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Featured Application

The proposed patient anatomy-based cerebrospinal fluid flow simulation framework predicts
steady net intracranial flow pathways and may support future clinical translation in conditions
such as subarachnoid hemorrhage, hydrocephalus, and brain tumors.

Abstract

Biophysics-based, patient-specific modeling remains challenging for clinical translation,
particularly for cerebrospinal fluid (CSF) flow where anatomical detail and computational
cost are tightly coupled. We present a computational framework for steady net CSF
redistribution in an MRI-derived cranial CSF domain reconstructed from T,-weighted
imaging, including the ventricular system, cranial subarachnoid space, and periarterial
pathways, to the extent resolvable by clinical MRI. Cranial CSF spaces were segmented
in 3D Slicer and a steady Darcy formulation with prescribed CSF production/absorption
was solved in COMSOL Multiphysics®. Geometrical and flow descriptors were quantified
using region-based projection operations. We assessed discretization cost—accuracy trade-
offs by comparing first- and second-order finite elements. First-order elements produced
a 1.4% difference in transmantle pressure and a <10% difference in element-wise mass-
weighted velocity metric for 90% of elements, while reducing computation time by 75%
(20 to 5 min) and peak memory usage five-fold (150 to 30 GB). This proof-of-concept
framework provides a computationally tractable baseline for studying steady net CSF
pathway redistribution and sensitivity to boundary assumptions, and may support future
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patient-specific investigations in pathological conditions such as subarachnoid hemorrhage,
hydrocephalus and brain tumors.

Keywords: finite element method; computational fluid dynamics; cerebrospinal fluid;
subarachnoid space; patient-specificity; periarterial space

1. Introduction

Computational fluid dynamics (CFD) and related numerical methods have become
valuable tools for testing hypotheses on cerebrospinal fluid (CSF) transport and redistri-
bution. Recent studies have investigated potential driving mechanisms of CSF motion in
perivascular space [1-6], mechanisms that may affect blood clearance from the CSF after
subarachnoid hemorrhage (SAH) [7-9], patient-specific CSF dynamics [10], and intrathecal
drug delivery along CSF pathways [11]. Importantly, computational models enable the esti-
mation of quantities that are difficult to measure in vivo, such as the transmantle pressure
gradient [12].

The CFD applications extend from modeling specific isolated anatomical structures,
such as a single ventricle or spinal canal, to encompassing the entire subarachnoid space
(SAS) region, including the cerebral ventricular system (CVS). In addition, some of these
studies also incorporated time-dependent CSF flow disturbances due to breathing, cardio
cycles, etc.

Recent studies on patient-specific CSF dynamics integrate medical imaging data from
MRI or CT, and transition from rigid-wall models towards fluid—structure interaction (FSI)
models. These efforts aim to predict physiological and pathological flow patterns between
individual patients and to support diagnosis and surgical planning. The CFD frameworks
for the entire brain were developed based on a patient-specific 3D geometry of the CSEF-
filled spaces segmented from MRI, which also included various CSF pulsation drivers,
such as cardiac cycle and coughing [13,14]. The existing barriers and pathways to clinically
useful CFD simulation were discussed in [15]. However, to our knowledge, all current
attempts have been limited by over-smoothing or using uniform cranial SAS thickness [10].

Based on these studies, it can be concluded that numerical modeling of the en-
tire SAS region demands significant computational resources and time, especially for
time-dependent analyses, which further increase these costs. Usually, a compromise
must be made between computational costs and the complexity of both SAS and time-
dependent phenomena.

A significant hurdle for the simulations is the sheer complexity of the SAS shape
and its internal structures [16]. Patient-specific SAS representation (limited by today’s
imaging resolution) comprises more than ten million voxels. The spatial scale of internal
SAS structures is much smaller than the scale of the whole brain. For example, the SAS
contains many sulci, which are relatively long, narrow recesses extending toward the
parenchyma, and the SAS also includes thin structures that envelop the cerebrovascular
system (perivascular spaces) [17].

Until now, the computational complexity was reduced by coarsening and smoothing
out SAS, and as a result, losing spatial information of any thin structures such as sulci
or major perivascular spaces [7]. Under high-pressure conditions, such as the influx of
blood into the subarachnoid space following an aneurysmal subarachnoid hemorrhage
(aSAH), sulci and perivascular spaces may play a critical role in determining patient
outcomes and should therefore be incorporated into CSF flow models. The importance
of including perivascular spaces and sulci in the CSF flow model for aSAH patients is
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evident, as CT scan data of aSAH patients show that a significant portion of blood ends
up in the perivascular (vessel-adjacent) regions [18]. The importance of patient-specific
SAS cross-sectional areas could be manifested in aSAH patients. It was demonstrated that
younger aSAH patients tend to develop vasospasms more often compared to older aSAH
patients [19]. Apart from other mechanisms, such as higher vessel elasticity, this could also
be attributed to the smaller cross-sectional areas of SAS, as with age, the cross-sectional
area of SAS increases [17].

Therefore, in this paper, we present a pilot finite element method (FEM)-based model
of CSF flow that incorporates a patient-specific 3D representation of the cranial CSF space
(cCSFS), comprising the cerebral ventricular system, CVS, cranial subarachnoid space
(cSAS), and periarterial space (PVS), to the extent resolved by MRI acquisition. The seg-
mentation was manually corrected to remove non-anatomical connections while preserving
MRI-resolved morphology and connectivity. We additionally evaluate the computational
trade-off between first- and second-order finite elements (details in the Materials and
Methods Section). To the best of our knowledge, this work represents one of the most
geometrically detailed patient-specific reconstructions used for whole-domain CSF redistri-
bution modeling to date, and it demonstrates the feasibility of MRI-level geometric fidelity
within a tractable numerical framework. Although the ventricular system is not porous
in vivo, we employ a Darcy formulation over the full cCSFS as an effective model for net
flow distribution; this choice also maintains consistency with extensions that represent
obstructing material (e.g., clots) as porous regions, while explicit hemorrhage simulations
are outside the scope of the present study.

2. Materials and Methods

Approval of all experimental procedures and protocols was granted by Vilnius Re-
gional Biomedical Research Ethics Committees (Protocol No. 2021/9-1370-847) and per-
formed in line with the 1964 Declaration of Helsinki and its subsequent revision (up to
October 2024).

2.1. Subject Selection

A single, healthy, 42-year-old male subject from Vilnius University Hospital Santaros
Clinics was enrolled for this study. The subject had no previous history of neurological or
cardiovascular disorders.

2.2. MRI Scan Protocol

The subject’s brain was scanned with a Philips Achieva 3 T MR scanner (Philips
Healthcare, Best, The Netherlands). During the scanning, the subject was lying supine
with his neck in a neutral position. To maximize the contrast of the intracranial CSF,
the MRI was obtained by performing the sequence of T,-weighted Drive HR with the
following parameters: TE 226 ms, TR 1.6 ms, FA 90, section thickness 1.3 mm, and voxel
size 0.59 x 0.50 x 1.3 mm.

2.3. Segmentation

The 3D Slicer v5.1 software [20,21] was used for cCSFS volume segmentation, visual
inspection, and correction, while the COMSOL Multiphysics® v6.0 [22] was used for CSF
flow pattern prediction and visual inspection to identify intricate non-anatomical cCSFS
connections. We define cCSFS as a space composed of the cranial subarachnoid space,
periarterial space, and ventricular system reconstructed up to MRI resolution.

The final cCSFS segmentation was obtained in several steps. The initial segmentation
of cCSFS was obtained using the threshold method, which resulted in a few non-anatomical
connections, e.g., the direct connections between ventricles and the upper parts of the brain.
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The non-anatomical connections, which can be classified into obvious and intricate, were cut
off using the manual cut-delete type segmentation tools, removing only a minimal portion
of cCSFS, just enough to cut the non-anatomical connection (all in 3D Slicer). Obvious
non-anatomical connections were identified by visual inspection of the cCSFS segmentation.
More subtle intricate connections were detected and removed through an iterative loop
in which a CFD solution was computed in COMSOL and the resulting CSF flow and
pressure fields were inspected; narrow, non-physiological connections typically produced
localized high-pressure gradients, enabling targeted corrections of the cCSFS segmentation
in 3D Slicer. This procedure was repeated until the final, anatomically consistent cCSFS
segmentation was obtained. The workflow chart is depicted in Figure 1.
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Figure 1. Workflow: 1. MRI data acquisition (MRI scanner, MRI data; grayscale intensity, where
brighter values indicate higher signal intensity); 2. Medical image segmentation for patient-specific
cranial cerebrospinal fluid (CSF) space (cCSFS) reconstruction (cCSFS shown in grayscale; cut regions
shown in pink); 3. Computational fluid dynamics (CFD) model development (cCSFS shown in blue)
with boundary conditions for CSF inflow (black loop curves at the choroid plexus) and CSF outflow
(black points near the venous sinuses); 4. Computational mesh generation (only the fourth ventricle
of the cCSFS is shown here; larger structures are omitted due to high mesh density; the surface mesh
is shown in grey, the volumetric mesh in yellow, and mesh edges in white); 5. Simulations resulting
in CSF flow fields for further analysis.

2.4. Numerical Model of Steady Net CSF Flow

The objective of the present CFD framework is to predict the steady net redistribution
of CSF flow within the MRI reconstructed cCSFS under prescribed CSF production and
absorption conditions. In principle, this net component can be obtained by solving the
fully transient Navier-Stokes equations with cardiac (and respiratory) forcing and then
averaging the pulsatile solution over multiple cycles to obtain a mean “frozen” flow field;
for example, averaging over ~11 cardiac cycles was reported in [7]. For the geometrically
detailed cCSFS considered here, such time-resolved simulations would be computationally
prohibitive. Moreover, prior analyses indicate that nonlinear convective effects are small
in the SAS [23], while the mechanisms by which fast pulsations might contribute to time-
averaged CSF drift remain inconclusive [3]. We therefore model the net component directly
by solving a stationary, linear effective-flow problem in which the steady pressure field
arises as required to satisfy mass conservation for the prescribed CSF sources and sinks.
Finally, although the ventricular system is not porous in vivo, we represent the entire
cCSFS (ventricles, SAS, and perivascular regions) using an effective Darcy permeability
model to predict the net flow distribution and flux partitioning across the full domain;
this formulation is not intended to reproduce phase-resolved shear profiles, pulsatility-
/respiration-enhanced mixing, or compliance-driven phase lags.
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2.4.1. Governing Equations

Based on Darcy’s law, the CSF fluid velocity vector, u, in the cSAS and CVS is deter-
mined as follows:

K
u=--V (1)
i p

where p is the CSF pressure, Vp is the CSF pressure gradient, « is the cSAS and CVS
permeability, and y is the CSF dynamic viscosity.
For the incompressible flow, the continuity equation is as follows:

V-u=0 ()
where V- is the divergence operator.

2.4.2. CSF Material Parameters

The permeability of the cCSFS was assumed to be uniform and was set to
x = 2.36 x 1078 m? [23], while the dynamic viscosity 4 = 7 x 10~* Pa's and density
p = 993.45 kg /m? of CSF were considered to be those of water.

2.4.3. Boundary Conditions

A reference pressure of 10 mmHg, corresponding to normal intracranial pressure,
was imposed at the presumed choroid plexus sites to define the CSF inflow boundary
condition [24]. To represent distributed cranial absorption at venous sinus-adjacent sites,
sink locations were placed near major dural sinuses. The prescribed net outflow was
partitioned such that 80% of sinks were assigned to the superior sagittal sinus (SSS) region
and 20% to posterior dural-sinus territories (transverse-sigmoid region near the confluence).
This partition is a heuristic intended to avoid unrealistically concentrating all outflow in
a single region and to represent that arachnoid granulations are most frequently reported
near the SSS but are also commonly observed in posterior sinuses (e.g., transverse/sigmoid
and straight sinuses) [25-29].

2.4.4. Mesh

The mesh, representing the cCSFS, was generated with the FEM-based COMSOL
Multiphysics® software, and it consisted of more than 19.5 million tetrahedral elements.
The mesh element number density was close to 100 tetrahedral elements per 1 mm?. Due
to high mesh density, it was hard to visualize any comparably large anatomical structure;
therefore, we only visualize the mesh of a smaller, zoomed-in, anatomical structure of the
fourth ventricle, as shown in Figure 1.

2.4.5. Mesh Element Order

The solution accuracy depends on the mesh element order [30]. Tetrahedral finite
elements are noted as P. The integration nodes of a first-order P; element are located only
at the corners, resulting in four nodes per element, while second-order P, elements have
six additional integration nodes situated in the middle of the edges. The interpolation in P;
elements is performed using the linear shape functions, while the interpolation on the P,
element uses the quadratic shape functions.

For general convection—diffusion-driven problems, P, mesh elements are expected
to be the optimal choice regarding accuracy and computational effort. However, our case
differs from the general case, as the surface mesh obtained from the segmentation is ex-
tremely dense (surface-to-volume ratio is approximately 1620, which accounts for 20 times
more surface area when compared with the sphere of a similar volume). Generally, when
the mesh is dense enough, the lower-order elements should provide results comparable
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to those of the higher-order elements. Therefore, evaluating whether the element density
is high enough to provide accurate results is critical to save significant computation time
using first-order P; elements.

Two numerical modeling studies were performed to evaluate the differences in so-
lutions and the computational effort required between the P; and P, order elements. In
one study, the mesh was composed only of first-order P; elements, and in the second study,
only of second-order P, elements. In the P; case, the mesh resulted in 5.6 x 106 degrees of
freedom (DOF), while in the P, case, the number of DOF was 3.5 x 107.

2.4.6. Solver Settings

The numerical model of the mean CSF flow was solved with the commercial COMSOL
Multiphysics® v6.0 software, which uses the finite element method (FEM) as a basis for
the numerical modeling. The stationary solver included the linear iterative Generalized
Minimal Residual method (GMRES) solver and the Smoothed Aggregation Algebraic
MultiGrid (SAAMG) preconditioner. In addition, SAAMG was combined with Successive
Over-Relaxation (SOR) line pre- and post-smoothers and a coarse Parallel Direct Solver
(PARDISO). The relative tolerance of the stationary solver was set to 1 x 1073,

2.5. Methods for Geometric and CSF Flow Analysis

To analyze CSF flow, we follow a similar procedure developed in [7]. We have
calculated projections from the 3D cCSFS model to the 2D xz-plane and then to the 1D
z-axis, as shown in Figure 2.

3D

Figure 2. Scheme of the integrating projection operation. The selected parameter is transferred by
integrating values along defined projection lines. Two sequential projections are applied to obtain
a 1D representation from the original 3D data: first from 3D to 2D along the y-axis (front/back),
and then from 2D to 1D along the x-axis (left/right). The cerebral ventricular system (CVS) and
subarachnoid space (SAS) regions were analyzed separately.

The z-axis corresponds to the up/down axis, the x-axis to the left/right axis, and the
y-axis to the front/back axis. The perimeter was evaluated by slicing the mesh at 1 mm
intervals and assessing the length of the resulting curves.

The cCSFS was separated into two parts to evaluate the CSF flow field parameters,
the cSAS and CVS. ¢SAS was composed of the cranial subarachnoid and periarterial spaces
(not all periarterial space was reconstructed, as the reconstruction was limited by MRI
Tp-weighted resolution). CVS had large regions where the flow was almost zero in the
z-axis; therefore, it was filtered by applying > Umean filter, where Umean is the average
CSF flow velocity in CVS, so that it would only include the space where the flow direction
is mainly z-axis dominant. In addition, CVS has two regions where the upward flow is
dominant in one location and the downward flow is dominant in the other; therefore,
the more critical location with the direction of downward flow is used for the flow analysis.
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The following operations resulted in a filtered cerebral ventricular system (fCVS) composed
of part of third ventricle, aqueduct of Sylvius, and fourth ventricle.
The hydraulic diameter was calculated as Dy = %, where S is the cross-sectional area

and P is the perimeter of the cross-section. After obtaining Dy, the Reynolds number was
puDy

evaluated as Re = i

3. Results

Firstly, we present the geometric parameters of cSAS and fCVS. Secondly, as the
numerical simulations of the CSF flow in a ¢cSAS and fCVS are time-demanding tasks, we
compare the results obtained with P; and P, finite elements and show that for this specific
problem, the computational time required could be reduced with minimal impact on the
solution accuracy by using the P; finite elements. Finally, we present the hydrodynamic
parameters of the CSF flow in the ¢SAS and fCVS and analyze the CSF flow results.

3.1. Geometric Parameters

The volume and surface area values presented in Table 1 are obtained from our 3D
model of cCSFS.

Table 1. Cranial cerebrospinal fluid space geometric parameters.

Geometric Entity Volume (mL) Surface Area (m?)
Ventricular system 18.3 0.015
Subarachnoid space 180.3 0.307
CSF space (cCSFS) 198.6 0.322

We note that the accuracy of these values is limited by the resolution of tomogra-
phy imaging (in this case, 3T MRI). The obtained volume values fall into the expected
150-400 mL range [7]. The reconstructed cCSF space has a total surface area of 0.307 m?.
Assuming that half of this area corresponds to the brain-facing boundary yields an ef-
fective pial-side area of ~0.154 m?, approximately a factor of ~2 lower than reported
high-resolution ex vivo pial-surface measurements. This discrepancy is consistent with the
lower spatial resolution of in vivo MRIL.

3.2. CSF Flow Simulations

Two stationary numerical simulations of the net CSF flow in the reconstructed cCSFS
were performed using P; (4 node linear elements) and P, (10 node quadratic elements),
respectively. The net CSF flow was modeled based on Darcy’s law and continuity equations.
All simulations were performed on a single Kaunas University of Technology (KTU) cluster
node with 2xAMD EPYC 7452 32-core processors and 512 GB of RAM. In both cases,
the solution converged in one iteration, and for the P; elements, it took almost 5 min, while
with the P, elements, it took nearly 20 min, consuming about 30 GB of random-access
memory (RAM) in the P; case and about 150 GB RAM in the P, case. Simulations provided
the pressure’s spatial distribution (field) and its derivative values (velocity, etc.).

3.3. CSF Flow Field Comparison

Several approaches were used to compare the net CSF flow field values obtained by
solving the model with P; and P, elements. Firstly, the three longest streamlines originating
in the choroid plexus and following the CSF flow paths in the left, right, and middle
brain regions were calculated from the CSF flow solution, which was obtained with P,
elements. The overall similarity between CSF flow velocity field magnitude values of P;
and P, solutions resulting in these streamlines was evaluated by calculating the correlation
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coefficient, mean value proportion, and similarity coefficient based on [31]. The correlation
coefficient for the CSF flow velocity field magnitude values [left, right, middle] paths was
[0.9932, 0.9964, 0.9967], the mean value proportion was [0.9862, 0.9879, 0.9925], and the
similarity coefficient was [0.9635, 0.9728, 0.9701]. All these values indicate substantial
similarity between solutions obtained with P; and P, order elements.

A slight transmantle pressure (the instantaneous pressure difference between the
lateral ventricles and the cranial subarachnoid space) value of 1.8 Pa was obtained, which
is sufficient to drive the prescribed net CSF flow rate of 500 mL/day, as shown in Figure 3.

)

— Ppy

— IPpy=Ppil

pressure [Pa]
—

pressure diff. [I

0 10 2 30 40
streamline path length [cm]

Figure 3. Pressure obtained on the streamline starting at the choroid plexus of the right ventricle

and following a path throughout the right-brain hemisphere up to the arachnoid granulations. P,

solution in blue, difference in pressure between P, and P; solutions in orange.

The difference between pressures obtained with P; and P, elements accumulated
throughout the CSF flow path, and its increase was proportional to the velocity, as shown
in Figure 3. The difference in obtained transmantle pressures was only 1.4% between P;
and P, solutions. Finally, we compared the P; and P, velocity fields on an element-wise
basis. To account for varying element sizes, we evaluated a mass-weighted velocity metric:

We = m, ||ueH (3)

where 11, is the mesh element mass and u, is the element-wise CSF velocity. We then
computed the relative difference in W, between the P; and P, solutions for each element.
We found that for 70% of all elements, the difference in W, was below 5%, for 20%, it ranged
from 5% to 10%, and for 10%, it exceeded 10%, as shown in Figure 4.

] /@""’@*Je*%ﬂ L s

o 0.5} 0.5 %

= 2

=0 = 0 =

0 5 10 15 20 2 30 ©
e (%]

Figure 4. The relative (blue) and cumulative (orange) ratio of mass-weighted velocity metric within

the elements, W, (kg-m/s), with the total system’s mass-weighted velocity metric within the elements,
between P; and P, solutions.

To assess whether element-wise discrepancies between the P; and P solutions sig-
nificantly affect global transport, we quantified how much of a mass-weighted transport
magnitude is carried by the elements with the largest relative mismatch. The symmetric
relative mismatch between the two solutions is then

We,p, — W,
5e,W = | e, e,Pl‘ (4)
2(‘W€J’2| + |W€rp1‘) te
and we define a reference transport magnitude
Werer = 5 (Wep, + We,p,) (5)
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After ranking elements by J, v (used only to define the worst-mismatch subset (1¢q,),
we quantified their transport-weighted contribution via Sy,

Z‘46'5010% | W ref ’

6
Zeeﬂ | We,ref’ ( )

S10% =

It was obtained that S1g9, ~ 0.0068 (i.e., the worst 10% of elements by mismatch ac-
count for only ~0.68% of }"|W|), indicating that the largest relative differences are concen-
trated in low-transport regions and have negligible impact on global net transport metrics.
All these different P; and P, solution evaluation approaches showed that the differ-
ences between the solution obtained with P; and P, elements are not significant; therefore,
for these types of studies, P; elements can be used to reduce computational effort and time.

3.4. CSF Flow Analysis

The y-averaged map of the CSF velocity magnitude projected on the xz-plane, Uy, was
used to visualize the modeled CSF flow patterns, the distribution of which in fCVS is shown
in Figure 5a, while for cSAS, it is shown in Figure 5b. From these patterns it can be deduced
that the CSF flow velocity distribution for the f{CVS was approximately symmetric around
the flow path center (the flow path center is almost parallel to the x = 0 axis). In the fCVS,
the Uy, was highest at the aqueduct of Sylvius and reached about 0.4 cm/s, while in the
cSAS, it was highest at specific locations, which forms the CSF up flow from the CVS to the
arachnoid granulations. Also, for the cSAS, some local differences of the velocities can be
seen between the left and the right brain hemispheres, as the velocities were locally higher
in the leftmost part of the brain, as shown in Figure 5b. This can be attributed to local cSAS
anatomical differences between brain hemispheres.

The average velocity magnitude in the fCVS was 2 x 1072 cm/s, while in the cSAS, it
was 8 x 107% cm/s. Additionally, the average velocity magnitude on the left-brain hemisphere
was higher than on the right-brain hemisphere as it was 8.3 x 1074 cm/s, while on the right-
brain hemisphere, it was 7.7 x 10~* cm/s. As the CSF flow rates were prescribed to be equal
between brain hemispheres, the difference in average velocities is due to the difference in
cSAS cross-sectional areas between brain hemispheres, as shown in Figure 6. The average
cross-sectional area in the main flow direction (z-axis) in cSAS on the left-brain hemisphere
was 5.85 cm?, while on the right-brain hemisphere, it was 6.11 cm?.

The cross-sectional area of fCVS in z-axis was fluctuating and reached the highest value
of almost 0.73 cm? at the fourth ventricle and the lowest value of almost 1.6 x 1072 cm? at
the aqueduct of Sylvius, as shown in Figure 5¢, while cross-sectional area of the cSAS on the
z-axis in the cerebrum part of the brain fluctuated around the average value of 15 cm?, and in
the cerebellum part of the brain, it fluctuated around the average value of around 8 cm?, as
shown in Figure 5d. The average cross-sectional area of fCVS was 0.29 cm?, while of cSAS, it
was 12.28 cm?, resulting in a cross-sectional area ratio cSAS/fCVS of 42.35.

The projected perimeter distributions on the z-axis in principle followed cross-sectional
area distribution, as shown in Figure 5¢,d, indicating a similar hydraulic diameter throughout
the z-axis. This is shown in Figure 5e,f, where the hydraulic diameter for the f{CVS was
in a range from about 1 to 10 mm with an average value of 5 mm with a comparably low
dispersion. The hydraulic diameter in most of the SAS was in a range of about 2 to 4 mm with
the average of 3 mm and exhibited low dispersion.

The velocity in the z-axis in the fCVS was from 5 x 1073 cm/s to almost 0.4 cm/s and
the Reynolds number of the CSF flow was in the range from 1 to almost 70, as shown in
Figure 5g. The highest velocity and Reynolds number was at the aqueduct of Sylvius, while
the lowest velocity and Reynolds number was at the fourth ventricle. The z-component of
velocity in the cSAS, where it was relevant, was from around 1 x 104 em/sto 6 x 10~ 4cm/s
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and the Reynolds number of CSF flow was in the range from 0.05 to 0.3, as shown in Figure 5h.
The highest z-component of velocity was at the cerebellum part of the brain. Overall, the dom-
inance of the z-component of the velocity was decreasing towards the arachnoid granulations.

The velocity magnitude in the fCVS was approximate to velocity’s z-component and
was in the range from 5 x 1073 cm/s to almost 0.4 cm/s, as shown in Figure 5i. The highest
velocity was at the aqueduct of Sylvius, while the lowest velocity was at the fourth ventricle.
The velocity magnitude in the cSAS, where it was relevant, was from around 0.5 x 103 cm/s
to almost 1.5 x 1073 cm/s, as shown in Figure 5j. The highest velocity magnitude was at the
cerebellum part of the brain. The CSF flow velocity in periarterial spaces was nonuniform and
when comparing left and right brain sides, it was also non-symmetric, as shown in Figure 7.
The average velocity magnitude in periarterial spaces was around 1.5 x 1073 cm/s, while in
the subarachnoid space it was 7.7 x 10~* cm/s, indicating that periarterial velocities were
almost two times higher.

Velocity redistribution
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Figure 5. Cont.
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Figure 5. CSF metrics in the filtered cerebral ventricular system (fCVS) and cranial subarachnoid
space (cSAS). (a,b) y-averaged velocity magnitude (|u|), on the xz-plane (fCVS, cSAS). (¢c,d) Cross-
sectional area S(z) (solid) and perimeter P(z) (dashed), integrated over (x,y). (ef) Hydraulic
diameter Dyy(z) = 45(z)/P(z). (gh) Plane-averaged axial velocity (u;)x,,(z) (solid) and Reynolds
number Re(z) (dashed), computed with Dy(z). (i,j) Plane-averaged velocity magnitude (|u|)y,,(z).
Averages are taken over in-domain cross-sections only. Here, (-),, and (-)x, denote averaging over y

and over (x,y), respectively.
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Figure 6. The cross-sectional area of left (solid, blue) and right (solid, orange) hemispheres.
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Figure 7. CSF flow magnitude on zy plane at several x locations, where periarterial spaces are present
(a) atx = —22 mm, (b) at x = —24 mm, (¢) at x = —26 mm, (d) at x = —28 mm.

4. Discussion

In previous work, it was shown that CSF flow dynamics could have influence on
patient outcomes after subarachnoid hemorrhage [32], cerebral ischemia [33], multiple
sclerosis [34], or traumatic brain injury [35]. Based on the timely evaluation of the patient-
specific CSF flow patterns, clinicians could take appropriate measures to change clinical
course and improve patient outcomes. The inclusion of periarterial spaces is important,
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especially when considering the clearance of unwanted substances such as leaked blood
from the aneurysmal rupture [32]. In addition, periarterial spaces allow for the evaluation
of the direct contact between CSF, leaked blood, and artery walls.

The geometry was reconstructed with minimal manual correction to remove non-
anatomical connections introduced during segmentation. These interventions were mostly
in the areas between ventricles and the parts of the cSAS; however, whether these connec-
tions are truly non-anatomical remains to be determined, as some studies on rats indicate
that there could be direct connections between ventricles and the cSAS [36].

The obtained surface mesh follows the segmentation of the high resolution T,-
weighted MRI. In most parts, this creates an overly dense mesh, which would lead to
the inefficient use of computational power. One way to reduce the density of this mesh is
to use surface smoothing procedures. However, any meaningful attempts to smooth out
the resulting surface and in this way reduce the geometrical complexity by allowing larger
triangles to be used and simultaneously retain sulci and perivascular spaces always leads
to the problems of self-intersections and requires the removal of many inside protrusions,
making smoothing not applicable. Another option is to reduce the discretization order (P,
to P; as an example) as we did in this paper. The CSF flow results obtained between P; and
P, elements resulted in a difference, which is comparably low, and it is known that given
enough mesh density, both solutions should provide similar results [37]. In this paper,
we have shown that when using the minimally manually adjusted segmentations directly
obtained from the high-resolution MRI, and when using finite element formulations to
solve for Darcy flow equations, one can use the P; elements and expect a solution that in
most parts should be within 10% of relative error from the P, solution. In this way, the
use of P; elements mitigates the computational overhead associated with overly dense
meshes in anatomically constrained regions where smoothing cannot reduce geometric
complexity. Moreover, uncertainties in CSF flow boundary conditions are at least an order
of magnitude larger than the differences between P; and P, discretizations.

4.1. Indirect Consistency Check Against Reported Physiological Ranges

Because patient-specific, spatially resolved CSF flow measurements were not available
for this case, we benchmarked key outputs against reported physiological ranges. This
subsection is intended to show that simulated magnitudes are physiologically plausible
and to clarify where predictions are most sensitive to modeling assumptions.

4.1.1. CSF Generation/Aqueductal Flow

We prescribe net CSF production rate of 500 mL/day (~0.35 mL/min). Along
the aqueduct, the cross-sectional area ranges from 1.6 to 7.8 mm?, giving section-
averaged mean velocities 0.36-0.075 cm/s, respectively, for a net flow of 0.35 mL/min
(by mass conservation). Reported aqueduct-based net production estimates in healthy
cohorts are of a similar order: 0.305 4 0.145 mL/min [38], 0.35 & 0.38 mL/min [39],
0.205 £ 0.037 mL/min [40], 0.31 £ 0.18 mL/min [41]. Akay [42] reports an aqueduct cross-
sectional area of 2.87 +1.01 mm?, a velocity of 0.37 £ 0.18 cm/s, and a flow rate of
0.64 £ 0.40 mL/min in healthy volunteers. Note that net aqueduct estimates of CSF flow
can be sensitive to segmentation and physiological confounders such as respiration.

4.1.2. Transmantle Pressure Gradient

Prior modeling generally suggests that time-averaged transmantle pressure differences
are small (order 1-10 Pa), while direct human measurements—when attempted—often report
values near zero within measurement uncertainty (10 Pa) [43-46]. Our predicted value
(1.8 Pa) lies within the low end of these reported ranges.
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4.1.3. SAS and Perivascular Drift Velocities

Recent net flow MRI (six healthy subjects) reports no detectable SSS-directed net
drift [47]. Under our absorption/outflow assumptions, the model predicts a small mean
directed SAS drift velocity of 1 x 107# to 6 x 10~*cm s ™! (=1 to 6 pm s~'). This difference
is interpreted as boundary condition and compartment assumption-sensitive, rather than
a direct contradiction, because net flow MRI targets ultraslow signed drift, while periarte-
rial/perivascular pathways can exhibit preferential transport with larger local velocities.
In our model, local PVS velocities are in the range of 10-100 pm/s (Figure 5b). Tracer MRI
additionally suggests a periarterial SAS compartment (PVSAS) separated by a semiperme-
able boundary with preferential periarterial tracer propagation [48], although observed
enhancement patterns may also be influenced by shear-augmented dispersion under oscil-
latory flow [49].

4.1.4. Effective SAS Cross-Sectional Area

An imaging-based estimate of six healthy subjects reports an effective SAS cross-
section 14.55 to 25.79 cm? [47], whereas our estimate is 12.28 cm?. This discrepancy likely
reflects differences in segmentation definitions (which SAS regions are included) and
resolution/continuity assumptions; we therefore treat this comparison as an order-of-
magnitude plausibility check.

4.1.5. Cranial SAS Pial-Side Surface Area Comparison with Ex Vivo Measurements

Our reconstructed cranial SAS has a total surface area of 0.307 m2, which includes both
“brain-facing” (pial-adjacent) and “dura-facing” boundaries. As a rough pial-side com-
parator, half of this value (~0.154 m?) can be interpreted as an effective brain-facing area.
High-resolution, ex vivo reconstructions report combined cerebrum and cerebellum pial
surface areas of ~0.363 m2 [50], whereas our estimate is derived from in vivo clinical MRI,
where spatial resolution and partial-volume effects under-resolve thin sulcal/folial CSF
boundaries. This comparison therefore indicates the expected discrepancy in pial-adjacent
surface area when estimated from in vivo MRI segmentation (here, on the order of a factor
of ~2). Such discrepancy is relevant for models that scale CSF-tissue exchange/transport
processes by interface area (e.g., solute diffusion/uptake, intrathecal drug penetration,
or coupling between SAS and perivascular/interstitial compartments).

4.1.6. Comparison with Other Modeling Works

Although several CFD studies have investigated CSF dynamics in the SAS [8,10,11],
only in [7] were geometric and hydrodynamic summary metrics reported that enable par-
tial, order-of-magnitude comparison with our results. Here, we compare time-averaged
transport scales: in [7] a steady-streaming component (oscillatory pulsations superimposed
with net sources/sinks) was computed, whereas our model solves only a steady-state
problem driven by prescribed CSF generation and absorption boundary conditions. This
comparison is meaningful at the level of orders of magnitude for time-averaged transport,
but remains limited by differing pulsatility assumptions, boundary conditions, and geo-
metric preprocessing, and thus does not constitute strict model-to-model validation.

Geometrically, our cranial subarachnoid space (cSAS) spans cross-sectional areas of
5 to 19 cm?, perimeters of 10 to 250 cm, and hydraulic diameters of 1.9 to 14 mm (mean:
3mm). In comparison, ref. [7] reports 4 to 31 cm?, 10 to 190 cm, and 5.2 to 11.5mm (mean:
6.2mm) over the cSAS, respectively. The approximately two-fold difference in mean
hydraulic diameter (our 3 mm vs. their 6.2 mm) is mainly attributable to their geometric
smoothing/coarsening steps designed to enforce SAS continuity, whereas we retained the
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MRI-derived geometry with minimal interventions; regions that appear discontinuous in
our model are typically below MRI resolution and would, if included, further reduce Dy,.

In terms of transport magnitude, the cranial steady-streaming is 50x smaller than
spinal [7], implying a cranial drift on the order of 0.5-0.7 pm/s (approximate estimate
from their reported spinal steady-streaming), whereas we obtain steady flow velocity of
1-6 ym/s in cSAS; both are in the nm/s regime and therefore far below peak oscillatory
CSF speeds. Finally, our steady component remains strongly viscosity dominated (cSAS
Re < 0.2, Figure 5h), consistent with [7] showing near-zero Re in cranial regions.

4.2. Implications of Neglecting Pulsatility, Respiration, and Compliance When Modeling CSF Flow

Our model is formulated to predict the steady net component of CSF redistribution
driven by prescribed CSF production and absorption rates and sites, with pressure arising
as the corresponding steady field required to satisfy mass conservation. It is therefore
not intended to reproduce phase-resolved oscillatory waveforms, pulsatility-enhanced
mixing, respiratory modulation, or compliance-driven phase lags. Nonetheless, periarte-
rial /PVS flow is strongly cardiac-coupled. In vivo two-photon particle tracking in mice
demonstrated a pulsatile periarterial component synchronized to heartbeat and reported
a time-averaged (net) bulk-flow speed in pial-artery PVS of ~18.7 pm/s directed along the
artery [51]. Consistent with this benchmark, our predicted mean periarterial CSF velocity
was 1.5 x 1073 cm/s (15 pm/s), i.e., of the same order as the mouse time-averaged value.
In addition, particle-tracking experiments in mice have reported a pulsatile periarterial
CSF motion with a non-zero mean (“bulk flow”) component aligned with the direction of
blood flow. This directed component persists under a dual-syringe infusion protocol with
simultaneous injection and withdrawal (no net volume increase and minimal ICP change),
arguing against a simple injection-driven artifact [52]. In humans, motion-sensitive MRI
supports robust cardiac cycle coupling between vascular pulsatility and paravascular CSF
dynamics, based on retrospectively cardiac-aligned fMRI and dynDWI waveforms [53].
Velocity-selective spin labeling (VSSL) has further been used to map CSF motion in the
ventricles and along major-artery regions of the SAS [54]. However, these measurements
primarily characterize pulsatile and /or velocity magnitude-weighted motion components
and therefore should not be interpreted as direct estimates of the cycle-averaged signed net
drift within anatomically defined PVS.

Because we focus on the steady net CSF flow, the key question is whether neglecting
time dependence biases the predicted net drift. Direct in vivo measurements of the net flow
velocity specifically within human PVS remain limited. Importantly, time-dependent CFD
in realistic pial PVS geometries indicates that arterial wall expansion can generate large
oscillatory velocities (peak-to-peak amplitudes on the order of 60265 nm/s), yet pulsations
alone may yield negligible mean drift in physiologically short geometries (net < 0.5 um/s,
and still <0.2 pm/s when adding downstream resistance/compliance) [2]. In that setting,
pulsatility predominantly contributes to oscillatory motion and mixing rather than to
time-averaged transport, supporting the use of a steady net flow model when the mean
is governed by steady drivers [2]. Conversely, the same framework shows that a static
pressure gradient can dominate the mean: for a static gradient of 1.46 mmHg/m, predicted
net velocities are ~20-30 pm/s, while the oscillatory peak-to-peak amplitude remains
essentially unchanged [2]. These results motivate the interpretation that, even in strongly
pulsatile PVS, the cycle-averaged drift may be set primarily by steady biases (sources/sinks
and/or an effective steady pressure difference), with pulsatility superimposed on top [2].

Evidence from human intrathecal tracer MRI indicates brain-wide redistribution
and clearance over time, including enhancement patterns consistent with vessel-adjacent
pathways [55], while sleep deprivation impairs molecular clearance [56], suggesting that
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CSF-mediated transport is state-dependent. However, rapid tracer redistribution does
not uniquely imply a large net drift because oscillatory motion can substantially enhance
solute transport via shear-augmented dispersion even in the absence of net bulk flow [49].
Consistent with the relevance of low-frequency dynamics, sleep cycle-dependent vaso-
motion has been shown to modulate vascular/PVS dynamics in mice and is predicted
to increase perivascular flow and solute transport to levels comparable to cardiac-driven
oscillations [57].

Rectification becomes relevant only if nominally zero-mean oscillations are converted
into non-zero mean flow by symmetry-breaking mechanisms (e.g., direction-dependent
hydraulic resistance/valves, geometric asymmetry, or nonlinear compliance/phase lag).
Valve mechanism models, for example, propose pressure-dependent permeability at astro-
cyte endfeet that suppresses reflux and can rectify pulsatile motion into a directed mean
flow [58]. At present, however, the mechanism producing the observed net movement
remains unsettled, and consensus on how fast pulsations relate to slow time-averaged bulk
motion remains elusive [2,59]. Accordingly, our steady model should be interpreted as
a tool for studying how prescribed steady drivers shape net CSF flow redistribution, while
acknowledging that any additional mean contribution arising from oscillation-rectifying
mechanisms would require explicit time-dependent modeling with appropriate asymmetry
and compliance.

4.3. Clinical Integration Considerations

In its current proof-of-concept form, the framework is best positioned as an offline
research-stage decision-support concept for elective assessment (same-day to next-day),
rather than an acute bedside tool. A plausible clinical workflow would include the following:

Imaging inputs: A structural MR dataset with sufficient CSF-tissue contrast and
resolution for the segmentation of ventricles and cranial SAS, ideally sub-millimeter
isotropic or near-isotropic resolution. Optional additions for personalization include (a)
TOF-MRA /CTA to localize major arterial trees and (b) PC-MRI planes (aqueduct and/or
foramen magnum) to constrain net flow and pulsatility where available.

Processing pipeline: DICOM import — automated/semi-automated segmentation
(ventricles/SAS and PVS) — segmentation quality control (QC) and minor edits — mesh
generation — steady solver run — results QC (e.g., checking mass balance, unrealistic
velocities, sensitivity to boundary settings; if QC fails, segmentation/mesh are revised
and the solver is re-run) — final export of velocity/pressure fields, summary metrics
(tables/plots), and image overlays.

Computational resources: The current steady-state formulation is CPU-tractable on
a modern workstation/server; practical bottlenecks are segmentation, QC, and mesh
generation rather than the linear solve. A GPU is beneficial mainly for Al-based seg-
mentation. The CFD step typically gains little from a GPU in standard CFD because it
relies on sparse linear algebra and meshing workflows that are commonly CPU-based in
mainstream solvers.

Turnaround time: In the current research implementation, end-to-end time is dom-
inated by segmentation/QC and meshing, so turnaround is realistically hours to days,
not minutes. With improved automation (robust segmentation and repeatable meshing
settings /templates), the workflow could support elective planning where a turnaround of
hours is acceptable; at this stage, it is not intended for emergency decision-making.

User expertise: At present, operation requires a trained user with experience in
medical image segmentation and computational modeling to verify that the segmented
CSF compartments are anatomically consistent and free of artifacts (e.g., missing regions,
spurious connections, or non-physical gaps), verify meshing and boundary condition
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settings, and interpret QC flags. Clinical deployment would require a streamlined “single-
operator” interface with locked presets, automated QC checks, and standardized reporting.

5. Limitations

This study presents a proof-of-concept, geometrically detailed framework for patient-
specific CSF flow modeling. The next step is evaluation in larger cohorts, including
pathological cases such as SAH, hydrocephalus and brain tumors, which will require
disease-specific model adaptations (e.g., revised boundary /initial conditions and inclusion
of additional mechanisms). Future work should also test whether inter-subject variability
in CSF-space geometry (SAS/PVS caliber, continuity, connectivity) produces systematic
transport differences that are associated with disease susceptibility or progression (e.g.,
hydrocephalus, impaired clearance after SAH).

A major limitation of the present work is the lack of patient-specific, spatially re-
solved CSF flow measurements that would enable direct quantitative validation across
the ventricles, SAS, and perivascular regions. Practically, whole-brain in vivo validation is
constrained by current MRI capabilities: phase-contrast MRI (PC-MRI) is most commonly
acquired on selected 2D planes rather than as a whole-brain 3D field, and scan time and spa-
tial resolution can limit accuracy, particularly for slow flows and small compartments [60].
Accordingly, our benchmarking is limited to indirect consistency checks against published
physiological ranges rather than case-specific validation. In addition, model prediction of
net SAS drift velocity is sensitive to the assumed CSF absorption/outflow boundary condi-
tions (e.g., “classical” arachnoid granulation-dominated clearance) and a lack of PVSAS
compartmentalization (even though we included PVS in our model it shares the same
compartment as SAS). Finally, the geometric representation of PVS (caliber and continuity)
can change how easily CSF can pass through them compared with the surrounding SAS.
If the modeled PVS are relatively “open” and well connected, the simulation may route
more CSF through the PVS, which can alter the predicted flow directions and velocities.
Moreover, clinical Ty-weighted MRI under-resolves small PVS (partial-volume effects),
which can bias reconstructed PVS caliber/continuity and thereby alter predicted routing.

In addition, subject-specific data to constrain regional net flow partitioning are limited.
In the absence of such constraints, we assumed an 80%/20% upper/lower partitioning of
the net flow and hemispheric symmetry; these should be interpreted as simplifying bound-
ary condition assumptions rather than experimentally established subject-specific values.

Another limitation is that we model the entire cranial CSF domain using Darcy flow
with a uniform isotropic permeability (adopted from a trabecular SAS porous-medium
estimate) [23]. Applying this single value to anatomically heterogeneous regions (ventricles,
cisterns, and larger periarterial conduits) is an effective approximation that may bias
hydraulic resistance and flux partitioning. In particular, Darcy flow does not capture shear,
velocity gradients, or pulsatility-driven mixing that are expected in open-fluid regions; these
effects would require Stokes/Navier—Stokes modeling and compliant/pulsatile boundary
conditions. This simplification is particularly relevant because periarterial spaces have been
reported to be open (non-porous) conduits in mice [61], and computational studies indicate
that geometric differences between periarterial and perivenous pathways can substantially
affect net transport [6].

In addition, CSF sink placement was limited to the SSS and transverse-sigmoid
territories; we did not include a dedicated straight-sinus sink region despite reports of
frequent arachnoid granulations in the straight sinus, which may affect regional outflow
partitioning and should be addressed in future sensitivity analyses.

A central limitation for next-generation patient-specific CSF models is the incomplete
mechanistic understanding of what sets net CSF redistribution in humans—specifically, how
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steady production/absorption and outflow resistances interact with pulsatility /respiration,
compliance, and periarterial compartmentalization to produce the observed net tracer
transport pathways. Until these drivers are better constrained by spatially resolved
in vivo measurements, model boundary conditions and net flow mechanisms will remain
partly assumption-driven.

6. Conclusions

This work presents a patient-specific FEM framework for studying steady net CSF
redistribution in a cranial CSF domain reconstructed from T-weighted MRI (ventricular
system, cranial SAS, and periarterial regions). We further show that the computational cost
of this large-scale steady problem can be reduced with only minor impact on the solution
by using first-order elements instead of second-order elements.

Using a steady Darcy formulation with prescribed net CSF production/absorption of
500 mL/day (~0.35 mL/min), the model predicts a small transmantle pressure difference
(Ap = 1.8 Pa) and micro-scale steady net CSF flow velocities (periarterial: 1.5 x 1073 cm/s;
cSAS: 8 x 10~*cm/s). Given the reconstructed aqueduct cross-sectional area (1.6-7.8 mm?),
the implied aqueductal mean velocity scale (=0.36-0.075 cm/s), respectively, is consistent
with reported PC-MRI ranges, and the transmantle pressure difference lies within the
(<10Pa) range reported by prior modeling studies. Because these results describe steady
net CSF transport under a prescribed production rate and chosen absorption/outflow
boundaries (a classical steady source-sink setting), predicted net flow directionality should
be interpreted as conditional on these assumptions and used as a mechanistic baseline
rather than a clinically validated ground truth. Next steps are evaluation in larger cohorts
(including SAH, hydrocephalus, brain tumors), with disease-adapted boundary/initial con-
ditions and mechanisms, and assessment of whether inter-subject differences in SAS/PVS
geometry (caliber, continuity, connectivity) produce systematic transport patterns relevant
to disease susceptibility or progression.
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