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Abstract

Finite element analysis (FEA) is increasingly used to investigate the brain under various pathological
changes. Although FEA has been used to study hydrocephalus for decades, previous studies have primarily
focused on ventriculomegaly. The present study aimed to investigate the pathologic changes regarding sulcal
deformation in normal pressure hydrocephalus (NPH).

Two finite element (FE) models—an anatomical brain geometric (ABG) model and the conventional
simplified brain geometric (SBG) model—of NPH were constructed. The models were constructed with
identical boundary conditions but with different geometries. The ABG model contained details of the sulci
geometry, whereas these details were omitted from the SBG model. The resulting pathologic changes were
assessed via four biomechanical parameters: pore pressure, von Mises stress, pressure, and void ratio. NPH was
induced by increasing the transmantle pressure gradient (TPG) from 0 to a maximum of 2.0 mmHog.

Both models successfully simulated the major features of NPH (i.e., ventriculomegaly and periventricular
lucency). The changes in the biomechanical parameters with increasing TPG were similar between the models.
However, the SBG model underestimated the degree of stress across the cerebral mantle by 150% compared
with the ABG model. The SBG model also overestimates the degree of ventriculomegaly (increases of 194.5%
and 154.1% at TPG = 2.0 mmHg for the SBG and ABG models, respectively).

Including the sulci geometry in a FEA for NPH clearly affects the overall results. The conventional SBG
model is inferior to the ABG model, which accurately simulated sulcal deformation and the consequent effects
on cortical or subcortical structures. The inclusion of sulci in future FEA for the brain is strongly advised,

especially for models used to investigate space-occupying lesions.

Key words: biomechanics; bi-phase; finite element model; transmantle pressure gradient; normal pressure

hydrocephalus.



1. Introduction

Hydrocephalus is a collective term for the excessive accumulation of cerebrospinal fluid (CSF) in cerebral
ventricles, which can have many causes. Hydrocephalus commonly accompanies increased intracranial pressure
(ICP) and is associated with well-known symptoms, including headache, nausea, vomiting and cognitive
deterioration. However, in normal pressure hydrocephalus (NPH), there is an accumulation of CSF without an
increase in ICP. Common symptoms of NPH include the classic ‘triad’ of gait disturbance, urinary incontinence
and cognitive deterioration (Adams et al., 1965; Pople, 2002). Despite the severe symptoms, treatment of NPH
is limited. One treatment option is the surgical diversion of the accumulated CSF; however, this procedure
does not ‘cure’ the disease. For wide variety of reasons (e.g., mechanical failure, infection, occlusion, under- or
overdrainage), shunt insertion results in a high failure rate, ranging from 30% from 50%, and NPH patients
suffer from an excessively higher failure rate (Dusick et al., 2008; Faggin et al., 2011; Feng et al., 2004; Malm
et al., 2004; Stein and Guo, 2008). Further efforts should be made for better understanding NPH.

Finite element analysis (FEA) offers high flexibility for studying the biomechanical behavior of NPH in
the brain, albeit within the constraints inherent to clinical studies. Substantial efforts have been made to study
hydrocephalus using finite element (FE) models. The first study to apply FEA to describe hydrocephalus was
published in 1987 (Nagashima et al., 1987); since then, the FE models have been continually improved with the
technological advancements in neuroimaging and computation (Lefever et al., 2013). Nonetheless, the majority
of previously reported FE models primarily focused on the most prominent feature of hydrocephalus, i.e.,
ventriculomegaly (Cheng and Bilston, 2010; Clatz et al., 2007; Dutta-Roy et al., 2008; Lefever et al., 2013;
Wilkie et al., 2010, 2012; Wirth and Sobey, 2006). However, the deformation of brain tissue caused by NPH not
only induces the dilation of ventricles but also often extends to the sulcal effacement.

The omission of sulcal deformation in previous hydrocephalus FE models may have been intended to
reduce the computational complexity. However, recent FEA studies for traumatic brain injury suggest that the
structural characteristics of the sulci affect several properties of the brain under mechanical stress (Cloots et al.,
2008; Ho and Kleiven, 2009). The overall cerebral dysfunction associated with NPH may be partially induced
by sulcal effacement. The presented study aimed to investigate the degree of tissue distortion that is caused by
the mass effects of different temporal and spatial pathogenic profiles in a hydrocephalic model with and without

sulci.



2. Materials and methods

2.1 Finite element model

Simulation was performed under two-dimensional plane strain conditions using Abaqus (Abaqus/Standard,
Dassault Systémes, France). Although a full three-dimensional model with the sulcal geometric details would
provide more realistic results compared to a two-dimensional model (Cheng and Bilston, 2010), it would also
involve immense computational complexity. The present study is a preliminary analysis on a specific subject
(i.e., the effects of the sulcal geometric details in an FE model for NPH); thus, the use of a two-dimensional
model was considered appropriate. A schematic model is provided in Fig. 1. A series of T,-weighted magnetic
resonance (MR) images of a healthy male subject were collected (SIEMENS MAGNETOM TRIO) at the Korea
University Brain Imaging Center. The use of the MR image was approved by an institutional review board

(1040548-KU-IRB-14-83-A-1).
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Fig. 1. An overview of the anatomical brain geometry and the simplified brain geometry.

To acquire the geometry, the regions of interest (ROI) from the brain image were segmented using ScanlP
(Simpleware Software Ltd., U.K.). The brain image slices obtained were then meshed using ScanFe with three-
dimensional finite elements. Because the MR images are composed of voxels, the images cannot be directly
used for two-dimensional analysis. Therefore, a customized FORTRAN code was written to derive a two-
dimensional surface from the voxels with a finite thickness. The code retrieved the surface node and element
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information from the meshed three-dimensional slice, which allowed the construction of a two-dimensional
model based on the obtained information. The model mesh obtained was further refined using Hypermesh
(Altair Engineering, USA). Finally, the pre-processed model was imported to ABAQUS for analysis. The
resulting mesh is a two-dimensional mesh without thickness.

Various anatomical features were included within the models in two strands. The physical regions included
the gray/white matter, the falx cerebri and the skull. The interface regions included the outer layer of the
cerebral cortex, the ependyma and the dura at the contact. From the geometry model, the center line was taken
as the plane of symmetry. Therefore, only half of each slice was needed for the analysis. In addition, the
conventional simplified brain geometric (SBG) model was constructed by interpolating several ‘peaks’ along the
sulci and adjusting the area according to that of the newly proposed anatomical brain geometric (ABG) model.
This model was used to minimize the difference in gross areas between the peripheral CSF space (0.1 %) and
the cortex (0.7 %) of ABG and SBG. The gross areas of lateral ventricle, corpus callosum, caudate nucleus and
white matter were identical. Though the geometrical morphologies of the two models are different, the
difference in the gross areas of anatomical structures in the two models was negligible. Consequentially, the
comparison of these models is valid.

Four-node quadrilateral pore fluid flow elements, including CPE4RP (for pore pressure plane strain
elements) and CPE4R (for plane strain elements), were used with reduced-integration; otherwise, three-node
triangular solid elements for plane strain elements (“CPE3”) were used. Implicit time integration associated with
the poro-elastic and hyper-elastic material analyses was performed for the non-linear geometric analysis using
Abaqus 6.14.

To implement the model in Abaqus, the brain tissue is regarded as a crushable porous foam with an initial
void ratio of 0.25 (Nagashima et al., 1987), enabling a simulation of fluid behavior. Ideally, the brain tissue
matrix should have no initial pressure in the model, as the brain is filled with fluid (e.g., interstitial fluid). The
standard poro-elastic consolidation theory was considered suitable for the fluid phase of the model (Biot, 1941),
whereas the solid phase was considered a compressible, neo-Hookean hyper-elastic material and modeled
accordingly (Dutta-Roy et al., 2008). The inhomogeneity of the brain tissue within the parenchyma (i.e.,
differences between the gray and white matter) was also considered. Additional details regarding the material

properties are summarized in Table 1.



Table 1
Details of the material properties utilized for the model

Parenchyma Falx cerebri
E, [Pa] Vp Cy [Pa] D, [Pa] E:[Pa] Vi p, [kgm?] t [mm]
4205 0.35 77.9 4.28x107 3.4 x 10° 0.45 | 1130 2
e p, [kgm?] k [m/s] Skull
0.25 1040 WM 1x107 Es[Pa] Vs p. [kgm?]
GM 1x10” 14 x 10° 023 | 1412

Cyo and D, were calculated from E and v. For the complete derivation of parameters, refer to the APPENDIX.
The skull and the falx cerebri were considered linear-elastic materials. The Poisson’s ratio of the ‘drained’
porous brain solid material is considered to be 0.35. However, since the brain model is always saturated with
incompressible fluid (Poisson’s ratio = 0.5), the effective Poisson’s ratio of the overall brain model combining
solid and fluid elements becomes nearly 0.5, which makes it nearly incompressible material. E, = Young’s
modulus of the parenchyma (Dutta-Roy et al., 2008; Miller et al., 2005); v, = Poisson’s ratio of the parenchyma
(Kaczmarek et al., 1997a; Nagashima et al., 1987; Pena et al., 1999); k = permeability (Kaczmarek et al., 1997b);

e = void ratio (Nagashima et al., 1987); p, = density of the parenchyma; E¢= Young’s modulus of the falx

cerebri (Jirousek et al., 2005; Takhounts, 2003); vi= Poisson’s ratio of the falx cerebri (Jirousek et al., 2005;

Yoganandan, 1998); t = the thickness (Yoganandan, 1998); p, = density of the falx cerebri (Yoganandan,

1998); Es= Young’s modulus of the skull (Jirousek et al., 2005; Takhounts, 2003); vs= Poisson’s ratio of the
skull (Jirousek et al., 2005; Yoganandan, 1998); p, = density of the skull (Yoganandan, 1998).

To assess the accuracy and convergence of the solutions from each model, the strain energy of the
elements was computed. The SBG model, which was initially comprised of 842 coarse elements, was refined by
halving its element size in each step, until its element number reached 41,202. The ABG model, which was
initially comprised of 818 coarse elements, underwent the same process until the element number reached
43,754 (Fig. 2). The strain energy converged to the approximately 40,000 element models. It was concluded that
further mesh refinement would not produce better answers, therefore, 41,202 and 43,754 element models were
selected for the SBG and ABG models, respectively. As it was evident that excessive mesh refinement of the
cranium was not necessary, further adjustments were made to decrease computational complexity. After the
increase in element size for the cranium in both models, the final numbers of elements used became 30,260 in
the ABG model and 30,512 in the SBG model (Fig. 1). The effect of reducing of the element number in the

cranium was negligible in both models.
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Fig. 2. Log plots depicting the convergence of strain energy as a function of the number of elements used in the
two models (upper panel). U indicates the strain energy of each model at various humbers of element points,
and U’ indicates the strain energy at each of the most refined models. The difference in strain energy becomes
negligible after the element number reaches approximately 10,000 for both models. The actual structures of both

models are presented with increasing element number (lower panel).

2.2 Brain loading and boundary conditions

The causes of ventriculomegaly can vary from aqueduct stenosis to idiopathic ventricular fluid
accumulation found in the NPH. In the present study, we assumed a recently proposed theory, which suggests
that the primary cause of ventriculomegaly in NPH is the gradual change in transmantle pressure (Greitz, 2004)

rather than an increase in ventricular fluid pressure.



To implement the theoretical conditions in the model, the drainage of interstitial fluid through capillaries
was modeled (Greitz, 1993; Greitz et al., 1997). The outer boundary of the cerebral mantle was assumed to be
the capillary region. To shrink cerebral mantle owing to ventriculomegaly, interstitial fluid (ISF) should be
drained out of the mantle, considering the incompressible characteristics of water. ISF flows freely across the
capillary; thus, the pore pressure was set to zero.

The initiation of ventricular enlargement was induced by adjusting the transmantle pressure (TPG; defined
as the difference between the capillary pressure and the ventricular fluid pressure). In this study, the relationship
between the increase in the initial level of TPG and the degree of the subsequent deformation was also analyzed
by subjecting the two models (i.e., the SBG model and the ABG model) to varying levels of TPG (0.1, 1.0 and
2.0 mmHgq). The level of TPG was considered sufficient to initiate NPH (Dutta-Roy et al., 2008; Hoff and
Barber, 1974), unlike in non-communicating hydrocephalus in which immensely increased ventricular fluid
pressure causes significantly high TPG. In each case, the TPG increased over 340,000 seconds, the equivalent to
four days (Nagashima et al., 1987). The radiologic features closely associated with NPH are ventriculomegaly,
periventricular lucency, and sulcal effacement (Chan et al., 2003). The four key biomechanical parameters
closely associated with these features are pore pressure, von Mises stress, pressure, and void ratio. A void ratio
over 0.25 was interpreted as tissue expansion due to the fluid accumulation; a pore pressure of zero or a negative
pore pressure was interpreted as free fluid flow or fluid accumulation.

A coupled pore fluid flow and stress analysis algorithm was used. Non-linear and asymmetric solver
options were used due to the presence of the crushable but fully saturated foam model for the cerebral mantle.

The major factors related to the model convergence were the contact instability and element distortion.

3. Results

The FEA for both models produced the key features of NPH, including ventriculomegaly and
periventricular lucency. The most prominent difference between the two models was the area in which the CSF

accumulated (Fig. 3).
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Fig. 3. Comparison of the ABG and SBG models (Upper panel A). The ABG model before and after the
increase of TPG (Upper panel B). The SBG model before and after the increase of TPG (Lower panels C, D).
Validation of the two models with an actual MR image of an NPH patient depicted in contour plots of
volumetric strain. The increased volumetric strain implies that the expansion of the extracellular spaces due to
the accumulation of interstitial fluid results in positive volumetric strain, and vice versa. ABG = anatomical
brain geometry; C = compression; E = expansion; MC = mild compression; ME = mild expansion; SBG =

simplified brain geometry; TPG = transmantle pressure gradient.

Fig. 3 depicts the initial and deformed shapes for the two models with a TPG of 2.0 mmHg. The
structural deformation due to the increased TPG was most severe in the lateral ventricle, as both models
simulated a ventricular expansion greater than 150% (194.5% in the SBG model and 154.1% in the ABG model).

In contrast, the subarachnoid space exhibited a large reduction (estimated as 89.3% in the SBG model and 71.5%



in the ABG model). As depicted in Fig. 3 and Table 2, the ventricle was more dilated in the SBG model than in
the ABG model, whereas the degree of areal reduction in the subarachnoid space (SAS) was more significant in

the SBG model. The models also showed minor structural deformations across the intracranial area (Table 2).

Table 2
Structural deformations predicted by the ABG and SBG models

SAS LV Cortex cCc CN WM GM
SBG -89.3% 194.5% 0.2% -8.2% -3.1% -0.1% -0.1%
ABG -71.5% 154.1% -0.1% -4.2% -2.7% -0.1% -0.3%

Values are given as the percentage difference between the initial area and the area at TPG = 2.0 mmHg. SAS =
subarachnoid space; LV = lateral ventricle; CC = corpus callosum; CN = caudate nucleus; WM = white matter;

GM = gray matter.

3.1 Differences between the ABG and the SBG biomechanical parameters: ependymal wall
The steady increase in the TPG from 0 to 2.0 mmHg induced an increase in biomechanical parameters at

the ependymal wall to varying degrees (Fig. 4).
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The initial value of pore pressure at the ependymal wall was close to zero in both models. At TPG = 2.0

mmHg, the pore pressure in the SBG model was 0.9 mmHg, whereas the ABG model simulated a pore pressure

of 1.2 mmHg (Table 3). Although other biomechanical parameters (e.g., von Mises stress, pressure and void

ratio) also increased with an increasing TPG, the degree of increase in values was significantly higher in the

SBG model than in the ABG model. With TPG increased from 0.1 to 2.0 mmHg, the von Mises stress at the

ependymal wall exponentially increased in the SBG and ABG models. However, the void ratio remained

relatively constant, resulting in only 13.5% and 4.6% increases for the SBG and the ABG models, respectively.

The findings of the ependymal wall analyses are summarized in Table 3.

Table 3

Changes in the biological parameters at the ependymal wall

Transmantle pressure gradient (mmHg)

Simplified brain geometry

Anatomical brain geometry

0.1 1.0 2.0 0.1 1.0 2.0
Overall PP -2.4E-05 4.0E-01 9.2E-01 -6.0E-10 5.4E-01 1.2E+00
ependymal wall | VM 1.6E-02 1.6E-01 3.1E-01 1.7E-02 1.2E-01 2.3E-01
P 5.5E-02 -6.3E-03 -6.5E-02 5.4E-02 1.7E-02 -2.3E-02
VR 2.3E-01 2.4E-01 2.6E-01 2.3E-01 2.4E-01 2.5E-01
Frontal horn PP -1.5E-04 -1.0E+00 -1.1E+00 | -8.4E-08 -5.4E-01 -3.3E-01
VM 9.3E-02 7.9E-01 1.2E+00 1.1E-01 8.6E-01 1.3E+00
P -2.7E-01 -1.0E+00 | -1.3E+00 | -2.8E-01 -8.5E-01 -1.1E+00
VR 3.8E-01 6.2E-01 7.2E-01 3.7E-01 5.6E-01 6.7E-01
Occipital horn PP -1.5E-04 -8.4E-01 -7.1E-01 -8.7E-08 -4.1E-01 -3.9E-02
VM 8.5E-02 6.6E-01 1.0E+00 1.2E-01 6.7E-01 1.1E+00
P -2.8E-01 -7.9E-01 -9.6E-01 -3.0E-01 -6.6E-01 -9.1E-01
VR 3.6E-01 5.5E-01 6.2E-01 3.6E-01 5.0E-01 5.8E-01
Centrum PP -4.0E-06 9.0E-01 1.7E+00 6.2E-11 8.8E-01 1.8E+00
semiovale VM 1.1E-02 1.2E-02 4.8E-02 1.1E-02 9.9E-03 2.0E-02
P 1.0E-01 1.0E-01 1.0E-01 1.0E-01 1.0E-01 1.0E-01
VR 2.1E-01 2.1E-01 2.1E-01 2.1E-01 2.1E-01 2.1E-01

PP = pore pressure (mmHg);

VM = von Mises stress (kPa); P = pressure (mmHg); VR = void ratio (a.u).
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3.2 Differences between the ABG and SBG model biomechanical parameters: brain parenchyma
The increase in the TPG had a varying effect on the biomechanical parameters. Although small
discrepancies existed, the alterations in the pressure and void ratio occurred before the TPG reached 2.0 mmHg,

whereas the increase in von Mises stress and pore pressure continued as the TPG was increased to 2.0 mmHg

(Fig. 5).
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Fig. 5. Bar graphs showing the changes in the biomechanical parameters induced by the increase in the TPG for
the ABG model (left bars) and the SBG model (right bars). Black = values calculated at TPG = 0.1 mmHg; Gray
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In both models, the pore pressure and von Mises stress increased as the TPG increased. The pore pressure,
however, remained essentially unchanged at the initial phase of TPG increase (from 0 to 0.1 mmHg). As the
TPG reached 1.0 and then 2.0 mmHg, the pore pressure across the intracranial space increased (Fig. 5). In
general, the SBG model slightly underestimated the degree of increase for the pore pressure.

The degree of increase in von Mises stress was significantly lower in the SBG model compared to in the
ABG model (Fig. 5). Additionally, in the ABG model, a small increase in the TPG (from 0.1 to 1.0 mmHg) was
enough to cause a significant increase in the tissue stress level across the entire intracranial space, especially in
structures near the sulci. Similar changes were found in the SBG model; however, the magnitude of the initial
increase in the SBG model was significantly overestimated compared to the magnitude in the ABG model (Fig.
6)

The void ratio and pressure decreased as the TPG increased. A void ratio of less than 0.25 was observed in
structures near the lateral ventricle (i.e., the corpus callosum and the caudate nucleus) in both models. However,
the cortex retained a void ratio of approximately 0.25 regardless of the increase in the TPG. The near-ventricle
structures exhibited a negative pressure immediately after the initial increase in the TPG (from 0 to 0.1 mmHg).
Although small changes continued to occur as the TPG increased to 2.0 mmHg, the effects were minimal. In
contrast, the initial increase in the TPG induced a positive pressure, which remained positive until the TPG

increased to 1.0 mmHg.
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4. Discussion

The inclusion of sulci in a brain FE model influences the biomechanical response during inertial
acceleration simulations. In the present study, the ABG and SBG models were compared to investigate the
importance of accurate geometrical modeling, including the sulci, in NPH. The loads and boundary conditions
were equivalent for the models with and without sulci. However, the mechanism of ventricular dilation remains
a controversial subject, and therefore, the boundary conditions used in the models require further explanation.

Although current FEA studies generally adopt the classical theory regarding CSF dynamics (i.e.,
ventricular dilation solely due to an obstruction in the CSF pathway or excessive secretion), this theory has been
recently challenged (Battal et al., 2011; Bulat et al., 2008; Greitz and Hannerz, 1996; Stephensen et al., 2002).
Because the brain parenchyma is nearly incompressible, ventriculomegaly can occur only if there is enough
space in the intracranial system. A reduction in the volume of brain parenchyma, rather than increased
ventricular fluid pressure alone, is needed for ventriculomegaly to develop (Greitz, 1993; Greitz, 2004), and a
TPG is required for this reduced volume to occur. Once the initial increase of TPG causes pathologic changes,
the pressure will be equally distributed throughout the intracranial space. Therefore, it is possible that

ventriculomegaly persists without a TPG.

4.1 Sulcal deformation in the ABG and the SBG models

With the incorporation of TPG changes, the analyses successfully simulated brains in a hydrocephalic state
(Fig. 3). The ABG and SBG models both showed enlarged ventricles and compressed SAS, which are common
radiological findings in NPH patients (Kitagaki et al., 1998). The areal decrease in SAS was more severe in the
SBG model than in the ABG model (Table 2), most likely due to sulcal deformation. As illustrated in Fig. 3, the
increased TPG resulted in a moderate obliteration of the sulci in the ABG model. This result deserves attention
because the obliterated sulci are positively associated with a good outcome after surgical CSF diversion
treatment (Poca et al., 2004).

The sulcal obliteration of the ABG was derived by manipulating only one physiological condition, i.e., the
TPG. Although the pathogenesis of NPH is largely unknown, it may be possible that the symptoms of NPH
patients presenting with obliterated sulci are primarily due to an increase in the TPG. If this were the case, the
surgical CSF diversion, resulting in a decrease in the TPG, would likely be beneficial. Nonetheless, the
obliteration of the sulci is not always present. In fact, dilated or normal sulci are often found in the neuroimages

of NPH patients. In any case, the radiographic signs of sulcal deformation are considered important diagnostic
15



clues in NPH (Adachi et al., 2006; Iseki et al., 2014); however, only a few studies exist regarding the
relationship between sulcal deformation and the space-occupying lesion (Bradshaw et al., 2001; Mutoh et al.,
1988). The relationship between shape variations and the degree of sulcal deformation and clinical outcomes

requires further investigation.

4.2 Ependymal wall analyses

The pore pressure, pressure, von Mises stress and void ratio are important parameters for estimating the
extent of damage in biological tissue. The pressure and void ratio at the centrum semiovale were approximately
constant, despite the gradual increase in the TPG for both models, whereas the parameters increased
significantly at the frontal and occipital horns. In fact, the two models did not show significant differences
regarding the mechanical behavior of the tissue at the centrum semiovale; the main differences were found at the
two horns, especially in terms of pore pressure (Table 3).

In SBG, the pore pressure decreased from 0 to -1.0 mmHg and -0.8 mmHg in the frontal and occipital
horns, respectively, as the TPG increased from 0.1 to 1.0 mmHg. With the continued increase of TPG, the pore
pressure at the frontal horn further decreased (-1.1 mmHg), whereas it slightly increased at the occipital horn (-
0.7 mmHg). However in ABG, the pore pressure decreased from 0 to -0.5 mmHg and -0.4 mmHg in the frontal
and occipital horns, respectively, as the TPG increased from 0.1 to 1.0 mmHg. With the continued increase of
TPG, the pore pressure at the two horns slightly increased (-0.3 and -0.04 mmHg, in the frontal and occipital
horns, respectively). A negative pore pressure indicates fluid inflow, whereas zero or positive pore pressure
indicates fluid free flow or fluid outflow. Thus, both models are capable of simulating fluid accumulation and a
subsequent increase in volume, i.e., the periventricular lucency (PVL), as previously reported FE models have
also demonstrated (Cheng and Bilston, 2010; Pena et al., 1999). However, in the SBG model, the continual
increase of TPG to a maximum of 2.0 mmHg resulted in a continued decrease in pore pressure, i.e., the
continual steady inflow of fluid in the frontal horn. In contrast, the ABG model estimated an increase in pore
pressure.

The increase in TPG was directly associated with ventricular enlargement. The results obtained with the
SBG model suggested that the degree of PVL should be higher as the degree of ventricular enlargement
becomes severe, at least for the frontal horn. In contrast, the results obtained with the ABG model suggest that
as the degree of ventricular enlargement becomes greater over some certain level, the suctioning effect around

the ventricular horns decreases. In reality, the prevalence of PVL is lower in severe ventricular enlargement
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(Asada et al., 1978). Although both the ABG and SBG models can simulate PVL, the results indicate that the

ABG model is more suitable as a patient-specific FE brain model.

4.3 The effects of the TPG increase on the cerebral cortex and subcortical structures

Although the changes at the lateral ventricles and the ependymal wall deserve attention, additional findings
were revealed at the cerebral cortex and subcortical structures. A deformation of the corpus callosum is often
reported in NPH patients (Mataro et al., 2007). Damage to the corpus callosum can result in cognitive
deterioration (Yamauchi et al., 1994) and gait disturbance (Jinkins, 1991), which are two of the three classic
symptoms of NPH. Cognitive deterioration can be further aggravated if the damage caused by ventriculomegaly
extends to the fornix (Hattori et al., 2012). The present study demonstrates that the degree of ventricular
expansion is overestimated in the SBG model (Table 2). The SBG model also overestimated the stress on the
corpus callosum and caudate nucleus (Figs. 5, 6). Although the role of the caudate nucleus in symptom
development in NPH is unclear, it is well known that this structure is closely associated with various cognitive
abilities (Mozley et al., 2001; Rogers et al., 2000; Volkow et al., 1998).

The characteristic upward elevation of the corpus callosum in NPH was not simulated in the ABG model
or in the SBG model, as the present study utilized two-dimensional models. However, the two models did show
deformations of the corpus callosum and the caudate nucleus (Fig. 5 and Table 3). Currently, deformation of
these structures is thought to result from mechanical pressure due to ventriculomegaly (Mataro et al., 2007,
Roricht et al., 1998). Although this may be true, a recent study found that the degree of deformation in the
caudate nucleus and the corpus callosum is not correlated with the degree of ventriculomegaly (DeVito et al.,
2007). Our models showed an increased pore pressure and a decreased void ratio, i.e., the outflow of fluid from
the two structures. These results may indicate a thinning of the corpus callosum that may be partially caused by
changes in the TPG.

The differences between the SBG and ABG models were most striking at the cortex. The behavior of the
biomechanical parameters was similar to that in structures near the lateral ventricle (i.e., the caudate nucleus and
the corpus callosum), and stress and pressure were overestimated in the SBG model. However, in the cortex, the
SBG model underestimated the change in those two biomechanical parameters. The stress resulting from the
increased TPG was almost linear in the SBG model, whereas the ABG model showed an exponential increase
(Fig. 6C). It seems that brain models without sulci are not effective at TPGs over 1.5 mmHg, especially for

simulating the degree of stress. The fact that the two models yield different results, especially in terms of the
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stress and pressure upon the cerebral cortex, may seem trivial because the two models have different sulcal
geometrical characteristics. However, this difference also heavily affects the stress and pressure distribution on
subcortical structures. The overall results clearly state the importance of including sulcal geometry in FE brain

models for simulating a pathologic mass effect by space-occupying lesions.

4.4 Limitations and suggestions

The two-dimensional FE models presented here were sufficient for simulating the major radiological
features of NPH and identifying differences in the mechanical changes between the anatomically detailed model
and the model with simplified geometry. Nonetheless, this study has certain limitations that require clarification.
The changes in the biomechanical properties in the two-dimensional model cannot appropriately reflect the
pathological changes of a true hydrocephalic brain. Additionally, the geometrical details that the ABG model
utilized were derived from a single healthy subject. In reality, sulcal variability among human brains is
considerable, which may be better illustrated in a fully three-dimensional model. Finally, the brain anisotropy
was neglected in this model; in reality, the brain tissue would react differently when subjected to changes in
different directions. However, the model related to anatomical regions (i.e., white matter and gray matter) was
defined by the homogenous mechanical properties of each mesh to avoid mathematical complications. Future
studies may have to construct and employ a fully three-dimensional FE model incorporating the average
anatomical geometry of human brains and dynamic nature of intracranial systems to reach a more realistic

approximation.

5. Conclusion

Our findings demonstrate that the sulci play an important role in the biomechanical response of an FE
brain model associated with space-occupying lesions (e.g., hydrocephalus). Conventional FE models, which
lack geometrical details, significantly underestimate the pathologic changes that occur during the development
of NPH. The integration of geometrical details provides a more accurate representation than conventional
simplified FE models. This result may due to the geometrical characteristics of the sulci; the brain would be
subjected to mechanical stress due to the growth of a space-occupying lesion. The cushioning effect the sulci
provide is spatially distributed to compensate for the mechanical stress, thus avoiding immense local strain.
Future FE studies for investigating pathologic changes in neurological disorders should consider using detailed

models that balance anatomical accuracy and computational simplicity.
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Appendix
The C, and D, parameters were needed to utilize the neo-Hookean hyper-elastic and volumetric

porous material models. According to the Abaqus user manual (Systémes, 2012), the strain energy potential U

for the compressible neo-Hookean material model is of the form

- 1 J
U =C10(I1—3)+E(J -1y’ ( Ja=7-du =(1re, )3J Eq. (A1)
th

1
where, J, is the elastic volume ratio, J,, is the thermal volume ratio, e, is the linear thermal extension,
1, is the measure of the distortion in the material, and C,, and D, are material parameters. The C,
parameter describes the shear behavior of the material, and the D, parameter introduces compressibility. The
tissue material is compressible, and thus D, should not be zero. The initial shear modulus, s, , and the bulk

modulus, K, are given by

M, =2C, and K, =% Eq. (A.2)

1

Based on the above relationships, we can calculate C,, and D, from typical material properties (i.e., Young’s

modulus and Poisson’s ratio).

A porous material model can be expressed in the form of o = 4 f (¢) where the function of ¢ is non-
linear and 4 is a normalizing parameter. The porosity was obtained using Forchheimer’s law and can be

written as

k (ou
f =——[—W—png Eq. (A.3)
OX

where, f is the volumetric flow rate, k is the permeability, y,, is the wetting fluid specific weight, u is the

wetting fluid pore pressure, X is the position, p,, is the wetting fluid density and g is gravity.
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