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Pulsatile Cerebrospinal Fluid Dynamics in the
Human Brain

Andreas A. Linninger*, Cristian Tsakiris, David C. Zhu, Michalis Xenos, Peter Roycewicz, Zachary Danziger,
and Richard Penn

Abstract—Disturbances of the cerebrospinal fluid (CSF) flow in
the brain can lead to hydrocephalus, a condition affecting thou-
sands of people annually in the US. Considerable controversy ex-
ists about fluid and pressure dynamics, and about how the brain
responds to changes in flow patterns and compression in hydro-
cephalus. This paper presents a new model based on the first prin-
ciples of fluid mechanics. This model of fluid-structure interactions
predicts flows and pressures throughout the brain’s ventricular
pathways consistent with both animal intracranial pressure (ICP)
measurements and human CINE phase-contrast magnetic reso-
nance imaging data. The computations provide approximations of
the tissue deformations of the brain parenchyma. The model also
quantifies the pulsatile CSF motion including flow reversal in the
aqueduct as well as the changes in ICPs due to brain tissue com-
pression. It does not require the existence of large transmural pres-
sure differences as the force for ventricular expansion. Finally, the
new model gives an explanation of communicating hydrocephalus
and the phenomenon of asymmetric hydrocephalus.

Index Terms—CSF flow, fluid-structure interactio
cephalus, intracranial pressure, tissue compliance.
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I. INTRODUCTION

6, Hakim [1] proposed an important model of the
brath as a sponge, postulating that large transmural pressure
differences between the SAS and ventricles cause ventricular
enlargement by squeezing water out of the brain parenchyma.
While this may occur in obstructive hydrocephalus in which
a tumor or injury blocks the proximal CSF pathways, large
pressure gradients predicted by Hakim are not consistent with
the open foramina in communicating hydrocephalus. Further-
more, Hakim’s hypothesis cannot explain why the intracranial
pressure (ICP) often returns to almost normal levels in patients
with communicating hydrocephalus.

An understanding of the basic underlying fluid mechanics
in the normal brain and in hydrocephalus is needed to develop
more effective medical treatments. In particular, the pulsatile
flow rates, ICPs, pressure gradients, and their interaction with
each other need to be understood in order to design CSF
shunting systems which compensate correctly for the fluid
dynamic abnormalities.

This paper presents a comprehensive computational model of
normal and hydrocephalic CSF flow. The first section reviews
experiments on dogs that show CSF flow is pulsatile and large
pressure gradients are not present. The second section proposes
a mathematical model of intracranial dynamics based on first
principles of fluid mechanics. The third section presents simu-
lation results for normal CSF flow and demonstrates conditions
leading to hydrocephalus. The validation section provides ex-
perimental evidence to support the proposed mechanisms, and
validates the simplified assumptions of using two-dimensional
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Fig. 1. Placement of ICP monitors in dog experiments. (Only one monitor is
shown for clarity.).

(2-D) computational fluid dynamic (CFD) simulations. The sim-
ulations are also compared with data from CINE phase-contrast
magnetic resonance imaging (MRI).

II. ANIMAL EXPERIMENTS

A series of experiments on dogs was performed to establish
the role of ICP gradients in communicating hydrocephalus.
Multiple INSITE pressure sensors (Medtronic, Inc., Min-
neapolis, MN) were implanted for simultaneous in vivo mea-
surements. This new technique generated both long-term and
real-time ICP measurements. The sensors were placed in three
different locations: the lateral ventricle, the brain parenchyma,
and the SAS as shown in Fig. 1. Real-time measurements were
obtained at 256 ICP data points per second. Long-term ICP
trends were recorded for a period of 20 days wit

the experiments is given elsewhere [2].

Six dogs were injected cisternally
hydrocephalus. In one dog, the ICP
absolute value and in the pulse pre
10000 Pa (~70 Torr) above normal (

through the SAS. Thi
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me data from simultaneous recordings
measurable pressure gradients across the
arenchyma or the SAS to the parenchyma
(Fig. 3). Autops firmed moderate hydrocephalus in all four
dogs. One dog did n@fdevelop chronic hydrocephalus, and died
with seizures after a second kaolin injection.

The experimental data show that the ICP is pulsatile with a
peak in systole and a valley in diastole. The synchronization of
CSF pressure with the cardiac cycle corroborates the clinical
evidence linking CSF motion in the ventricular system to arte-
rial pulsations. Recently, Egnor [5] has proposed that pulsatile
choroid plexus motion due to arterial pulsations actively powers
the CSF’s oscillatory motion in the ventricles.

In Hakim’s hypothesis, transmural pressure gradients across
the parenchyma are essential for explaining ventricular expan-
sion [1]. However, in our experiment such large pressure dif-
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Long-term ICP chronic hydrocephalic dog and real-time pressure
e between ventricles and parenchyma (V-P) and ventricles and SAS
top graph shows chronic recordings prior to kaolin injection (up to
after as the ICP elevates and returns to normal with the development
phalus. The middle three records are the real-time pressure of the
ventricle, parenchyma and SAS. The lower two are subtractions of ventricle
minus parenchmyma pressure (V-P) and ventricle minus SAS pressure (V-S).
No significant pressure gradient is observed.

ferences were not found. In fact, no transmural pressure differ-
ences in our dogs were seen, see Fig. 3. If pressure differences
do exist, they are below 1-2 Torr (133-267 Pa), the sensitivity
of the ICP monitors. Our first principles analysis in the next sec-
tion will provide an explanation why large transmural pressure
differences cannot develop with open ventricular pathways.

III. MODELING OF THE CSF DYNAMICS

CSF oscillatory flow results from cardiac pulsations ([1],
[5]-[7]). The pattern and timing of CSF motion has been studied
extensively with MRI techniques ([6]-[9]). Nevertheless, the
causes and mechanical principles underlying intracranial dy-
namics are controversial. Some authors link the CSF flow to
the brain motion. This hypothesis is supported by careful mea-
surements of brain motion using CINE phase-contrast MRI,
[9]-[11]. Other investigators suggest a pulsatory thalamic pump
actively pushing the CSF [12]. A competing view attributes
CSF motion to a transmission of the arterial pressure in the
choroid plexus. Another study, which combined gated MR with
automated edge-detection algorithms, observed a 10%—-20%
variation in size of the lateral ventricles during the normal
cardiac cycle [13]. These measurements are not consistent
with the brain motion hypothesis according to which arterial
pulsation should diminish the ventricular size in the systole.
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The critical role of the choroid plexus in the development of
communicating hydrocephalus was established by Bering [14].
In dogs injected with kaolin, he found that only ventricles with
an intact choroid plexus expanded. If the choroid plexus had
been removed, the ventricle did not enlarge. Thus, the choroid
plexus is necessary for ventricular expansion in communicating
hydrocephalus.

All these phenomena, including arterial expansion, brain
motion and choroid expansion are likely to contribute to some
extent. In order to understand intracranial dynamics better, a
mathematical model quantifying forces and their interaction
is needed to evaluate the different hypotheses. This section
introduces a model based on the first principles of fluid me-
chanics which is designed to calculate stresses, strains and
displacement in the cranial cavity. We made the choroid plexus
as the principal driver of CSF motion. The effects of complex
brain motion resulting from cardiac pulsations transmitted to
the intracranial space [9] are not difficult to incorporate into
our bio-mechanical model.

The first principles model for pulsatile CSF flow relates three
dynamically interacting systems: the cerebral vascular system,
the CSF-filled ventricular and SAS, and the brain parenchyma.
Fig. 4 illustrates how the CSF pulsatile motion in the ventricular
system occurs in our view. Arterial blood flows into the disten-
sible tissues of the choroid plexus cause it to expand during sys-
tole. Simultaneously, new CSF is produced in the choi®i
by secretion at a constant rate ([14]-[18]). Th

pulsations.

Fig. 5 is a schematic of the CSF pat
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The goal of ot ailed hydrodynamic modeling is to com-
pute the CSF pressutejand velocity fields throughout the brain
for comparison with clinical data. The fluid motion obeys the
continuity and the Navier—Stokes equations. The dynamics
of parenchyma stresses, strains and displacements can be
described with the laws of elastodynamics. At the interface of
the fluid and the elastic tissue, the boundary conditions dictate
equality of displacements and stresses. Since the deformation
of the tissues directly affects the space available to the fluid, the
two systems are fully coupled. Instead of directly resolving the
complex three-dimensional (3-D) dynamic brain deformation
problem with fluid-structure interaction, a few assumptions are
taken to simplify the mathematics. Theses assumptions will be
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Fig. 4. CSF flow due to the choroid plexus.
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ents for each ventricle interacting with the elastic
es are depicted in Fig. 6. A difference in fluid (p;)
and 1nftracranial tissue pressure (pg) causes the extension of
the ventricular wall. In this first approach, only a thin layer
of epithelial cells in the peri-ventricular area is included.
This simplification allows adopting the standard thin elastic
membrane model of tissue deformation [21]. The acceleration
of a small membrane segment results from the interaction of
three forces: the difference between fluid and tissue pressures
(pi — po), the tissue elasticity (k. - y;) as well as a dissipative
force (kq - 9;). The interior of the ventricle is compressed by the
choroid plexus. The cyclic motion of choroid plexus follows
the cardiac cycle and is represented by the forcing function a(t)
given in (1)

at) = a <1.3 + sin (wt _ g) _ %cos (th _ g)) o)

In ensemble, the relative dynamics of choroid expansion a(t)
and the induced tissue expansion y;(¢) determine the instan-
taneous CSF content in the ventricle as well as the CSF flow
rate along the proximal pathways at each instant of time. To
resolve the ventricular dynamics better, the ventricles were
also discretized into cylindrical finite volumes with perfect
axial dispersion and radial expandability against the thin
periventricular membrane [22], see Fig. 6. The foramina are
treated as elastic tubes. Since the diameters of all foramina are
small, averaged axial velocities (v;) were considered in the
momentum balances. The radial CSF momentum balance in the
thin foramina was neglected. The radial velocity components
equal to the tissue deformation speed ¢; appear in the continuity



	toc
	Pulsatile Cerebrospinal Fluid Dynamics in the Human Brain
	Andreas A. Linninger*, Cristian Tsakiris, David C. Zhu, Michalis
	N OMENCLATURE
	I. I NTRODUCTION

	Fig.€1. Placement of ICP monitors in dog experiments. (Only one 
	II. A NIMAL E XPERIMENTS

	Fig.€2. Experimental ICP increments measured in an acutely hydro
	Fig.€3. Long-term ICP chronic hydrocephalic dog and real-time pr
	III. M ODELING OF THE CSF D YNAMICS

	Fig.€4. CSF flow due to the choroid plexus.
	Fig.€5. Schematic of CSF pathways, the vascular system and brain


