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ABSTRACT

Background: CSF is a clear liquid that its mechanical properties are to a large extent similar 
to water properties. Regarding the lack of a numerical index for diagnosis of diseases resulting 
from increased CSF pressure such as hydrocephalus, evaluation of hydrodynamic conditions of 
CSF in cerebral ventricular system is of great importance.
Methods: At first, the diagram of velocity in Sylvius aqueduct which was obtained through a 
3D FSI analysis in ADINA was compared to the similar diagram extracted from CINE-PC-MRI 
of the same test subject. The next step after ensuring that the two diagrams coincide with each 
other, was to make sure that the problem assumptions and solution are correct. Thereafter, the 
Womersley number in Sylvius aqueduct of a healthy subject was calculated.
Results: The amount of this number was 3.25 and indicated the pulsatility of the fluid flow. 
The difference between the maximum and minimum pressure exerted by CSF on the brain tissue 
in Sylvius aqueduct was 81.5 Pa. This pressure difference was introduced for the first time in 
this study as an index for assessing hydrocephalus. Finally, the CSF pressure values calculated 
in this study and the pressure data obtained from LP test were compared.
Conclusion: This comparison showed that utilizing a proper pressure gauge for LP test makes 
it possible to use the LP test results, alongside with the study results, as an index to assess the 
CSF conditions in ventricular system for diagnosis of that group of diseases resulting from 
increase in CSF pressure.
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INTRODUCTION 
Cerebrospinal fluid (CSF) is a clear and colorless 

liquid produced in the choroid plexus of brain ventricles 
and circulates in the ventricular system, cisterna magna 
and subarachnoid space. The composition of CSF is 
similar to that of blood plasma but the concentration 
of its constituents differs from that in plasma1. Fluid 
mechanical properties of CSF, as seen in table 1, are to 
a large extent similar to water properties. The density 
in red zones of figure 1 indicates the greatest amount of 

CSF production which is related to lateral ventricles and 
to some extent to fourth ventricle (Ventriculus quartus).

Sodium and chlorine ions increase the amount of 
osmotically active substances in CSF and cause nearly 
immediate osmosis of water through the membrane of 
choroid plexus and consequently production and secretion 
of CSF. Part of the CSF, after circulation in its flow 
path, enters into sagittal sinus vein through arachnoid 
villi and is reabsorbed there into the blood circulation 
system2-4. Occlusion of cerebrospinal fluid path increases 
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the pressure exerted by the liquid on the walls of the 
ventricles and ultimately leads to hydrocephalus.

Since fluid loading is exerted on the brain tissue 
making the walls of the flow path, the biomechanical 
properties of brain tissue significantly affect the disease 
conditions.

We take, therefore, the review of previous studies 
leading to a better understanding of biomechanical 
properties of brain tissue under various loadings as the 
starting point. Nagashima et al, produced a 2D brain image 
through computed tomography (CT) scanning and found 
the stress distribution and the resulted deformations in 
brain tissue using the finite elements method (FEM); the 
brain tissue was considered as a linearly elastic material 
for the first time in this study5. Continuing that research 
course, Miller et al, extracted the in-vitro biomechanical 
parameters of brain tissue by considering it as a hyper-
viscoelastic material for the first time6. Liu completed 
those researches later and published a comprehensive 
theoretical analysis of hyper-viscoelastic relations and 
properties of brain tissue7. 

Finally, Chafi et al, carried out some studies to 
compare the dynamic responses of brain tissue under 
similar loading conditions and various assumptions of 
viscoelasticity, hyper-viscoelasticity and poroelasticity 
of tissue. They suggested frequency indices for this 

comparison using 2D FEM and also explored the mutual 
effect of CSF and brain tissue under external loading8.

Most of those researches, however, failed to study the 
brain tissue under CSF loading from the viewpoint of fluid 
mechanics. Taylor et al, considered the brain tissue as a 
linearly elastic material and investigated a 2D section of 
lateral ventricles of two samples using FEM and assessed 
the effect of the brain tissue module of elasticity on brain 
deformations in healthy and diseased samples9. Other 
studies have been also carried out to measure the velocity 
and flow rate of CSF and to evaluate the effect of pressure 
on the wall of ventricles8,9. These studies investigated the 
CSF velocity, flow rate and pressure mainly in certain 
anatomical crosssections like Sylvius aqueduct or Monro 
foramen and in two dimensions. Although much effort 
has been devoted to reconstruction of the CSF flow in 
two dimensions10, a 2D approach has the disadvantage 
of not rendering the volume relationships accurately. For 
instance, while considering only a 2D cross section along 
the longitudinal fissure of the brain, either the cerebral 
ventricles are missed completely or the space between 
the two hemispheres isn’t rendered correctly. Moreover, 
the spatial relationship between the pontine cistern and 
the ventricular space can’t be properly rendered by a 2D 
model; and thus, more advanced models of aqueduct are 
needed to study its deformability11.

As known, a 2D analysis of a certain section of 
ventricular system cannot render the exact effect 
of interaction between CSF and brain tissue due to 
geometrical complexities of ventricles; hence, another 
group of studies performed a 3D analysis of flow in 
ventricles. However, they studied just a part of the 
ventricular system, for instance the third ventricle, 
through 3D models. The results of these researches had, 
therefore, serious deficiencies due to not rendering all 
the complexities of ventricular system and their effects 
on fluid mechanical components of flow. Many of these 
studies explored the CSF flow outside the ventricular 
system, for example in subarachnoid space or in cisterns, 
and used the ventricular system in the boundary conditions 
of the relevant problems12,13.

Jacobson et al, explored the CSF pressure in a stenosis 
in the path of ventricular system using a 3D model and 
computational fluid dynamics (CFD) method14,15. Linge et 
al, proposed a 3D model of the lower part of subarachnoid 
space and the spinal cord of cervical area and analyzed the 
fluid mechanical parameters of flow in those regions16. 
Gupta et al, analyzed the hydrodynamics of CSF in 
intracranial space and subarachnoid space17. Most of 
these studies, however, used CFD approach to analyze 

Table 1. The assumptions for the fluid model (CSF)

Kinematic Viscosity (m2/s) density Kg/m3)
0.000001004 998.2

Figure 1. A view of ventricular system and brain tissue. The production 
sites and circulation paths of CSF have been shown by red and blue 
lines, respectively.
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the flow in two and three dimensions. CFD analysis has 
deficiencies in comparison to Fluid-structure interaction 
(FSI) analysis, which analyzes the interaction of fluid and 
solid models simultaneously, and its results correspond 
to a lesser extent with the real conditions of the walls 
of brain ventricles under the load of CSF.

Another group of researches were only laboratory 
studies with the aim of suggesting the CSF velocity and 
flow rate data extracted from phase contrast magnetic 
resonance imaging (PC-MRI) as evaluating indices 
of CSF conditions in brain ventricles. Examining the 
maximum flow rate and velocity as statistical monitoring 
indices of exerted pressure by CSF on ventricular walls 
and presenting tables and graphs to compare the CSF 
conditions in individuals of various age and gender were 
deemed important in those researches18,19. Zhu et al, 
investigated the CSF velocity in lateral ventricles using 
cine phase contrast magnetic resonance imaging (CINE-
PC-MRI) and presented the statistical relations between 
the size change and CSF flow in ventricles of healthy 
and hydrocephalic samples20. No biofluid mechanical 
analysis, however, was done in this group of studies and 
no reliable index was proposed for diagnostic purposes. 
The deformation of ventricles due to increase or decrease 
in CSF pressure was also not explored.

Sweetman et al, carried out a study on the CSF pressure 
difference in subarachnoid space and ventricular system. 
Using FSI and 3D modeling of flow, they introduced the 
aforementioned pressure difference as an index to compare 
the conditions between healthy and communicating 
hydrocephalic samples21. In the present study, the diagram 
of CSF velocity in various cross sections of ventricular 
system has been calculated using FSI method and the 
velocity, pressure and deformation outputs have been 
presented. Moreover, the difference between minimum 
and maximum CSF pressure exerted on the brain tissue 
has been analyzed and evaluated as an index of CSF 
conditions in ventricular system.

METHODS AND MATERIAL
First, a CINE-PC-MRI of the head of a 36-year-old 

woman was produced. Detailed flow results and data 
acquisition methods were described previously21,22. The 
first obtained output based on the cardiac cycle was the 
diagram of CSF velocity in Sylvius aqueduct which was 
merely used to control and validate the correctness of 
responses and had no application in problem solving 
process. The second output was DICOM file of the subject 
head. This file was transferred to the Mimics v12.11 for 
extraction of point cloud. Thereafter, the produced point 

cloud of the outer surfaces of ventricular system and 
brain tissue was inputted into the CATIA v5.R21. After 
building the 3D models of ventricular system and brain 
tissue, the models were transferred to ADINA-FSI 7.4 
for meshing. Figure 2 shows the point cloud and the 3D 
model of the ventricular system.

Figure 3 and 4 show the 3D models of brain tissue and 
ventricular system after meshing by ADINA software. 
The assumptions for fluid and solid models, according 
to tables 1 and 2, were applied to ventricular system 
(fluid model) and brain tissue (solid model) following the 
meshing phase21. The tetrahedral element was used in this 
problem. In the end, the FSI results were calculated by 
ADINA. Following the extraction of outputs, the diagram 

Figure 2. Manual segmentation of the CSF-filled spaces of the 
ventricular system resulted in the initially crude surface shown in 
the picture.

Figure 3. Views of the meshed model of ventricular system (fluid 
model) obtained from the ADINA software.

Figure 4. Views of the meshed model of brain tissue (solid model) 
obtained from the ADINA software.
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of the calculated velocity by ADINA in Sylvius aqueduct 
was compared with that of the velocity extracted from the 
CINE-PC-MRI of the subject’s head and after ensuring 
the agreement between the data obtained from software 
and the experimental data and verifying the rightness of 
solution, the other results were analyzed.

FLUID–SOLID BOUNDARY CONDITIONS
The input flow rate is 0.5 ml/min and the movement 

pattern of this flow matches the oscillating function of 
blood in basilar artery23. Therefore to obtain the function 
of the input flow rate, the diagram of blood flow rate in 
basilar artery was first normalized based on the cardiac 
cycle21 and then the normalized blood flow rate and the 
constant amount of 0.5 ml/min, which is the numerical 
amount of CSF flow rate in ventricular system according 
to physiologic data2, were superposed using MATLAB 
7.7. The result of superposition is the input flow rate 
function seen in figure 5. The lateral ventricles were 
considered based on physiologic data as the input location 
of flow2. The final section of the fourth ventricle was 
assumed as the output location of flow and the pressure 
of the output flow was considered 516 MPa according 
to physiologic data2.

Brain tissue is the solid model and CSF is the fluid 
model. The deformations of the outer surfaces of the 
solid model were ignored and the outer surfaces of the 
brain tissue were constrained along the three directions 
of principle axes. In this study, the brain tissue was 
considered, based on similar assumptions as in other 

studies, as a linearly elastic material with the module 
of elasticity of 10 kPa9,24. Regarding the use of FSI 
approach and ALE equations for simultaneous analysis 
of the equations governing the solid and fluid model, 
the governing equations are as follows:

The solid model was formulated using the Lagrangian 
model:
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where, ρs, ds and τij
s  are the density, boundary 

displacement and Cauchy’s stress tensor in solid part, 
respectively25.

CSF was defined as an isothermal incompressible 
Newtonian fluid and the flow was considered as a laminar 
flow under the equations of conservation of mass and 
momentum as follows: 
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where, β is the bulk coefficient, P the pressure of CSF, 
ui the velocity of CSF in direction i, ρ f the density of 
CSF and df the displacement of fluid model.

The Cauchy’s stress tensor of fluid model τij
f can be 

defined as follows:
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where, δij is the Kronecker delta and μ the CSF 
viscosity.

The strain tensor eij can be also defined as follows:
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ui and uj are the components of fluid velocity in 
directions i and j25.

MESH CONDITIONS AND INDEPENDENCY 
A tetrahedral mesh was selected for meshing the solid 

and fluid models. The number of elements for fluid 
and solid models were 595200 and 1652100 elements, 
respectively. The time step of solution was set to 0.01 sec. 

The conditions of mesh independency were compared 
in four states for maximum velocity of fluid in Sylvius 
aqueduct. As seen in table 3, the difference between the 
maximum fluid velocities in Sylvius aqueduct decreases 
intensely with the increase in element numbers. The 
diagram of figure 6 shows the convergence of responses.

Table 2. The assumptions for the solid model (brain tissue)

Young’s
modulus (KPa)

Shear modulus 
(KPa)

Poisson
ratio

10 3.4 0.45

Figure 5. The result of superposition of the normalized function of 
blood flow rate and the constant value of 0.5 ml/min (amount of CSF 
flow rate) which is applied as the CSF flow rate function based on 
the cardiac cycle to input conditions.
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RESULTS AND DISCUSSION
First, to ensure that the solution and assumptions made 

in this problem are correct, the function of CSF velocity 
in Sylvius aqueduct was calculated by the software and 
then compared to the velocity function extracted from 
the CINE-PC-MRI of the subject’s head in the same 
cross section. After making sure that the analysis process 
is correct, the results of the functions of CSF velocity, 
pressure exerted by CSF on the ventricular system 
walls, and wall deformations in Sylvius aqueduct were 
extracted.

All results were extracted for four working cycles in 
periodic state by ADINA software and as no obvious 
difference was observed between the data of these 
cycles, the results of the last cycle were displayed for 
examination.

As shown in figure 7, the maximum and minimum 
velocity of CSF in Sylvius aqueduct were respectively 
9.92 cm/s and -7.26 cm/s based on the data obtained from 
software and 10.43 cm/s and -7.42 cm/s based on the 
data extracted from CINE-PC-MRI of the subject’s head.

The results show that the maximum and the minimum 
velocities in both diagrams coincide with each other with 
an error of less than 5% and the frequencies of velocity 
function in both diagrams have a desirable conformity 

which is deemed as a very positive point.
Considering the continuity relation and since the 

Sylvius aqueduct has the smallest cross-sectional area 
in the ventricular system, the CSF velocity in this section 
should be maximum and consequently, the amount of 
velocity should decrease with the increase in cross-
sectional area as CSF moves towards the lateral ventricles. 
Figure 8 shows this trend of velocity reduction very well.

The velocity distribution at two different phases of 
the cardiac cycle has been compared in figure 9 and as 
expected, due to similarity of frequencies of the blood 
velocity function in basilar artery and CSF velocity 

Figure 6. The diagram of maximum fluid velocity in Sylvius aqueduct 
in terms of element numbers. The convergence of responses and thus, 
their independency of mesh conditions can be seen.

Table 3. The maximum fluid velocity in Sylvius aqueduct in terms 
of element numbers

Number of elements Maximum velocity in sylvius 
aqueduct (cm/s)

468300 10.65
595200 9.92
742000 9.53
852100 9.49

Figure 7. The comparison of CSF velocity diagrams in Sylvius 
aqueduct which were calculated by ADINA (red circles). The red 
circles show that the maximum CSF velocity in Sylvius aqueduct is 
9.92 cm/s and its minimum velocity is -7.26 cm/s. The blue solid line 
shows that the maximum CSF velocity in Sylvius aqueduct is 10.43 
cm/s and its minimum value is-7.42 cm/s.

Figure 8. The comparison of diagrams of CSF velocity calculated 
based on cardiac cycle by ADINA in three cross sections. The red circle 
indicates the CSF velocity in Sylvius aqueduct and the green square 
shows the velocity in the Monro foramen and finally, the diagram of 
CSF velocity based on the cardiac cycle in the sagittal section of the 
lateral ventricles is shown by the violet triangle.
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function during the cardiac cycle21, the maximum velocity 
of CSF in the cardiac cycle was seen in the mid systole 
phase (at 15% of cardiac cycle), in which the final stroke 
volume of CSF enters ventricular system. On the contrary, 
the fluid has a very low velocity in diastole phase at 
65% of the cardiac cycle. Figure 10 and 11 shows the 
distribution and amount of pressure exerted on the brain 
tissue wall; the maximum value of this pressure is 616.3 
Pa.

Analysis of CSF flow conditions
The present section is dedicated to description of fluid 

flow conditions which requires the study of Reynolds 
number in Sylvius aqueduct. Since the maximum velocity 
of the fluid and the radius of Sylvius aqueduct are 9.92 
cm/s and 1.39 mm, respectively, the maximum value of 
Reynolds number is 275.7. The low Reynolds number 
indicates arelatively laminar flow which has been 
also confirmed by previous studies26,22 and hence, the 

equations of laminar flow can be used for analysis of the 

fluid conditions. It is also essential to present an analysis 
of the flow pulsatility level, of which the Womersley 
number is the best index. Solving the general form of 
Navier-Stokes equation and considering the Fourier series 
as the forcing function, the Womersley solution gives 
the number in Eq. (6) as the index of flow pulsatility.
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Where, α is the Womersley number, ω the frequency of 
pressure function and ν the kinematic viscosity of fluid. 
R is the radius of aqueduct calculated from the Eq. (7).
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Where, A is the cross-sectional area of Sylvius 
aqueduct. The period is 1.15 sec. according to the results 
of CINE-PC-MRI. The Womersley number for fluid flow 
equals 3.25 based on Eq. (6). The Womersley number 

Figure 9. The distribution of CSF velocity (in cm/s) at the beginning 
of third ventricle. The top graph shows the fluid velocity distribution 
during the phase of mid systole at 15%of the cardiac cycle; the fluid 
has a relatively high velocity in this phase. The bottom graph shows 
the velocity distribution during the phase of diastole at 65% of the 
cardiac cycle; the fluid has a relatively low velocity in this phase.

Figure 10. The distribution of CSF pressure on the walls of brain tissue.

Figure 11. The pressure diagram in Sylvius aqueduct obtained from 
ADINA. The maximum and minimum pressure exerted by CSF on 
the brain tissue in Sylvius.
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conveys in fact a kinetic concept and is an expression 
of the ratio of inertial forces to viscous forces. The 
Womersley number is here greater than 1, i. e. that 
the inertial forces dominate the viscous forces and the 
velocity function is also not parabolic.

Examining the CSF pressure
Figure 10 shows the distribution of the pressure 

exerted on brain tissue. The presented numbers have 
been obtained from ADINA software and indicate the 
distribution of the pressure exerted by CSF on the walls 
of brain tissue. When the exerted pressure of CSF on 
the internal wall of the brain tissue in lateral ventricles 
increases relative to the pressure exerted by CSF on the 
internal wall of the brain tissue in subarachnoid space, the 
pressure gradient is reversed and this leads to change of 
slope and occurrence of relative extremum in the diagram 
of figure 11. The effect of brain tissue deformation under 
CSF loading was examined after extraction of pressure 
and velocity results. The results show that the maximum 
deformation of brain tissue is 2.3 mm and occurs in 
Sylvius aqueduct which has the minimum cross section 
and maximum pressure.

The brain tissue, as explained in section 3, was 
considered as a linearly elastic material and the exerted 
stress on the brain tissue which is also the cause of strain 
in this tissue, results from the body traction created by 
CSF in brain tissue. The Poisson’s ratio is here constant 
since the brain tissue was assumed to be homogenous and 
isotropic. As both Poisson’s ratio and module of elasticity 
are constant in brain tissue, the stress is, based on the 
linear relationship between stress and strain, proportional 
to strain and consequently to deformation. Therefore, 
the deformation reaches exactly there to its maximum 
value, where the stress is maximum; this has occurred 
in Sylvius aqueduct.

Figure 11 shows that the maximum and minimum 
pressure exerted on the brain tissue are 616.3 Pa and 534.8 
Pa, respectively. The evaluation results of the exerted 
pressure on brain tissue are a great help to find a numerical 
index for assessing the conditions of patients suffering 
from increased intracranial pressure, hydrocephalus or 
microcephaly. Based on previous studies, the maximum 
pressure exerted by CSF aqueduct are 616.3 and 534.8 
Pa, respectively.

On the wall of brain tissue is at least 1300 Pa in patients 
suffering from obstructive hydrocephalus and 2400 Pa in 
patients suffering from communicating hydrocephalus27. 
As the results show, the range of the pressure exerted by 
CSF on the brain tissue is very wide in these types of 

diseases and that makes the use of the maximum pressure 
as an index to assess the disease difficult. The transmantle 
pressure gradient, which is the difference between CSF 
pressure in upper convexity of subarachnoid space and 
intraventricular space, is also according to previous results 
no proper index for diagnostic assessment28. Thus, a more 
effective and accurate index to assess the conditions of 
CSF was introduced in the present study for the first 
time. This index is the difference between the maximum 
and minimum pressure exerted by CSF on the walls of 
cerebral ventricular system. The results obtained from 
figure 11 were used to compare this pressure difference 
in Sylvius aqueduct.

The difference between maximum and minimum 
pressure was used as an index for comparison and 
assessment since diseases like increased intracranial 
pressure, hydrocephalus or microcephaly result from 
changes of CSF pressure on the flow path walls, 
especially hydrocephalus and microcephaly are caused 
by pressure changes in ventricular system. As seen in 
figure 11, the difference between maximum and minimum 
CSF pressure on the walls of ventricular system equals to 
81.5 Pa which is 13% greater than the value calculated 
by Sweetman. Part of this disagreement is due to the 
dissimilarity of the cross sections investigated by the two 
studies. However, the change patterns of these indices 
relative to each other were similar in both of them. The 
pressure difference in communicating hydrocephalus is 
138 Pa according to previous studies21. This be speaks 
a 70% increase in pressure difference and indicates that 
the afore-mentioned pressure difference can be a more 
effective index for assessing this type of diseases21.

Further, the maximum amount of CSF pressure in the 
subject under test was measured using lumbar puncture 
(LP) approach, which was 4.5 mmHg. This amount was 
2.6% less than the pressure calculated in this study. This 
difference is partly due to the conditions of LP test and 
partly due to the reason that the pressure obtained by 
LP approach equals almost to ICP. The transmantle 
pressure gradient is 4 Pa according to reports of previous 
studies, so there should be the same difference between 
the calculated pressure in this study and the pressure 
obtained from LP21.

Due to limitations of pressure gauge, it wasn’t possible 
to extract the difference between the maximum and 
minimum CSF pressure through LP approach in this 
study, but as mentioned before, the result of the maximum 
pressure comparison indicates an acceptable agreement 
between the pressure obtained by LP and the pressure 
calculated in this study. So utilizing a digital pressure 
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gauge with proper sensitivity in LP approach to measure 
the difference between maximum and minimum pressure, 
makes it possible to use this difference, alongside with the 
results of this study, to assess the CSF pressure conditions 
in analysis of diseases.

CONCLUSIONS
Through a 3D assessment of the cerebral ventricular 

system using FSI approach, it was shown in this study 
that the difference between the maximum and minimum 
pressure exerted by CSF on the brain tissue in Sylvius 
aqueduct is a reliable index to explore and evaluate the 
CSF conditions and this index can be used in diagnosis 
of diseases like hydrocephalus and microcephaly or the 
type of diseases resulting from Increased ICP. Moreover, 
the possibility of practical application of the results of 
this study was demonstrated by comparing the calculated 
CSF pressure values and the CSF pressure data obtained 
from LP test.
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