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ABSTRACT

As stated by the customary hypothesis, the cerebrospinal fluid (CSF) is secreted inside the brain ventricles and flows
unidirectional along subarachnoid spaces to be absorbed into venous sinuses across arachnoid villi and via para-
neural sheaths of nerves into lymphatics. Diffusion across the arachnoid granulations one-way valves into the
superior sagittal sinus returns CSF to the venous circulation. Absorption of CSF into venous sinuses across
arachnoid villi under the physiological pressure is considered here by means of considering fluid motion and solid
response of arachnoid villi to them. A Fluid-Solid Interaction (FS) model is constructed to simulate CSF flow. A
comparison of the results and the experimental data was done. The previous rigid models have ignored the CFS
interaction with arachnoid villi. In this computational fluid dynamic (CFD) analysis, the CSF pressure and flow
velocity in different areas were concordant with the experimental data.
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INTRODUCTION

Cerebrospinal fluid (CSF) is considered a parthef transcellular fluids. It is contained in the trathes and the
subarachnoid space and bathes the brain and spirddl The CSF is contained within the meninges actd as a
cushion to protect the brain from injury with pamit or movement. It has been estimated that thihioning or
‘'water bath' effect gives the 14009 brain an dffechet weight of only 50g9.CSF is a clear, colslé®dy fluid
found in the brain and spine. It is produced in¢heroid plexuses of the ventricles of the bratimackts as a cushion
or buffer for the brain's cortex, providing basieahanical and immunological protection to the biiaside the
skull. The CSF also serves a vital function in beatautoregulation of cerebral blood flow.The G& upies the
subarachnoid space (between the arachnoid matethanpia mater) and the ventricular system arountliaside
the brain and spinal cord. It constitutes the cointd the ventricles, cisterns, and sulci of thaityas well as the
central canal of the spinal cord [1].

CSF circulates within the ventricular system of tvain. The ventricles are a series of cavitidedilwith CSF,
inside the brain. The majority of CSF is producexhf within the two lateral ventricles. From hettee ICSF passes
through the interventricular foramina to the thirehtricle, then the cerebral aqueduct to the foughtricle. The
fourth ventricle is an outpouching on the postepart of the brainstem. From the fourth ventrithes fluid passes
through three openings to enter the subarachna@desp these are the median aperture, and thellameeures.
The subarachnoid space covers the brain and sgndl The CSF moves in a pulsatile manner througtimuCSF
system with a nearly zero net flow [2].
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Fig. 1.The cerebrospinal fluid (CSF) circulatesin the subarachnoid space around the brain and spinal cord

SF serves several purposes as buoyancy, protectiemical stability, prevention of brain ischenmaad clearing
waste. The actual mass of the human brain is ab#Q@® grams; however, the net weight of the braspsnded in
the CSF is equivalent to a mass of 25 grams. Tamm linerefore exists in neutral buoyancy, whicbwad the brain
to maintain its density without being impaired byyown weight, which would cut off blood supply &kitl neurons
in the lower sections without CSF. CSF protectshitaen tissue from injury when jolted or hit. Inrtzn situations
such as motor vehicle crashes or sports injuriesASF cannot protect the brain from forced contéitt the skull
case, causing hemorrhaging, brain damage, and soesedeath. CSF flows throughout the inner ventaicsystem
in the brain and is absorbed back into the bloedstr, rinsing the metabolic waste from the centealous system
through the blood-brain barrier. This allows fonfemstatic regulation of the distribution of neurdecrine factors,
to which slight changes can cause problems or dantagthe nervous system. For example, high glycine
concentration disrupts temperature and blood pressentrol, and high CSF pH causes dizziness andope. To
use Davson's term, the CSF has a "sink action" tigiwthe various substances formed in the nenissad during
its metabolic activity diffuse rapidly into the C@d are thus removed into the bloodstream as €&bsorbed.
The prevention of brain ischemia is made by deangathe amount of CSF in the limited space insiie skull.
This decreases total intracranial pressure antitéaes blood perfusion. CSF has been shown bydkearch group
of Maiken Nedergaard to be critical in the braiglgmphatic system, which plays an important rol€lirshing
metabolic toxins or waste from the brain's tissaeBular interstitial fluid (ISF). CSF flushing efastes from brain
tissue is further increased during sleep, whiclultesrom the opening of extracellular channelstodied through
the contraction of glial cells, which allows foretapid influx of CSF into the brain. These findinigdicate that
CSF may play a large role during sleep in cleanmgfabolic waste, like beta amyloid, that are preduby the
activity in the awake brain [3].
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Fig. 2.Anatomy of cranial CSF spaces (Volume of brain= 1400 ml; Volume of CSF= 150ml; CSF in ventricles around 25 ml;Volume of
blood= 150 ml; Total volume of cerebrospinal fluid (adult) = 125-150 ml (infant) = 50 ml; Turnover of entire volume of cerebrospinal
fluid = 3 to 4 times per day; Rate of production of CSF = 0.35 ml/min (500 ml/day); pH of cerebrospinal fluid = 7.33) [from Kandel et al.,
2000, p. 1296]

The total volume of CSF is 150 mis. The daily pratthn is 550 mis/day so the CSF turns over abotat 8 times
per day. The CSF is formed by the choroid plex@®4pand directly from the walls of the ventricul@9%). CSF
flows through the foramens of Magendie & Luschkim ithe subarachnoid space of the brain and sporal. dt is
absorbed by the arachnoid villi (90%) and diredtip cerebral venules (10%).The normal intracerdeprassure
(ICP) is 5 to 15 mmHg. The rate of formation of CiSFeonstant and is not affected by ICP. AbsorptdéiCSF
increases linearly as pressure rises above abomtsAHO pressure. At a pressure of about 11cpsHhe rate of
secretion & absorption are equal. The CSF has gaosition identical to that of the brain ECF butstis different
from plasma. The major differences from plasma are:

» The pCO2 is higher (50 mmHg) resulting in a low&FpH (7.33)

» The protein content is normally very low (0.2g8sulting in a low buffering capacity
» The glucose concentration is lower

» The chloride concentration is higher

» The cholesterol content is very low
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There are no lymphatic channels in the brain and ©8ils the role of returning interstitial fluiend protein to the
circulation. The CSF is separated from blood by hilmod-brain barrier. Only lipid soluble substances easily
cross this barrier and this is important in maimtag the compositional differences.
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Fig. 4.Electrical model of CSF circulation and pressure- volume Compensation and Components of resistance to CSF outflow
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Fig. 5.pulsatile CSF flow (Aqueductal CSF Velocity= 10 cm/sec ; Cervical blood Velocity=80 cm/sec; Cervical CSF Velocity = 5 cm/sec)
EXPERIMENTAL SECTION

The cerebrospinal fluid (CSF) is produced from réateblood by the choroid plexuses of the latenatl dourth
ventricles by a combined process of diffusion, pytosis and active transfer. A small amount is @lsmduced by
ependymal cells. The choroid plexus consists détof capillaries with thin fenestrated endothetiells. These are
covered by modified ependymal cells with bulbousrowilli. The total volume of CSF in the adult ra&syfrom140
to 270 ml. The volume of the ventricles is aboutn®5CSF is produced at a rate of 0.2 - 0.7 mlrpemte or 600-
700 ml per day. The circulation of CSF is aidedtlxy pulsations of the choroid plexus and by theionotf the
cilia of ependymal cells. CSF is absorbed acrossattachnoid villi into the venous circulation andignificant
amount probably also drains into lymphatic vessetaind the cranial cavity and spinal canal. Thetaraid villi
act as one-way valves between the subarachnoi@ spatthe dural sinuses. The rate of absorptiorelebes with
the CSF pressure. CSF acts as a cushion that f&dtex brain from shocks and supports the venousses
(primarily the superior sagittal sinus, opening wheSF pressure exceeds venous pressure). It ase ph
important role in the homeostasis and metabolisnthef central nervous system. CSF from the lumbgione
contains 15 to 45 mg/dl protein (lower in childremd 50-80 mg/dl glucose (two-thirds of blood gl Protein
concentration in cisternal and ventricular CSFawdr. Normal CSF contains 0-5 mononuclear celle TSF
pressure, measured at lumbar puncture (LP), is1B00mm of H20 (8-15 mm Hg) with the patient lying the side
and 200-300 mm with the patient sitting up.

The brain produces roughly 500 mL of cerebrospilgd per day. This fluid is constantly reabsorbed,that only
100-160 mL is present at any one time. Ependynitd oéthe choroid plexus produce more than twodhiof CSF.
The choroid plexus is a venous plexus containetimvihe four ventricles of the brain, hollow struiets inside the
brain filled with CSF. The remainder of the CSFHpeduced by the surfaces of the ventricles andhieylining
surrounding the subarachnoid space[1].

Ependymal cells actively secrete sodium into theréd ventricles. This creates osmotic pressuredaadis water
into the CSF space. Chloride, with a negative ahampves with the positively charged sodium andwtnal charge
is maintained. As a result, CSF contains a higbacentration of sodium and chloride than blood mpiasbut less
potassium, calcium and glucose and protein [1-2].
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Fig. 6.Vials containing human cer ebrospinal fluid

It had been thought that CSF returns to the vassyistem by entering the Dural venous sinuseshdaatachnoid
granulations (or villi). However, some [3] have gagted that CSF flow along the cranial nerves gitaknerve
roots allow it into the lymphatic channels; thigvil may play a substantial role in CSF reabsorpiioparticular in
the neonate, in which arachnoid granulations aegsgty distributed. The flow of CSF to the nasddrsucosal
lymphatic channels through the cribriform platerss¢o be especially important [4].The CSF is créditem blood

plasma and is largely similar to it, except thatFGS nearly protein-free compared with plasma aad Some
modified electrolyte levels. CSF contains approxegha0.3% plasma proteins, or approximately 15 @ondg/dL,

depending on sampling site [5] and it is produced ete of 500 ml/day. Since the subarachnoidespasund the
brain and spinal cord can contain only 135 to 130lange amounts are drained primarily into thedsldhrough
arachnoid granulations in the superior sagittalsiThus the CSF turns over about 3.7 times aTag.continuous
flow into the venous system dilutes the concertrabf larger, lipid-insoluble molecules penetratthg brain and
CSF[6]. Healthy cerebrospinal fluid is free of tddod cells, and at most contains only a few whited cells. Any
cell count higher than that constitutes pleocytasisexcess of cells. CSF pressure, as measurednbgr puncture
(LP), is 10-18 cmED (8-15 mmHg or 1.1-2 kPa) with the patient lyingtbe side and 20-30 crp@l (16-24 mmHg
or 2.1-3.2 kPa) with the patient sitting up [8]. newborns, CSF pressure ranges from 8 to 10,0m{4.4-7.3
mmHg or 0.78-0.98 kPa). Most variations are dueoteghing or internal compression of jugular veimshie neck.
When lying down, the cerebrospinal fluid as estedaly lumbar puncture is similar to the intracrapi@ssure.
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Fig. 7.Brain capillary. A:astrocytic processes; E:endothelium; Arrow heads: vasular basement membrane

Unlike other organs and tissues, the endothelildd teat line brain capillaries have no fenestnasi@r pinocytotic
(transportation) vesicles and have tight and adisejienctions that almost fuse adjacent endothedilé. Moreover,
these endothelial cells have different receptors imm channels on their surface facing the lumentbn the
surfaces facing the brain, an arrangement thalitédes transcellular transport. This anatomy is basis of the
blood-brain barrier (BBB). The endothelial cell® aurrounded by a discontinuous layer of pericyamsl these
vascular cells are enclosed within a basement mmmebmade up of collagens, laminins, and proteoghica
Astrocytic processes cover the capillaries, andvascular macrophages are interposed between thmemthee
capillary basement membrane. During developmenitp@ges induce brain endothelial cells to develophis
special leak-proof fashion. The BBB separates pdagram the interstitial space of the CNS and is key
maintaining homeostasis in the CNS. It controlstthéfic of molecules, including ions and wateraind out of the
brain and plays an important role in supplying linein with nutrients and getting rid of waste aaogii¢ products.
The ability to exclude certain substances fromrbiaierstitial space has to do not only with theotdar anatomy,
but also with lipid solubility and selective traedialar transport by endothelial cells. Lipophitompounds cross
the BBB easier than hydrophilic ones do, and sHidiphilic molecules such as 02 and CO2 diffuseelfre
Hydrophilic substances can only get across brapillades through endothelial cells rather thanwesn them.
Some hydrophilic molecules, including glucose amdin® acids, enter endothelial cells with the help o
transporters, and larger molecules, including fpnsteenter via receptor-mediated endocytosis ariidadong the
opposite surface by exocytosis. GLUT1 is the glednansporter. The ATP-binding cassette (ABC) fpanters are
important for transport of lipophilic substancesl afflux of toxic metabolites. The BBB protects theain from
toxic substances but also impedes the entry ofsdr@jrculating leukocytes enter the brain by passhrough
endothelial cells rather than between them. Astaxcgover almost the entire surface of brain canpds; they are
interposed between the vasculature and neuronditikirsg neuronal activity to BBB function. Hyperi stimuli
and chemical substances including glutamate aridicerytokines can open the BBB.

434



M. Y. Abdollahzadeh Jamalabadi and A. J. Keikha J. Chem. Pharm. Res., 2016, 8(2):428-442

Fig. 8.Perivascular (Virchow-Robin) space around a small artery. The VRSis exagger ated in par affin-processed specimens

The outer surface of this perivascular space (A¥®)rmed by the glia limitans. The inner surfasdhe vascular
basement membrane. Postcapillary venules are atsousded by a PVS. The PVS that surrounds podtagpi
venules is the portal of entry of leukocytes irtte brain in the normal state and during inflamnmati@irculating
monocytes and lymphocytes normally traverse postaap venules and enter the PVS. In the course of
inflammation, such as MS, this entry is increasedalise of leukocyte interactions with inflamed ¢hdiial cells.
Furthermore, leukocytes penetrate the glia limitamgd enter into the CNS. The latter move is faad#itl by matrix
metalloproteinases (MMPSs) produced by macrophamgeish loosen the glia limitans.

Table 1. Characteristics of CSF

Substance Cerebrospinal Fluid
Water Content (%) 99
Protein (mg/dL) 35
Glucose (mg/dL) 60
Osmolarity (mOsm/L) 295
Sodium (mEg/L) 138
Potassium (mEg/L) 2.8
Calcium (mEqg/L) 21
Magnesium (mEg/L) 0.3
Chloride (mEg/L) 119
pH 7.33

The main equations for CSF-flow are provided inteedype by equations (1) and (2) as shown belohe T
governing equations are:
div V_= 0 €))

W _ T
P = dinT(2)

Where'i—f is the material derivativd, is the velocityp is the density,C is the specific heat, J is theetu density,

q,is the radiative heat, B is the total magneticdfi¢the induced magnetic field assumed negligibl€) js
temperature ,an@l is the Cauchy stress tensor. The constitutive teaquor Tin a third order fluid is

T=-pl+5@3)

where p is the pressure, | is the identity tensakthe extra stress tensor S is given by
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§ = A, + ay Ay + @, Ay" + B A + (A Ay + AyAy) + s (trAy ") Ay(4)

In the FSI model, brain parenchyma is modeled ¢ikinear elastic substance in contact with CSFiflamnd for
mathematical modeling the Arbitrary-Lagrangian HEale (abbreviated as ALE) formulation is applietb®like the
prevailing rule.

RESULTSAND DISCUSSION

This section introduces the results of the comppitedictions for the interactions of all cerebraimpartments. The
emphasis lies on comparing the differences betwemmal and hydrocephalic cases to highlight patickl
changes and offer to mechanistic explanations.ofih the rigid and the FSI models, the stream islighgo be
laminar, along with CSF is considered Newtoniasgc®@us and incompressible. The conservation balarset to a
structure of biased differential equations refetieds continuity as well as the Navier-Stokes ggquos. The inflow
is the CSF production from choroid plexus lateeattvicle and the third ventricles. The outflowrierh the Luschka
and Magendie foramina and considered to have ze¥sspre to obtain the pressure distribution. Thmemse
production is as a result of CSF production indheroid plexus which is a pulsatile generation ttuthe arterioles
pulsation in choroid plexus synchronized with tleattbeat. The rate of recurrence of the pulsatdeement is put
to 1 Hz (approximating kin to the usual cardiacleycFor simplification, we considered a relativegsure (zero
value) at the end of Magendie foramina.

The outcomes of the CSF-analysis are the flow-rakacities, as well as ICP-gradients of CSF inhatricular-

system. In addition, obtaining the lateral ventidcudisplacement and stress distribution in solat pre the
parameters which were calculated in the deformatuidel. Our study not only considered rigid boundaogdition

but also the surrounding flexible brain tissue riattion effect with pulsatile inflow. The previossnulation results
were based on rigid boundary condition for the svaif ventricles. Linninger (Ursino, 1988) modeléa train

effects as a rigid porous media. His investigaibhowed the necessity of considering surroundirggiéisnteraction
with CSF flow pattern. The brain tissue is a sotidterial and in some research works has been nbéslen
elastic material (Balédent et al., 2004). Also, €ampared the rigid and deformable models for agcedHowever,
his model considered a solid thickness for the dgoewall instead of whole parenchyma interactioitheut

considering the pulsatile in flow. In later publicas, Cheng et al. (Yoo et al., 2012) consideisal éffect of
parenchyma as an elastic membrane with differestiel properties and different portions and apgiyhre arbitrary
load and reproducing the pulsatile nature of C8®.flThough 2D models provide a quantitative simatabf CSF

flow in the ventricles, the qualitative results yided through such models are more reliable. A nmegdistic 3D

model of HVS geometry though seems to yield moricte results, is a complex and cumbersome tagthwias
not been seen in recent literature. We proposeGB#t flow and interaction of the parenchyma to lmelefed in a
3D pattern for future studies. Another shortcomimgour modeling is that the brain parenchyma isted as an
elastic material, causing the ventricular wallgdturn to their previous position after each pudsatHowever, as
the work of Miller and coworkers (Yoo et al., 20¥s shown, the mechanical behavior of the bragué is more
appropriately explained with visco-elastic or narear hyper elastic models. Another probable piffalour 2D

model is that the SAS chamber and diffusion of @86 the venous sinuses has not been consideradh wbes
not seem to be a major obstacle considering threntexdvances in CFD software package. Efforts ademuwwvay to
extend the model presented here in to a 3D modalaif ventricle, SAS and parenchyma, capable scrilging the
absolute pressure in HVS system. Also we have oisidered brain arterial pulsations in our modéle Effect of
this can be considered for future study.

Table 2. Material propertiesfor the bi-phasic model of intracranial dynamics

Location property Value
Brain parenchyma Porosity, 0.3 (Lakin et al. 2003)
Brain parenchyma Permeability, kexf{m 0.7 x 10-15 (Lakin et al. 2003)
Brain parenchyma Density, (kg/nT) 1050 (Pellicer et al. 2006)
Brain parenchyma Viscosity, (kg/mper s) 0.001
Venous flow Max/min ( ml/min) 882/630 (Kim et alo@7)
Blood densityp(kg/m3) 1050 (Pedley 1980)
Blood Viscosity,u(kg/mper s) 0.004 (Pedley 1980)
CSF DensitypCSF(kg/m3) 998.2 (Lakin et al. 2003)
CSF Viscosityu (kg/mper s) 0.001
Phase lag % Cardiac cycle Predicted 13%/12% in (&iad.2007)
Cerebral blood flow| Mean (ml/min) 738
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Fig. 10.Computational schematic of problem

Fig. 11.Moving mesh for problem
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Fig. 12.Velocity magnitude contour and streamline at t= 0.001 (s)

Fig. 16.Velocity magnitude contour and streamline at t= 0.17 (s)
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Fig. 17.Velocity magnitude contour and streamline at t=4 (s)
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Fig. 18.Pressurefield at t=0.001 (s)
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Fig. 19.Pressurefield at t=0.005 (s)
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Fig. 20.Pressurefield at t=0.01 (s)
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Fig. 21.Pressurefield at t=0.05 (s)
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Fig. 24.Pressurefield at t=0.3 (s)

Fig. 25.Pressurefield at t=4 ()
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Fig. 26.Villi responsesto pressure changes of main blood flow

We have developed a model for intracranial dynanmoshich the interactions of all compartments quantified
by fundamental mass and force conservation balatdeder normal conditions, CSF motion is producgdhe
vascular expansion and pulsatile brain deformatiince the parenchyma is incompressible, its dedton is
passed on to the ventricles, forcing CSF displacgérnem the confined cranium into the spinal cafide Monro-
Kellie doctrine is fully satisfied in our model anee have predicted a CSF displacement into theakganal of
about 0.9 ml in each cardiac cycle. For normal dyioa, the pulsations of the lateral ventricles adl s the
amplitudes and pressure gradients of arteriesri@ds, capillaries, veinules and veins can be ufated. It is
important to recognize that in simulating commutifga hydrocephalus we have simplified the situation
analysis. Firstly, the model does not divide theebeal subarachnoid space into compartments. Qkély some
forms of hydrocephalus are caused by adsorptiockblat the arachnoid granulations and others by mporximal
blocks at the base of the brain. These two sitnat@annot be distinguished in the current statbeinodel so the
volume changes and pressure in the single cersbibarachnoid space may be different from what #gtaacurs.
The model, as it stands, predicts that the ceredubhrachnoid space is slightly increased with dgejphalus.
Clinical MRI observations, on the other hand, shawdecrease in subarachnoid space in communicating
hydrocephalus. MRl measurements need to be quedtifi cases of acute hydrocephalus, and our maskdan
further spatial development to account for charafeke parenchymal cell matrix.

CONCLUSION

In this letter, we derived and analyzed a matheraktnodel subject to low Reynolds number approxiomst in
order to study the motion of CS fluid and the intpaf villi solid in a horizontal tube. Analysis $ideen carried out
in the presence of arachnoid villi absorptionsssitexact expressions for velocity field and avedafiew rate are
obtained. The results extracted are compatible with physical expectations and are found to satidifythe
subjected conditions. A side by side comparativedyais is performed to compare our findings betwéneory and
experiments. Moreover, CF fluid model reduces asital Naiver Stokes fluid model can be deducenh fituis as a
special case. This provides a useful accuracy chbokt the correctness and validity of our resait provides a
strong confidence into the presented mathematisdriptions.
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