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Abstract 
 

The cerebrospinal fluid (CSF) surrounds and protects the brain and spinal cord offering a cushion against shock and 

aiding in maintaining physiological balance. Understanding CSF dynamics is crucial for insights into neurological 

disorders like Chiari 1 Malformation (CM1) and hydrocephalus. CM1 involves the downward displacement of brain 

tissue through the skull opening, which obstructs the CSF flow. Theories suggest that this altered CSF distribution due 

to CM1 might contribute to related disorders like syringomyelia, where fluid accumulates within the spinal cord and 

which has been associated with severe motor and sensory symptoms. However, the source of syringomyelia remains 

debated. This thesis aims to investigate the effect of an obstruction as present in CMI using both a Computational Fluid 

Dynamics (CFD) and a poroelastic Fluid Structure Interaction (FSI) approach. The artificial 3D herniation has the 

advantage to be the same in the different simulation leading to not impact of the difference in person specific 

geometry between healthy and with obstruction which can lead to a bigger impact that the obstruction itself. 

First, the 3D circulation of CSF is investigated in a CFD model of the cranial and upper spinal CSF. Following this, the 

effects of a 3D idealized volume that mimics CM1-related obstruction within a section of the SAS are investigated at 

varying levels of obstruction: 40%, 60% and 100%. First, in CFD simulations, the CSF space is considered rigid without 

interaction with the spinal cord. Subsequently, the spinal cord is modelled as a poroelastic material which can 

mechanically interacts and allow fluid exchange with the CSF in the spinal SAS. 

The simulation outcomes indicate that obstructed CSF flow within the cervical spinal canal leads to increased pressure 

gradients and velocities. The heightened velocities are predominantly observed within the obstruction region. 

Particularly the substantial obstruction appears to alter the spinal cord's deformation behaviours and seems to 

enhance fluid exchange between the spinal SAS and the spinal cord. However, the precise mechanisms driving this 

relationship remain unclear, warranting further investigation. The study's results reveal that implementing the FSI 

approach did not significantly improve the understanding of CSF flow in the spinal SAS. However, it did offer extra 

insights into fluid exchange and stresses in the spinal cord.  

In conclusion, this study has provided enhanced insights into the implications of an artificial three-dimensional 

obstruction using the CFD and the FSI. The findings might facilitate the selection of the most suitable approach for 

subsequent simulations. 
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system in the normal setting and Chiari malformation 
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Abstract: The role of the Chiari 1 malformation (CM1) in the development of syringomyelia is unclear. To the best 

of our knowledge no studies that introduce an artificial 3D herniating on a patient specific geometry are found in 
the scientific literature. This study aims to give insight into the effects of an 3D artificial herniation creating a 
blockage in the CSF circulation, thereby highlighting the difference between a CFD and an FSI poroelastic 
approach. First, a model of the full circulation of the CSF has been developed. Then, using a cropped geometry, 
the effects of different levels of obstruction created with an artificial ellipsoid are evaluated considering first only 
a CFD domain surrounded by rigid walls (CFD approach) and subsequently the interaction of the CSF with a 
poroelastic spinal cord (FSI approach). The simulations assessed the difference between the two approaches and  
the effect of the obstruction in the CSF circulation. 
 

Keywords: Chiari 1 Malformation, CFD, Poroelasticity, Spinal cord 

1. Background: Chiari Malformation type 1 (CM1) is 

a congenital and structural defect characterized by 
the descent of the cerebral tonsil (lower part of the 
cerebellum) through the foramen magnum (opening 
located at the base of the skull where the it connects 
with the spinal cord) at least of 5 mm. The herniation 
caused by the CM1 disrupted the physiological 
circulation of the cerebral spinal fluid (CSF). More the 
60% [1] of the people with CM1 developed a syrinx 
(fluid filled cavity) inside the spinal cord. The syrinx 
also known as ‘syringomyelia’, stress the spinal cord 
and leads to a severe neurological deficit. Several 
hypotheses have been postulated regarding the 
cause of the development of the syrinx but the 
exactly pathophysiology remain unclear. Due to the 
difficult to obtain in vivo data both in vitro 
experiment and numerical model are present in 
literature. Numerical model pertinent to the 
influence of herniation on cerebrospinal fluid (CSF) 
dynamics encompass computational fluid dynamics 
(CFD) studies, which confine their analyses to a CFD 
domain of the spinal SAS with rigid boundaries 
(Gupta et al [2]). Furthermore, FSI analysis, delve into 
the interplay between CSF and the poroelastic 
domain of the spinal cord in order to elucidate the 
development of syringomyelia in a simplified 
geometry (Bertram et al [3]). Nevertheless, to the 
best of our knowledge not computational study  

which are focusing on the effect of an artificial 3D 
obstruction in a patient specific geometry and 
located under the foramen magnum.  

2-Aim of the thesis: The objective of this thesis is to 
obtain more insight into the effects of an obstruction, 
which is artificially created beneath the foramen 
magnum, on CSF and spinal cord biomechanics in a 
patient-specific geometry by using the numerical 
software COMSOL Multiphysics (COMSOL Inc.). To do 
so a first study of the full CSF circulation has been 
carried out to investigate if it is feasible to simulate 
CSF flow in the complex cranial and upper spinal CSF 
compartments using the numerical software 
COMSOL Multiphysics (COMSOL Inc). Then, to reduce 
computational demands, the original geometry was 
cropped and 3 different artificial obstructions have 
been introduced. Models of the different levels of 
obstruction have been developed using both a CFD 
and a FSI poroelastic approach. The latter approach 
grated   to obtain information on the mechanical 
behaviour of the spinal cord and the CFS within it. 

3-CFD model of the CSF circulation. 

3.1 Material and Methos: A 3D in silico model has 
been developed in COMSOL Multiphysics (COMSOL 
Inc.) based on Vandenbulcke et al [4]. The geometry 
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used in the study is the same as the one employed by 
Vandenbulcke et al [4], which was derived from a T2 
MRI image of a patient with CM1, with the original 
blockage of CSF flow associated with Chiari type 1 
malformations resolved. Inlet boundary condition 
(depicted in figure 1) are: (1) a constant CSF 

production with a rate of 6.67E-03 
𝑚𝑙

𝑠
, (2) a sinusoidal 

velocity waveform with a frequency of 1Hz and an 

amplitude of 0.11 𝑚𝑙

𝑠
, at the lateral ventricles to 

account the pulsation of the brain tissue, (3) a 
sinusoidal waveform with a frequency of 1Hz and an 

amplitude of 5.05 𝑚𝑙

𝑠
, in the region of the basilar 

artery to account the volume change in the large 
arteries, (4) a pulsation source term with a frequency 

of 0.2Hz and an amplitude of 1.01 𝑚𝑙

𝑠
, at the region of 

the cerebral occipital veins to account the respiratory 
pulsation. 

Figure 1: Overview of the inlet boundary conditions 

As the outlet boundary condition (Figure 2), a zero-
pressure condition is set for the outlet corresponding 
with the arachnoid villi. For the other outlets, a 
volumetric flow is imposed, which is calculated by 
summing all the inlet boundary conditions and then 
multiplying these with the net outflow percentage 
specific to each outlet. The outlet percentages for the 
spinal drainage pathway, lymphatic system, and 
interstitial space are set at 20%, 30%, and 
20%respectively. 

Figure 2: Overview of the outlet boundary conditions 

Based on mesh sensitive mesh analysis, the mesh 
with 107.868 elements had been selected. The CSF 
has been modelled as incompressible and with the 
same proprieties as water (density = 998.2 𝐾𝑔

𝑚3⁄ ; 

dynamic viscosity = 0.001003 𝐾𝑔
𝑚𝑠⁄ ). CFS flow is 

driven by the Navier- Stokes equation. The model 

simulates 5 cardiac cycles, automatic time stepping 
built in COMSOL Multiphysics (COMSOL Inc.). 

3.2 Result: In Figure 3 the flow through a cross 
section of the spinal SAS for the 5 cardiac cycles has 
been calculated. The amplitude of the pulsation 
ranges from 1.5 to -2 m³/s.  

Figure 3: CSF through a cross section in the spinal SAS 

The maximal velocity at the cerebral aqueduct is 
3.027 𝑐𝑚

𝑠 .The pressure difference between a point in 

the lateral ventricles and the mean pressure in the 
plane of the spinal SAS are presented in figure 4, 
where the maximal value of the pressure difference 
has an amplitude of 0.0093 mmHg. 

 
Figure 4: Pressure between a point at the lateral ventricles and a 

plane in the spinal SAS 

3.3 Discussion: The flow evaluated in spinal SAS and 

the maximal velocities at the cerebral aqueduct are 
in a good agreement with the study of Vandenbulcke 
et al. [3]. On the other hand, the amplitude of the 
pressure drops between the lateral ventricles and 
the spinal SAS seems to be underestimated in this 
model compared to the study by Vandebulcke et al 
[3] and Filligham et al [5] that obtain values in the 
range of 0.015 mmHg while this study a value of 
0.0093 mmHg. This model does not account for the 
brain tissue compliance, whether by using a 
windkessel model (as done in (3)) or employing a FSI 
approach. Due to these limitations, it is only possible 
to obtain relative pressure values in this study. 

4- CFD study on the effect of the obstruction  

The objective of this chapter is to examine the impact 
of a 3D obstruction at the foramen magnum due to 
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CM1.      

4.1 Material and Methods: To reduce the 
computational demand of the simulation the 
geometry of the full SAS has been reduced by 
cropping 6 cm above and 14.8 cm below the plane 
with z zero coordinate. In order to create and 
simulate different level of obstruction, an idealized 
3D model of the obstruction has been created using 
an ellipsoid. To have a quantification of the level of 
the obstruction, the geometry has been intersected 
with a plane 25mm below the top of the geometry. 
The equation below has been used to quantify the % 
of the obstruction: 
 

%𝑂𝑏𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 =
𝐴𝑟𝑒𝑎𝐹𝑀 − 𝐴𝑟𝑒𝑎𝐻𝑒𝑟𝑛𝑖𝑎𝑡𝑖𝑜𝑛

𝐴𝑟𝑒𝑎𝐹𝑀
 

 
4 levels of obstruction have been created respectively: 
the healthy condition, the 40%, the 60% and 100% of 
obstruction. 
The inlet boundary conditions are determine based on 
the in vivo PC-MRI flow data. Flow was specifically 
measured in vivo in the spinal SAS at the C2 level and in 
the cerebral aqueduct. The flow extract from the 
cerebral aqueduct is directly applied to the 
corresponding area at the end of the cerebral aqueduct 
(Inlet 1) while, the  difference between the flow rate 
from the SAS at the C2 level and the cerebral aqueduct 
is applied to the designated region called inlet 2.A 
pressure of 10mmHg has been imposed at bottom part 
of the spinal SAS 

 

Figure 5: Overview of boundary condition on the cropped geometry 

The mesh has been created using a boundary layer 
composed of prismatic elements surrounding the spinal 
cord surface. The rest of the geometry is composed free 
tetrahedral element. Based on a mesh sensitive 
analysis, the mesh with 86.456 elements has been 
chosen. Four simulations, each with a different degree 
of the obstruction, were conducted by solving the 
Navier-Stokes equation, assuming the CSF to be 
incompressible and possessing the same properties as 

water (viscosity = 0.001003𝐾𝑔
𝑚𝑠⁄ , density = 998.2 

𝐾𝑔
𝑚3⁄ ). The model simulates 1 cardiac cycle, using a 

time step of 0.01s. 

4.2. Result: In order to study the effect of the 
obstruction, two cross-sectional planes were 
generated—one aligned with the herniation level and 
another below it. These planes were employed to 
analyse the localized effects both at the obstruction site 
and in the region immediately below it. 

The figure 6 represents the maximal velocities in the 
plane below the obstruction for the different levels of 
obstruction. The graph shows a clear difference 
between when the obstruction is present and the 
healthy condition, while the effect of the degree on the 
obstruction seems to not influence the maximal 
velocities 

 

Figure 6: Maximal velocities along the cardiac cycle with the 
different level of obstruction below the obstruction 

Figure 7 represents the maximal velocities at the level 
of the herniation and shows that the maximal velocity 
increases with an increasing percentage of obstruction. 

 

Figure 7: Maximal velocities along the cardiac cycle with the 
different level of obstruction at the level of the herniation 

The pressure drops between the cerebral aqueduct and 
the spinal SAS (using the plane below the obstruction) 
has been evaluated in Figure 8 showing that increasing 
the level of the obstruction the pressure drops increase 
passing from a peak of 4.6 Pa in the healthy condition 
to 19.9 Pa in the 100% obstruction. 
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Figure 8:  Pressure drops between the cerebral aqueduct and the 
plane below the obstruction along the cardiac cycle 

Discussion: In this section the effect of an artificial 3D 
obstruction has been evaluated at the level of the 
obstruction and below it. From figure 6, it appears that 
an increase in degree of the obstruction doesn’t 
necessary lead to an increase in velocities below the 
obstruction and that these velocities only indicate the 
presence of the obstruction. On the other hand, a non-
linear relation between the level of the obstruction and 
the maximal velocities at the level of the herniation was 
observed. Finally, an increase in pressure drop between 
the cerebral aqueduct and the plane below the 
obstruction with a higher percentage of obstruction is 
noticed. These findings are in agreement with the study 
of Gupta et al [2] which stated that that solely looking 
at velocities field below the obstruction can indicate the 
presence of herniation, but evaluating pressure 
provides insight into the degree of obstruction. 

5- FSI poroelastic study of the effect of the 
obstruction  

5.1-Material and Methods: The poroelastic approach 
granted to both consider the mechanical proprieties of 
the spinal cord and the CSF between the SAS and the 
spinal cord. The computational model has been built in 
COMSOL Multiphysics (COMSOL Inc.) using the 
approach by Silvera [6]. The flow in the SAS was 
modeled according to the Navier Stokes’s equations 
while the CSF flow inside the spinal cord was modelling 
with the Brickman’s equation.  Two setups have been 
considered in this section: (1) the FSI poroelastic study 
without the obstruction to study the effect of the PIA 
mater and (2) the FSI poroelastic study with different 
levels of obstruction. 

Study 1: The geometry is the same of the one that has 
been used for the CFD setup with the introduction of 
the spinal cord domain. To provide insight into the 
influence of the PIA mater one simulation has been run 
without the Pia mater and the other with. The Pia mater 
has been modelled has a ‘Thin elastic layer’ around the 
domain of the spinal cord with a thickness of 11.5 μm. 
The material proprieties are based on the studies 

carried out by Bertram et al [2] which consider the 
matrix of the poroelastic material as linearly elastic with 
isotropic mechanical proprieties. Figure 9 summarizes 
the material proprieties.  

 

Figure 9: Material proprieties based on the study of Bertram (2) 

Boundary conditions are the same as those of the CFD 
study (section 4). The spinal cord has been fixed both at 
the top and the bottom end. The computational mesh 
is composed of tetrahedral elements and to improve 
the convergence [7] a boundary layer of prismatic 
elements around the spinal cord at the interface 
between the fluid and the poroelastic material has been 
added. After a mesh sensitive analysis, a mesh having 
58.204 elements has been chosen. 

Study2: The geometry and the materials in this setup 
are the same of those used for the study1 in which 3 
levels of obstruction has been added. The geometry of 
the herniation is the same as those used for the CFD 
study with 40%, 60% and 100% obstruction. The 
herniation has been modelled as a porous domain with 
the same permeability and porosity as the spinal cord. 
Boundary conditions are the same as those in study1, 
with the only difference that in the simulation with the 
100% obstruction, the area between the spinal cord and 
the porous domain has been considered fixed. Due to 
the high computational demands, for the 40% and 60% 
obstruction the same mesh has been used as for study1, 
while due to the limitation of the fixation between the 
spinal cord and herniation a less fine mesh has been 
used for the 100% obstructing with a total number of 
elements of 25.204. The model simulates 1 cardiac 
cycle, using a time step of 0.01s 

5.2-Results: Study1: The aim of this setup was to 
evaluate if the pia mater has an influence on the results. 
For the pressure drop between the cerebral aqueduct 
and the plane below the obstruction and volume 
exchange between the SAS and spinal cord no 
difference has been found. On the other hand, the 
maximal velocity waveforms demonstrate a short delay 
of the one with the pia mater compared to the one 
without the pia as reported in figure 10. 
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Figure 10: Maximal velocities evaluated in the plane below 
considering the effect of the PIA mater 

Setup2: The poroelasticity FSI granted to consider the 
tissue of the spinal cord and study the CSF inside the 
spinal cord. To underline the mechanical behaviour the 
spinal cord the Von Mises stress with the relative 
deformation has been represented figure 11 at time 
0.85s. Due to the lower quality of the mesh and the 
strong limitation of the fixed boundary between the 
spinal cord and the herniation which led in a strong 
stress and pressure concentration located in that 
region, the 100% percent of herniation has been 
omitted from the discussion.  

 

Figure 11: Von Mises Stress and relative deformation at t=0.85 

Figure 12 represents the velocity contour inside the 
spinal cord at time 0.85s, to underline how the different 
mechanical behaviour may have an impact of the flow 
inside the spinal cord. 

 

Figure 12: Velocities contour inside the spinal cord 

Figure 13 represents the comparison between the FSI 
and CFD approach for the maximal velocities at the 
plane below the obstruction  

 

Figure 13: Comparison between FSI and CFD approach, max 
velocities in the SAS (c2) 

Knowing that looking solely at the velocities not always 
suffices to obtain insight regarding the added value of 
the FSI simulation the pressure drop between the 
cerebral aqueduct and the plane below the obstruction 
is also depicted in Figure 14. 

 

Figure 14: Comparison between FSI and CFD, pressure drop 
between cerebral aqueduct and spinal SAS c2. First row depicted 

the healthy condition while the second and the CM1 with the 60% 

5.3-Discussion: The aim of this section was to give an 
insight into the effect 3D artificial obstruction using the 
poroelastic FSI approach. From the Figure 11, it appears 
that the presence of CM1 with the 60% obstruction 
alters the deformation behaviour of the spinal cord 
throughout the cardiac cycle (spinal cord moves 
posterior instead of anterior). This possibly influences 
the overall fluid exchange pattern due to the different 
stress distribution and might increasing the amount of 
fluid forced through the pia into the spinal cord. 
Moreover, the figure 12 highlights the change in the 
distribution of the velocities inside showing that with 
increasing degree of obstruction larger areas with high 
velocities are noticed. Nevertheless, the low velocities 
inside the spinal cord do not suggest a proper fluid 
exchange between the spinal cord and the SAS. 
Moreover, the time scale of the simulation is much 
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shorter than the of syrinx formation. Further studies 
introducing the syrinx in the spinal cord could highlight 
a flow volume difference in the spinal cord. 

In figure 13 and 14 the difference in velocities and 
pressure between the CFD and FSI approach appear to 
be limited suggesting that an FSI approach might not 
provide additional information on these parameters. 
Thus, the same conclusion of the CFD simulation can be 
drawn stated that the effect of degree obstruction it’s 
evident only focusing local in the area of the 
obstruction. 

The model incorporates a number of simplifications, 
including the assumption of isotropy for all material 
properties and the consideration of an elastic material 
matrix devoid of any initial prestress. Furthermore, the 
inclusion of anatomical structures within the spinal SAS, 
such as trabeculae, ligaments, and nerve roots, has 
been entirely omitted. Additionally, it is important to 
note that the geometry utilized in this study only 
represents a partial segment of the entire SAS 

6-CONCLUSION 

In summary, this investigation has provided enhanced 
insights into the implications of an artificial three-
dimensional obstruction by employing two distinct FEA 
techniques: CFD and the poroelastic FSI. The findings of 
this study reveal that the introduction of the FSI 
approach did not notably contribute to enhancing the 
comprehension CSF flow within the spinal SAS but does 
provides additional information concerning fluid 
exchange and stresses within the spinal cord. Hence, 
depending on the area of interest, these findings might 
facilitate, selection of the most suitable approach for 
subsequent simulations. Future endeavours could 
involve incorporating material property anisotropy and 
accounting for anatomical structures within the SAS. 
Furthermore, refining the modeling approach for the 
100% obstruction of the back portion of the spinal SAS 
remains an avenue for improvement. Finally, a full 3D 
model of the SAS can help to underline phenomena 
difficult to observe in the cropped geometry. 
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1.1 Background 

This first chapter aims to give a general overview of neuroanatomy to give the basic notion to navigate 

through the exposed work. 

1.1.1 Central Nervous System Anatomy 

Anatomically, the nervous system can be classified into two primary divisions: the central nervous system 

(CNS) and the peripheral nervous system (PNS), as depicted in Figure 1: Main part of the nervous systemThe 

CNS comprises the brain and spinal cord, while the PNS encompasses the remaining components of the 

nervous system that connect the CNS to the rest of the body. However, it's important to note that this division 

is oversimplified, as some elements of the peripheral nervous system are found within the cranial or vertebral 

cavities, challenging the universality of this classification (1). 

 

 

Figure 1: Main part of the nervous system (1) 

The CNS can be further subdivided into distinct components: the spinal cord, which is situated within the 

vertebral canal, and the brain, which is housed within the skull. 

1.1.2 Nervous tissue: gray matter and white matter 

The CNS is composed of two types of tissue on a macroscopic level: gray matter and white matter. These 

tissues differ in their cellular composition, resulting in distinct colors and mechanical properties. White 

matter primarily consists of myelinated axons and contains only a small number of neuronal cell bodies, 

forming the connection between different neurons within the CNS. Its light color is attributed to the presence 

of myelin sheaths surrounding the axons. On the other hand, grey matter lacks myelin and consists of nerve 

cell bodies, dendrites, and the terminal parts of axons. (2) 



 

3 

1.1.3 Main Part of the brain 

The main parts of the brain are the cerebrum, cerebellum, and brainstem, which are illustrated in Figure 2. 

The cerebrum, the largest part of the brain, is divided into two hemispheres - the right and left hemispheres 

- separated by the longitudinal fissure. Within this deep fissure lies the corpus callosum, a bundle of 200 

million nerve cells that connect the two hemispheres. The outer surface of the cerebrum is called the cerebral 

cortex, which exhibits extensive folding in the human brain. The folds are referred to as convolutions or gyri, 

while the grooves between them are called fissures or sulci. (2) 

These hemispheres are further subdivided into distinct lobes, each with specific functions. For instance, the 

frontal lobe is responsible for voluntary movement, reasoning, planning, and short-term memory. The 

temporal lobe, on the other hand, is involved in hearing, language recognition, and long-term memory. The 

parietal lobes integrate sensory information, while the occipital lobe governs vision. (3) 

The cerebellum, positioned beneath the cerebrum, coordinates muscle movements, posture, and balance. 

Its surface area is extensively folded, increasing its capacity to process information. The cerebellar tonsils, 

located at the lowest part of the cerebellum, contribute to the coordination of movement, balance, and 

posture. Lastly, the brainstem connects the cerebrum and cerebellum to the spinal cord. The brainstem 

regulates various automatic functions, including breathing, heart rate, body temperature, sleep-wake cycles, 

digestion, coughing, sneezing, vomiting, and swallowing (3) .It is anatomically divided into three parts: (1) the 

medulla, extending from the spinal cord to the pons and positioned anteriorly to the cerebellum; (2) the 

pons, protruding forward from the upper section of the medulla and housing two respiratory centers that 

collaborate with those in the medulla to regulate breathing patterns; (3) the midbrain, extending from the 

pons to the hypothalamus the cerebral aqueduct, a tunnel connecting the third and fourth ventricles. 

Different kinds of reflexes are coordinate by the midbrain, including visual and auditory reflexes.    

.  

Figure 2: Main part of the brain 
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1.1.4 Spinal Cord  

The spinal cord is a long, thin, tubular bundle of nerve tissue and support cells that in length extends from 

the foramen magnum, which is a hole in the bae of the skull, to the disc between the first and second lumbar 

vertebrae. The spinal cord is divided into segments, which correspond to the level of the vertebrae It is 

enclosed and protected by the vertebrae of the spine. There are 31 segments of the spinal cord, with each 

segment giving rise to a pair of spinal nerves that innervate specific regions of the body, as depicted in Figure 

3. The spinal nerves carry information from receptors around the body to the spinal cord. From here the 

information passes to the brain for processing. Spinal nerves also transmit motor information from the brain 

to the body’s muscles and glands. (2) 

The interior of the spinal cord is composed of grey matter, which has a letter H-like shape and consists of 

nerve cell bodies, dendrites, and unmyelinated axons. The grey matter is organized into horns, which are 

named for their location in the spinal cord. The dorsal horns contain sensory neurons that receive input from 

the peripheral nerves and send it up to the brain, while the ventral horns contain motor neurons that send 

signals to the muscles and glands. (3) 

The white matter of the spinal cord surrounds the grey matter and consists of myelinated axons that form 

tracts. These tracts are arranged in columns or funiculi, which are also named according to their location in 

the spinal cord. The white matter carries information up and down the spinal cord between the brain and 

the peripheral nerves.  

 

Figure 3: Spinal cord anatomy 
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1.1.5 Meningeal layers and subarachnoid space  

In vertebrates, the brain is protected by the bony skull, while the spinal cord is situated within the vertebral 

column. The peripheral nerves of the SNP enter and exit the spinal cord through small openings in the 

vertebrae. Between the skull and the CNS, there are three layers of tissue membranes known as meninges, 

which primarily serve to protect the brain. These meninges are illustrated in Figure 4. 

The outermost layer is called the dura mater, which gets its name from Latin, meaning "tough mother." It is 

a robust and thick layer composed of fibrous connective tissue. The dura mater acts as a protective covering 

for the brain, enclosing both the central nervous system and the major blood vessels that enter the skull and 

vertebral canal (3). 

The arachnoid mater, the middle layer of the meninges, surrounds the central nervous system and forms a 

sac-like enclosure around it. The subarachnoid space (SAS), located between the arachnoid and the 

innermost layer called the pia mater, is filled with cerebrospinal fluid (CSF). The circulating CSF provides a 

liquid cushion for the brain and spinal cord. The SAS contains connective tissue, called trabeculae, which 

extend through its depth and function to keep the brain suspended in place. The SAS is also crossed by veins 

and blood vessels. 

The pia mater, which gets its name from Latin, signifying "gentle mother," is the innermost layer. It is an 

extremely thin membrane that envelops the surface of the spinal cord and brain. Composed of a thin layer 

of connective tissue containing abundant elastic fibres, the pia mater is made up of flattened cells that closely 

surrounded the brain and spinal cord  (2). 

 

Figure 4: Meningeal layers of superior sagittal sinus 
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1.1.6 Cerebrospinal fluid System and Circulation 

CSF is a clear and colorless liquid that circulates within the brain's ventricles and the SAS surrounding the 

brain and spinal cord. Composed of water, electrolytes, glucose, and proteins, CSF serves various essential 

functions in the CNS (4). CSF plays a vital role in protecting the CNS. It acts as a cushioning fluid, surrounding 

the brain and spinal cord, providing a protective barrier against physical trauma. Additionally, it transports 

nutrients to CNS neurons and removes waste products, contributing to their proper functioning. CSF also 

helps maintain immunological and biochemical homeostasis in the CNS. Finally, by buoying the brain, CSF 

reduces its overall weight and prevents compression due to its weight, relieving pressure within the skull (5). 

CSF is mainly produced in the brain’s lateral ventricles, primarily by specialized cells called choroid plexuses 

located in the ventricles. The choroid plexus secretes around 80-90% of CSF and is a highly vascularized 

structure composed of epithelial cells. These cells form a blood-CSF barrier surrounds capillaries and controls 

the movement of solutes and water to regulate CSF composition. Under normal conditions, the total volume 

of CSF in humans ranges between 150 and 160 mL (6). 

The flow of CSF occurs in a closed system within the CNS. CSF is produced by the choroid plexus in the lateral 

ventricles of the brain. From the lateral ventricles, the CSF flows through the interventricular foramina to 

enter the third ventricle. Here a second choroid plexus produces more CSF. Next, the CSF passed through the 

mesencephalic aqueduct of the midbrain, and into the fourth ventricles, where further CSF is added by a 

third choroid plexus. From here it passed through the median aperture and lateral aperture into the 

subarachnoid space. Finally, the CSF circulates down and around the brain and the spinal cord in the SAS  (7) 

According to the traditional view, CSF is reabsorbed from the cranial SAS through arachnoid villi, as depicted 

in Figure 5, into the blood within the cranial venous sinuses (large veins within the double-layered cranial 

dura mater). This reabsorption process converts CSF back into the blood plasma, with the rate of 

reabsorption typically matching the rate of production. Ongoing research has challenged the classical 

understanding of CSF drainage, which dates back to the eighteenth century and is based on anatomical 

observations. Besides the absorption of the arachnoid villi, recent findings suggest the involvement of the 

lymphatic system as an alternative drainage pathway. A recent study has shown the transportation of CSF to 

cervical and spinal lymphatics, indicating that lymphatic vessels serve as the main pathway for CSF outflow 

(5). CSF movement is believed to be driven by: convective flow and pulsatile flow (8). Convective flow refers 

to the movement in a single direction, guided by pressure differences between the high-pressure choroid 

plexus and the low-pressure arachnoid granulations, as originally believed. However, recent studies have 

raised doubts about the assumption of unidirectional CSF displacement and proposed the existence of 

pulsatile flow. Pulsatile flow suggests that CSF moves bidirectionally, both upward (cranial) and downward 

(caudal) along the spinal cord without net unidirectional CSF displacement. (7) (8) 
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The driving force of the pulsatile flow of CSF are driven by the cardiovascular and respiratory cycles. The 

cardiovascular pulsation, as demonstrated in the study conducted by Mestre et all  (52) by particle tracking 

in live mice, seems to be the principal driving force of the CSF pulsation. When intracranial arteries expand 

during systole and restrict during systole, CSF undergoes movement within and out of the cranial 

compartment causing the pulsation (10). Respiration also impacts CSF motion, as changes in venous blood 

volume occur with the respiratory cycle. Exhalation increases intrathoracic pressure and in turn reduces 

venous blood returning from the brain. This causes CSF to flow downwards to compensate for increased 

intracranial venous blood volume. Meanwhile, deep inhalation leads to cranial (upward) CSF flow due to 

decreased intrathoracic pressure. Respiratory events like coughing, sneezing, or the Valsalva manoeuvre can 

disrupt pressure environments and affect the magnitude, frequency, and direction of CSF flow (10), (11), (12). 

The regulation of CSF secretion and turnover is crucial, and disruptions can occur in certain neurological 

disorders. Hydrocephalus, characterized by an imbalance in CSF production, circulation, or absorption, leads 

to an excessive volume of CSF or increased pressure inside the skull, causing brain compression and 

functional impairments in adults. Chiari malformation and syringomyelia, associated with Chiari 

malformation, are another CSF-related condition. Further information regarding these conditions will be 

provided in subsequent chapters. 

 

Figure 5: Image of CSF circulation in the cervical spinal SAS and cranial SAS 
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Chapter 2  

2 CHIARI I MALFORMATION 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

9 

2.1 Pathophysiology 
 

Chiari malformations have in common the presence of anatomical deformities of the brainstem and 

cerebellum. They are named after Hans Chiari, the Austrian pathologist who described in 1891 a 

malformation involving the brainstem, cerebellum, upper spinal cord, and surrounding bone. Chiari 

malformation (CM) is considered a congenital condition, although acquired forms of the condition have been 

diagnosed. In the 1890s, a German pathologist, Professor Hans Chiari, first described abnormalities of the 

brain at the junction of the skull with the spine. He categorized these in order of severity; types I, II, III, and 

IV. (13) . CMs refer to abnormalities in the structure of the brain where the lower portion of the brain 

protrudes through the opening in the skull base, foramen magnum, into the spinal canal. 

A CM may develop when a part of the skull is smaller or malformed, causing pressure on the brain and 

pushing the cerebellum downward into the spinal canal. This can create compression on the brain stem and 

spinal cord, leading to blockages in the flow of CSF. (13) 

CMs are categorized based on the severity of the condition and the parts of the brain that it involves. 

• Type I: 

The most prevalent form of CM is Type I, characterized by the descent of cerebellar tonsils through the 

foramen magnum as depicted in Figure 6. It is typically observed during adolescence or adulthood and may 

be incidentally discovered during examinations for unrelated conditions. Although individuals with Type I 

Chiari malformation may initially be asymptomatic, they can develop symptoms later in life (12). 

 

Figure 6: Sagittal x-rays of a patient with CM1 

• Type II: 

Type II Chiari malformation, represented in is characterized by the protrusion of both cerebellar and brain 

stem tissue into the foramen magnum, the opening at the base of the skull. It frequently occurs alongside 
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myelomeningocele, a condition in which the spine and spinal cord fail to develop properly, resulting in an 

open spinal canal across multiple vertebrae that may lead to paralysis below the affected region. Symptoms 

of Type II CM typically appear during childhood and are more severe when compared to Type I. Surgical 

intervention, known as Arnold-Chiari malformation, is necessary for the management of this conditions (14). 

 

Figure 7: Sagittal x-rays of a patient with Chiari Malformation type II (13) 

• Type III: 

Type III represents the most severe variant of CM, characterized by the protrusion of parts of the cerebellum 

and brain stem through an abnormal skull opening coupled with an occipital or upper encephalocele, a sac 

like protrusion of the brain (62), as depicted in Figure 8. The condition may also involve the membranes 

surrounding the brain or spinal cord. Symptoms typically emerge in infancy and can lead to profound and 

life-threatening complications, including seizures and cognitive and physical development delays (14). 

 

Figure 8: Sagittal x-rays of a patient with Chiari Malformation type III 

• Type IV: 

Type IV is a rare form of CM, in which there isn’t a protrusion of the cerebral tonsils but the cerebellum is not 

completely developed. This condition is known as hypoplasia. (14) 
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2.2 Chiari I Malformation 
 

Chiari I malformation (CM1), also known as hindbrain herniation, is a structural abnormality in which a 

portion of the cerebellum (a part of the brain responsible for movement coordination) extends into the spinal 

canal through the opening at the base of the skull (Figure 9). CM1 is characterized by caudal migration of the 

cerebellar tonsils below the foramen magnum by more than 5 mm (16). A descent of less than 3 mm is 

considered a no-pathological variant, while a herniation between 3–5 mm is borderline and needs 

radiological follow-up in symptomatic cases. (17) 

 

Figure 9: Anatomy of healthy condition and pathologic condition CM1 

CM-1 is the most common Chiari malformation. It is estimated to occur in approximately every 1 in 1000 

births, with a slight female predominance of 1.3 to 1 (18). 

Probably, the epidemiological data is underestimated, since many forms producing only a few mild 

symptoms- and manifest themselves clinically only in adulthood. Indeed, neuroimaging data suggest that the 

clinical condition may be more frequent, with an estimated prevalence of 1% in the pediatric population. 

2.2.1 Symptom  
 

Headaches (usually at the back of the head but can be anywhere) are the most common complaint and neck 

pain is also common. The study by Pascual et al. (19) evaluated 50 patients with CMI and found that 52% of 

them suffered from headaches, which were classified using IHS criteria (international head each society). 

Other symptoms are dizziness and balance problem, muscle weakness, swallowing problem, hearing loss and 

difficult in sleeping.  (51)  Coughing, sneezing, straining, or neck extension can all make the symptoms worse. 

(21) 



 

12 

2.2.2 Diagnosis 
 

The diagnosis of CM1 usually involves a combination of physical examination, a review of medical history, 

and imaging tests. The physical examination may include tests for neurological problems such as muscle 

weakness, numbness, or tingling, as well as evaluating gait and coordination. A medical history review will 

ask about symptoms such as headaches, neck pain, dizziness, and balance problems, as well as any past 

medical conditions or surgeries. Imaging tests, such as MRI or CT scans, are used to confirm the diagnosis 

and determine the severity of the malformation. The diagnosis of Chiari type I malformation can be made on 

routine brain or cervical spine MRI by evaluation the position of the cerebellar tonsils below the foramen 

magnum (22) 

 The diagnosis is usually made when one or both tonsils are 5 mm or more below the foramen magnum, while 

a tonsil position of less than 3 mm below the foramen magnum is considered normal. Tonsil position between 

3 to 5 mm is debatable and may be considered normal or diagnostic of CM1, depending on the criteria used. 

Although standard MRI sequences can easily diagnose CM1, they are not very effective in predicting 

symptoms, disease severity, or postoperative success. Advanced MRI techniques broadened the role of MRI 

in the diagnosis and evaluation of CM1, allowing for more comprehensive disease assessment (23).  One of 

these techniques is the CSF flow studies witch in case of CM1 presents an several abnormalities: 

(1) An increase diastolic and systolic velocity due to the obstruction in the foramen magnum which 

probably impede the CSF fluid and turn in compensatory increased velocity (24). 

(2) A non-uniform flow caused by the obstruction. (23) 

Other advance techniques are, cine cerebellar tonsillar motion, diffusion tensor imaging and quantitative 

volumetrics of the posterior fossa. (23) 

2.2.3 Treatment 
 

The severity of CM1 and the symptoms experienced by the patient determine the appropriate treatment. 

Regular monitoring may be recommended if no treatment is necessary in some cases. According to Ramón 

et al. (20), surgery is not typically required for asymptomatic patients, but it may be recommended for those 

with progressive posterior fossa or spinal cord signs, hydrocephalus, or syringomyelia. If the symptoms are 

severe enough to affect the patient's quality of life, surgery may be recommended. However, there is no 

consensus on the exact criteria for surgery. Chavez et al. (26) listed common indications for surgery, including 

cough-associated headaches that impact the quality of life, large or enlarging syrinx, and abnormal neurologic 

findings or myelopathy. The main goal of surgery is to alleviate pressure on the brain and spinal cord by 

creating more space in the back of the skull.  
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In order to treat the CM1 for severe symptomatic patient the treatment consist in a decompression surgery 

named ‘Posterior fossa decompression’ (PFD). This procedure consists of the remotion of a portion of the 

occipital bones to create more space in the SAS and restore the CSF circulation and relieve the pressure, as 

depicted in Figure 10. This procedure may also involve the remotion of the first vertebra of the spine (C1). 

(27) 

 

Figure 10: Posterior fossa Decompression surgery 

The PFD can be carried out in combination of other type of surgery such as Duraplasty and partial tonsillar 

resection. The Duraplasty surgery, as represent in Figure 11, is a type of decompression surgery that involves 

opening the covering of the brain and spinal cord (dura mater) and inserting a patch to enlarge the space for 

the cerebellum. 

 

Figure 11: PDF in combination with Duraplasty surgery 

Aghakhan et al. (28) examined the medical charts of 157 patients who had undergone surgical duraplasty in 

order to ascertain the long-term results of the procedure. According to research, there is a 90% likelihood 

that CM1 surgery will result in long-term stabilization or improvement. As stated by Aghakhan et al. (28), 

surgery should be suggested as soon as possible for patients with clearly advancing clinical symptoms 
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2.3 Syringomyelia 
 

Syringomyelia is a rare neurological disorder characterized by the development of large, fluid-filled cavities 

called syrinxes in the spinal cord as shown in Figure 12. The estimated prevalence of this condition in Western 

countries is between 8.2 and 8.4 cases per 100,000 people (29). The syrinx cavity consists of a clear, colourless 

fluid which might originate from CSF or extracellular fluid. Typically, the syrinx develops at the cervical level 

of the spinal cord, but it can also extend upwards to the brain stem or downwards to the thoracic part of the 

spinal cord. 

The presence of a syrinx puts stress on the spinal neurons, which can lead to severe motor and sensory 

symptoms and eventually cause irreversible neural damage. The specific clinical symptoms can vary 

significantly depending on the size and location of the syrinx (30). 

Patients with syringomyelia often experience headaches, pain, and disruptions in motor and sensory 

functions. These symptoms are accompanied by pain and abnormalities in the autonomic nervous system. 

Importantly, approximately two-thirds of patients with CM1 also develop syringomyelia, where fluid-filled 

cysts (syrinx) form in the spinal cord. The exact pathophysiology responsible for syrinx formation in patients 

with CM1 is still not fully understood.  

Nevertheless, CM1 related syringomyelia is usually treated not acting on the syringomyelia itself, but on the 

original cause, CM1. The surgical procedure used is the Posterior fossa decompression with (PFDD) or without 

(PFD) Duraplasty. Despite this surgery usually helps to reduce syrinx volume or even completely solve it, the 

outcomes may be variable, and many dangerous complications may occur. Hence, there is a need for more 

new treatments. (30) 

Better management and treatment of CM1 related syringomyelia requires a better understanding of the link 

between the two disorders. Several theories have been proposed to explain the formation of a syrinx in 

patients with CM1. All theories agree that the disruption of cerebrospinal fluid flow at the junction between 

the skull and the upper cervical spine plays a central role, but each theory proposes a different mechanism 

for syrinx formation. (31) More studies are necessary to gain a deeper understanding of cerebrospinal fluid 

dynamics and the mechanical behaviour of neural soft tissues since it is believed that biomechanical factors 

contribute the syrinx formation. By using both experimental and computational biomechanical models, we 

can investigate these aspects in detail. 
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Figure 12: MRI of a patient with CMI related syringomyelia 
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 3.1 Introduction 
 

Modeling the CM1 has always posed a challenge for researchers due to several issues. Firstly, the low 

occurrence of the pathology has made it difficult to gain insights through clinical observation. (32)  

Moreover, collecting in vivo data is invasive and the required measurement sites are not easily accessible.  

To overcame these difficulties in vitro model granted to have a better insight to the CSF pressure and 

velocities. Nevertheless, this model has the strong limitation to accurately reproduce both the geometry and 

the boundary conditions. 

Recently, advances have been made to measure in vivo flow and velocities with the use of the PCMRI 

PCMRI has enabled the simultaneous in vivo measurement of velocities in through-plane and in-plane 

directions and allows for higher spatial-temporal resolution compared with conventional 2D PCMRI methods 

within a clinically feasible time-frame. Researchers have applied 4D Flow to investigate in vivo CSF velocity 

magnitudes and distribution in the spinal SAS (33). However, MRI measurements are limited by the spatial 

and temporal resolution of the scanning sequence. Also, the monitoring of the pressure is still invasive and 

difficult to carry out. 

Consequently, numerical tools have played a crucial role in overcoming the lack of patient measurement 

Specifically, computational models have enabled researchers to gain an understanding of complex geometric 

pressure and velocity distributions. Two main simulation approaches for investigating CSF are: Computational 

Fluid Dynamics (CFD) and Fluid-Structure Interaction (FSI). CFD modeling is based on the principles of mass, 

momentum, and energy conservation. The Navier-Stokes equations are employed to describe momentum 

conservation in Newtonian fluids, while the continuity equation is used to depict mass conservation. The FSI 

approach allows the modeling of a multi-physics problem, in this specific case coupling Structural Mechanics 

and Fluid Mechanics. The coupling of physical laws of Fluid Mechanics and Solid Mechanics describes the 

interactions between one or more deformable/moving structures and a fluid flowing around or inside the 

structure by Continuum Mechanics. This computational technique allows for the consideration of 

interactions between the fluid and deformable walls, surpassing the limitation of CFD, which assumes rigid 

walls. These two methodologies will be further elaborated on in the subsequent sections, with a focus on 

CM1 modeling. (34) 

3.2 Modelling of Cerebral Spinal Fluid (CSF) 
 

It is well-established that disturbances in CSF flow and alterations in brain tissue mechanics play a crucial role 

in various pathologies, including CM1, Hydrocephalus, and Alzheimer's disease (35). Consequently, CFD and 
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FSI models have gained widespread usage in investigating the pressure and velocity fields, as well as the 

interaction between brain tissue under both pathological and physiological conditions. 

3.2.1 Computational model  
 

Three-dimensional CFD models are useful for subject-specific computations of CSF dynamics based on 

medical image data because they may give spatial and temporally resolved information on flow, pressure, 

and mass transfer. The emergence of commercial magnetic resonance imaging (MRI) systems contributed to 

advances in understanding CSF space anatomy and cerebrospinal fluid dynamics physiology, which made it 

possible to obtain anatomically accurate descriptions of the CSF spaces and use noninvasive measurements 

of fluid flow and velocities as boundary conditions (32). 

Because of the invasive nature of intracranial pressure measurements, only velocity, flow rate, or similar BC 

may be given in a subject-specific manner, but pressure or impedance BCs that are necessary to achieve mass 

conservation in non-compliant domains are generic based on generalized lower-order models. (34) (36) 

One of the stronger limitations of the CFD model is the assumption of a rigid wall. With this assumption is 

not possible to take into account the compliance effects arising from the deformability of the tissue 

surrounding the space of simulation.  To tackle this problem the FSI approach is necessary, but requires a 

deep understanding of model brain tissue and high computational costs.  

PCMRI has enabled the simultaneous measurement of velocities in through-plane and in-plane directions 

and allows for higher spatial-temporal resolution compared with conventional 2D PCMRI methods within a 

clinically feasible time-frame. Researchers have applied 4D Flow to investigate in vivo CSF velocity 

magnitudes and distribution in the spinal SAS (33). Unfortunately, the monitoring of the pressure is still 

invasive and difficult to carry out. 

Initially, due to the computational resources required, most studies have focused on analyzing small portions 

of the geometry. Gupta et al. (37) focused only in the inferior cranial space, the superior SAS and the fourth 

ventricles and Clarke et al. (38) focused solely on the spinal SAS from the second vertebral (C2) to the fifth 

vertebral (C5). These models provided insight into the local effects without providing a system wide response. 

Gupta et al (39) introduced a transient 3D model of CSF circulation in cranial SAS using a finite element 

approach with CFD. To account for the effect of the trabecular morphology they treated the cranial SAS as a 

porous medium. In terms of the inlet boundary conditions, the study utilized patient-specific MRI 

measurements of velocities in the pontine and cerebello medullary cisterns over one cardiac cycle. The only 

outflow pathway considered was absorption through the arachnoid granulation with a constant outlet 

pressure of 3.15 mmHg. Importantly, this study neglected the cerebral ventricles of the CSF production and 

focused solely on the arachnoid granulation drainage pathway, which prevents a comprehensive evaluation 
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of the necessary pressure gradients for understanding diseases. Additionally, the study only focused on brain 

circulation and neglected the spinal cord. 

The first patient-specific simulation throughout all the CNS has been carried out by Sweetman et al. (40). This 

model accounted for CSF production, reabsorption, and the influence of pulsatile motion. CSF production 

was assumed to be constant and originating from the lateral ventricles at a rate of 0.4 mL/min, while 

reabsorption was considered to occur only through the arachnoid villi with a constant pressure of 500 Pa. To 

incorporate pulsatile flow, the model included moving boundaries based on in vivo measurements near the 

lateral ventricles. The study also incorporated spinal compliance by implementing a patient-specific finite 

element model of the dura mater. The deformable membrane was modeled as a neo-Hookean material, 

specifically a hyperplastic model with a Poisson ratio of 0.5 and Young’s modulus of 12kPa. The modelled CSF 

velocities corresponded well with CSF velocities measured in vivo  

, despite assuming constant CSF production and considering only one drainage pathway. Furthermore, there 

was no experimental evidence provided for the material properties utilized in the model. Fillingham al (25) 

developed a whole-brain, patient-specific CFD simulation of CSF flow in the cranial cavity introducing more 

physiological flow boundary conditions.  The study considers a patient-specific, 3D rigid wall CFD simulation 

of the CSF-filled spaces in the brain, using phase contrast magnetic resonance imaging to measure all the 

flow rates in and the out of the cranial cavity. The boundary of the computational domain was split into six 

regions Figure 13:The ventricle walls; choroid plexus; foramen magnum; the surface of the cerebrum; the 

arachnoid granulations; and the walls of the brainstem, cerebellum, and dura mater.  

 

Figure 13: Cross-sectional view of computational domain with labelled boundaries. (41) 

The boundary conditions are based on the PC-MRI. The researchers avoid the assumption of the previous 

studies regarding the constant production of the choroid plexus by reconstructing a specific waveform for 

CSF generation based on MRI-based measurements of CSF flux across the cerebral aqueduct and blood flow 
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at the Internal Carotid Artery. Regarding the outlet boundary condition, the model considers only the 

arachnoid granulation, which are implemented as a time-dependent flow outlet using the principle of mass 

conservation.   

The time-averaged flow at the arachnoid granulations is equal to the combined time-averaged flow entering 

the cranial cavity at the foramen magnum and the time-averaged flow across the cerebral. Then, they shift 

and scale the waveform of the blood flow measured at the internal jugular vein.  

Since is a CFD study with rigid walls the pulsatile flow is taken into account both in the cerebral cortex and 

the ventricles wall by using an artificial volume flux term. An overview of the boundary condition that has 

been used is depicted in Figure 14. 

The work presents a quantitatively validated whole-brain simulation of CSF flow for a single healthy subject. 

Nevertheless, the model only allows calculation of the relative pressure field and the simulation cannot 

calculate absolute cranial pressure, due to the lack of a reference value that requires an invasive procedure. 

Furthermore, only one drainage path has been highlighted and two artificial terms were added to represent 

the brain tissue deformation with a zero net flow over one cardiac cycle. 

 

 
 

Figure 14: Boundary conditions prescribed in the computational model calculated from PCMRI measurement (41) 

 
The previous CFD models did not consider the effect of CSF compliance and don’t take into account the 

distribution of compliance across the cranial and spinal compartments. Vandenbulcke et al (23) developed a 

computational model that can predict CSF pressures and velocities under various physiological conditions. 

To accomplish this goal, a three-dimensional CFD model was constructed that allows for the simulation of 

absolute pressures and velocities throughout the CSF space. This study included in the model not only the 

adsorption pathway of the arachnoid villi but also the secretion into the lymphatic, interstitium and spinal 

venous systems resulting in 4 different outlets. To consider the effects of both absorption resistance and CSF 
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compliance, windkessel boundary conditions are applied at each outlet. Specifically, a 2-element windkessel 

model is used, which is an electrical analogy consisting of resistance and compliance in parallel. 

The study also takes into account the changes in arterial and venous volumes and intracranial and spinal 

compliance. At lateral ventricles the CSF production is taken into account as a constant production. To 

consider the cardiac pulsation two sinusoidal waveforms with both 1Hz frequency and zero net flow have 

been added in the region depicted in figure 11. Finally, a sinusoidal waveform with frequency 0.2 Hz is used 

to model the respiratory effect. The inlet boundary conditions that have been used by Vandenbulcke et al. 

(35) are summarized in Figure 15 

 

Figure 15: (A) Visualization of boundary conditions in the 3D model. (B) Graph containing the waveforms of the four different inlet 
boundary conditions depicted in (A). (C) Electrical circuit representing the 2-element windkessel model 

The researchers simulate 25 cardiac cycles considering the CSF as an incompressible Newtonian fluid with 

the same proprieties of water. The motion of the fluid is governed by the continuity and Navier-Stokes 

equations.  

This study, as mentioned before, allows to obtain absolute CSF pressures and velocities simultaneously 

through implementation of absorption resistance and compliance while previous CFD models do not provide 

absolute intracranial pressures. One of the limitations of the model is that model is validated by comparing 

it to literature data although the literature data does not account for respiratory effects or normal 

physiological pressures. Moreover, the model includes simplifications such as simplified 3D geometry and 

simplified inlet boundary conditions. Nevertheless, the model is a proof of concept that proper boundary 

conditions can yield pressures and velocities within the physiological range. 

Although windkessel boundary conditions allow modelling intracranial compliance, using an FSI modelling 

approach is more accurate to account for compliance effects arising from the deformability of the tissues 

surrounding the simulated 3D fluid spaces.  
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 3.2.4 Validation -In vitro modelling 
 

In vitro measurements can be useful to get some data that may be hard to get in vivo models. The ability to 

measure the flow and pressure of CSF in living organisms is limited. However, computer modeling can be 

used to study parameters, while in vitro modeling is necessary to test and evaluate therapeutic interventions 

related to fluid disorders.  Benninghaus et al. (42 ) developed an enhanced in vitro model of the CSF dynamics, 

which includes a ventricular system connected to the cranial and spinal subarachnoid spaces, compliance 

chambers, and sensors to monitor CSF dynamics. The model has two compliance chambers that absorb the 

blood flow from a cam plate unit, allowing for the creation of personalized flow dynamics for each patient 

(Figure 16). To monitor the CSF dynamics, the model uses three pressure sensors in the cranial region and an 

ultrasound flow meter in the spinal region. The researchers compared the in vitro measurements of spinal 

flow to the PC-MRI cervical flow data from nine healthy young people and compared the pressure 

measurements to reported values of intracranial pressure (ICP) to validate the new in vitro model. The model 

was found to accurately simulate CSF flow and pressure dynamics in the supine position, but adjustments 

would be needed for upright positions due to changes in compliance values and divisions.  

The limitation of the model is the static compliance that has been considered while human tissue 

proprieties. Moreover, the spinal cord wasn’t included in the model.  

 

 

Figure 16: Set up experiment used by Benninghouse et al. (42) 

In vitro models, are also utilized to validate the accuracy of CFD simulations. In this case, the in vitro model 

involves creating a 3D-printed replica of the patient's specific anatomy and reproducing the physiological CSF 

flow using a hydraulic pump or a drainage system. 

Khani et al. (43)(44) conducted a study to compare the blood removal efficiency of a catheter-based CSF 

filtration system with a lumbar drain. To accomplish this, they developed a comprehensive CFD model of the 

CSF system. The researchers implemented a constant CSF production rate in the lateral ventricles and applied 

zero pressure at the cranial opening. They incorporated a drainage rate corresponding to the filtration 
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system. To account for pulsatility resulting from heartbeats and respiration, an oscillatory velocity inlet 

boundary condition was defined at the lower end of the model. This condition was derived from a PCMRI 

measurement taken at the vertebral level of C2 and C3. 

To validate the obtained results, an in vitro model was constructed using a 3D printer to replicate the same 

geometry as the CFD model mentioned earlier. The same boundary conditions were applied using an 

oscillatory pump, inducing the desired oscillatory movement in the system. 

However, while these in vitro models are valuable for gaining insights into the problem and can serve as a 

tool to validate the model, they have significant limitations in accurately representing both the geometry and 

the boundary conditions. 

3.3 Modelling Chiari 1 Malformation 
 

It is widely accepted that disrupted fluid movement plays a significant role in the development of CM1 and 

syringomyelia. However, the exact mechanism underlying syringomyelia and its potential correlation with 

CM1 remains unknown. Due to the difficulties to obtain in vivo measure, both in vitro model and numerical 

methods are essential for gaining a better understanding of CSF flow in the SAS. 

In the literature, various numerical models, including 2D, and CFD models, have been employed to investigate 

how CM1 affects CSF flow in terms of pressure and velocity with patient-specific and simplified geometry. 

Furthermore, to model the CSF flow compliance due to tissue displacement, it is necessary to consider the 

interaction between CNS tissue and brain tissue, requiring FSI models. These models can be elastic or 

viscoelastic FSI simulations that account for the behavior of solid structures. They are useful for studying the 

propagation of pressure waves, but the boundary between the two domains is typically treated as 

impermeable, limiting our understanding of syrinx formation. 

To address the issue of fluid accumulation in the spinal cord, a poroelasticity formulation is necessary. 

Currently, only 2D FSI models with a poroelasticity formulation have been found in the literature. 

In the following sections, I will discuss the different numerical models in more detail. 

3.3.1 In vitro model 
 

As before mentioned for the full CSF model, acquiring data in vivo is quite invasive. In order to overcome 

these difficulties in vitro model can be used to obtain data that in vivo are difficult to gather.  

Martin et al. (45) create a mechanical in vitro model to investigate pressure simulating the different situations 

of stenosis and syringomyelia. The researchers simulated four conditions: the stenosis and the syrinx, the 

stenosis without the syrinx, the stenosis located cranially and the syrinx (to mimic CM1,) and the only syrinx. 

The experimental setup is represented in the Figure 17, the total length of the model is 48cm with a pressure 
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sensor every 4cm. Regarding the boundary conditions, an MRI waveform at the C2 level was measured in a 

patient and replicated with a computer-controlled pump at the cranial level. To account for the compliance 

due to the deformation of the spinal cord a material with 500Kpa has been chosen. 

The researchers found that the stenosis in general act to increase the CSF pressure in the SAS and the majority 

of pressure change happen near the obstruction with a greater influence if the syrinx is present. 

In the experimental simulation of Chiari malformation with stenosis, the pressure difference observed 

between the syrinx and the spinal SAS cannot be attributed to the presence of an obstruction, but rather to 

a valve mechanism. During the systolic phase, the syrinx is compressed, resulting in reduced resistance CSF 

flow. On the other hand, during the onset of the diastolic phase, the spinal cord is pulled outward, creating 

significant resistance to the CSF flow returning to the cranium. As a result, there is a decrease in pressure 

between the caudal and cranial regions of the stenosis.  

As mentioned earlier in the previous chapter 2, in vitro models are designed to conduct experiments that 

closely resemble in vivo conditions, but they often require simplifications in terms of geometry and boundary 

conditions. In order to overcome these limitations, numerical simulations are necessary. 

 

Figure 17: Picture of the model used by Martin et al (45) 

3.3.2 CFD model   
 

There is a consensus that disrupted fluid movement is a major factor in the development of CM1 and syrinx. 

This is why CFD models are the most commonly utilized method for investigating this condition. CFD models 

have been employed to examine how CMI affects the flow of cerebrospinal fluid in pressure and velocity.  

Støverud et al (46) developed a simplified 3d model with the same geometry as the SAS to evaluate if the 

Bernoulli principle can accurately predict the pressure drop in the subarachnoid space. They studied the 

behaviours of an oscillatory flow with different degrees in the obstruction respectively 60% 75% and 85%. 

Pressure and velocities have been calculated using the Navier-Stokes equation in a constant and oscillatory 
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flow. Increasing the obstruction of CSF flow in the cervical spinal canal increases the pressure gradients and 

velocities, as shows in Figure 18. The pressure gradient with the increase in the amount of obstruction 

presents a steeper variation pressure gradient. 

 

Figure 18: Velocities and pressure profile with the different level of obstruction determine by Støverud et al. (46) 

Moreover, the researchers find that the Bernoulli principle does not explain correctly the pressure drop in 

the SAS and underestimate at least by a factor of 2 the pressure drops. 

The model mentioned presents a simplified geometry. This is a limitation of the study since the geometry 

does not represent accurately the patient-specific geometry. 

Clarke et al. (47) used a patient-specific geometry in CFD model to study the origin of syringomyelia and 

performed a comparison between CSF flux. The study compared three patient-specific geometry of the spinal 

SAS: one derived from a healthy patient, one from a patient with CM1 and one with CM1 and syringomyelia. 

MRI scans of three individuals were used to gather model geometries and the data on CSF flow rates were 

calculated by fitting a Fourier function to the data from PC-MRI scans of a larger group of patients. Both 

upper and lower boundary conditions were computed in this manner. The result shows an increase in the 

gradient of both pressure and velocities and a slight increase in peak pressure in the patient with 

syringomyelia. The CFD velocities demonstrated a strong agreement with MRI-measured velocities, with no 

noteworthy variance in peak values for any of the three scenarios. Moreover, these simulations indicated 

that the magnitude of pressure was significantly affected by the anatomy at the point where the cranium 

meets the cervical spine and that it’s difficult to predict the pressure gradient in vivo due to the difficult to 

place pressure sensor. One of the most significant limitations of this study is the fact that the three patient 
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specific geometries were used but the boundary conditions have been obtained from a group of patients and 

this profile does not fit in a patient- specific manner. 

Most of the patient-specific 3d studies are focusing only on the spinal circulation of CSF due to the high 

computational cost. Støverud et al. (48)  led a study to extend the previous modelling by including the 

cerebellum medullary cistern, pontine cistern, and 4th ventricle in addition to the cervical SAS as show in 

Figure 19. The simulation considers three cardiac cycles. The study included one healthy control, Con1, and 

two patients with Chiari I malformation, P1 and P2. Patient-specific flow conditions in the aqueduct and the 

cervical SAS were used. Two patients with the Chiari malformation and one control were modelled. 

 

Figure 19: Sagittal MRIs and corresponding level set surfaces. (48) 

Patient-specific flow conditions in the aqueduct and the cervical SAS were used. The flow in the pontine or 

cerebello medullary cisterns was not directly measured, so the principle of mass conservation was used to 

create velocity profiles. In the control case, the cerebellomedullary cistern was the only one present. To 

create the velocity profiles, the flux through the aqueduct was subtracted from the flux at the foramen 

magnum, and the remaining flux was divided into two areas and scaled by the areas. The assumption of a no-

slip boundary condition was made at the SAS boundaries. The results indicated a significant increase in 

maximal flow velocities in Chiari patients, with the values ranging from 5 times greater in P1 to 14.8 times 

greater in P2 when compared to Con1 at the Foramen Magnum level. The maximal velocities in the Sas varied 

by a factor of 2.3, while the maximal flow in the aqueduct varied by a factor of 3.5. The pressure drop from 

the pontine cistern to the cervical SAS was comparable in Con1 and P1, but as twice as high in P2. The 
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pressure drops between the aqueduct and the cervical SAS ranged by a factor of 9.4, with P1 exhibiting the 

smallest pressure jump, while P2 and Con1 differed by only a factor of 1.6. (Figure 20) 

One conclusion drawn from the study is that resistance and peak velocities serve as valuable indicators for 

detecting obstructions caused by cerebellar tonsil herniation. Additionally, increased pressure drops across 

the foramen magnum are indicative of the severity of the obstruction. 

 

Figure 20: Pressure drops between (A) the cervical SAS (CS) and the pontine cistern (PC) and (B) between the Aqueduct (Aq) and the 
pontine cistern (PC) during the hearth cycle (28) 

3.3.3 FSI model of CM1 
 

FSI has been used to take into account the tissue around the SAS. The FSI modeling is challenging because 

the solid deformed boundaries change the fluid flow and the fluid deforms the solid boundaries 

simultaneously.  Due to the high computational cost of partitioned FSI, the central nervous system needs to 

be simplified. 

Bertram et al. (49)(50) developed the FSI model to investigate the interaction between CSF flow, pressure 

distribution in the SAS, and stress and deformation in the dura and spinal cord. The CSF was modelled as a 

viscous incompressible fluid using the Navier-Stokes equation, while the dura and spinal cord were modelled 

as isotropic linear elastic materials. They specifically focused on studying the propagation of pressure waves 

along the spinal cord. The model was later extended to incorporate viscoelasticity and to examine the impact 

of a syrinx and SAS obstruction due various loading such as coughing. 

As mentioned in the introduction to address the issue of fluid accumulation in the spinal cord, a poroelastic 

formulation is required. Currently, only 2D FSI models with a Poroelastic formulation have been reported in 

the literature. In the subsequent sections, I will provide a more detailed discussion of the different numerical 

poroelastic models. 
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3.3.4 Poro-elastic Modelling  
As mentioned earlier, impermeable FSI models can take into account the impact of solid materials on fluid, 

but they do not account for the permeability of solids. However, we now know that a significant portion of 

the volume of the brain and spinal cord consists of interstitial fluid, which is crucial to consider when assessing 

fluid accumulation in the spinal cord. Poroelastic models address this by modeling a solid porous matrix and 

the incompressible flow of fluid through the matrix's pores. In this approach, the solid phase is made up of 

neurons, glial cells, and vasculature, which are all saturated with interstitial fluid. The interstitial space is 

highly complex, with nanoscale pore sizes, and accounts for 20% of the total volume of the spinal cord, 

whereas the vasculature occupies only 3% (51). Using poroelasticity models allows us to simultaneously 

consider the mechanical interaction between fluid and solid, fluid flow, and fluid accumulation inside the 

porous material.  

To investigate the development of syringomyelia, Støverud et al. (52) carried out a simulation considering 

the spinal cord as a cylindrical poroelastic structure. The simulation aimed to quantify the deformation and 

fluid movement in the spinal cord by applying a prescribed pressure under different conditions: healthy 

conditions and the CM1, which involved an increased and steeper pressure profile as found by the same 

author in the CFD study mentioned (46). The spinal cord presents the same mechanical linear elastic 

proprieties in the cylinder. To mimic the central canal a higher permeability was assigned to the central canal 

of the spinal cord model. The researcher discovered that the pressure gradients in the SAS move fluid in the 

spinal cord abnormal CSF gradients lead to the accumulation of fluid within and adjacent to the spinal cord 

central canal. 

Bertram et al. (53) developed a more complex poroelastic model of the spinal cord that included both the 

syrinx and CM1 with the geometry shown in Figure 21. Their focus was on syringomyelia with adjacent 

stenosis in the subarachnoid space, and their model incorporated a syrinx and stenosis aligned with it. The 

spinal cord and dura were constrained at their ends. Using a pressure wave with a 500Pa amplitude applied 

to the cranial end of the subarachnoid space, consistent with their previous non-porous model, Bertram et 

al. (53) theorized that the syrinx grows due to CSF exchange with the spinal subarachnoid space. 
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Figure 21:  Sketch of the geometry of the model where L/D=30 and D=20mm (30) 

When comparing the results of the model include poroelasticity with the one of the non-porous model (61), 

they found negligible differences in the cord displacement and that the pressure peaks in the SAS caudally to 

the stenosis were slightly increased. Moreover, they observed a certain fluid exchange between the porous 

tissues and the SAS, which led to a general mechanism of fluid movement between the syrinx and the SAS. 

The porous tissue surrounding the syrinx presented a slight swelling due to the incoming fluid. All these 

changes in syrinx volume, fluid movement, and tissue swelling were evaluated in a time scale very short 

compared to the syrinx growth in patients. 

 

3.3.5 Proprieties of Spinal Cord tissue 
 

The precision of the output of any biological system's computational model is reliant on the accuracy of the 

input parameters. As mathematical models of the spinal cord are becoming more prevalent, more efforts are 

being made to define the mechanical characteristics of spinal cord tissue. 
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The equations of linear poroelasticity describe a two-compartment material, defined by the solid 

compartment and the pore fluid. A summary of the material parameters required to fully describe a linear 

poroelastic material can be seen in Table 1. 

Table 1: Proprieties of spinal tissue and literature reported values 

As already mentioned in Chapter 1, the spinal cord runs from the brainstem to the lumbar spine, connecting 

the brain to the rest of the body. Its structure is not uniform, consisting of white matter axons surrounding a 

grey matter core containing nerve cell bodies arranged in a butterfly shape. Due to this non-uniform 

structure, it is expected that the spinal cord would exhibit anisotropic behaviour, but this has not been 

experimentally confirmed. Similar to the brain, the spinal cord is covered by meningeal layers and surrounded 

by CSF with a network of blood vessels. Additionally, nerve roots emerge from the spinal cord and connect 

to other parts of the body, anchoring the spinal cord in place. 

Reported spinal cord Young Modulus values span several orders of magnitude and are influenced by the 

technique used to measure it (57). Spinal cord Young Modulus values are often obtained using either tensile 

testing, compression testing or indentation. Tensile testing largely yields higher Young Modulus values than 

compression and indentation, as the sample length for compression and indentation is usually much smaller 

than for tensile testing. The values range from 70 to 1400000 Pa, demonstrating the extent of the spinal 

cord's strain stiffening behaviour, as well as the influence of different testing techniques, variations in tissue 

types such as grey matter, white matter, and pia mater, and the potential effects of age or species on the 

elastic properties of the spinal cord. 

The study carried out the study by Karimi (56) wants experimentally measure the mechanical properties of 

the human cervical spinal cord of 24 isolated fresh samples under unconfined compressive loading at a 

relatively low strain rate. The stress-strain data revealed the elastic modulus and maximum/failure stress of 

Symbol Parameters Unit 
Literature 

Values 

𝑘 Permeability 𝑚2 
1 × 10−13 Shahim 

et al. (55) 

𝜌 Density 
𝐾𝑔

𝑚3
 1000 kg/m^3 

𝐸 Young modulus MPa 
40.12 ± 6.90 

Karimi et al.  (56) 

𝑣 Poisson Ratio Pa s 
0.5 

Bertram et al (53) 

𝜖 Porosity / 
0.3 

Bertram et al (53) 
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40.12 ± 6.90 and 62.26± 5.02 kPa, respectively. These values reported consider also the effect of the Pia 

Mater. 

The pia mater firmly covers the spinal cord and has a 460 higher elastic modulus (58); it, therefore, provides 

a constraint on the spinal cord surface. It prevents elongation of the circumference and produces a large 

strain energy that is responsible for shape restoration following decompression. 

Moreover, another problem is that most of the Young Modulus testing on the spinal cord has been conducted 

on ex vivo samples, which may impact the mechanical response of the tissue. When the spinal cord is 

removed from the spinal canal, it loses support from the surrounding CSF, and the low density and YM of 

spinal cord tissue cause it to lose its shape. As a result, tests carried out on the spinal cord may produce 

different effective elasticity results when it is removed from the CSF. 

For the poroelastic model present in the literature the elastic modulus has to take into account the solid 

compartment only. The poroelastic cord model by of Bertram et al. (53) and Støverud et al. (59) use a value 

of 5000 Pa. 

 Regarding the Poisson Ration, the main compartment of the spinal cord tissue is nearly incompressible due 

to the high content of water. Consequently, Støverud (59) al used a Poisson ratio of 0.5. Bertram et al. (53) 

used a lower value of 0.4, this value is validated for large tissue samples with a great number of cells. 
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Chapter 4 

4 OBJECTIVES 
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4.1 Aim of the Thesis 
 

As mentioned earlier, to the best of my knowledge there is no existing literature on artificial 3D obstructions 

that model CM1 specifically located in the region of the foramen magnum. The primary objective of this 

thesis is to provide an understanding of the effects of a 3D obstruction in the vicinity of the obstruction. The 

artificial 3D herniation has the advantage to be the same in the different simulation leading to not impact of 

the difference in person specific geometry between healthy and with obstruction which can lead to a bigger 

impact that the obstruction itself. The analysis was conducted using both the CFD approach and the FSI 

approach, with the spinal cord modelled as a poroelastic material. 

To begin, a comprehensive CSF CFD model was developed to investigate the overall circulation, including 

different drainage pathways such as arachnoid granulation and lymphatic drainage. However, the compliance 

resulting from cerebral brain tissue was not taken into account in this initial model. 

Following that, a section of the full geometry is used to perform both a CFD and an FSI study incorporating 

an artificial 3D obstruction that models the CM1. The purpose was to compare the two different approaches, 

the CFD and the FSI evaluating the relative impact of the obstruction on pressure and velocities and also in 

the FSI approach highlight the mechanical behaviour of the spinal cord and the fluid exchange between the 

spinal SAS and the spinal cord.   

The Table 2 depicted an overview of all the simulation that has been carried out to face this purpose. 

 

 Technique Domain Geometry Proprieties 

Simulation 1 CFD FULL GEOMETRY Healthy 
Condition 

Without PIA 

Simulation 2 CFD Section of full 
geometry 

Healthy 
Condition 

Without PIA 

Simulation 3 CFD Section of full 
geometry 

CM1 Without PIA 

Simulation 4 FSI Section of full 
geometry 

Healthy 
Condition 

Without PIA 

Simulation 5 FSI Section of full 
geometry 

Healthy 
Condition 

With PIA 

Simulation 6 FSI Section of full 
geometry 

CM1 With PIA 

Table 2: Simulations that have been carried out in the thesis, highlight the techniques, the domains, the geometry and the 
proprieties that have been used. 
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Chapter 5 

5 STUDY OF FULL CSF CIRCULATION 
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5.1 Introduction  
 

The purpose of this chapter is to evaluate whether it is feasible to simulate CSF flow in the complex cranial 

and upper spinal CSF compartments using the numerical software COMSOL Multiphysics (COMSOL Inc). The 

presented 3D in silico model takes into account the continuous production of CSF from the lateral ventricles, 

as well as the drainage pathways involving the arachnoid villi and the lymphatic system. Additionally, the 

model incorporates pulsations caused by respiratory and cardiac cycles. 

5.2 Material and Methods 
 

A CFD model of the CSF was created using the software COMSOL MULTYPHYSICS 6.1 and was based on the 

CFD model that was previously developed in Fluent (Ansys Inc.) at the research group BioMMedA. The 

following steps were followed: 1) Importing the geometry, 2) Generating the mesh, 3) Implementing the 

boundary conditions and physics, and 4) Setting up the numerical solver.  

5.2.1 Geometry 
The 3D geometry used in this study, Figure 22, is the same as the one employed by Vandenbulcke et al. (35), 

which was derived from a T2 MRI image of a patient with CM1 malformation using Mimics 21.0 (Materialise, 

Leuven). The image data were obtained from Ghent University Hospital using a 3T Prima system (Siemens, 

München). In this geometry, a uniform thickness was assigned to the cranial SAS and the original blockage of 

CSF flow associated with Chiari type 1 malformation was resolved (minimum SAS thickness of 4 mm at the 

level of the foramen magnum).  

 

Figure 22: Geometry of the full SAS space that has been used for the simulation. Internally, the pia mater and externally the Dura 
Mater 
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5.2.2 Generation of the mesh 
The mesh construction was carried out using the built-in automated tool provided in COMSOL Multiphysics 

(COMSOL Inc.), which involved selecting different element sizes such as "Coarser," "Coarse," "Normal," and 

"Fine." This tool automatically generated the mesh based on the geometry and the physics relevant to the 

simulation, which in this case is ‘Laminar flow’. The statistics of the four meshes are presented in Table 3. 

 
COASER 

MESH 
COARSE MESH NORMAL MESH FINE MESH 

Number of elements 29.952 50.109 107.686 318.186 

Minimum quality 0.008021 0.01979 0.01862 0.09192 

Average quality 0.5766 0.6135 0.6472 0.675 

 

Table 3:Statistic of the four meshes.  Has been evaluated the number of elements, the minimum quality and the average 

quality. The average quality represents the skewness rated from 0 to 1 where 1 represent the best possible element. 

To obtain accurate results while minimizing computational costs, a mesh sensitivity analysis was conducted 

by comparing the maximum velocities within the CSF domain for four different meshes, using the boundary 

condition described in the next section. Figure 23 represents the maximal velocities obtained with the 

different meshes over one cardiac cycle.  

 

Figure 23: Mesh sensitive analysis conducted on the maximal velocities using the 4 meshes before described. 

To compare the different meshes, the percentual difference of the maximum velocity values at each time 

step was calculated using equation 5.1: 

𝑃𝑑𝑛 =
𝑣𝑚𝑎𝑥,𝑛−1−𝑣𝑚𝑎𝑥,𝑛

𝑣𝑚𝑎𝑥,𝑛−1
   (5.1) 
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Here, 𝑃𝑑𝑛 is the percentual difference, 𝑣𝑚𝑎𝑥,𝑛 the parameter value in the nth mesh, and 𝑣𝑚𝑎𝑥,𝑛−1the same 

parameter evaluated in less fine mesh n-1. The results, as depicted in Figure 24, indicate that the percentual 

variation between the Normal and Fine mesh during the simulation exhibits a maximum deviation of 1.2% 

and an average deviation over time of 0.32%. As a result, the "Normal" mesh was selected to conduct the 

simulation in order to reduce computational time. 

 

 

Figure 24: Velocities percentual variation due to the changes in mesh over time 

5.2.3 Boundary conditions 
 

The boundary conditions utilized in the study were based on those presented in Vandenbulcke et al. (35) 

which align with the current understanding of physiological processes influencing CSF flow. 

Inlet boundary conditions: 

• A constant CSF production rate of 6.67E-03 ml/s was considered at the lateral ventricles. 

• The pulsation of the brain tissue caused by the cardiac cycle was taken into account. To simulate this, 

a sinusoidal velocity waveform was incorporated with a frequency of 1Hz and an amplitude of 0.11 

ml/s at the lateral ventricles. The net flow over each cardiac cycle was set to zero. 

• To account for the volume changes in large arteries, including the basilar arteries, another sinusoidal 

velocity waveform with a frequency of 1Hz and an amplitude of 5.05 ml/s was added in the region of 

the basilar artery. The net flow over a cardiac cycle was maintained at zero. 

• The respiratory pulsations were considered as venous volume changes. The venous volume changes 

were included as a pulsating source term with a frequency of 0.2Hz, an amplitude of 1.01 ml/s, and 

a zero net flow over a cardiac cycle. 

Figure 25 and Table 4 provide an overview of the boundary conditions.  
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Figure 25: Visualization of the locations of the inlet boundary conditions 

AREA TYPE AVERAGE (𝑚𝑙
𝑠⁄ ) AMPLITUDE (𝑚𝑙

𝑠⁄ ) 

Lateral Ventricles Constant 6.67E-3 / 

Lateral Ventricles Sine wave 1Hz / 0.11 

Basilar Region Sine wave 1Hz / 5.05 

Occipitals Veins Sine wave 0.2 Hz / 1.01 

Table 4: Overview of average values (avg.) and amplitudes (amp.) of all the inlet boundary conditions 

Outlet boundary conditions: 

The model incorporates four outlets, which are depicted in figure 26, to account for various drainage 

pathways into the venous and lymphatic systems: the arachnoid villi, interstitial space, spinal pathway, and 

lymphatic system. Table 5 provides an overview of the outlet boundary conditions. A zero-pressure condition 

is set for the outlet corresponding with the arachnoid villi. For the other outlets, volumetric flow is imposed, 

which is calculated by summing all the inlet boundary conditions and then multiplying these with the net 

outflow percentage specific to each outlet. The outlet percentages for the spinal drainage pathway, 

lymphatic system, and interstitial space are set at 20%, 30%, and 20% respectively. An overview of the 

different outlet conditions is presented in Figure 26 and Table 5. 



 

39 

 

 Figure 26: Region in which inlet boundary condition has been applied 

 

Table 5: Overview of outlet boundary condition 

 

Table 55.2.4 Solver setting 

The CSF has been model with the same proprieties of water density 998.2 
𝑘𝑔

𝑚3 and a dynamic viscosity of 

0.001003 
𝑘𝑔

𝑚𝑠
 . The CSF has been considered as incompressible. The CFS flow is driven by the Navier-Stokes 

equations, equation 5.2, neglecting the effect of the gravity. 

 

 

With the 𝜌 the fluid density (SI unit 
𝑘𝑔

𝑚3), �⃗� the velocity vector (SI units 
𝑚

𝑠
), 𝜇 the viscosity (SI units 

𝐾𝑔

𝑚𝑠
) and 𝑝 

the pressure field (SI units 𝑃𝑎). The equation 5.2 represent the momentum balance for a Newtonian fluid in 

which the left side the momentum convection and the right side represent the viscous force and the pressure 

gradient. Additionally, due to the incompressibility assumption, the conservation of mass can be written as 

the divergence of the velocity vector, which is zero. 

AREA Type Average (Pa) Amplitude 

Arachnoid villi Constant 0 / 

 Spinal Lymphatic Interstitial 

% of total inflow 20 30 20 

𝜌
𝜕�⃗�

𝜕𝑡
+ 𝜌(�⃗� ∙ ∇)�⃗� = −𝛻𝑝 + 𝜇𝛻2�⃗� (5.2) 
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𝛻 ⋅ �⃗� = 0     (5.3) 

In the simulation, the model was run using COMSOL Multiphysics (COMSOL inc.) with the package laminar 

flow for a duration of 5 cardiac cycles. The time step for the simulation was determined using the default 

time-dependent solver in COMSOL Multiphysics, which automatically adjusts the time step size to maintain 

the desired relative tolerance which is maximum amount of error set as 0.01. The maximum time step used 

in the simulation was set to 0.05s. 

5.3 Result 

In this chapter section the results of the previous setup is presented. This result serves to give an insight of 

the full circulation of the CSF in a healthy condition. Figure 25 presents a comprehensive view of CSF velocity's 

magnitude direction during the third cardiac cycle at the sagittal plane. The analysis encompasses six-time 

steps: (A) at 3.05s, (B) at 3.25s, (C)3.45s(D)3.55s, (E) at 3.75s and (F)at 4s. The flow patterns are examined 

through streamlines. At the beginning of the systolic phase (A), CSF flows from the ventricles, coursing 

through the spinal SAS and into the cranial SAS. As the systolic phase reaches its apex (B), the flow retains its 

direction but experiences an increase in velocities, especially within the lateral ventricles. Towards the end 

of systole (C), the flow changes direction due to cardiac pulsations, transitioning from the spinal SAS to the 

cranial SAS, while remaining consistent in the lateral ventricles. During the initial phase of diastole(D), the 

flow maintains its direction, but the flow in the lateral ventricles undergoes a reversal. Similar to the systolic 

phase, the flow attains peak velocities during mid-diastole ( E). In the final phase of diastole, the flow slow 

down. (F) 

 

Figure 27: Contour velocities transversal section and 3d velocities arrow during 6 phases of the third cardiac cycle. 
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The flow in the spinal SAS through a cross section has been analysed as depicted in Figure 28. The pulsation 

of the amplitude in the spinal SAS c2 range 1.5 to -2 
𝑚3

𝑠
 . 

 

Figure 28: Flow evaluated in the section of SAS at the level of second vertebrae C2 during the 5 cardiac cycles 

Figure 29 represents the velocities contour taken at the lower part of the cerebral aqueduct. The maximal 

velocities happen at the 3rd cardiac cycle at 3.25s with a value of 23.26 
𝑚𝑚

𝑠
 

 

Figure 29: Velocities contour and maximal velocities at the cerebral aqueduct 

Figure 30 represents the spatial pressure difference between a point in the lateral ventricles and the average 

pressure in the SAS c2 where the maximal value of the pressure difference has an amplitude of 0.0093 mmHg. 

 

Figure 30: Pressure difference between the upper part of the lateral ventricles and the spinal SAS c2. On the left the sagittal plane of 
the geometry with the representation of the two planes in which the pressure has been evaluated 



 

42 

In Figure 31 the intracranial pressure has been depicted; the intracranial pressure corresponds to the average 

pressure at the interstitial outlet.  

 

Figure 31: Intracranial pressure evaluated at the int surface during the 5 cardiac cycles 

5.4 Discussion 
 

In this section, 3D in silico model of the cranial SAS and the cervical part of the spinal SAS has been built 

in order to have a comprehensive understanding of the dynamics of the CSF flow. The full 3D transient 

simulation considers not only the arachnoid villi drainage path but also focused on the lymphatic and spinal 

absorption pathway including the pulsatile motion due to both cardiac and respiratory cycles. 

The Table 6 represents the values obtain in the literature of different studies focusing on the maximal flow 

across the spinal SAS at the level of the second vertebrae and the maximal velocities evaluated at the cerebral 

aqueduct. Both of the values are in a good agreement with the one obtained in these studies with 2.3276 
𝑐𝑚

𝑠
 

as maximal velocities at the cerebral aqueduct and a value of 2.2 
𝑚𝑙

𝑠
  flow at the spinal SAS. 

Max Velocities cerebral aqueduct Max flow during systolic phase Reference 

1.2 
𝒄𝒎

𝒔
 3.4 

𝑚𝑙

𝑠
, Vandebulcke et al. (35) 

14.6 
𝒄𝒎

𝒔
 1.815 

𝑚𝑙

𝑠
,  Gupta et al. (37) 

/ 2.1 
𝑚𝑙

𝑠
, Bennihause et al. (42) 

1.23 
𝒄𝒎

𝒔
, 4.3 

𝑚𝑙

𝑠
, Tangen et al. (60) 

2 
𝒄𝒎

𝒔
 / Filllingham et al. (41) 

Table 6: Max velocities at the cerebral aqueduct and maximal flow during the systolic phase reported in 

scientific literature 

On the other hand, the pressure values obtained in this study were compared to those reported in the 

literature were found to be an order of magnitude lower. The maximal amplitude of the pressure drops 

between the lateral ventricles and the spinal SAS seems to be underestimated in this model compared 

to the study by Vandenbulcke et al. (35) and Fillingham et al. (41) that obtain values in the range of 0.015 
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mmHg while this study a value of 0.0093 mmHg. In vivo pressure drops suggest a value of 0.1 mmHg (69). 

Further investigation is needed to understand the reason of this pressure underestimation  

In terms of intracranial pressure, the expected range based on physiological data is typically between 7 

mmHg and 15 mmHg (68). However, in this study, the pressure obtained exhibited a sinusoidal behaviour 

with an average of zero pressure, which does not align with the expected physiological data. This is probably 

due to the zero pressure apply at the arachnoid villi outlet. 

5.5 Limitations 
It's important to note that the model used in this study only allows the acquisition of relative pressure and 

does not have the capability to simultaneously obtain pressure and velocities. Furthermore, the model does 

not account for the compliance of the cerebral brain tissue, whether by using a windkessel model (as done 

in Vandenbulcke's study (35) or employing a FSI approach. Due to these limitations, it is only possible to 

obtain relative pressure values in this study. 

Despite considering both the pulsations of respiration and the cardiac cycle, as well as accounting for both 

the spinal lymphatic drainage pathway and the arachnoid villi, this study only achieved a match with 

physiological flow data but not a perfect match with the pressure. 

The method, of introducing a percentage of the total inflow to outlets spinal, lymphatic, and interstitium by 

creating a variable inflow, which is the sum of all inlet boundary conditions, and then multiplying this variable 

by a percentage for each outlet, imposes a constant absorbing during the cardiac cycle which does not reflect 

the physiological condition. 

Furthermore, the positioning of arteries and veins is confined to two approximate locations and does not  

perfectly align with the actual physiological areas. Additionally, the inlet boundary conditions are based on  

approximate sinusoidal values and lack patient-specific data 
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6 CFD STUDY OF THE EFFECT O THE OBSTRUCTION 
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6.1 Introduction  
 

The principal objective of this chapter involves investigating the effects stemming from a three-dimensional 

obstruction occurring at the foramen magnum (CM1). Within this chapters a CFD analysis has been 

executed, encompassing varying degrees of obstructions, specifically at rates of 40%, 60%, and 100%. The 

creation of a three-dimensional artificial herniation has been realized through the implementation of an 

ellipsoidal volume. Notably, the deployment of this geometric configuration offers a distinct advantage, as 

its uniformity is upheld across all simulations. This strategy mitigates the influence of individual-specific 

anatomical variations between scenarios featuring healthy and obstructed conditions, a factor that might 

otherwise overshadow the isolated impact of the obstruction itself. 

The aim is to underscore the impact of the different degrees of obstructions on CSF circulation. This is 

achieved through an assessment of the difference in pressure attributed to the herniation, followed by a 

study of velocity at the level of the herniation and in regions situated below it. 

6.2 Material and methods 
 

Given the significant computational resources required and considering that the main focus of the thesis is 

on the 3D effects of the obstruction at the foramen magnum, the CFD investigations of the obstruction's 

effects were conducted on a specific section of the complete geometry used in the Chapter 5. To reduce 

computational costs, the full geometry was cropped 6 cm above and 14.8 cm the plane with z zero coordinat3 

as presented in Figure 32 

 

Figure 32: Crop representation of the full geometry 
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In order to create and simulate different level of obstruction, an idealized 3d model of the obstruction has 

been created using an ellipsoid. Moving the ellipsoid more or less inside the cranial SAS allows increasing or 

decreasing the level of obstruction. 

To have a quantification of the level of the obstruction, the geometry has been intersected with a plane 

25mm under the top of the geometry. Then, the equation below is used to have quantify the % obstruction: 

 

%𝑂𝑏𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 =
𝐴𝑟𝑒𝑎𝐹𝑀−𝐴𝑟𝑒𝑎𝐻𝑒𝑟𝑛𝑖𝑎𝑡𝑖𝑜𝑛

𝐴𝑟𝑒𝑎𝐹𝑀
     (6.1) 

It’s important to note that the plane is at arbitrary height and location. Also, the % obstruction only accounts 

for the back side of spinal SAS. 

 

 

 

 

 

 

 

Figure 33: Representation of the left of the 3D geometry of the ellipsoid simulating the herniation and on the right the cross section 
of the SAS in order to quantify the level of the obstruction 

Using the equation 6.1, 4 levels of obstruction have been created: a healthy condition, 40% of obstruction, 

60% of obstruction and 100% of obstruction as summarized in Table 7. 

CASE % OBSTRUCTION 

1 Healthy Condition 0% 

2 CM1 40% 

3 CM1 60% 

4 CM1 100% 

Table 7: Different level of the herniation that has been considered in this study  

6.2.3 Generation of the mesh 
 

The computational mesh was constructed using the user-controlled mesh tool provided in COMSOL 

Multiphysics (COMSOL Inc.). This tool can be used to manually build and edit the meshing sequence for 

Area Herniation 
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creating 2D and 3D meshes. To obtain a better convergence as reported in (61), a boundary layer composed 

of prismatic elements surrounding the surface of the spinal cord has been added as depicted in figure 33. 

The rest of geometry is meshed using free tetrahedral elements. 

 

 

Figure 34: Representation of prismatic element around the spinal cord 

Three different mesh has been generating using different size of the free tetrahedral element as represent I 

in Table 8. 

 Mesh 1 Mesh 2 Mesh 3 

Elements 50.304 86.456 180.623 
Minimum quality 0.0086 0.057 0.069 

Average quality   0.5727 0.605 0.6446 
 

Table 8: Three different mesh that has been used in the mesh sensitive study 

Figure 35 shows the maximal velocities in the geometry for the different meshes that have been used.  

The meshes are compared using the equation 5.1 as used in chapter 5. 

Since the % difference, reported in the figure 35, between case3 and case2 present an percentage average 

error over time of 0.22 and a maximal error percentage of 1.2, the mesh in the CASE 2 has been used to 

reduce the computation time. 
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Figure 35: Plot of the maximal velocities in the all geometry along the cardiac cycle using the different meshes 

 

Figure 36: % error between the different meshes 

6.2.4 Boundary Conditions 
 

The inlet boundary conditions are determined based on PC-MRI flow data obtained from a healthy individual 

at the medical research institute Mātai (Gisborne, New Zealand) using a SIGNA Premier scanner. Flow was 

specifically measured in vivo in the spinal SAS at the C2 level and in the cerebral aqueduct showed in Figure 

37, and extracted using the software CVI42 (Circle Inc.).  

 

Figure 37: PC-MRI results obtained from measurements at both the cerebral aqueduct and the spinal subarachnoid space (SAS) at 
the level of the second cervical vertebra, along with the contrast between these two sets of data 
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To implement these measurements, the flow rate from the cerebral aqueduct is directly applied to the 

corresponding area representing the end of the cerebral aqueduct (INLET1), while the difference between 

the flow rate from the SAS at the C2 level and the cerebral aqueduct is applied to the designated region 

(INLET 2), as shown in Figure 38. This application maintains the conservation of mass. 

As for the outlet boundary conditions, a pressure of 1333.2 Pa or 10 mmHg has been selected, lying in the 

physiological range of 7-15 mmHg of intracranial pressure. (62) 

 

Figure 38: Overview of boundary condition on CFD study 

6.2.5 Solver setting 
 

Four simulations were conducted by solving the Navier-Stokes equation, assuming the CSF to be 

incompressible and possessing the same properties as water (viscosity = 0.001003 
𝐾𝑔

𝑚𝑠
, density =998

𝑘𝑔

𝑚3). These 

simulations were performed using the 'Laminar Flow’ module in the COMSOL Multiphysics software package. 

The choice of the ‘Laminar flow’ it’s because of the low Reynold numbers (maximal value of 34 in the set up 

with 100% herniation). The simulations covered one complete cardiac cycle, ranging from 0 to 1.035 seconds, 

which aligns with the duration of the provided PC-MRI input. The time step for the simulations was 

determined using the default time-dependent solving scheme in COMSOL Multiphysics. In order to have a 

good resolution in the obtained result a maximum constant time step has been imposed of 0.01s. 

6.3 Result: 

 The objective of this chapter is to use the CFD approach to assess the impact of obstructions with varying 

degrees on the flow. The evaluation of the velocities has been made at the flow peaks of the CSF inlet 

measure at the SAS (c2) at 0.44s and when the flow is 0 at 0.85s as represented in Figure 39. 
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Figure 39: Representation of the time instant use to evaluate the CSF flow parameters at the PC-MRI in vivo measure used as input 
at the ‘INLET 2’ 

The Figure 40 presents the velocity contours on the sagittal plane, comparing different cases of obstruction 

at 0.44 seconds, indicating the maximal velocity’s location and values. 

The image demonstrates that an increased level of obstruction creates resistance in the flow, leading to a 

slight increase in maximal velocities from 53 to 63 
𝑚𝑚

𝑠
. However, at 0.44 s, there are no changes in maximal 

velocities in both 40% and 60% obstruction cases with a value of 58 
𝑚𝑚

𝑠
. Velocities at t=0.85, plotted in Figure 

41 show a significant slowdown in comparison to the one at 0.44s, with maximal velocities of 10 mm/s in the 

healthy condition and 7.8 mm/s in the presence of the obstruction at the level corresponding to the cerebral 

aqueduct. 

 

Figure 40: Velocities contour in m/s at the sagittal plane during the systolic peak at 0.44s 
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Figure 41: Velocities contour in m/s at the sagittal plane during the systolic peak at 0.85s 

To investigate the obstruction's effect further, two slices are created at the herniation level (z =-0.023m) and 

the level of the spinal SAS below the obstruction (z =-0.036m), as depicted in the Figure 42. 

. 

 

Figure 42: Representation of the two level that has been considered to study the effect of the herniation   

Figure 43 presents the maximal velocities in the plane before the obstruction over the cardiac cycle for the 

different degrees of herniation. This is to demonstrate the downstream effect of the obstruction.  

In the absence of obstruction, the velocity peak reaches a value of 39 mm/s. With a 40% obstruction, the 

velocity peak increase to 47.7 mm/s and it remains roughly steady for both 60% and 100 obstructions with a 

value of 48.2 mm/s. It appears that an increase in degree of the obstruction doesn’t necessary lead to an 

increase in velocities below the obstruction and that these velocities only indicate the presence of the 

obstruction. 
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Figure 43 Maximal velocities along the cardiac cycle with the different levels of obstruction below it 

Figure 44 shows the velocities contours for an axial plane corresponding with the plane below at 0.44s. No 

significant increase in maximal velocities is observed, but with increasing obstruction percentage the 

distribution of velocities changes and consists of larger areas of high velocities. For the 100% of the 

obstruction, the contours clearly demonstrate that the CSF circulates only in the pontomedullary cistern, the 

frontal side of the spinal subarachnoid space, here the obstruction is not present. 

 

Figure 44: Velocities contour in plane bellow the obstruction at 0.44s, the upper part of the figure represents the back side of the 
spinal SAS 

To understand what happens in the region of the obstruction, both maximal velocities over the cardiac cycle 

and velocities contours at 0.44 s are plotted respectively in Figure 45 and Figure 46 at the level of the 

herniation. From the figure 45, it appears that at the level of the obstruction the effect of the degree of 
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obstruction becomes evident with an increasing maximal velocity due to an increasing percentage of 

obstruction. 

The distribution of velocities indicates almost zero flow passing through the back side of the spinal SAS and 

all flow passing through the front side of the spinal SAS with 60% and 100% obstruction. Meanwhile, in the 

40% case, there is flow at both sides.  

 

Figure 45: Maximal velocities along the cardiac cycle with the different level of obstruction at the level of the herniation 

 

Figure 46: Velocities contour [m/s] in the level of the herniating during at t=0.44s 

In the Figure 47 a diagram representing the maximal velocities in the spinal SAS and at the herniation level 

are showed. From the image the effect of increasing maximal velocities at the level of the herniation appears 

clearly, while the max velocities at the plane below the obstruction (SAS c2) remain almost steady in the 

presence of the obstruction. 
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Figure 47: Diagram representing the maximal velocities in the spinal SAS and at the level of the herniation during the systolic peak 

To evaluate the effect of the obstruction on the pressure, the pressure contour at 0.44s is plotted in figure 

Figure 48. From the figure an increase in pressure as a result of the obstruction is noticed. Increasing the 

obstruction reveals that the area most affected by the pressure increase is the region corresponding to the 

cisterna magna, while there is lower pressure on the other side of the SAS where the obstruction is not 

present. 

 

Figure 48: Pressure contour at the sagittal plane at 0.44s 

The pressure drops between the cerebral aqueduct and the plane below the obstruction is displayed in Figure 

49. It is clear that there is an increase in absolute pressure drop throughout the cardiac cycle when increasing 

the level of obstruction, with a peak of 12.4 Pa with 100% obstruction compared to 5.3 Pa in the healthy 

condition. 
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Figure 49: Pressure drops between the cerebral aqueduct and the plane below the obstruction along the cardiac cycle 

The pressure drops between the cranial SAS excluding the area corresponding to the cerebral aqueduct has 

been evaluated in Figure 50. The pressure is more than 4 times higher in the case of 100% of the obstruction 

reaching a peak of 48 Pa in comparison to the healthy condition. An increase is noticed also for 

60%herniation. On the other hand, the pressure in the healthy condition and in 40% as roughly the same 

pressure drop.

 

Figure 50: Pressure drops between the cranial spinal SAS and the plane below the obstruction along the cardiac cycle 

The Reynolds number is assessed to determine the consistency of the laminar flow hypothesis, and it is found 

that the maximum value in the all geometry under 100% obstruction is 34. These results indicate that the 

assumption of laminar flow remains valid even in the presence of obstruction. 
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6.4 DISCUSSION 
 

The purpose of this chapter is to assess the impact of an obstruction in the cranial SAS on local CSF pressures 

and velocities for different obstruction levels. 

Peak velocities of 45.72 mm/s in the spinal SAS with 100% obstruction and values up to 40.3 mm/s in the 

healthy condition were observed. An in vivo study by Bunck et al. (69) using a 4D PC-MRI on 10 healthy 

individuals reported velocities of 40±10 mm/s at the spinal SAS C2 level and maximal velocities of 84±69 

mm/s with CM1. At the level of the foramen magnum, the same study found velocities of 32±10 mm/s in 

healthy conditions and velocities of 76±5.0 mm/s with CM1. The values obtained in this study seem to align 

with in vivo data, although there might be an underestimation of maximal velocities in case of obstruction.  

From the sagittal plane figure, it is evident that the maximal velocities occur on the middle part of the cervical 

spinal SAS which is consistent with findings from the study conducted by Linge et al. (70). This study also 

reported that the pressure difference between conditions without obstruction and with CM1 is 2-3 times 

higher, which is roughly similar to the observations in my study. Additionally, the maximal velocities occur at 

time points 0.42s, 0.44s, and 0.43s for 40%, 60%, and 100% obstructions, respectively, following the highest-

pressure peaks where the pressure drop reaches its minimum. 

From Figure 47 appears that an increase in degree of the obstruction doesn’t necessary lead to an increase 

in velocities below the obstruction and that these velocities only indicate the presence of the obstruction. 

On the other hand, a non-linear relation between the level of the obstruction and the maximal velocities at 

the level of the obstruction was observed. This suggest that the effect of the degree of the obstruction act 

only locally at the level of the herniation  

The pressure drops across the area corresponding to the cerebral aqueduct and the plane below the 

obstruction is more than double between the healthy condition and 100% obstruction. Analysing of the 

velocities in the spinal SAS and the aforementioned pressure drops leads to the same conclusion as stated in 

Støverud et al.'s (54) paper, which is that solely looking at velocities can indicate the presence of herniation, 

but evaluating pressure provides insight into the degree of obstruction, as also mentioned in chapter three.  

6.5 LIMITATION 
 

The study's first major limitation is the use only of a part of the full SAS. Additionally, the study fails to account 

for structures like dental ligaments and nerves, which could influence the flow and increase the Reynolds 

number. The CFD approach assumes a no-slip condition, neglecting the impact of cerebral tissue on the spinal 

cord and the effect of the herniation. 
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To the latter limitation, the next chapter presents a FSI study, assuming the neurological tissues as poroelastic 

materials.  The effects of cerebral tissue and poroelasticity are incorporated allowing for the consideration 

of the wall as permeable to CSF rather than impermeable. This modification aims to gain insight into the 

accumulation of fluid in the spinal cord. 
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7 FSI STUDY OF EFFECT OF THE OBSTRUCTION 
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7.1 Introduction  
 

The mechanical behaviour of the spinal cord has been described as non-linear viscoelastic, while the flow of 

CSF inside the SAS can be modelled as a water-like fluid by solving the Navier-stokes equations. However, 

the mechanical assumption made for the spinal cord as a viscoelastic material does not consider the fluid 

exchange between the SAS and the spinal cord. Therefore, the spinal cord is modelled as a poroelastic 

material, which considers the spinal cord tissue as comprising of two compartments: the solid phase, which 

includes neurons and spinal cord cells, and the liquid phase, which represents the CSF. 

In this chapter, I will explain the concept of poroelasticity as a mathematical model and describe its 

implementation using the COMSOL Multiphysics (COMSOL Inc.) software. After explaining the theory of 

poroelastic coupling, two studies were conducted. :(1) the FSI poroelastic study without the obstruction to 

study the effect of the PIA mater and (2) the FSI poroelastic study with different levels of obstruction. 

7.1. Poroelastic theory 
 

The theory of poroelasticity considers a porous medium composed of an elastic matrix within which a fluid-

filled pore exists. Biot initially introduced the implementation of poroelasticity theory (65). The porous 

material is modeled as a linear elastic substance using Hooke's law, while the fluid behaviour is described by 

Darcy's law. 

Biot's theory is based on the following three equations (65) 

• Hooke's law 

• Darcy's law 

• Mass conservation 

 

The Biot’s theory is formulated based on the following hypothesis: isotropy of the material, reversibility of 

stress strain relation, small strain, the fluid inside the pores is incompressible, linearity of the stress-strain 

and the flow through the porous matrix flow according to the Darcy law. (66) 

However, Darcy's law fails to account for viscous stresses at the interface between the solid and liquid phases, 

which is crucial for studying the CSF and spinal cord interaction in the context of CM1. While Darcy's law is 

suitable for applications involving only a porous region, its mathematical assumptions become invalid when 

a fluid domain is connected to it since it cannot consider viscous stresses accurately. Additionally, it does not 

provide a good approximation at the fluid/solid interface. (66) 

On the other hand, Brinkman's equations are an extension of the Navier-Stokes equations and Darcy's law, 

allowing for a continuous velocity and pressure field at the interface of the two domains. (67) 
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7.1.2 Equation for fluid description 
 

Fluid flow is described using the Navier-Stokes equation. Given the low Reynolds numbers involved, the 

convective term can be neglected, resulting in the following simplified equation: 

 

𝜌
𝜕�⃗⃗�

𝜕𝑡
= ∇ ∙ [−�⃗⃗�𝐼 + 𝜇(∇�⃗� + (∇�⃗�)𝑇)] + �⃗�                 (7.1) 

 

By employing the theory of hydrodynamics and considering the impact of porous material permeability on 

fluid flow and pressure, Darcy's law can be derived from the Navier-Stokes equation. The formulation of 

Darcy's law is as follows 

𝑣𝑑⃗⃗⃗⃗⃗ = −
𝑘

𝜇
∇ ∙ �⃗⃗�   (7.2) 

 
In this equation, 𝑣𝑑⃗⃗ ⃗⃗⃗ is the Darcy velocities (SI unit:

𝑚

𝑠
), 𝑘 is the permeability of the porous medium (SI unit: 

𝑚2); μ is the fluid’s dynamic viscosity (SI unit: Pa s); p is the pore pressure (SI unit: Pa) and ρ is the density of 

the fluid (SI unit: 
𝐾𝑔

𝑚3). 

However, as before mentioned, this formulation is valid only when there is no fluid domain connected to the 

porous zone. Hence, for the purposes of this thesis, introducing Brinkman's equation becomes necessary. 

To include the effect of viscous shear stress, porosity factor, and neglect inertial terms in the Navier-Stokes 

equations, the following formulation of Brinkman's equation is used in COMSOL Multiphysics® (59): 

 

𝜌

𝜖𝑝

𝜕𝑣𝑑⃗⃗⃗⃗⃗

𝜕𝑡
= ∇ ∙ [−�⃗⃗�𝐼 +

𝜇

𝜖𝑝

(∇𝑣𝑑⃗⃗⃗⃗⃗ + (∇𝑣𝑑⃗⃗⃗⃗⃗)𝑇) −
2𝜇

3𝜖𝑝

(∇ ∙ 𝑣𝑑⃗⃗⃗⃗⃗)𝐼] + 

− (
𝜇

𝑘
+ 𝛽𝑓|𝑣𝑑⃗⃗⃗⃗⃗| +

𝑄𝑚

𝜖𝑝
2 ) 𝑣𝑑⃗⃗⃗⃗⃗ + �⃗�  (7.3) 

 

In the equation the terms 𝑄𝑚  (SI unit 
𝑘𝑔

𝑚3𝑠
 ) is a mass source added to the Darcy’s equation to account for 

mass deposit in the porous domain. The 𝛽𝑓 is the Forcheimer Drag coefficient (SI unit 
𝑘𝑔

𝑚4), and  𝜖𝑝 and  𝑘 are 

respectively the porosity and the permeability which are derived from the coefficient used in the Darcy law. 

Since, in this thesis the CSF is modelled as an incompressible fluid the viscous term present in the equation: 

 

−
2𝜇

3𝜖𝑝
(∇ ∙ 𝑣𝑑⃗⃗⃗⃗⃗)𝐼     (7.4) 

Can be neglected leading to the following reduced formulation of the equation (7.3): 
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𝜌

𝜖𝑝

𝜕𝑣𝑑⃗⃗ ⃗⃗ ⃗

𝜕𝑡
= ∇ ∙ [−�⃗⃗�𝐼 +

𝜇

𝜖𝑝
(∇𝑣𝑑⃗⃗⃗⃗⃗ + (∇𝑣𝑑⃗⃗⃗⃗⃗)𝑇)] − (

𝜇

𝑘
+ 𝛽𝑓|𝑣𝑑⃗⃗⃗⃗⃗| +

𝑄𝑚

𝜖𝑝
2 ) 𝑣𝑑⃗⃗⃗⃗⃗ + �⃗�  (7.5) 

 

7.1.3 Equation for solid description: 
 

When examining the solid material model, we can envision a cube made of porous material filled with fluid 

in a Cartesian coordinate system (x, y, z).  

This element is assumed to be large enough compared to the size of the pores, allowing us to treat it as a 

homogeneous entity. At the same time, it is small enough compared to the macroscopic phenomena we are 

interested in, enabling us to consider it infinitesimal in mathematical analysis. 

This cube can experience both normal and tangential stresses, as depicted Figure 51. In the case of a linear 

elastic and isotropic material, the relationship between stresses and deformations is described by Hooke's 

law. 

Figure 51: Stresses in a cubic solid element in a 3D Cartesian system 

 

In his theory, Biot added a term which accounts for the contribution of the fluid pressure. Hence, the 

deformations in the solid element are expressed by the following equations: (65) 

 𝑒𝑥 =
1

𝐸
(𝜎𝑥 − 𝑣(𝜎𝑦 + 𝜎𝑧)) +

𝑃𝑥

3𝐻
 (7.6) 

 

𝑒𝑦 =
1

𝐸
(𝜎𝑦 − 𝑣(𝜎𝑥 + 𝜎𝑧)) +

𝑃𝑦

3𝐻
 (7.7) 

 

𝑒𝑧 =
1

𝐸
(𝜎𝑧 − 𝑣(𝜎𝑦 + 𝜎𝑥)) +

𝑃𝑧

3𝐻
 (7.8) 
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𝛾𝑥𝑦 =
𝜏𝑥𝑦

𝐺
; 𝛾𝑦𝑧 =

𝜏𝑦𝑧

𝐺
; 𝛾𝑥𝑧 =

𝜏𝑥𝑧

𝐺
 (7.9) 

 

Where 𝐸, 𝑣 , and 𝐺 are respectively Young’s modulus, the Poisson ratio, and the shear modulus. 𝑃 is the 

fluid pressure, 𝐻  is a physical constant that measures the compressibility of the block related to the 

change in water pressure. 𝜎𝑖 and 𝜏𝑖𝑗  are the normal and shear stresses in the three orthogonal directions. 

Meanwhile, 𝑒𝑖 and 𝛾𝑖𝑗  are the components of the strain field. The displacement field and strains are related 

by the following equations: 

 
𝑒𝑥 =

𝜕𝑢

𝜕𝑥
; 𝑒𝑦 =

𝜕𝑣

𝜕𝑦
; 𝑒𝑧 =

𝜕𝑤

𝜕𝑧
 (7.10) 

In previous equations, there are four unknown parameters: the fluid pressure P, and the displacement 

components along the three directions (u, v, w). Therefore, another equation must be considered in order to 

solve the poroelastic problem. Assuming the incompressibility of the fluid, the volume of water entering per 

second of unit area must be equal to the volume of water entering per second through the surface of the 

element: 

 𝜕Θ

𝜕𝑡
= −(

𝜕𝑣𝑥

𝜕𝑥
+

𝜕𝑣𝑦

𝜕𝑦
+

𝜕𝑣𝑧

𝜕𝑧
) (7.11) 

In the equation above is Θ the increment in time of the water content. From equations 7.4, 7.6, 7.7, 7.8 and 

7.11, the following four equations describing poroelasticity behaviour can be derived. (68) 

𝑘∇2𝑃 = 𝛼
𝜕𝜀

𝜕𝑡
+

1

𝑄

𝜕�⃗⃗�

𝜕𝑡
 (7.12) 

 

𝐺∇2𝑢 +
𝐺

1 − 2𝑣

𝜕𝜀

𝜕𝑥
−

𝜕�⃗⃗�

𝜕𝑥
= 0 (7.13) 

𝐺∇2𝑣 +
𝐺

1 − 2𝑣

𝜕𝜀

𝜕𝑦
−

𝜕�⃗⃗�

𝜕𝑦
= 0 (7.14) 

𝐺∇2𝑤 +
𝐺

1 − 2𝑣

𝜕𝜀

𝜕𝑧
−

𝜕�⃗⃗�

𝜕𝑧
= 0 (7.15) 

 

𝑄 is the quantity of fluid that can be forced into the porous material while the porous medium volume is 

constant and the Biot coefficient 𝛼 is defined as: 
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𝛼 =
2(1 + 𝑣)𝐺

3(1 − 2𝑣)𝐻
 (7.16) 

In the studied situation, it is possible to assume that no air is present inside the fluid phase. This assumption 

led to consider 𝑄 = ∞ and 𝛼 = 1. Therefore, the equation 6.12 can be reduced and expressed as a function 

of the velocity field leading to: 

𝜌∇𝑣𝑑⃗⃗⃗⃗⃗ = 𝜌
𝜕𝜀

𝜕𝑡
 (7.17) 

The conservation of the fluid mass is affected by its interaction with the solid. Effects on the fluid pressure 

can be produced by the deformation of the solid. To couple the solid and the fluid physics a two-way coupling 

system is necessary. The effect of the solid deformation on the fluid mass conservation is expressed in 

equation 7.17. Vice-versa the influence of the fluid pressure gradient on the solid is present in the equations 

governing the mechanical movement of the solid (eq. 7.13, 7.14, 7.15). 

 

In order to recreate the theory of poroelasticity in COMSOL Multiphysics, two couplings’ terms are added to 

Brinkman’s equation, Darcy’s law and structural mechanics equation. A source mass term 𝑄𝑚 condition is 

added to the spinal cord region in order to link the contribution of the solid in the Brinkman’s equation and 

Darcy’s equation. The source mass term accounts for the time rate of expansion of the solid matrix. This term 

is defined by the following equation 

𝑄𝑚 = −𝜌 ∙
𝜕𝜀

𝜕𝑡
=  −𝜌 ∙

𝜕

𝜕𝑡
 (

𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
+

𝜕𝑤

𝜕𝑧
) (7.18) 

When there is an expansion of the porous matrix, the volume fraction available for liquid will increase and 

thereby give rise to liquid inflow, which is why the sign is reversed in the source term. While a body force is 

integrated in the structural mechanics physics expressed in three volume forces acting in the three directions 

to take into account the effect of the fluid over the solid. 

𝐹𝑣𝑥 = −
𝜕�⃗⃗�

𝜕𝑥
; 𝐹𝑣𝑦 = −

𝜕�⃗⃗�

𝜕𝑦
; 𝐹𝑣𝑧 = −

𝜕�⃗⃗�

𝜕𝑧
; (7.19) 

 

7.2 FSI STUDY HEALTHY CONDITIONS  
 

The objective of this simulation is to conduct a FSI simulation without the presence of an obstruction. Two 

simulations were performed: 

• One simulation without the inclusion of the Pia Mater. 
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• One simulation with the presence of the Pia Mater. 

The primary focus of these simulations was to examine the differences between the two types of approach: 

FSI and CFD simulation and assessed difference in the result with and without the Pia mater.  

7.2.1 Geometry and Material 

 

The geometry that has been used for the FSI coupling, is the same cropped geometry that has been used for 

the CFD study in the chapter 6. In this case a new domain has been added to take into account the spinal 

cord region. In the setup with the presence of Pia Mater a ‘Thin Elastic Layer’ has been added around the 

spinal cord domain. The pia mater can be defined as a linear elastic material and a thickness between 8μm 

and 15μm (55). A mean value of 11.5 μm has been considered for the pia mater. The geometry of the spinal 

cord is represented in Figure 48cord is represented in Figure 48. 

 

Figure 52: Introduction in the geometry of the spinal cord domain 

Further, the material proprieties are based on the studies carried out by Bertram et al. (53) which consider 

the matrix of the poroelastic material as linearly elastic with isotropic mechanical proprieties. Moreover, no 

pre-stresses have been taking into account. The material proprieties are summarized in Table 9. 

MATERIAL 
Density 

[kg/m^3] 

Dynamic 

Viscosity [Pa*s] 

Porosity 

(-) 

Permeability 

[m^2] 

Poisson 

Ratio [-] 

Elastic 

Modulus [Pa] 

Cord 1000 7e-4 0.3 1E-13 0.35 5000 

Water 1000 1e-3 / / / / 

PIA mater 1000 / / / 0.49 1250000 

Table 9:  Material properties used in setup 1, derived from Bertram et al. (53) 

7.2.2 Generation of the mesh 

The mesh has been built using the COMSOL Multiphysics tools user-controlled mesh using the type of 

element described in the CFD simulation: 
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• A boundary layer around the spinal cord surface containing prismatic elements  

• Tetrahedral elements for the remain volumes 

 MESH 1 MESH 2 MESH 3 

Elements 15035 58204 108123 

Minimum quality 0.0086 0.01302 0.02504 

Average quality   0.5361 0.605 0.6415 
Table 10: Different meshed used for the mesh sensitive analysis 

The three different cases have been evaluated using equation 1 (section 5.2.2), calculating the % error 

between the different meshes.  From Figure 53, we can observe that the % difference between meshes 1 and 

2 is large (4.23%), the % difference between mesh 2 and 3 significantly reduced (0.89%). To reduce the 

computational burden, the mesh 2 has been chose. 

 

Figure 53: % error between the different mesh used for the mesh sensitive analysis 

7.2.3 Boundary conditions 
The inlet boundary conditions are the same as those that have been utilized in the CFD simulations, as 

shown in Figure 54. The outlet pressure has been chosen to be 10 mmHg, which is in the line of the average 

intracranial pressures. An average pressure of 0 mmHg would lead to the pressure value crossing and 

dropping below zero during the simulation, which would cause suction in an FSI simulation which is not 

physiological. Mechanically, the spinal cord is to fixed both at the bottom and upper end. The surface 

between the spinal cord and SAS acts as a fluid-structure interface, and the deformations of the solid 

material are fully coupled with the pressures in the fluid domain.  
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Figure 54 Overview of solid mechanics boundary condition and fluid boundary condition 

7.2.4 Solver Setting 
The 3D model consists in two domains: the fluid and the poroelastic domain, which are modelled with the 

following COMSOL Multiphysics settings: 

• Free and Porous Media Flow 

• Solid Mechanics 

As mentioned in the formulation of the poroelasticity, within the poroelastic domain free and porous 

media flow and solid mechanics are coupled with a body force term acting on the solid and the mass 

source term acting on the fluid.  

As in the CFD simulation 1 cardiac cycle has been considered and an adaptative time-stepping has been used 

with the minimum timestep size of 0.005. In order to improve the convergence of the simulation a moving 

mesh is used for the CSF domain. This COMSOL Multiphysics (COMSOL Inc.) tool is generally used when the 

geometry changes its shape due to dynamics problem, in this case due to the deformation of the spinal cord  

To solve the simulation the ‘Fully Coupled’ approach has been used. This approach considers a large system 

of equations of the different physical phenomena involved which are solved within a single iteration take 

into account their mutual influence on each other. The algorithm that has been used to solve the linear 

system of equation is the PARDISO algorithm.  
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7.2.5 Results  
 

The purpose of this section is to assess the impact of including the PIA mater in the model and understand 

its effects. Similar to the approach in the previous chapter, the maximum velocities within the spinal SAS 

were evaluated. 

Figure 55 displays the maximum velocities within the spinal SAS. From the illustration, it's evident that there 

are no significant differences in the magnitude of the two simulations. The conclusion drawn is that the 

simulated velocities of the model without the PIA mater exhibits a delay compared to the velocity waveform 

corresponding to the model with the PIA included. This delay is approximately 0.017 seconds, calculated by 

measuring the time difference between the two peaks during systolic pressure and the minimum values 

before the systolic peak, and then averaging these two values. 

 

Figure 55: Maximal velocities evaluated at the plane of obstruction considering the effect of the PIA mater  

Figure 52 depicted the pressure drops between the cerebral aqueduct and the plane below the obstruction 

in the simulation with the PIA and the one without. As shown in figure 52, there are minimal alterations in 

pressure between the simulations with and without the PIA.  
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Figure 56:Pressure drops between the cerebral aqueduct and the average of two point in the plane at the below the obstruction  

Finally, the volume change over time of the spinal cord has been evaluated. The volume change is 

difference between the instantaneous volume and the initial volume of one compartment domain. This is 

to evaluate see if the presence of the pia mater induce change in the fluid entering or leaving in the spinal 

cord. The formula to calculate the spinal cord volume difference is depicted below 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑑𝑖𝑓𝑓 = 𝑉𝑜𝑙𝑢𝑚𝑒(𝑡) − 𝑉𝑜𝑙𝑢𝑚𝑒𝑡0 

The volume exchange in the spinal cord is at the order of millimetres. It appears that, during the period in 

which there is the peak in flow imposed by the boundary condition, there is an increase in the volume 

exchange. From the Figure 57, it’s difficult to draw conclusions since the plot has a high variance probably 

due to the limited resolution of the simulation. 

 

Figure 57:Spinal cord volume difference during the cardiac cycle 
 

7.2.6 Discussion 
The objective of this section was to present the FSI poroelastic method within the context of a healthy 

condition arrangement and to assess how the presence of the PIA mater impacts the simulation. The findings 

indicate that the presence of the PIA mater doesn't influence the magnitude of velocities and pressure. 

However, it does seem to cause a delay in the waveform of velocity. This delay is likely attributed to the thin 

layer simulating the PIA mater, which have a Young's modulus of 1250000. This layer appears to render the 

spinal cord more rigid, thereby enhancing the velocity propagation. 

7.3 FSI STUDY WITH THE OBSTRUCTION CONDITIONS 
The aim of this chapter is to gain more insight into the effect of the presence of the obstruction by 

considering the mechanical response of the spinal cord in an FSI simulation and then comparing the results 

obtained assuming rigid walls in the CFD simulation. 

As done in the previous chapter for the CFD simulation three degrees of obstruction have been considered: 

 

-5.00E-10
-4.00E-10
-3.00E-10
-2.00E-10
-1.00E-10
0.00E+00
1.00E-10
2.00E-10
3.00E-10
4.00E-10
5.00E-10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

V
o

lu
m

e 
[m

^
3

]

Time[s]

Healthy Condition with PIA

Healthy_Conditions withou PIA



 

69 

• An obstruction of 40% with the same ellipsoid used in the CFD simulation. The obstruction domain is 

considered as a porous domain. 

• An obstruction of 60% with the same ellipsoid used in the CFD simulation. The obstruction domain is 

considered as a porous domain. 

• An obstruction of 100% with the same ellipsoid used in the CFD simulation. The obstruction domain 

is considered as a porous domain. 

7.3.1 Geometry and Material 
The setup described in section 7.2 is used as a baseline for the three simulations with the obstruction using 

the same geometry and the same materials. As depicted in Figure 58, the same two obstructions used for 

the CFD model are added. 

 

Figure 58:Representation of the porous domain corresponding to the CM1 herniation 

Regarding the material used to simulate the herniation porous domain presents the same permeability and 

porosity used for the spinal cord. Respectively, 1E-13 m^2 and 0.3. 

7.3.2 Generation of the mesh 

Due to the hight computational cost to run a sensitive analysis of all the simulations, the mesh sensitivity 

analysis has been carried out only in the case without the obstruction. Thus, based on mesh sensitive 

analysis carried out in section 7.2.2 only the 40% and 60% level of obstruction has been carried out with the 

finer mesh (mesh 3) while the 100% of obstruction with the less fine mesh (mesh 2) due to the hight 

computational demand of the poroelastic FSI approach. 

7.3.3 Boundary conditions 

The boundary condition that has been used for this simulation are the same that has been used in the chapter 

of FSI simulation without the obstruction: 

• Fluid boundary condition:  at the region corresponding to the cerebral aqueduct the PCMRI flow has 

been applied and the difference between the PCMRI flow evaluated at the spinal SAS c2 minus the 
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flow in the evaluated at the cerebral aqueduct has been applied at the other inlet condition. An outlet 

boundary condition of 1333.2 Pa has been applied. (Same as in the CFD model) 

• Solid mechanics boundary condition: the upper and the lower part of the spinal cord has been fixed 

with a zero displacement. (Same as in the FSI without the obstruction) 

In the simulation with 100% of obstruction there is an overlap between the porous zone simulating the 

herniation and the poroelastic domain of the spinal cord. In order to be able to run the simulation the 

interface between the two domains has been keep fixed has shown in Figure 59 

 

Figure 59 : Representation of the fixed region between the porous and the poroelastic domain  

 

7.3.4 Result 
The velocity contours shown in Figure 60 depicts the sagittal plane velocities at the systolic peak, occurring 

at 0.44 seconds for 40% 60% 100% of obstruction. In the absence of obstruction (healthy condition), the 

highest velocities are observed at the lower segment of the spinal SAS. However, when obstruction is 

considered in the simulation, the maximum velocities are concentrated around the middle part of the cervical 

spinal SAS as reported in the study conducted by Linge et al (LINGE) and how reported in the previous chapter 

(section 6.4). Under healthy conditions, these maximum velocities reach 47 mm/s. With the presence of 

obstruction, these velocities increase and remain relatively consistent even with greater levels of obstruction, 

reaching 64 mm/s. 
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Figure 60:Velocities contour at the sagittal plane during the systolic peak at 0.44s 

The Figure 61 illustrates the sagittal plane velocity contours at 0.85s. In cases where obstruction exists, there 

is a reduction in velocities, and the maximum velocity is situated in the upper region of the obstruction. 

Conversely, in the absence of obstruction, the maximum velocity is found in the lower region, measuring 10 

mm/s. With obstruction, these maximum velocities decrease to 6.8 mm/s, 7.4 mm/s, and 8.9 mm/s for 

obstruction levels of 40%, 60%, and 100% respectively. 

 

Figure 61: Velocities contour at the sagittal plane during the systolic peak at 0.85s 

To further explore the impact of obstruction in the FSI simulation, the same transversal cross-section of the 

CFD analysis at the level below the obstruction was taken for evaluation of maximal velocities.Figure 59 
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illustrates the maximal velocities throughout the cardiac cycle, assessed in the plane below the obstructio 

Notably, at the level of the spinal SAS, the influence of herniation is evident, with velocities gradually 

increasing from the healthy condition (35 mm/s) to 100% obstruction (57 mm/s). It's challenging to 

distinguish significant velocity differences between 40% and 60% obstruction. In these cases, velocities 

roughly reach 48 mm/s.  

 

Figure 62: Maximal velocities along the cardiac cycle with the different level of obstruction in the spinal SAS c2 

The Figure 63 illustrates velocity contours in the plane below the obstruction at 0.44s. In the healthy 

condition, velocities are uniformly distributed across the spinal SAS section. However, with increasing 

obstruction, the flow distribution becomes non-uniform. Notably, in the case of 100% obstruction, the high-

velocity area is only present in the section without obstruction in the area corresponding to the 

Pontomedullary. Inside the spinal cord, velocities are approximately 10^-8 m/s, while in the SAS, they are 

around 10^-3 m/s, suggesting that a significant portion of the flow passes through the SAS rather than 

entering the spinal cord.  
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Figure 63:Contour velocities along the cardiac cycle with the different level of obstruction in the plane below the obstruction 

The maximal velocities at the herniation level were evaluated. The Figure 64 indicates a clear effect of 

herniation, with velocities increasing as obstruction levels rise. At 100% obstruction, the maximal velocity 

reaches 52.12 mm/s, more than double that of the healthy condition. Obstructions of 40% and 60% seem to 

have a relatively minor impact on maximal flow velocities. 

 

Figure 64:Maximal velocities along the cardiac cycle with the different level of obstruction at the level of the obstruction 

Velocity contours at the herniation level are plotted in Figure 65. In the healthy condition, the flow is 

uniformly distributed in the geometric section, a trait that persists in the 40% obstruction scenario. However, 

there is a greater slowdown in the back part of the spinal cord with the 60% and the 100% of obstruction.  

 

Figure 65 Contour velocities along the cardiac cycle with the different level of obstruction at the level of the obstruction 

Figure 66 illustrates the maximal velocities at the plane below the obstruction and at the plane at the level 

of the herniation with the difference level of obstruction. Velocities are heightened in both cross sections, 

with a particularly noticeable rise evident in the simulation with 100% obstruction, specifically when 

observing the herniation level. What becomes apparent is that there is a nonlinear increase in velocities at 
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the level of the obstruction. However, when looking at the plane below the obstruction (spinal SAS c2), there 

is not a significant effect on velocities due to the increased level of obstruction 

 

Figure 66: Diagram representing the maximal velocities in the spinal SAS and at the level of the herniation during the systolic peak 

The pressure drop occurring between the cerebral aqueduct and the plane below the obstruction are plotted 

in Figure 67. The plotted data demonstrates that the pressure drop rises as the obstruction level increases 

passing from a maximum of 5.5 Pa peaks in the healthy condition to a 26.7 Pa for the 100% of obstruction. 

 

Figure 67:Pressure drops between the cerebral aqueduct and the plane below the obstruction across the cardiac cycle 

 

For a more comprehensive exploration of the impact of herniation on pressure, the pressure distribution 

contours are depicted in the following Figure 68. Evidently, there is a rise in pressure as obstruction increases, 

with the highest-pressure levels aligning with the cisterna magna over the herniation. Notably, in the case of 

100% herniation, elevated pressure concentrations are situated along the fixed boundary between the spinal 

cord and the herniation. This configuration represents a non-physiological scenario and poses significant 

limitation on the 100% setup. 
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Figure 68: Pressure contour at the sagittal plane during the systolic peak 

The aim of this section was to assess whether the heightened level of obstruction leads to altered flow 

pathways. The figure 65 displays the streamlines of velocities. Observing the Figure 69, it becomes apparent 

that in proximity to the obstruction, there are localized effects. Although there are minimal differences in the 

case of 40% obstruction, both 60% and 100% obstructions show an apparent increase in streamlines which 

suggest that the CM1 herniation can increase have an impact in the flow direction. The Figure 70 highlight 

the increase number of streamline between the healthy condition and the 60% of obstruction. Notably, the 

fluid velocity within the spinal cord is in the range of 1e-8 to 1e-7 m/s. 

 

Figure 69 :Velocities streamline of the CSF 
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Figure 70:Left figure represent the local streamline in the healthy condition while the right figure the local stream line with 60% of 
obstruction 

To further investigate whether the herniation has an impact in the flow inside the spinal cord the flow within 

the spinal cord is depicted in the Figure 71 and Figure 72. These figures represent the flow inside the spinal 

cord under the healthy conditions, the 40% of obstruction and the 60% of obstruction respectively at tie 

points 0.44s (Figure 71) and 0.85s (Figure 72). The 100% of obstruction due to the limitation of the fixed 

boundary between the spinal cord and herniation has been not consider. From the Figure 71 appears that 

during at 0.44s, when there is the peak in flow in the spinal SAS, in the healthy condition the velocities are 

more distribute. However, as obstruction increases, the distribution appears to become less homogeneous, 

with areas of no flow and areas with higher velocities. At 0.85s the velocities magnitude increases with the 

increase of the obstruction leading a reduction of the area with low velocities present in the healthy 

condition. As before underline the velocities inside the spinal cord are on the order of E-8 𝑚/𝑠, suggesting 

that there is not a proper fluid flow between the SAS and the spinal cord. 

 

Figure 71: Velocities contour inside the spinal cord at t=0.44s 
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Figure 72: Velocities contour inside the spinal cord at t=0.85s 

In order to gain an understanding of the potential for a more pronounced volume difference caused by 

herniation, the alteration in volume, calculated as the difference between the instantaneous volume and the 

initial volume, was examined within the spinal cord. The Figure 73 depicts this volume change; however, 

significant distinctions cannot be discerned due to the substantial variability in the curve. As a result, drawing 

conclusions from this data is challenging. 

 

 

Figure 73:Spinal cord volume difference during the cardiac cycle 

Concerning the poroelastic properties of the spinal cord, the impact of obstruction appears to alter the 

overall deformation of the spinal cord. The Figure 74 illustrates, in the first row, the deformation and Von 
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Mises stress during the systolic peak at 0.44 seconds, and in the second row, the same aspects during the 

midpoint of the diastolic phase at 0.85 seconds. Also in this case the 100% obstruction is omitted. 

In the healthy condition and with 40% obstruction, the deformation seems to exhibit similar behaviour. 

However, this behaviour changes with 60% obstruction, as the spinal cord moving posterior instead of 

anterior. The different deformations behaviour in the setup with 60% obstruction is also evident during at 

0.85 seconds 

 

 

Figure 74: Von Mises stress and relative deformation at 0.44s (first row) at 0.85s (second row) 

In order to understand whether the different deformation behaviour and the relative difference in stress 

distribution may have an impact in the region below the obstruction, the stress distribution has been 

evaluated in the  Figure 75. The figure shows the different behaviour at the time of the at 0.44s for the 

healthy condition, the 40% of obstruction and 60% of the obstruction. What appear from the picture is that 
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at 0.44s the healthy condition has the region with the higher stress located on the frontal part of the spinal 

cord is present while the 60% has the maximal stress present on the back part of the spinal cord. This different 

behaviour may suggest that the present of the obstruction increase the stress on the spinal cord and this 

force more CSF through the PIA mater increasing the fluid flow inside the spinal cord 

 

Figure 75: Stress contour at the level below the obstruction 

7.3.5 Discussion 
 

 The objective of this section is to investigate further into the effects of obstruction within a 3D geometry. In 

order to enhance the CFD simulation, both the spinal cord and the herniation tissue have been considered, 

utilizing a Poroelastic formulation based on parameters outlined by Bertan et al. (30) 

From the Figure 74, it appears that the presence of CM1 with the 60% obstruction alters the deformation 

behaviour of the spinal cord throughout the cardiac cycle (spinal cord moves posterior instead of anterior). 

This possibly influences the overall fluid exchange pattern due to the different stress distribution and might 

increase the amount of fluid forced through the pia into the spinal cord. 

Moreover, Figure 71 and Figure 72   highlights the change in the distribution of the velocities inside the spinal 

cord showing that with increasing degree of obstruction larger areas with high velocities are noticed. 

Furthermore, different direction in the velocities streamline is noticed at the 60% of obstruction suggesting 

that the obstruction has an impact in the flow inside the spinal cord.  These result, suggest that the herniation 

has impact on the flow inside the spinal cord and may enhance the fluid exchange between the spinal SAS 

and the spinal cord. Nevertheless, no volume difference has been highlighting.  

The low velocity inside the spinal cord, underscores the absence of proper fluid flow between the SAS and 

the spinal cord. It's worth noting that the timescale of the models used in this study might be too short to 

capture these effects, as clinical cases involve syrinx reduction or growth over months. To observe such 



 

80 

evolution, simulating weeks or months of cardiac cycles would be necessary, as previously indicated by 

Bertram et al. (53) for the same problem. 

The aim of this thesis was also to compare the different CFD and the poroelastic FSI approach 

The FSI formulation granted to both consider the interaction between the CSF flow and the deformable wall 

due to the soft material of the cerebral tissue. Although the added value of considering the brain tissue, due 

to the high computational burden the FSI approach is not always necessary. The figure 76 represents the 

maximal velocities of the healthy condition and the 60% of obstruction. The 100% has been omitted to the 

limitation before described of the fixed boundary between the spinal cord and the herniation and also for 

the less fine mesh. From Figure 76 we can state that not big difference is present using the CFD approach 

with rigid wall and the deformable wall using the FSI. 

 

Figure 76:Comparison between FSI and CFD approach, max velocities below the obstruction 

Moreover, the maximal velocities obtained in the FSI approach align with those from the previous CFD model, 

indicating a maximum velocity of 47 mm/s for the healthy condition and 62 mm/s for obstructions of 60% 

and 40%. These peak velocities are situated in the region in the middle of the cervical spinal cord, consistent 

with the CFD findings. Looking the velocities at the level of obstruction both in the FSI and CFD approach the 

influence of obstruction is evident as velocities increase due to obstruction. At the level below the 

obstruction in the FSI simulation the 40% and 60% obstructions yield equivalent maximal velocities, while a 

notable increase is observed in the case of 100% obstruction, reaching 52 mm/s. This is in contrast of the 

result obtained in the CFD simulation where all the level of obstruction has more or less the same velocities 

waveform. The higher values obtained in the 100% of obstruction can be conducted to the less fine mesh in 

comparison to the other simulation. 

The manifestations of FSI may not be immediately discernible solely by observing velocity patterns, but they 

become evident upon examining the pressure distribution. The pressure variations between the cerebral 

aqueduct and the spinal SAS have been graphed in Figure 77 for both the healthy state and the condition 

with 60% obstruction. In this simulation, it's apparent that the brain tissue does not damp out the pressure 
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pulse. Consequently, there is no observed reduction in the pressure drop between the cerebral aqueduct 

and the plane below the obstruction. Overall, the rigid wall CFD approach seems to predict accurately the 

CFS flow field and the FSI approach does not add value in this study. 

 

 

Figure 77: Comparison between FSI and CFD, pressure drop between cerebral aqueduct and spinal SAS c2. First row depicted the 
healthy condition while the second and the CM1 with the 60% 

 On the other hand, the utilization of the poroelasticity approach captures insights into the flow dynamics 

within the spinal cord and proves valuable in comprehending the origins of syrinx development. 

In conclusion, the difference in velocities and pressure between the CFD and FSI approach appear to be 

limited suggesting that an FSI approach might not provide additional information on these parameters. 

The outcomes of this study are influenced by several simplifications made during the model development.  

The patient specific geometry it’s only a part of the full geometry. Moreover, important structures like 

trabeculae, the denticulate ligament, and nerves present in the SAS have been disregarded. Additionally, all 

materials are considered isotropic for all their properties, even though this does not hold true for spinal cord 

permeability. The matrix of the spinal cord is considered linear elastic while scientific literature described the 

spinal cord as a non-linear viscoelastic. No prestresses, has been taken into account. 
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8 Conclusion 
 

In summary, this investigation has provided enhanced insights into the implications of an artificial three-

dimensional obstruction by employing two distinct FEA techniques: CFD and the poroelastic FSI.  

The findings of this study reveal that the introduction of the FSI approach did not notably contribute to 

enhancing the comprehension CSF flow within the spinal SAS, but does provides additional information 

concerning fluid exchange and stresses within the spinal cord. Hence, depending on the area of interest, 

these findings might facilitate the selection of the most suitable approach for subsequent simulations.  

Moreover, particularly the substantial obstruction appears to alter the spinal cord's deformation behaviours 

and seems to enhance fluid exchange between the spinal SAS and the spinal cord. However, the precise 

mechanisms driving this relationship remain unclear, warranting further investigation. 

Future endeavours could involve incorporating material property anisotropy and accounting for anatomical 

structures within the SAS. Furthermore, refining the modeling approach for the 100% obstruction of the back 

portion of the spinal SAS remains an avenue for improvement. Finally, a full 3D model of the SAS can help to 

underline phenomena difficult to observe in the cropped geometry. 
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