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Abstract

Objectives: Inthefluid dynamics of cerebral circulation
and cerebrospinad fluid (CSF) motion, the
computational simulation model has not been
established. We conducted the multi-scale smulationin
the cerebral circulation model. Therefore, we would
like to integrate these two different fluid dynamics
models. Methods & Results: Using the 3 teslaMRI and
3D workstation, the flow volumes of blood and CSF
were measured in the 20 healthy volunteers. In addition,
the 3D structures and movements of the brain,
intracranial CSF spaces and major arteries were
reconstructed for computational fluid dynamics.
Conclusions: The CSF movements synchronized with a
heartbeat were driven by the pulsation of large
intracranial arteries and brain. In the current concepts
of the cerebral circulation and fluid exchange of CSF
and intergtitial fluid, i.e., glymphatic system, the
simulation model of the brain fluid dynamic is
extremely complicated. There are many black boxesin
thisfield.
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1. Introduction

Cerebrospinal fluid (CSF) moves pulsatile to smooth
cerebral circulation in the closed space skull. Recent
developments in magnetic resonance imaging (MRI)
technology have made it possible to visualize the CSF
dynamics, denying the traditional classical bulk flow
theory for the CSF dynamics. However, it is difficult to
accurately reproduce the CSF dynamics in the
complicated 3D structure of ventricle and subarachnoid
spaces. Because acomputational fluid dynamics (CFD)
modeling that combines cerebral circulation and CSF
dynamics requires a huge amount of calculation, it has
not yet been established. We developed a multi-scale
simulation that combines cerebral circulation and
systemic circulation using the integrated 3D-1D-0D
CFD model.™*® In this multi-scale simulation, cerebral
circulation around the circle of Willis was created in a
3D model, distal circulation to the circle of Willis was
calculated in a 1D model considering pulse wave
transmission elements based on simplified Navier-
Stokes equations, and capillary circulation was
calculated in a OD model based on the Windkessel
effect in fractal distal flow. In addition, we succeeded
in reproducing the whole cerebra circulation using a
large scale of a 3D CFD mode.” To develop a
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mathematical model that integrates complex cerebral
circulation and CSF dynamics, the 3D flow volumes of
CSF and cerebral arteries synchronized with aheartbeat
were measured on 4D Flow MRI which can be
visualized complex flow patterns based on the acquired
velocity vectorsin all three spatial dimensions.

2. Materials and Methods

The MRI examination was performed using the 3T MRI
scanners (SIGNA™ Architect, GE Healthcare Japan,
Tokyo, Japan) with a64-channel head coil in 19 healthy
volunteers and 37 patients diagnosed with chronic adult
hydrocephalus. The timeresolved 3D velocity
encoding data obtained from 4D Flow MRI sequence
with 120 cm/s of velocity encoding for the
measurement of arterial velocity and with 5 cm/s of
vel ocity encoding for the measurement of CSF velocity,
voxel size with a side of 1.0 mm, synchronising the
peripheral pulse rate measured from the finger. To
increase the accuracy of fine anatomical information,
the time-of-flight MRA segquence with the voxel size of
0.4 mm for cerebral arteries and the fast spin eco
isotropic 3D T2 CUBE sequence with the voxel size of
0.8 mm for CSF spaces (Fig.1) were superimposed on
3D flow data using the 4D flow application in the 3D

Fig. 1. Cerebral artery and Cerebrospinal fluid

volume analyzer workstation (SYNAPSE 3D;
FUJIFILM Corporation, Tokyo, Japan). The surface
mesh of CSF spaces was generated by increasing the
image resolution and applying maximum smoothing,
with aninterpolation of 1/4 interval and decimation rate
of 50%.

3. Results

As shown in Fig. 2, the 3D flow of cerebral arteries
including the circle of Willis and the CSF movements
were observed on 4D Flow MRI.

Fig. 2. 4D Flow MRI
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The peak of pulsatile blood flow in the left and
right internal carotid arteries (ICAs) and the
basilar artery (BA) does not always coincide
exactly. Therefore, the flow pattern of the
anterior and posterior communicating arteries
that form the circle of Willis are often
bidirectional rather than unidirectional. During
one cardiac cycle, synchronized with the inflow and
outflow of cerebral circulation, the CSF moved
periodically in the directions of craniocaudal (outward
from the cranium) and caudocrania (inward) in the
foramen magnum and subarachnoid spaces in front of
the brain stem. Cerebral circulation and CSF pulsatile
movements were not always coherent. However, there
is no doubt that cerebrospinal fluid does not always
flow from the ventricles into the subarachnoid space.
Normally, the CSF movements in the ventricular
systems were very small, but increased as the volume

of ventriclesincreased due to chronic hydrocephalus.!™
7]

4. Discussion

The CSF movements synchronized with a heartbeat
were driven by the pulsation of large intracranial
arteries and brain. However, the relationship between
the cerebral circulation and CSF pulsatile movements
on 4D Flow MRI has a complexity that cannot be
proved by the CFD model. On the contrary, 4D Flow
MRI still has many limitations and is not suitable for
measuring the flow of small intracrania arteries and
complex slow movements of CSF>7 Therefore, the
flow velocities measured by the 4D Flow MRI should
be verified and supplemented by CFD. Furthermore, in
the current concepts of the cerebral circulation,
lymphatic CSF drainage, and fluid exchange of CSF
and interstitial fluid, i.e, glymphatic system, the
simulation model of the neurofluid dynamic is
extremely complicated. Since there are many black
boxes in this field, it is expected that research will
develop in the future.
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