10.1016/j.compbiomed.2023.107543
eceived 7 March 2023; Received in revised form 7 September 2023; Accepted 28
ticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

September 2023

https://extranet.cranfield.ac.uk/locate/,DanaInfo=www.elsevier.com,SSL+compbiomed
https://extranet.cranfield.ac.uk/locate/,DanaInfo=www.elsevier.com+compbiomed
mailto:jozsait@gmail.com
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.compbiomed.2023.107543
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.compbiomed.2023.107543
https://extranet.cranfield.ac.uk/licenses/by/4.0/,DanaInfo=creativecommons.org+


Computers in Biology and Medicine 166 (2023) 107543T.I. Józsa et al.

c
p
h
1

b
s
c
t
h
m
s
p

s
f
w
m
C
m
t
b
(
p

2

t
a
f
a
I
a
m
f
c
s
c
d
c
C
m

2

m
b
T
m
p
d
g

∇

I
d
f

p
v
v
m
o
p

l
[
l
v
p
c

C

q
s

2

s
r

Thereafter, the efficacy of various treatment strategies, such as com-
bined thrombolysis and thrombectomy against sole thrombectomy, can
be estimated based on perfusion modelling. The fundamental assump-
tion is that a large and temporally sustained perfusion drop compared
to a healthy reference state predicts negative patient outcomes [5,6].

Recently developed perfusion models describe microscale arterioles,
apillaries, and venules embedded into the brain parenchyma as cou-
led porous media [12,14]. Similar models with multiple compartments
ave been developed in a more generic poroelastic framework [15,
6]. These models require knowledge of anatomical (geometrical) and
pathophysiological parameters, such as volumetric meshes of recon-
structed brain geometries [17,18], and the permeability of microscale
lood vessels [11,19,20]. The automated inference of such patient-
pecific parameters remains a challenge. For this reason, studies on
omputational perfusion simulations have been limited to less than
hree individuals [12–14,16]. Intervention trials typically incorporate
undreds of individuals to ensure the safety and efficacy of drugs and
edical devices based on population statistics [1]. Therefore, the small
ample size remains a major obstacle to the widespread application of
erfusion simulations.
The present study sets out to overcome the limitation of the small

ample size in perfusion simulations by integrating neuroimaging data
rom a healthy reference cohort. To this end, structural and perfusion-
eighted MRI is utilised. The proposed method uses these clinical
easurements to conduct multiple simulations that result in spatial
BF distributions directly comparable to perfusion-weighted imaging
easurements in healthy reference subjects. This study investigates
he suitability of a parameter inference method to capture variabilities
etween individuals in perfusion simulation. Emphases are placed on
i) GM and WM volumes; (ii) CBF values in GM and WM; and (iii)
erfusion lesion volumes during AIS.

. Theory

This section describes the theoretical aspects of perfusion simula-
ion. A mathematical framework is presented and linked to anatomy
nd physiology through parametrisation (Fig. 1). The employed per-
usion model is a simplified version of previously described two- [14]
nd three-compartment [12,13,15,16] porous haemodynamics models.
n the simpler two-compartment model, parenchymal blood vessels
re categorised as arterioles, capillaries, and venules (Fig. 2). The
icrocirculation is then described as two porous media — accounting
or arteriole and venule vessel networks. This approach relies on lo-
al ‘‘voxel-scale’’ space-averaged variables and macroscale parameters,
uch as the blood pressure and permeability tensors representing the
onductance of descending arteriole and ascending venule vessel bun-
les. The arteriole and venule compartments are then connected by a
oupling term symbolising the ‘‘voxel-scale’’ conductance of capillaries.
onsequently, this approach does not require detailed knowledge of
icroscale blood vessels.

.1. Mathematical formulation

The porous perfusion model utilised in the present study targets AIS
odelling. Therefore, it focuses on the arterial side of the systemic cere-
ral circulation and accounts solely for a single arteriole compartment.
his simplification can be derived directly from a two-compartment
odel [13,14] by assuming constant venule pressure (Fig. 2). Cerebral
erfusion pressure (CPP) defined as the arteriole and venule pressure
ifference is the primary variable, with the spatial CPP distribution
overned by

⋅ (𝑲 ∇CPP) − 𝑐 ⋅ CPP = 0. (1)

n this section, the International System of Units (SI) is used to ease
imensional analysis so that CPP [Pa = kgm−1 s−2]. In Eqs. (1), ∇ is the
irst-order spatial differential operator, Therefore, ∇CPP [kgm−2 s−2]
2

p

Fig. 1. Black box representation of the computational perfusion model listing input
and output data. CBF — cerebral blood flow, GM — grey matter, WM — white matter.

is the gradient of the perfusion pressure. The first term in Eq. (1)
represents fluid flow in arterioles as dictated by CPP and the perme-
ability tensor 𝑲 [m3 s kg−1] characterising descending arterioles shown
in Fig. 2.

Eqs. (1) is an extended version of Darcy’s law describing flow in
orous media with the ratio of permeability [m2] and the dynamic
iscosity [kgm−1 s−1] of the filling fluid. In the case of blood flow,
iscosity depends on the pore size [21], which is not constant in the
icrocirculation. Therefore, these two quantities cannot be separated
n a global level, and thus both of them are incorporated in the
ermeability tensor 𝑲 [19,20].
The second term in Eq. (1) describes local drainage, which is

inearly proportional to the arteriole-venule coupling coefficient, 𝑐
ms kg−1]. The 𝑐 ⋅ CPP [s−1] term quantifies the volume of blood
eaving the arteriole compartment locally in a unit time per given tissue
olume. Divided by the brain tissue density 𝜌 [kgm−3], it provides
erfusion [m3 s−1 kg−1] – a term defined here interchangeably with
erebral blood flow (CBF) – as

BF = 𝑐 ⋅ 𝐶𝑃𝑃
𝜌

. (2)

We assume 𝜌 = 1000 [kgm−3] as estimates based on different measure-
ments lie between 978 [22,23] and 1040 [kgm−3] [24]. The model is
uasi-steady-state and does not include gravity, and thus it describes
hort-term-time-averaged values in a lying individual’s resting state.

.2. Parametrisation

Here, the parametrisation of the applied perfusion model is de-
cribed summarising our previous work [12,13] (see Fig. 1) . To capture
apid perfusion change between grey and white matter, different cou-

ling coefficients are allocated for the corresponding tissue regions
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Fig. 2. Schematic of the microcirculation along a cerebral slice: descending arterioles (red), capillaries (black) and ascending veins (blue) are shown in both grey (GM) and white
atter (WM) (a). The porous cerebral blood flow model relies on the idea of separating these vessels into coexisting arteriole (b), capillary (c), and venule (d) compartments. The
odel utilised in this study has a single arteriole compartment where boundary conditions are prescribed as indicated by the dashed green lines in (b). Capillaries (c) are taken
nto account with coefficients (different in GM and WM) coupling the arterioles (b) to venules represented by constant pressure (d).
Table 1
Haemodynamic parameters of the perfusion simulations considered in this study (mean ± SD). CPP —
cerebral perfusion pressure, 𝑓𝑠 — CPP scaling factor, 𝑐GM and 𝑐WM — grey and white matter coupling
coefficients, 𝑘ref11 — arteriole permeability in a conveniently defined reference coordinate system.

Parameter Value Unit Source

CPPℎ ≈11330 ± 1330 (85 ± 10) Pa (mmHg) Randomised based on [26]
𝑓𝑠 0.92 ± 0.01 – Randomised based on [27]
𝑐GM (8.85 ± 1.84) × 10−7 Pa−1 s−1 From CPPℎ and 𝑓𝑠 based on Eq. (8)
𝑐WM (2.53 ± 0.62) × 10−7 Pa−1 s−1 Optimised
𝑘ref11 0.18 ± 0.06 mm3 s kg−1 Optimised
denoted by 𝑐GM and 𝑐WM, respectively. Thereafter, a reference Cartesian
coordinate system is defined to compute 𝑲 . The first axis of this
reference coordinate system is aligned with the local centreline of
descending arterioles. It is assumed herein that descending arterioles
are connected solely by capillaries and therefore their permeability
tensor in the reference coordinate system is

𝑲ref =
⎡

⎢

⎢

⎣

𝑘ref11 0 0
0 0 0
0 0 0

⎤

⎥

⎥

⎦

. (3)

From here, the anisotropic and heterogeneous 𝑲 tensor field is obtained
by transforming 𝑲ref from the local reference to the global coordinate
ystem as detailed previously [12]. The reference coordinate system
s computed from the brain geometry, assuming that: (i) penetrating
rterioles descend perpendicularly to the cortical surface [25]; and (ii)
rterioles follow the shortest path between the cortical and ventricu-
ar surfaces. Model parameters used in this study are summarised in
able 1.

.3. Geometrical definition and boundary conditions

Eq. (1) is solved over the domain of interest restricted to the brain
tissue denoted by 𝛺, comprised of grey and white matter. The bounding
urfaces (𝜕𝛺) are

1. the ventricular surfaces 𝛤𝑉 ; and
2. the pial surface 𝛤𝑃 ,

so that 𝜕𝛺 = 𝛤𝑉 ∪ 𝛤𝑃 . The boundary region associated with the pial
surface is divided further into eight subregions of the major feeding
arteries using a vascular territory atlas [28]. The surface regions cor-
respond to the left and right anterior, middle and posterior cerebral
arteries (six regions), the cerebellar arteries (1 region), and the perfo-
rating basilar and vertebral arteries perfusing the brain stem (1 region).
This subdivision is necessary to impose boundary conditions for stroke
simulations associated with major cerebral artery occlusion.

The imposed boundary conditions are:

• Blood flow rate through the ventricle surfaces (𝛤𝑉 ) is zero in
every case. Introducing 𝒏 as the outward-pointing normal unit
vector corresponding to the boundary surfaces, this Neumann
type boundary condition reads as
3

𝑲∇CPP ⋅ 𝒏 = 0 on 𝛤𝑉 . (4)
Filtration through the blood-cerebrospinal fluid barrier is ne-
glected but it could be modelled by setting a non-zero value on
the right-hand side of Eq. (4) to represent fluid flux at the choroid
plexus.

• The 𝛤𝑃 boundary treatment distinguishes two different scenarios:

– In healthy cases, constant cerebral perfusion pressure is
prescribed (CPPℎ) [13]:

CPP = CPPℎ on 𝛤𝑃 . (5)

– To model occlusions, blood flow rate through the superficial
perfusion region associated with the occluded vessel is set
to zero while perfusion pressure in other regions is main-
tained. For example, a right middle cerebral artery (R-MCA)
occlusion is captured by

CPP = CPPℎ on 𝛤𝑃 ⧵ 𝛤R-MCA; (6a)

𝑲∇CPP ⋅ 𝒏 = 0 on 𝛤R-MCA. (6b)

Once a boundary region of the brain mesh 𝛤x is defined, the
corresponding volumetric blood flow rate 𝑄x [m3s−1] is computed as

𝑄x = ∫𝛤x
𝑲∇CPP d(𝛤x𝒏), (7)

where the Darcy velocity vector is −𝑲∇CPP so that a positive 𝑄x means
that blood is delivered to the brain. Setting 𝛤x = 𝜕𝛺 results in the total
volumetric blood flow rate to the brain (𝑄𝑡). Furthermore, 𝛤x = 𝛤L-MCA
and 𝛤x = 𝛤R-MCA lead to 𝑄L-MCA and 𝑄R-MCA, respectively. Thereafter,
the representative volumetric blood flow rate of the middle cerebral
arteries is obtained by averaging: 𝑄MCA = 0.5 ⋅ (𝑄L-MCA + 𝑄R-MCA).
Volumetric blood flow rates corresponding to other major cerebral
arteries are obtained similarly.

3. Methods

This section covers how the parameters needed for modelling were
obtained from blood pressure data from the literature [26] and neu-
roimaging data from a healthy reference cohort.

3.1. Participants

Reference data from 𝑁 = 84 healthy control subjects were drawn
from the v500.0 release of the European Prevention of Alzheimer’s
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Dementia (EPAD) study (VUmc site only) [29]. 𝑁 = 5 subjects with
missing age and/or sex information and further 𝑁 = 4 subjects with
missing structural and/or perfusion-weighted imaging data were ex-
cluded. The sample size of the resulting cohort was 𝑁 = 75, age 68 ± 8
years, range 47–86 years, 56% female.

3.2. Image acquisition and processing

Both structural and perfusion-weighted images were obtained with a
single 3T Achieva scanner (Philips Healthcare, Best, The Netherlands).
Structural images were measured using T1-weighted MRI with a spatial
resolution of 1.0 × 1.0 × 1.2 [mm3]. CBF was measured with a pseudo-
continuous ASL (PCASL) MRI sequence with a 2D echo-planar imaging
(EPI) readout and the following parameters: repetition time/echo time
(TR/TE) 4800/10.4 [ms], labelling duration 1650 [ms], voxel size 3.44×
3.44×4.50 [mm3] with 36 slices without a slice gap, and 30 control-label
pairs. Post-labelling delay ranged between 2025 [ms] for the first slice
and 3310 [ms] for the last slice. Two background suppression pulses
were applied at 1710 and 3142 [ms] after the start of the labelling. A
separate calibration M0 scan was acquired with the same acquisition
protocol, but without background suppression or labelling, and with a
TR of 10 [s].

Neuroimaging data were processed using the open-source Explore-
ASL toolbox (www.github.com/ExploreASL) with default settings [30].
In short, T1-weighted images were segmented using CAT12 [31] to
obtain probability maps of grey matter, white matter, and cerebrospinal
fluid, and to spatially normalise to the Montreal Neurological Institute
(MNI) template of the IXI555 cohort [31,32]. The processing of ASL
perfusion images included motion correction, motion outlier detec-
tion, and registration of the control-label difference perfusion-weighted
maps to the segmented grey matter images using an affine registration.
Partial volume correction was carried out based on the segmented GM
and WM maps [33]. CBF was quantified using a single-compartment
model [34]. Quality control steps included removal of subjects with
large motion artefacts, failed labelling, and large macrovascular arte-
facts due to delayed label arrival. Quality of the ASL-T1 and T1-MNI
registrations and motion correction was checked and performed again
in case of a failure.

3.3. Parameter inference for computational modelling

The cerebral perfusion model is defined by a set of input parameters
required to solve Eq. (1) subject to the boundary condition Eqs. (4)–(6)
as summarised in Fig. 1. The proposed automated parameter inference
method integrates clinical data to set up simulations accordingly, as
depicted in Fig. 3.

Currently, not every model parameter can be obtained in a patient-
specific manner. Some of the necessary perfusion model parameters
are available directly from clinical data (e.g., brain geometry). Other
parameters are (i) inferred indirectly from spatial perfusion maps [29]
(arteriole permeability); (ii) obtained based on population statistics
(e.g., blood pressure [26]), or (iii) inferred from pre-clinical measure-
ments (e.g., grey matter coupling coefficient) [12]. For this reason, the
perfusion model is not designed to mirror the properties of a specific
individual at this stage. Instead, multiple models are introduced to be
representative of the members of a patient cohort.

Parameter inference is divided into two sub-problems as shown in
Fig. 3:

(1) Obtaining a tetrahedral volume mesh of the brain geometry with
labelled volume and surface regions as detailed in Section 3.4;

(2) Inferring physiological parameters including the grey and white
matter coupling coefficients (𝑐GM and 𝑐WM) and the arteriole

ref
4

permeability (𝑘11 ) explained in Section 3.5.
3.4. Anatomically accurate brain geometry preparation

Perfusion simulations require a volumetric brain mesh with each
tetrahedron labelled either as GM or WM. Quasi-patient-specific geome-
tries are obtained by first creating a general mesh template in standard
space and then an affine registration of this template to the tissue mask
of each specific subject. This approach avoids time-consuming and
frail patient-specific geometry reconstruction [35]. A mesh template is
prepared from the averaged T1-weighted MNI template of the IXI555
cohort [31,32], see Fig. 4(a–c).

Here, we utilise and adjust the head reconstruction algorithm im-
plemented in SimNIBS [36] relying on the following steps: (i) segmen-
tation using the Computational Anatomy Toolbox (CAT) [31,37]; (ii)
surface reconstruction; (iii) volume mesh generation. First, the MNI
template is segmented including GM, WM, and cerebrospinal fluid
(CSF) masks, see Fig. 4(d–f). These masks have several limitations orig-
inating from (i) the smooth population-average image and MRI image
resolution constrains, and (ii) the assumptions and simplifications in
the segmentation and meshing algorithms:

A The left and right hemispheres are not well-separated;
B Connectivity between the ventricles and the subarachnoid space
is inaccurate;

C Connectivity between the lateral and third ventricles, and the
surrounding tissue is inaccurate;

D Connectivity between the third and fourth ventricles is inaccu-
rate;

E Connectivity of tissue and CSF spaces is inaccurate (i.e. there is
no direct connection between WM and CSF regions).

Limitations A-D are addressed after segmentation by employing
standard image processing algorithms and manual amendments. The
mask of the ventricles is altered manually based on the original seg-
mentation and the T1-weighted template to incorporate the lateral,
third and fourth ventricles in a single coherent region. Furthermore,
the overall tissue mask is eroded to ensure that anatomical domains are
well-separated. Ventricles are separated deliberately from the subarach-
noid space to ease the imposition of boundary conditions. Fig. 4(g–i)
depict the resulting adjusted segmentation.

The default SimNIBS segmentation and the corresponding mesh
(referred to as Mesh A) are shown in Figs. 4(d–i) and 5(a–b), respec-
tively. The mesh generation algorithm in SimNIBS relies strongly on a
non-anatomical tissue layering assumption. Accordingly, the CSF layer
is followed strictly by a GM and then a WM layer as indicated by
the E1 and E2 annotations in Fig. 4(d–i). This final issue has to be
corrected by post-processing the mesh corresponding to the adjusted
segmentation shown in Fig. 4(g–i). Consequently, tetrahedral GM el-
ements are relabelled in the vicinity of the ventricles and the brain
stem based on the original CAT [31,37] segmentation registered to
the mesh. Furthermore, tetrahedral WM elements are relabelled in the
vicinity of the cortical surface to ensure that the corresponding GM
thickness is at least ≈ 2 [mm] [38]. (A similar relabelling routine
has been implemented previously in the Brain2Mesh toolbox [18] to
address similar issues.) The resulting mesh is shown in Fig. 5(d–f) and
is referred to as Mesh B. The overall fitness of Mesh A (SimNIBS default)
and Mesh B was evaluated based on GM and WM anatomy and volume
ratios compared to the T1-weighted MRI measurements of the EPAD
cohort.

The next step is to generate a voxelised mesh template. Voxelisation
is carried out using a ray intersection method [39]. Thereafter, the
patient-specific T1-weighted MRI scan is segmented with CAT12 [31,
37] to obtain a binary tissue mask by thresholding GM and WM proba-
bility maps at 0.5. It is worth acknowledging that a higher threshold
would result in a smaller total brain volume [40]. A threshold of
0.5 was selected a priori because the patient-specific tissue mask is

used to register the voxelised mesh mask which does not account for

https://extranet.cranfield.ac.uk/,DanaInfo=www.github.com+ExploreASL
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Fig. 3. Schematic drawing showing how clinical data is used to provide input for the computational perfusion model. Solid boxes: primary derivatives of clinical data; dash-dotted
box: computational perfusion model; dotted boxes: quasi-patient-specific brain mesh generation; dashed boxes: haemodynamic parameter tuning. ASL — arterial spin labelling, MRI
— magnetic resonance imaging, CBF — cerebral blood flow, GM — grey matter, WM — white matter, CPP — cerebral perfusion pressure.
partial volume effects. This choice is verified by the resulting brain
volume assessment as detailed in Section 4.1. The voxelised mesh
mask is registered to the patient-specific tissue mask using an affine
transformation with 12 degrees of freedom as implemented in the FSL
Linear Image Registration Tool (FLIRT) [41], part of the Oxford Centre
for Functional MRI of the Brain (FMRIB) Software Library (FSL) [42].
The transformation is applied to the mesh template resulting in a
quasi-patient-specific transformed mesh.

3.5. Physiological parameter optimisation

Psychological parameters of the perfusion model are obtained from
clinical data and literature either as individual values or as popula-
tion statistics. Perfusion statistics are extracted from patient-specific
T1-weighted and ASL MRI scans (Fig. 3) based on the following
quantities: (i) mean CBF in GM (CBFGMMRI); (ii) mean CBF in WM
(CBFWM min
5

MRI); (iii) 20th percentile of CBF (CBFMRI); 80th percentile of CBF
(CBFmax
MRI). The ‘‘MRI’’ subscript distinguishes quantities deduced from

structural/perfusion-weighted images from results originating from
simulations (‘‘sim’’ subscript).

Physiological parameter initialisation and optimisation based on the
aforementioned perfusion statistics follow a similar strategy as in [12].
Population-based parameters are incorporated from the literature as
detailed below.

1. Based on rodent experiments [27], pial perfusion pressure (CPPℎ)
is well-approximated by the diastolic blood pressure. Therefore,
CPPℎ is sampled randomly for each computational model based
on diastolic blood pressure measurements in ischaemic stroke
patients (Gaussian distribution assumed with mean and standard
deviation as reported in [26]). The applied CPP estimation
is justified based on an alternative calculation presented in

Appendix.
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(
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Fig. 4. Visualisation of the T1-weighted MRI MNI atlas of the IXI555 cohort [31,32] (a–c). Default SimNIBS [36] segmented images (d–f) and altered grey and white matter masks
g–i). Sagittal (a,d,g), coronal (b,e,h), and axial (c,f,i) slices. Colouring of (d–i): red — grey matter; blue — white matter; green — ventricles. The arrows indicate anatomical flaws
n the segmentation: A — connected hemispheres; B — inaccurate opening between the subarachnoid space and the third ventricle; C — incomplete segmentation of ventricles; D
aqueduct of Sylvius labelled as grey matter; E — simplified tissue layering assumption.
3

2. For a given CBFGMMRI and CPPℎ pair, the GM coupling coefficient

is estimated as

𝑐GM =
CBFGMMRI ⋅ 𝜌
𝑓𝑠 ⋅ CPPℎ

. (8)

Here, 𝑓𝑠 is a scaling factor to represent the average arteriole

perfusion pressure in the GM as a fraction of the boundary

pressure (CPPℎ).
3. Parameters 𝑘ref11 and 𝑐WM, are obtained by minimising the

GM GM 2 WM WM 2
6

𝐽 = (CBFMRI − CBFsim ) + (CBFMRI − CBFsim ) + 𝐽penalty (9) 7
cost function. A penalty term (𝐽penalty) is applied to constrict CBF
between the predefined minimum and maximum:

𝐽penalty =𝐻(CBFmin
MRI − CBFmin

sim ) ⋅ (CBFmin
MRI − CBFmin

sim )2+

𝐻(CBFmax
sim − CBFmax

MRI) ⋅ (CBF
max
MRI − CBFmax

sim )2. (10)

Here, 𝐻 is the Heaviside function resulting in a non-zero 𝐽penalty
only if the CBFmin

sim and CBFmax
sim extrema are out of the target

range determined by ASL MRI data.

.6. Acute ischaemic stroke simulations

Total occlusion of the middle cerebral artery is simulated using the

5 inferred brain geometries by setting blood flow rate through the
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Fig. 5. Visualisation of the grey and white matter domains of two meshes along sagittal (a,d), coronal (b,f), and axial (c,f) slices. SimNIBS [36] default Mesh A (a–c) generated
from the segmentation shown in Fig. 4(d–f). Mesh B (d–f) generated from the adjusted segmentation shown in Fig. 4(g–i). After a careful evaluation of the meshes, Mesh B is
chosen as the mesh template in Fig. 3.
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boundary region corresponding to the single occluded vessel to zero,
see Eq. (6). Regarding every other model parameter, AIS simulations
are identical with the healthy baseline cases. Middle cerebral artery
occlusions were chosen because they are responsible for more than
60% of AIS cases [43]. Both left and right hemisphere occlusions are
simulated resulting in 150 different AIS cases. Two methods are used
to delineate the infarct volume based on the simulated CBF images:

1. IV𝑟 – the region with a relative perfusion drop of 70% compared
to the baseline (healthy) case, see Fig. 10(b) [44].

2. IV𝑎 – the region with an absolute perfusion value below 5
[ml∕min∕100g].

t has been demonstrated previously that simulating a complete MCA
lockage might lead to IV𝑟 = 0 unless haemodynamic parameters of the
erfusion model are tuned carefully [12]. Therefore, we found compar-
ng the distribution of the IV𝑟 and IV𝑎 infarct proxies to clinical data
ith boxplots suitable for validation. To this end, infarct quantifications
rom T2-weighted MRI measurements are considered corresponding to
IS patients with MCA occlusions and with 3 months outcomes of
‘dependent’’ or ‘‘dead’’ [45]. Beyond infarct size quantification, the
ocation and extent of the simulated perfusion lesions are also inspected
isually by comparing the estimated infarct region to a noncontrast
omputed tomography measurement [46] of a typical stroke patient
ith low collateral and recanalisation scores (patient description and
mage are available in [12]).

.7. Numerical solution

Numerical solutions of the governing equations are obtained using
he finite element method as implemented in the open-source FEniCS
ibrary [47]. The brain geometry is captured by tetrahedral elements.
7

T

he weak form of Eq. (1) is discretised using second-order Lagrange
lements for 𝑝, and zeroth-order discontinuous Galerkin elements for
he permeability tensor 𝑲 and the coupling coefficient 𝑐. For further
etails of the numerical solution of the governing equations, we refer
o [12,13].

.8. Statistical analysis

The anatomical and physiological fitness of the 75 computational
odels are investigated by means of linear regression analyses between
ariables measured in healthy reference subjects with MRI and brain
odels. The variables of interest selected for regression analyses are not
sed directly for the parameter tuning of the models. These variables
nclude grey and white matter volumes (GMV and WMV), and the
otal volumetric blood flow rate to the brain (𝑄𝑡). Pearson correlation
oefficients (Pearson’s 𝑟) are computed between simulated and MRI
amples utilising the ‘‘linregress’’ function of the SciPy [48] open-
ource Python library which relies on the 𝑃 -value of the Wald test to
valuate statistical significance. The corresponding null hypothesis is
hat the slope of the linear regression model is zero which is rejected
f the usual condition of 𝑃 < 0.05 is met. Pearson’s 𝑟 = 1 represent the
eak anatomical and physiological fitness of the computational models
ndicating ‘‘perfect matches’’ between the results of the tuned simula-
ions and the structural and perfusion-weighted MRI measurements of
he EPAD cohort.
Additionally, Mesh A and mesh B are evaluated by calculating the

eviation of average volume ratios from the EPAD dataset which en-
bles comparison with publicly available meshes obtained, for example,
rom the New York Head Model (NYHM) [17]. To this end, GMV
nd WMV normalised by the intracranial volume (ICV) are computed.

hereafter, the obtained mean values are compared to volume ratio
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Table 2
Comparison of simulations and clinical measurements corresponding to healthy ref-
erence subjects and to reference data from the literature. Mean ± standard deviation
values are shown as applicable. Anatomical variables include TBV — total brain volume
(sum of GM and WM); GMV — grey matter volume; WMV — white matter volume; ICV
— intracranial volume; 𝐴total - total brain surface area; 𝐴cortical - cortical surface area.
Physiological variables include volumetric blood flow rates corresponding to the entire
brain (𝑄t ), and the anterior 𝑄ACA, middle 𝑄MCA, and posterior 𝑄PCA cerebral arteries.
Reference data are gathered from the following sources: (i) Nielsen et al. [36]∗: default
SimNIBS head model (mesh A); (ii) Huang et al. [17]†: NYHM — New York Head
odel, age range 18.5–43.5; (iii) Ikram et al. [49]‡: T1-weighted and T2-weighted
RI, 490 subjects, 249 women, 73 ± 8 years old; (iv) Lüders et al. [23]§: T1-weighted
RI, 100 subjects, 50 women, 25 ± 4 years old; (v) Winkler et al. [50]¶: T1-weighted
RI-based surface reconstruction; (vi) Zarrinkoob et al. [51]∥: phase-contrast (PC) MRI,
5 subjects, 23 women, 71 ± 4 years old. (vii) Xing et al. [52]∗∗: PC MRI, 39 subjects,
4 women, 71 ± 4 years old.

Brain models EPAD [29] Reference data

Value Source

TBV/ICV [%] 71.4 74.1 ± 4.0
78.8 mesh A [36]∗
83.3 NYHM [17]†
77.4 ± 3.7 MRI [49]‡

GMV/ICV [%] 38.1 39.9 ± 2.6

41.9 mesh A [36]∗
49.2 NYHM [17]†
55.1 ± 2.0 MRI [23]§
46.6 ± 4.0 MRI [49]‡

WMV/ICV [%] 33.3 34.2 ± 2.2

36.9 mesh A [36]∗
34.1 NYHM [17]†
27.4 ± 2.0 MRI [23]§
30.8 ± 5.7 MRI [49]‡

𝐴total [cm2] 2040 — 2262 mesh A [36]∗
1774 NYHM [17]†

𝐴cortical [cm2] 1659 – 1770 MRI [50]¶

𝑄t [ml∕min] 424 ± 73 463 ± 84
657 ± 94 PC MRI [51]∥
488 ± 123 PC MRI [52]∗∗

𝑄ACA [ml∕min] 48 ± 8 – 75 ± 15

PC MRI [51]∥
𝑄ACA∕𝑄𝑡 [%] 11 ± 2 – 11 ± 2

𝑄MCA [ml∕min] 85 ± 15 – 131 ± 23
𝑄MCA∕𝑄𝑡 [%] 20 ± 4 – 20 ± 4

𝑄PCA [ml∕min] 47 ± 8 – 51 ± 10
𝑄PCA∕𝑄𝑡 [%] 11 ± 2 – 8 ± 2

measurements from the segmented T1-weighted images of the EPAD
cohort. In this context, the superior anatomical fitness of a mesh
manifests in smaller GMW/ICV and WMV/ICV differences compared to
reference values.

4. Results

In the following sections, units are presented based on clinical
conventions (e.g., volume in ml, CBF in ml∕min∕100g) to facilitate
comparisons with other studies.

4.1. Validation of modelled brain volumes

Fig. 5 highlights several qualitative geometrical differences between
Mesh A and Mesh B. A smooth grey-white matter interface cannot be
preserved in Mesh B because of the relabelling required for preserving
anatomical structures. Nevertheless, the GM regions of Mesh B re-
main continuous with three well-separated territories corresponding to
the two hemispheres and the cerebellum. Such qualitative anatomical
details are not preserved by Mesh A.

The first half of Table 2 aims to evaluate the utilised mesh template
(Mesh B) compared to other head models including Mesh A (SimNIBS
default) [36] and the NYHM. The total brain volume (TBV), GMV and
WMV normalised by the ICV are representative of the EPAD healthy
senior population both in Mesh A and Mesh B. The GMV/ICV ratio
distribution of the EPAD population indicates low brain atrophy [53]
8

irrespective of the large age span of the cohort. The root-mean-square
Table 3
Statistical analysis of the brain anatomy (geometry) and physiology (haemodynamics)
of healthy control subjects and computational models (transformed Mesh B): SD —
standard deviation; GMV — grey matter volume; WMV — white matter volume;
𝑄t — total volumetric blood flow rate to the brain.

Computational models EPAD [29] Pearson’s 𝑟 𝑃 -value
mean ± SD mean ± SD

GMV [ml] 620 ± 63 593 ± 49 0.74 <0.001
WMV [ml] 542 ± 55 510 ± 61 0.84 <0.001
𝑄t [ml∕min] 424 ± 73 463 ± 84 0.89 <0.001

error of the GMV/ICV and WMV/ICV ratios of Mesh A and the NYHM
compared to the EPAD mean value measurements is 2.4% and 6.6%,
respectively. By comparison, the total error of Mesh B is 1.4% indi-
cating better anatomical fitness compared to Mesh A and the NYHM.
Therefore, Mesh B was selected as the default mesh template for
simulations of senior adults. The brain tissue volume statistics of the
resulting computational models are in good agreement with the T1-
weighted MRI measurements of the EPAD cohort, as summarised in
Table 3.

Fig. 6(a) highlights discrepancies between the tissue masks of mod-
els (transformed Mesh B) and healthy control subjects (EPAD), which
are typically located near the boundary of the tissue geometry. The total
brain volume of healthy controls tends to be overestimated by 58 ml
(on average 5%) by the corresponding brain models, see Fig. 6(b).

4.2. Haemodynamic analysis of the computational models

The cost function trends corresponding to the physiological parame-
ter optimisation are displayed in Fig. 7(a) and the resulting parameters
are listed in Table 1. In ≈ 57% of the cases, the square root of the cost
function (

√

𝐽 ) drops below one, meaning that the target grey and white
matter CBF values are met within the specified minimum and maximum
limits with a deviation less than 1 [ml∕min∕100g]. The optimisation
leads to a final

√

𝐽 < 10−2 in 20 out of 75 cases. CBF values displayed
in Fig. 7(b–c) indicate that the simulations overshoot regional target
values in every case. In the worst-case distinguished in Fig. 7(a–c),
√

𝐽 ≈ 3 [ml∕min∕100g] is reached. This relatively large difference is
caused by a mismatch between the targeted and the reached average
grey matter perfusion values as suggested by Fig. 7(b).

The second half of Table 2 presents a comparison of blood flow
ate information obtained from simulations and clinical neuroimaging
atasets. The 𝑄𝑡 distribution resulting from simulations (and the EPAD
ASL perfusion MRI measurement) agree well with previous clinical PC
MRI measurements [52]. Conversely, the simulated blood flow rates
in major cerebral arteries are significantly lower than reported previ-
ously [51]. However, normalised blood flow rates in major cerebral
arteries (e.g., 𝑄MCA∕𝑄𝑡) are in satisfactory agreement with previous
easurements [51].
Considering the total volumetric blood flow rate to the brain (𝑄𝑡),

imulations are in agreement with values inferred from ASL perfusion
RI of healthy reference individuals in EPAD as detailed in Table 3.

Volumetric blood flow rates in computational brain models tend to be
underestimated on average by 8%. The average CBF in perfusion mod-
els is 37 [ml∕min∕100g] whereas the average CBF of healthy references
in the EPAD cohort is 42 [ml∕min∕100g] based on the correspond-
ing ASL MRI measurements. Whereas average grey and white matter
perfusions are matched by the optimisation algorithm, computational
models underestimate total brain perfusion on average by 12%. This
relatively high error originates from the overestimation of the brain
volume and the underestimation of the total volumetric blood flow
rate. This finding suggests that meshes with good anatomical fitness are
necessary but not sufficient to obtain models with good physiological
fitness. Nevertheless, Pearson’s 𝑟 and the 𝑃 -value presented in Table 3

emphasise a strong, statistically significant correlation between the
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Fig. 6. Comparison of the tissue mask corresponding to a healthy reference subject (sum of grey and white matter probability maps larger than 0.5) and the associated transformed
voxelised mesh mask (a): green — overlap; yellow — reference only; red — perfusion model only. Bland-Altman plot comparing total brain volumes (TBV - sum of GM and WM)
corresponding to reference subjects (TBVMRI, measured as the sum of grey and white matter probability maps) and the associated quasi-patient-specific transformed mesh (TBVmesh)
(b). The red + symbol in (b) marks the patient shown in (a). L — left, R — right, S — superior, I — inferior, SD — standard deviation.

Fig. 7. Cost function (𝐽 ) convergence trends as functions of the optimisation steps (a); Bland-Altman plots of the mean white matter perfusion CBFWM (b) and mean grey matter
perfusion CBFGM (c) of computational brains and healthy references. Worst and best cases correspond to the highest and lowest final cost function values, respectively. The
subscripts ‘‘sim’’ and ‘‘MRI’’ distinguish data corresponding to simulations and ASL perfusion MRI, respectively. CBF — cerebral blood flow, SD — standard deviation.
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Fig. 8. Cerebral blood flow (CBF) maps of a healthy reference individual from the EPAD project (a–c) and the corresponding simulation (d–f) along sagittal (a,d), coronal (b,f), and
axial (c,f) slices. In the case if (a–c), MRI results are multiplied by a binary tissue mask which corresponds to regions where the sum of the grey and white matter probability maps
is higher than 0.5. The subscripts ‘‘sim’’ and ‘‘MRI’’ distinguish data corresponding to simulations and ASL perfusion MRI, respectively. Simulation data linked to the worst-case
highlighted in Fig. 7.
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otal blood flow rates measured in healthy reference subjects and in
he computational models.
Fig. 8(a–c) and (d–f) visualise 3D CBF maps corresponding to a

linical measurement and the linked brain model. Perfusion distribu-
ion in the computational model appears to be relatively homoge-
eous compared to clinical measurements. The perfusion model pa-
ameters could thus be tuned further to achieve better agreement
ith clinical data representing instantaneous averaged perfusion state.
nstead, we recommend interpreting simulation results as short-term
ime-averaged measurements which are reminiscent of clinical studies
eporting ensemble-averaged perfusion maps [54].
The probability density functions displayed in Fig. 9 confirm that

the simulated grey and white matter regions have well-distinguishable
perfusion values. This is also visible in Fig. 8(d–f). By comparison, the
probability density function of ASL perfusion MRI shows a nearly Gaus-
sian trend with standard deviation in the same order of magnitude as its
mean value. This is probably caused by (i) the relatively low signal-to-
noise ratio of ASL perfusion MRI, and (ii) the continuous fluctuations of
local cerebral perfusion associated, e.g., with neurovascular coupling.

4.3. Infarct volume estimation in acute ischaemic stroke

Perfusion pressure and perfusion distributions in a typical occluded
scenario are visualised in Fig. 10(a) and (b), respectively. Both infarct
proxies result in similar, approximately normally distributed, infarct
volume estimates as shown in Fig. 11. Mean and standard deviation
values in the case of the relative perfusion drop based infarct volume
proxy (IV𝑟) are 205 ± 23 ml. By comparison, IV𝑎 leads to somewhat
maller infarct estimations with higher variance: 197 ± 25 ml.
10

a

. Discussion

This study has three main findings. Firstly, the proposed approach
f rapid, group-level mesh generation which relies on the geometrical
ransformation of a mesh template, captures primary anatomical differ-
nces in healthy, senior populations. These differences cover variance
n tissue volumes and simple shape differences but exclude variance
n tissue volume ratios. Secondly, haemodynamic parameters are in-
erred successfully from ASL MRI data as suggested by the overlap
etween CBF values obtained from clinical measurements and simu-
ations. Finally, the computational perfusion model appears to predict
he impact of large artery occlusion on spatial CBF distribution reliably
t the population level. Even though, it is important to notice, that the
hysiological variability of CBF in a healthy population cannot explain
he high variability of the infarct volume in AIS patient cohorts.
Cohort-level simulations have been identified as a requirement for

n silico ischaemic stroke trials [5]. Difficulties associated with the
arameter inference of perfusion models limited the sample size of
imulations as reported in several previous studies [12,55,56]. The
roposed approach enables perfusion simulations in a relatively large
ohort by automating parameter inference from neuroimaging data.
his study builds on a recently established method for haemodynamic
arameter inference [12]. Furthermore, brain geometries are obtained
ere by geometrical transformations instead of patient-specific image
rocessing and meshing, which appeared as a major bottleneck of

utomation in previous studies [12,14,16,55,56].
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Fig. 9. Probability density functions of cerebral blood flow (CBF) maps. The subscripts
‘‘sim’’ and ‘‘MRI’’ distinguish data corresponding to simulations and arterial spin
labelling (ASL) perfusion MRI, respectively. MRI results are multiplied by a binary
tissue mask labelling regions where the sum of the grey and white matter probability
maps is higher than 0.5. The perfusion maps of a healthy reference subject providing
the input for this graph are displayed in Fig. 8. The distribution of CBFMRI data is
ell approximated by the Gaussian function (mean±SD: 34 ± 24 [ml∕min∕100g]). SD
standard deviation.

.1. Anatomical evaluation

Obtaining computational geometries for physiological simulations
s a non-trivial task. In the present study, we propose the creation of
mesh template as an intermediate step towards the standardisation
f computational geometries. Thereafter, quasi-patient-specific geome-
ries can be obtained by rapid and robust transformations (i.e. affine)
nstead of relying on resource-intensive, and fragile mesh generation al-
orithms. The mesh template plays a critical role in the present cohort-
evel modelling approach because any issues of the mesh template are
aturally ‘‘inherited’’ by the generated brain models.
The TBV/ICV, GMV/ICV and WMV/ICV tissue volume ratios of the

omputational brains and the EPAD cohorts are lower than the reported
alues in previous neuroimaging studies [23,49]. The differences are
bvious especially when data from the present study are compared
ith values reported in the MRI study of Lüders et al. [23] and with
easurements of the NYHM [17]. It is important to acknowledge that
hese datasets correspond to healthy young reference subjects (details
n the caption of Table 2). Therefore larger TBV/ICV, GMV/ICV, and
MV/ICV tissue volume ratios are not surprising compared to the
resent investigation which focuses on healthy senior references. This
omparison highlights that it might be necessary to utilise different
esh templates for the simulations of cohorts with different age groups.
To date, only a few studies considered physiological simulations

f human brains at the level of patient cohorts [57]. State-of-the-
rt segmentation [31,58–60] and mesh generation techniques [18,
6,57] are often computationally more expensive than all the other
steps shown in Fig. 3 and they have not been designed to satisfy
requirements for perfusion simulations. The proposed perfusion model
generation method sacrifices patient-specific mesh generation to enable
cohort-level organ-scale cerebral perfusion simulations.

Publicly available head or brain meshes reflect well the challenges
associated with automated, anatomically accurate patient-specific mesh
11
Fig. 10. Simulation results in an occluded case. Perfusion model parameters are
inferred from MRI data of the individual shown in 8(a–c): CPP — cerebral perfusion
ressure (a) and relative cerebral blood flow (CBF) change in addition to isolines
ndicating 70% CBF drop used to define IV𝑟, the infarct volume based on relative
BF change (b).

Fig. 11. Comparison of infarct volume proxies defined based on relative cerebral blood
flow (CBF) change (IV𝑟) and from the absolute CBF level (IV𝑎). Required CBF maps
etermined by middle cerebral artery occlusion simulations. The reference data [45]
correspond to T2-weighted magnetic resonance imaging of acute ischaemic stroke
patients with middle cerebral artery occlusions.

generation. For example, Mesh A [36], the NYHM [17] and the finite

element mesh of Garcia-Gonzalez et al. [61] suffer from qualitative and
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quantitative anatomical flaws of the grey and white matter distributions
(see also Figs. 4(d–f) and 5(a–c) and Table 3). The aforementioned head
models were designed for eletrophysiological and tissue deformation
simulations where usually the entire head is modelled and thus mis-
representations of the brain parenchyma might be less important. How-
ever, in haemodynamics simulations, these artefacts (e.g. an incorrect
tissue region between the hemispheres) manifest into non-physiological
blood flow pathways.

5.2. Physiological evaluation in health and disease

The proposed computational model produces results visually similar
to averaged perfusion maps measured in clinical scenarios [54,62].
Consequently, group-level simulations with parameters inferred from
MRI capture the between-subject variability of CBF both in GM and
WM. The inferred haemodynamic parameters have low variance com-
pared to the corresponding mean values irrespective of the relatively
large age range of the EPAD cohort, the variance of the assumed
blood pressure and the perfusion measured by ASL MRI. However,
the uncertainties of the computational perfusion model are tied to
the uncertainties of the employed MRI techniques. Therefore, the cou-
pling coefficient of the WM (𝑐WM) is burdened by a relatively high
uncertainty because of the relatively low signal-to-noise ratio of ASL
MRI in WM [34]. In the population providing the reference data, the
lowest average CBF values in WM lie between 5 and 10 [ml∕min∕100g]
as shown in Fig. 8(c). These values are inherited by the simulations
as dictated by the parameter optimisation and ASL MRI which might
produce unreliable CBF estimates in WM.

The present simulation results are expected to represent worst-
case scenarios with relatively large infarct volume estimates because
of the complete blockage of the middle cerebral artery. Clinical pa-
tients’ lesions have higher between-subject variance and the worst-case
scenarios simulated in this study can explain only half of the clin-
ically measured infarct volume distribution [45]. In particular, the
presented simulations capture solely the largest infarcts ranging from
about 140 to 275 [ml] whereas the range of clinical measurements is
approximately between 5 and 275 [ml]. Such predictions occur proba-
bly because the present simulations do not account for compensatory
mechanisms – such as blood flow rerouting through collaterals [2,63]
and autoregulation [64] – which could help to restore perfusion levels
after major cerebral artery blockage.

To the authors knowledge, the only available infarct volume es-
timation based on simulations was 238 [ml] [12] before the current
study. The results demonstrate that perfusion simulations with inferred
parameters can explain a significant part of the clinically measured
infarct volume distribution. However, a substantial part of the in-
farct volume distribution remains poorly understood. The aforemen-
tioned findings indicate that structural and perfusion-weighted MRI
data alongside blood pressure measurements are necessary but not
sufficient for patient-specific perfusion simulations.

Simulated infarct volumes are estimated based on absolute or rel-
ative perfusion thresholds. Infarct estimation using relative perfusion
threshold is known to overestimate the ischaemic region compared to
diffusion-weighted MRI [65]. By comparison, the absolute perfusion
threshold resulted in a larger than 5 [ml] volume labelled as infarct
in 3 out of 75 healthy simulations.

5.3. Limitations

This study has several limitations. Firstly, the affine transformation
of the mesh template keeps the volume ratios of various tissue regions
constant. Therefore, variations in grey and white matter volume ratios
cannot be captured by the proposed automated parameter inference
approach. It requires further investigations to evaluate whether a non-
linear mesh transformation would be suitable to capture more subtle
anatomical details and thus achieve better anatomical fitness. For
12
example, the current framework based on linear mesh transformation
cannot account for variations in the volume fraction of tissue regions
and the shape of CSF spaces which might be caused by brain atrophy.

Secondly, many physiological parameters were not included in this
model for the sake of simplicity. Such parameters include the in-
tracranial pressure and the arterial pressure which probably differ
significantly in healthy cohorts and AIS patients [66]. However, ex-
perimental data are scarce and other crucial model parameters might
be even more challenging to determine. For example, the vector space
aligned with the centrelines of descending arterioles is necessary to
compute the permeability tensor 𝑲 representing the conductance of
penetrating arterioles. However, experimental techniques have not yet
been proposed to determine the aforementioned vector space or the 𝑲
field.

Thirdly, the test case regarding occluded scenarios emphasises the
importance of crucial compensatory mechanisms, e.g., collateralisa-
tion [2,63], which lowers the chance of infarct formation. Future
studies should aim to incorporate such effects into computational mod-
els as proposed in [67,68]. Without such details, simulations cover
solely the ‘right tail’ of the infarct volume distribution representing the
largest infarcts. Furthermore, it is important to add processes which can
be responsible for the lack of reperfusion after recanalisation, such as
pericyte constriction [69] and microembolism [11,70] to account for
treatment effects.

Fourthly, the utilised model accounts only for a part of the circula-
tion stretching from the descending arterioles to the ascending venules
of the brain. It is important to acknowledge that the region of interest
of this study is in strong interaction with other parts of the circulation.
However, upstream and downstream effects including the heart and the
veins are lumped solely into the imposed average perfusion pressure.
Such simplifications become questionable in diseased scenarios. For ex-
ample, oedema after AIS can result in local perfusion pressure drop [71]
which the heart might compensate with increased cardiac output. Such
complex cases could be modelled by integrating preclinical and clinical
data into multiple coupled models covering the extended region of
interest.

Finally, the utilised perfusion model accounts solely for the space-
dependence of brain perfusion. Previously, it has been proposed that
cerebral autoregulation [66] is impaired in AIS patients and spreading
depolarisation promotes infarct formation [72]. Therefore, perfusion in
AIS patients is likely impacted by vascular changes and neurovascular
coupling in the vicinity of the spreading infarcted region. The interplay
of such spatiotemporal vascular, neural, metabolic, and haemodynamic
processes remains unexplored primarily because of extreme difficul-
ties associated with relevant quantitative data acquisition, especially
in humans. The present modelling framework does not incorporate
the aforementioned effects, but it does provide a solid foundation to
facilitate future extensions in cohort-level perfusion simulations.

6. Conclusions

The proposed parameter inference approach integrates human neu-
roimaging data to estimate anatomical (geometrical) and haemody-
namic model parameters, and thus reach the goal of the present
study regarding the realisation of cohort-level perfusion simulations.
The present study reports overall 225 brain simulations including 75
healthy cases, and 150 ischaemic stroke cases with 75 left and 75
right middle cerebral artery occlusions. Group-level tissue volume and
cerebral blood flow measurements in the model brains match clinical
observations corresponding to the healthy reference cohort used for
model parameter tuning. Furthermore, simulations provided qualita-
tively and quantitatively realistic predictions regarding the infarct
location and size in cohorts of AIS patients.

The present study demonstrates how cerebral perfusion simula-
tions can integrate existing knowledge from various sources, including
pre-clinical and clinical investigations. The results further computa-
tional perfusion modelling as a novel tool to boost medical device and
drug development by breaking previous barriers associated with small
sample size.
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Appendix. Alternative cerebral perfusion pressure estimation

Cerebral perfusion pressure (CPP) is often estimated as the differ-
ence between mean arterial pressure (MAP) and intracranial pressure
(ICP) [73] so that

CPP = MAP − ICP. (11)

An approximate formula [74] for the MAP based on diastolic (DBP) and
systolic (SBP) blood pressure measurement is

MAP = SBP + SBP − DBP
3

. (12)

ormotension is associated with MAP ≤ 90 mmHg [74]. By com-
arison, the average MAP in stroke patient cohorts can exceed 110
mHg [26].
ICP monitoring relies on invasive techniques and therefore human

xperimental data remain scarce. ICP in healthy adults lying in supine
osition has been estimated to range between 0.5 and 15 mmHg [73,
5]. The corresponding expected CPP value in healthy adults might fall
elow 65 mmHg whereas in stroke patients it might reach 110 mmHg.
The present study considers cohorts of male and female reference

ubjects with a relatively wide age range to simulate perfusion under
ealthy circumstances and in AIS. Due to the lack of ICP data in
ntreated AIS patients, it is assumed that the CPP distributions in the
ealthy and the stroke cohorts are identical. The utilised CPP values are
ampled from a normal distribution with a mean value of 85 mmHg and
standard deviation of 10 mmHg resulting in an [≈ 60; ≈ 108] mmHg
ange and quartiles of ≈78, ≈86, and ≈91 mmHg. The sampled CPP
re considered realistic based on Eqs. (11) and (12), and the publicly
13

available MAP and ICP data.
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