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Abstract: Epilepsy is one of the most common neurological disorders globally, affecting about
50 million people, with nearly 80% of those affected residing in low- and middle-income countries. It
is characterized by recurrent seizures that result from abnormal electrical brain activity, with seizures
varying widely in manifestation. The exploration of the biomechanical effects that seizures have on
brain dynamics and stress levels is relevant for the development of more effective treatments and
protective strategies. This study uses a blend of experimental data and computational simulations
to assess the brain’s physical response during seizures, particularly focusing on the behavior of
cerebrospinal fluid and the resulting mechanical stresses on different brain regions. Notable findings
show increases in stress, predominantly in the posterior gyri and brainstem, during seizures and
an evidence of brain displacement relative to the skull. These observations suggest a dynamic and
complex interaction between the brain and skull, with maximum shear stress regions demonstrating
the limited yet essential protective role of the CSE. By providing a deeper understanding of the
mechanical changes occurring during seizures, this research supports the goal of advancing diagnostic
tools, informing more targeted treatment interventions, and guiding the creation of customized
therapeutic strategies to enhance neurological care and protect against the adverse effects of seizures.
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1. Introduction

Seizures can be a distressing and worrisome experience for both the patient and their
caregivers. They are one of the oldest recognized medical conditions in the world. Written
records dating as far back as 4000 BCE document the existence of epilepsy [1]. In the United
States, approximately 1.2% of the population had active epilepsy in 2015, which translates to
about 3.4 million people nationwide. This includes 3 million adults and 470,000 children [2].
The risk of premature death in people with epilepsy is up to three times higher than in
the general population. A significant proportion of epilepsy-related deaths, especially in
low- and middle-income countries and rural areas, are potentially preventable, such as
those caused by falls, drowning, burns, and prolonged seizures [3]. In a cohort study, it
was found that over 70% of patients developed lasting remission from seizures. However,
the mortality rate in the long term was still twice that of the general population [4]. In recent
years, innovative therapies for epilepsy management have emerged, grounded in novel
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principles, supported by increasing clinical evidence, and showing promise for application
in diverse patient populations [5].

A seizure occurs when there is abnormal electrical activity in the brain, leading
to convulsions, loss of consciousness, or unusual movements. Parents and guardians
need to recognize the signs and symptoms of a seizure, such as blank stares, jerking
movements, or sudden unawareness [6]. Although seizures can have different causes like
fevers, epilepsy, or head injuries, it is essential to seek medical attention from healthcare
professionals for proper diagnosis and management [7]. By providing appropriate care and
understanding, people with seizures can lead fulfilling lives with the necessary support to
manage their condition effectively. Henceforth, it is imperative to delve into studying this
condition to broaden our comprehension so that we may offer adequate care—which forms
the core purpose of this paper.

In general, during a seizure, when the body shakes, several intricate physiological
changes occur in the brain. These changes are caused by abnormal and synchronized
electrical activity within the neural networks of the brain [8]. Seizures involve excessive
and disorganized firing of neurons, leading to disruptions in motor function, sensory
perception, and cognitive processes [9]. The impact on various regions and functions of the
brain during shaking episodes is complex. Unfortunately, clinical studies have shown that
refractory seizures occurring early in life can have significant negative effects on cognitive
abilities despite treatment with antiepileptic medications [10].

Seizures are complex events marked by a sudden surge of electrical activity in the
brain, often characterized by neuronal hyperactivity [11]. This hyperactivity can cause a
widespread synchronization of neuron firing, disrupting the normal communication within
the brain, which can lead to motor symptoms such as shaking or convulsions [12,13]. One
of the areas often activated during these episodes is the motor cortex, the brain’s control
center for voluntary movements, which, when overstimulated, can result in involuntary,
exaggerated muscle contractions [14]. Additionally, the thalamus, crucial for relaying
sensory and motor signals, can experience functional disturbances during seizures, leading
to abnormal motor behaviors, including shaking [15]. The basal ganglia, which are involved
in motor control and movement coordination, can also be activated during a seizure,
further contributing to the lack of motor control and involuntary movements typical of
shaking episodes [16]. While the hippocampus does not directly cause shaking, it is critical
for memory and spatial navigation and its involvement in seizures can lead to cognitive
disturbances [17]. Seizures also disrupt the brain’s typical electrical patterns, creating highly
synchronized brain waves that contribute to the physical manifestations [18]. The intense
neuronal activity of seizures requires a high consumption of energy, which can change the
brain’s metabolism, potentially causing fatigue or confusion afterwards [19]. Moreover,
an imbalance in neurotransmitters, the brain’s chemical messengers, can occur during a
seizure, contributing to a variety of effects, including those affecting motor function [20].
Consequently, during a seizure with shaking episodes, the brain undergoes a cascade of
physiological changes affecting different brain regions and neural networks [21], leading to
motor manifestations, altered perception, cognitive effects, and other symptoms associated
with seizures [22]. The specific effects vary widely and are heavily dependent on the
seizure’s type and location in the brain [23].

A collection of scholarly articles described below delves into the physiological effects
of seizures on the brain during episodes of shaking, providing valuable insights into the un-
derlying mechanisms. A study by Blumenfeld et al. used single-photon-emission computed
tomography to examine how blood flow patterns in the brain change during generalized
tonic—clonic seizures [24]. The results indicated that certain regions of the brain, including
the superior medial cerebellum, thalamus, and basal ganglia, showed increased blood
flow during seizures. These findings suggest that these areas may play a role in the motor
symptoms associated with seizures. In a recent study by Brodovskaya et al., researchers
investigated the activation patterns of neurons in the basal ganglia during seizures origi-
nating from the frontal lobe and leading to bilateral tonic—clonic movements in rats [25].
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The results indicated significant neuronal activation within various regions, including the
striatum, globus pallidus externus, subthalamic nucleus, and substantia nigra during these
seizures. Moreover, there was a notable preference for D2 dopamine receptor neurons in
the indirect pathway of the basal ganglia. These findings contribute to our understanding
of how the basal ganglia are involved in motor disturbances associated with seizures. In a
study conducted by Canas et al., the focus was on examining the impact of adenosine
A2A receptors (A2AR) in hippocampal neurodegeneration caused by convulsions, using
an animal model of temporal lobe epilepsy [26]. The results indicated that there was a
rapid increase in A2AR levels within glutamatergic synapses, which resulted in synaptic
damage, diminished synaptic plasticity, and loss of neurons. These findings propose a
potential association between adenosine receptors and the occurrence of seizure-induced
neurodegeneration. A study conducted by DeSalvo et al. in 2010 investigated the changes in
brain activity during bicuculline-induced tonic—clonic seizures in rats using blood oxygen
level-dependent (BOLD) fMRI signals [27]. The results revealed that there were noticeable
alterations in the cortex, brainstem, and thalamus with increased BOLD signals, whereas a
decrease was observed in the hippocampus. These findings emphasize how tonic—clonic
seizures primarily affect specific regions of the brain. Another study investigated how
seizures contribute to neuronal damage and cell death after mild traumatic brain injury [28].
By inducing seizures in rats using a low dose of PTZ, researchers observed an increase
in the number of apoptotic cells in the TBI+PTZ group. Molecular analysis showed that
the mitochondrial and caspase-related apoptotic pathways were activated, possibly as
a result of GABAergic disinhibition. These findings suggest that seizures could worsen
neuronal loss in different areas of the brain. The Green et al. study conducted research
on the effect of convulsions on GABA release by examining brain slices from rats that
were exposed to electroconvulsive shock or flurothyl [15]. The findings revealed that
convulsions resulted in a decrease in potassium-evoked GABA release across different
regions of the brain. These findings offer important information about how inhibitory
neurotransmission is influenced during seizure activity. The reviewed scholarly articles
collectively shed light on the intricate physiological effects of seizures on the brain during
episodes of shaking. These studies enhance our understanding of the neural mechanisms
underlying seizure-related motor manifestations, neurodegeneration, and alterations in
neurotransmitter release. Such insights have implications for advancing our knowledge of
epilepsy and potentially developing targeted interventions for seizure management.

The cerebrospinal fluid (CSF) has a crucial role in protecting the brain. It serves as a
cushion or buffer, providing basic mechanical and immunological protection to the brain
inside the skull [29]. During seizures, there may be abrupt and severe movements, which,
if unbuffered, could lead to brain damage [30]. The CSF helps in dissipating these forces
and reducing the risk of brain injury [31]. In the context of this study, smoothed particle
hydrodynamics (SPH) in combination with high-order finite element method (FEM) were
used to simulate the behavior of CSF during seizures or shaking episodes. SPH can offer a
comprehensive understanding of how force is distributed within the CSF and transmitted
to the brain, improving our knowledge of how CSF dynamics can affect different areas of
the brain during seizures. It is important to note that although CSF provides some level
of protection, seizures can still lead to physiological changes and have various impacts
on the brain [32]. The specific effects may vary depending on factors such as seizure type,
intensity, and location within the brain; however, these aspects were not examined in this
study. Overall, this study highlights the role of CSF in mitigating brain damage during
seizures and the potential of SPH simulations to provide insights into CSF dynamics and
its impact on brain protection.

2. Methods

Various simulation methods are utilized to investigate the dynamics of CSF. Two
commonly employed techniques include SPH and FEM. SPH is a computational approach
often used in fluid dynamics, enabling detailed simulations of complex free surface flows.
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This method provides valuable insights into the interaction between the brain and CSF
under different conditions, making it especially relevant for biomedical research involving
intricate fluid—structure interactions (FSI) within the human body [33,34]. On the other
hand, FEM offers another popular avenue for simulating CSF dynamics by numerically an-
alyzing structural aspects as well as fluid and air flow phenomena. Thanks to its adaptable
nature in dealing with complicated geometries and boundary conditions, this method can
effectively simulate CSF movement within real human brains [35]. Computational fluid
dynamics (CFD) is a commonly used numerical method. It is a computational method
to analyze and simulate the behavior and interaction of fluids with various surfaces or
structures, or within themselves. CFD provides detailed insights into the flow patterns,
pressure distributions, turbulence, and thermal characteristics of fluid systems. In this
context, CFD is instrumental in our understanding of cerebrospinal fluid dynamics within
the brain, allowing us to assess the complex interactions between the fluid and the solid
tissues during pathological conditions such as seizures. Various techniques are employed
depending on the research question at hand. Multiphase models capture different phases
within the CSF mixture, while porous media models represent CSF flow through brain
tissue as a porous material. The immersed boundary method handles deformable bound-
aries and complex geometries encountered in brain and CSF motion [36]. In our study, we
utilized SPH methodology combined with higher-order FEM to maintain the complexity of
brain structures during simulations.

2.1. Smoothed Particle Hydrodynamics

Smoothed particle hydrodynamics is a computation technique used in the field of
fluid dynamics (Figure 1). This mesh-free method is notable for its capability to simulate
complex free surface flows and has found extensive application in various biomedical
fields, particularly in the investigation of health conditions associated with the brain. One
of the key aspects of using SPH in biomedical research is the ability to model complex
FSIs within the human body. In the context of brain injuries, SPH has been instrumental in
enhancing our understanding of the interaction between the brain and the cerebrospinal
fluid under various loading conditions.

;.'*.‘%\‘/'Kernel Function W = (|r; — r/-|,h)
o® 0. i. /Domain Q

‘/‘\/Inﬂuence Domain of Particle iy,
1

Reference Particle iy,

___________

Influenced Particle jy,

Figure 1. Smoothed-particle hydrodynamics kernel approximation.

Figure 1 showcases the core concepts of the SPH method, where the key elements are
(a) particles illustrated as points or circles scattered within a domain, representing discrete
elements of the fluid; (b) the influence domain, which is the region around a reference
particle within which other particles exert influence on the reference particle’s properties; (c)
a kernel function (W), which is the central element of SPH characterizing how the properties
of particles are smoothed over space; (d) the kernel radius (h), which is the range or extent
of the kernel function’s influence around a particle; (e) a reference particle (particle it"),
which is the focal particle, whose properties are being influenced by neighboring particles;
(f) influenced particles (particle j*), which are the particles contributing to the properties
of the reference particle within its influence domain; and (g) rij, which is a vector or line
indicating the distance between two particles (i and j), which plays a role in calculating the
influence of particles on each other.
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The CSF, present within the subarachnoid space and other cavities inside the brain,
plays a crucial role in both protecting the brain from trauma and maintaining its physiologi-
cal functions. SPH simulations can provide comprehensive insights into the behavior of the
CSF during an impact or shaking condition, which might occur during a motor accident or
a seizure episode.

Under the conditions of a traumatic brain injury, for instance, the detailed simula-
tion of FSIs by SPH can help investigate the pressure distribution within the CSF and its
transmission to the brain. This involves substantial deformation and movement of the
brain within the skull, which can cause brain injuries. In the case of seizures and related
shaking episodes, the SPH method enables researchers to understand better how the abnor-
mal neuronal activity impacts the CSF dynamics and movement and subsequently affects
different regions of the brain, such as the cerebrum, cerebellum, brain stem, and others.
By promoting a more vivid depiction of these intricate FSIs, SPH simulations can con-
tribute valuable insights about the underlying mechanisms of brain injuries, which may be
pivotal in designing advanced therapies or preventive methods. Thus, SPH serves as an
essential tool in biomedical applications, providing an in-depth investigation of complex
health conditions and significantly enhancing our understanding of brain injuries and their
relationship with CSF dynamics.

2.2. Geometrical Model

In this study, a detailed geometrical model is employed to simulate FSI within the brain.
Hence, this model takes into account the dynamic relationship between the brain tissue
and CSF. The geometrical model used in this study incorporates intricate features found in
real brains, including gyri and sulci, which are the characteristic folds and grooves on the
brain’s surface (Figure 2). Numerous current models discussed in academic sources opt to
streamline particular elements, for instance by omitting realistic anatomical characteristics
like sulci and gyri or neglecting the representation of the fluid domain (cerebrospinal fluid)
and substituting it with solid elements [37]. In contrast, this model prioritizes precision by
maintaining a more intricate level of anatomical detail and utilizing an FSI method.

For the reader’s convenience, we reiterate information on the five distinct anatomical
structures utilized in this model, as detailed in our prior publications, e.g., [38]. These
structures include the skull, cerebrum, cerebellum, pituitary gland, and brainstem, each
having unique material properties. The patient-specific model is based on Digital Imaging
and Communications in Medicine (DICOM) images obtained from an online database.
However, it should be noted that certain anatomical features are missing from this model,
such as the skin, spinal cord, meninges, and arachnoid granulation. In terms of material
properties, the skull is assigned rigid characteristics with a density of 1900 kg/ m3 [39].
On the other hand, studies examining the macroscopic physical properties of the brain
indicate that it behaves as a viscoelastic material [40]. Therefore, the cerebrum, cerebellum,
pituitary gland, and brainstem are simulated using a nonlinear elastic constitutive material
model. The material properties for these structures are based on the literature [41-44].
The number of tetrahedral elements used to model each structure are as follows: 96,385
for the cerebrum, 40,808 for the cerebellum, 18,634 for the pituitary gland, and 310 for
the brainstem. The CSF is modeled with a bulk modulus of 21.9 GPa and a density of
1000 kg/m3 [45]. The subarachnoid space between the skull, brain, and other internal
cavities like the ventricles is filled with more than 146,000 fluid particles in this model.
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Cerebrum

Pituita;ry

Figure 2. Detailed representation of the comprehensive human brain model showing structures such
as the cerebrum, cerebellum, pituitary gland, and brainstem. The skull and the cavities filled with
fluid particles, including the subarachnoid space, are also depicted. Half of the skull is selectively
removed in the lower-left portion of the image for enhanced visualization.

Moreover, this model also includes two separate hemispheres, replicating the asym-
metry observed in actual brains. By considering the distinct properties and interactions
between the left and right hemispheres, the model provides a more comprehensive under-
standing of the FSI dynamics within the brain. Furthermore, the subarachnoid space, which
surrounds the brain, is filled with fluid particles in this model. This includes the ventricles,
where the CSF is produced in real brains [46]. By incorporating the fluid particles within
the subarachnoid space and ventricles, the model enables the investigation of CSF flow and
its impact on the surrounding brain tissue.

It is worth noting that many competing models often simplify the interactions within
the brain by considering the CSF as a deformable solid, neglecting the essential FSI. By con-
trast, this model recognizes the crucial role of FSI in accurately representing the dynamics
of the brain. Additionally, other simplified geometrical models used in previous studies
lack the real-life complexity of the brain. They often omit the inclusion of gyri, sulci,
separate hemispheres, and other anatomical features. In contrast, this model embraces the
complexity of the brain’s geometry, ensuring a more realistic representation and a deeper
understanding of the FSI within the brain.

Having separate and distinct models for different parts of the brain enables us to
prescribe detailed material properties to each region individually. This approach acknowl-
edges the fact that different brain regions possess unique characteristics and behaviors.
By assigning specific material properties to each region, such as the gyri, sulci, and sep-
arate hemispheres, we can capture the diverse mechanical responses and functionalities
exhibited by these areas. For example, certain regions may have different stiffness or
viscoelastic properties, reflecting their distinct anatomical composition and physiological
functions [47,48]. This level of granularity in material properties allows for more accurate
simulations and predictions of brain behavior. It enables researchers and clinicians to study
how different regions of the brain respond to external forces, such as trauma or surgery,
and how such interactions can influence overall brain function.

Moreover, this approach also opens up possibilities for personalized medicine and
treatment planning. By tailoring material properties to specific brain regions, clinicians
can simulate and analyze the effects of interventions or therapeutic strategies on different
parts of the brain individually. This level of precision can aid in optimizing treatment
approaches, minimizing potential risks, and maximizing the desired outcomes for patients.
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Having separate and distinct brain models with detailed material properties for each region
enhances our ability to capture the complexities of brain mechanics. It allows us to study
the unique behaviors of different brain regions and provides a foundation for developing
personalized treatment approaches in the field of neurology and neurosurgery.

2.3. Boundary Conditions

For this study, we utilized a sophisticated toddler-sized mannequin model that is
commonly used in medical colleges and simulation centers. This specific mannequin is
frequently employed by students to practice different patient interventions, including the
management of seizures. To capture data throughout our experiments, we installed sensors
on the mannequin capable of recording velocities, accelerations, and Euler angles over
specific time intervals (Figure 3). These recorded values were wirelessly transmitted via
Bluetooth to avoid any interference caused by cables that could potentially impact the
performance of the mannequin. The captured data can be found in detail in the ‘Results’
section below. Subsequently, we prescribed the acceleration values to the skull in our

computational simulations.
Pitch Roll
-'g
Ser\sor

Figure 3. Illustration of pitch, roll, and yaw relative to a patient in both supine and sitting positions.

The sensors used are called the Movella DOT Sensors (Movella, Inc., Henderson,
NV, USA), which are part of a wearable sensor development platform. This platform
incorporates a state-of-the-art signal processing and sensor fusion framework that has been
optimized for human movement applications. The Movella DOT utilizes Bluetooth low-
energy (BLE) technology and comes with a software development kit (SDK). The Movella
DOT consists of an inertial measurement unit (IMU) that includes an accelerometer to
measure acceleration, a gyroscope to measure rotational speed, and a magnetometer to
measure the magnetic field. These components collect individual data, which can be
combined through sensor fusion algorithms to calculate the orientation accurately.

Overall, the utilization of the advanced mannequin coupled with the Movella DOT
sensors has allowed us to collect accurate and reliable data on motion-related parameters.
This combination of advanced technology and wearable sensors offers tremendous potential
for further advancements and applications in the field of medical simulation and beyond.

2.4. Validation

In a previous study, we employed this geometric model and computational approach to
replicate coup and contrecoup brain injuries [38]. To verify the accuracy of this methodology
along with the geometrical model, we compared our simulation results to experimental
cadaver tests conducted by Nahum et al. [49]. These cadaveric tests involved applying
an impact impulse to the frontal lobe of human specimens and measuring the resulting
pressure responses in the cerebrospinal fluid for comparison with our computational
simulations.

We observed a strong correlation between our simulation results and the cadaver
data for the coup response. The contrecoup computational pressure response was slightly
elevated compared to the observed values in the cadaver data. However, this difference
can be attributed to variations in patient-specific geometries used during the simulation,
as contrecoup is a secondary reaction more prone to these variations. Nevertheless, both
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Acceleration [m-s~2]

coup and contrecoup pressure responses from our computational model aligned well with
the experimental findings, affirming successful validation efforts.

Additionally, we have performed sensitivity analyses using both broader and coarser
meshes, as well as varying the number of fluid particles representing the CSF. Hence, we
have considered the potential impact of both the mesh refinement and fluid particle density
on the results. Specifically, we have systematically increased and decreased the number
of mesh elements and fluid particles by 10%. Upon evaluating the results, we observed
notable differences between the broader meshes and the meshes that were utilized to obtain
the results presented in this study. However, there was only negligible difference between
the meshes (and number of fluid particles) we used and the coarser meshes (and higher
number of fluid particles). By performing these sensitivity analyses, we aimed to ensure
the robustness and reliability of our findings.

Our investigations diverge from many existing studies in the domain of brain biome-
chanics, which often utilize purely structural approaches for their simulations. The common
practice of approximating cerebrospinal fluid with structural elements neglects the FSI that
is crucial for understanding the complex dynamics between the CSF and the brain’s solid
tissues [50]. The unique implementation of FSI methods in our study allows us to capture
this interaction more realistically, providing a more accurate depiction of the mechanical
stress exerted on the brain tissue during seizure episodes. Furthermore, unlike the simpli-
fied geometric models that are frequently employed in the field [50,51], which often treat
the brain as a uniform mass, our advanced model incorporates the distinct anatomical
features of the brain, including gyri and sulci, and represents the brain as two individual
hemispheres. This higher level of anatomical detail enables a more nuanced analysis of
the biomechanical response of different brain regions during seizures. While direct com-
parisons with other studies are challenging due to these methodological advancements,
our results indicate that incorporating detailed FSI models should be a priority for future
research to enhance our understanding of seizure mechanics and their implications for
brain health.

3. Results

The acceleration measurements during a simulated seizure are depicted in the graph
shown in Figure 4. The recorded acceleration values vary between approximately —4 m-s~2
and +6 m-s—2 in the x, y, and z directions. Within this range of values, there are three
distinct peaks observed at intervals of around one second. It is clear from the data that
the highest magnitudes of acceleration occur in the y direction when compared to the x
and z components. This indicates that during the seizure, there was a significant “pitch’
movement, as illustrated in Figure 3.

0.0 0.5 1.0 15 2.0 2.5 3.0 35
Time [ms]

Figure 4. Acceleration values (in x, y, and z directions) measured with sensors placed on a simulation
mannequin with the seizure function.

Figure 5 illustrates the movement of the brain relative to the skull during head acceler-
ations commonly observed in seizures (see Figure 4). The graph presents scaled distances
between the skull and brain at six different locations over time. These measurements have
been adjusted based on their initial values before the seizure (T = 0 ms). When the values
exceed one, it signifies an increase in separation between the brain and skull, whereas a
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value below one denotes a decrease in distance. Despite experiencing oscillatory acceler-
ation patterns (also depicted in the graphs), the fluctuations in brain-skull distances are
relatively smaller due to CSF’s cushioning effect.
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Figure 5. Scaled distance values (scaled by the respective distances in the initial state, i.e., before the
seizure) between the skull and brain in six different locations. Hence, when the black line is above
one, it indicates an increase in distance between the brain and skull, while a value below one denotes
a decrease in distance compared to the initial value.

Based on the analysis of Figure 5, several conclusions can be drawn. For example, in the
posterior region, all scaled distance values over time are less than one (i.e., decreasing),
while most values in the anterior region exceed one (i.e., increasing). This suggests that the
brain moves backward relative to the skull. Additionally, both hemispheres show similar
curve patterns in the posterior section, suggesting that they are equally influenced by the
prescribed seizure-induced accelerations of the head. Furthermore, an overall leftward
shift of the brain with respect to the skull can be deduced from the increase in distance
measured in the right hemisphere and decrease in distance measured in the left hemisphere.
Moreover, while both hemispheres display similar curve patterns in the posterior region,
there is no such similarity noticed in the anterior section, signifying distinct deformations
between the left and right hemispheres at this particular location.

Understanding the distribution and magnitude of contact pressure and stress on
different regions of the brain during acceleration is crucial for assessing the potential
impact on brain health and injury prevention strategies. In this study, different aspects of
the brain’s response to the simulated seizure are demonstrated using the following three
calculated results. (1) Contact Pressure: This is the amount of force per unit area exerted
at the interface between two contacting bodies. In the context of this study, this refers
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to the pressure that is exerted where the cerebrospinal fluid comes into contact with the
brain. (2) Effective Stress: In the context of poroelasticity, effective stress is the stress that
is borne by the solid phase of a porous material, which in this study is the brain tissue.
It is the difference between the total stress and the pore pressure, taking into account the
influence of the fluid pressures (from CSF) in the pores of the material. (3) Maximum
Shear Stress: Shear stress is the measure of the force per unit area that is exerted parallel
or tangent to the face of an object or a material. The maximum shear stress is the highest
value of this stress that a material experiences. In this study, it represents the greatest shear
stress exerted on the brain due to interactions between the CSF and the brain during the
simulated seizure event.

The highest levels of contact pressure resulting from the movement of fluid particles
around the brain, as shown in Figure 6, are primarily observed on the posterior sides of
the gyri and brainstem following both the initial and third acceleration peaks. Similarly;,
according to the color map indicating effective stress values, significant stress is exerted on
different areas of the brain after both accelerations; however, notably high-stress values
occur specifically within the brainstem and the posterior regions of the gyri (Figure 7).
Again mirroring trends seen with contact pressure and effective stress, when calculating
maximum shear stress values exerted on the brain, elevated levels can be observed primarily
within the brainstem (Figures 8 and 9). Notably, these elevated values seem to be more
pronounced on the left side of the brainstem (Figure 8) than on the right side (Figure 9),
indicating an asymmetry in exerted stress on the brain.

At Peaks

Between Peaks

T=15ms T=25ms T=35ms

Figure 6. Images of left hemisphere with color map denoting the contact pressure between the fluid
and solid domains ranging from 0 MPa (blue) to 4 MPa (red).
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Figure 7. Images of left hemisphere with color map denoting the effective stress exerted on the brain
due to the FSI between the CSF and brain ranging from 0 MPa (blue) to 3 MPa (red).
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Figure 8. Images of left hemisphere with color map denoting the maximum shear stress exerted on
the brain due to the FSI between the CSF and brain ranging from 0 MPa (blue) to 5 MPa (red).



Brain Sci. 2024, 14, 323

12 of 19

w0
R/
«
(]
o
<
T=21ms
wn)
R/
o
o]
o
=
o
2
9]
M b
T=15ms T=25ms T=35ms

Figure 9. Images of right hemisphere with color map denoting the maximum shear stress exerted on
the brain due to the FSI between the CSF and brain ranging from 0 MPa (blue) to 5 MPa (red).

To reiterate, Figure 5 presents a detailed graphical representation of the fluctuations
in distances between the brain and the skull at six different positions over a span of time
during a simulated seizure. These distances have been scaled against their initial values
before the seizure (T = 0 ms). A value of one indicates no change in the distance, while a
value greater than one signifies an increase in separation, and a value less than one indicates
a decrease in separation. In the posterior region of the brain, all scaled distance values over
time are less than one, indicating a decreasing distance. In the anterior region, most values
exceed one, signifying an increasing distance. This suggests that the brain tends to move
backward relative to the skull during the simulated seizure. Both hemispheres show similar
patterns in the posterior region, which is an indication that they are equally affected by the
head accelerations caused by the seizure. However, in the anterior region, no such similarity
is observed, which implies distinct deformations between the left and right hemispheres at
this particular location. Moreover, the graph also suggests an overall leftward shift of the
brain relative to the skull, as indicated by the increase in distance measured in the right
hemisphere and the decrease in distance measured in the left hemisphere.

Figures 6-9 in this study present different aspects of the brain’s behavior during
simulated seizure episodes. Figure 6 illustrates the contact pressure between the fluid and
solid domains of the brain during seizure episodes, showing this pressure in a range from
0 MPa (blue) to 4 MPa (red). The highest contact pressures occur primarily on the posterior
sides of the gyri and brainstem. Figure 7 presents the effective stress exerted on the brain,
which is a result of the FSI between the cerebrospinal fluid and the brain. The stress
values range from 0 MPa (blue) to 3 MPa (red), with the highest levels observed in the
brainstem and the posterior regions of the gyri. Figure 8 shows the maximum shear stress
exerted on the left hemisphere of the brain. The color map illustrates this shear stress from
0 MPa (blue) to 5 MPa (red). Notably, the figure highlights higher stress values primarily
within the brainstem. Meanwhile, Figure 9 displays the same parameter (maximum
shear stress) interpreted for the right hemisphere of the brain. The stress levels show a
similar distribution to the left hemisphere except for the brainstem, where lower levels
are observed. These figures collectively suggest that during simulated seizures, the brain
experiences significant contact pressure, effective stress, and shear stress, predominantly in
the brainstem and posterior regions of the gyri.
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4. Discussion

The collective insights from recent studies demonstrate the promise of innovative and
complementary research in developing more precise and effective management approaches
for epilepsy. Recent advancements in seizure management highlight the importance of a
multidisciplinary approach, integrating findings from various research studies. According
to Nurimanov et al., targeted embolization has shown effectiveness in improving seizure
outcomes for patients with brain arteriovenous malformations, suggesting that interven-
tional radiology can play a key role in epilepsy treatment [52]. In searching for predictive
tools, Bronisz et al. identified serum proteins associated with blood-brain barrier function
as potential biomarkers for seizure anticipation, offering a predictive edge in preventing
seizure onset [53]. On a pharmacological note, Pier6g et al. investigated the effects of
ellagic acid on seizure threshold, revealing its potential as an adjunct therapy in seizure
management [54]. Maher et al. delved into the correlation between brain structure and
function to unravel connectivity patterns preceding seizures, thus providing a blueprint for
targeted therapeutic interventions [55]. Finally, the work of Arocha Pérez et al. focused on
the semiology of seizures and cerebral perfusion patterns in drug-resistant focal epilepsies,
contributing to a better understanding of neural network dynamics in epilepsy [56]. These
insights together fortify our approach to epilepsy, encouraging a synthesis of interventional,
preventative, pharmacological, and analytical research.

The asymmetry of the brain and skull in all dimensions makes it challenging to accu-
rately measure the movement of the brain relative to the skull during complex acceleration
or deceleration. Computational analysis, as shown in this study, is necessary for under-
standing these movements. Our work’s strength lies in applying SPH simulations in
combination with high-order FEM to study CSF’s behavior during seizures. This method
advanced our understanding of how force within the CSF is distributed and transmitted
to the brain regions during seizures, essential for developing targeted interventions in
neurology. This study reveals notable stress levels present in the brainstem, which can lead
to symptoms such as dizziness or impaired motor function. In severe cases, paralysis, coma,
or even death may occur [57]. Therefore, individuals who regularly experience seizures
should take precautions by strengthening their neck area to safeguard against potential
injuries to the brainstem.

The CSF surrounding our brain serves the important function of cushioning the brain
from external blows. However, it is important to note that the CSF is primarily meant to
protect against a single blow. This is because our bodies have evolved to protect the brain
from simpler outside forces, such as being run over by an animal, being hit by primitive
weapons like spears or clubs, or falling from a rock. In modern times, we often encounter
more complex injuries, such as those resulting from automotive accidents. The CSE, unfor-
tunately, lacks the ability to adequately protect our brains when we experience multiple
episodes in quick succession, one after another. This is because the fluid surrounding
our brain cannot keep up with the rapid changes in the velocity (i.e., acceleration and
deceleration) of the skull when exposed to such complex loading conditions. Our bodies
have evolved to withstand and protect against certain types of forces, but the increasing
complexity of our modern environment has introduced new challenges. The CSF’s pro-
tective function, while effective against single blows, may not be sufficient to mitigate the
effects of multiple traumatic events occurring in quick succession.

It is important to recognize these limitations and explore ways to enhance brain
protection in situations involving complex loading conditions. By understanding the
biomechanics of the brain and the limitations of the CSF, researchers and medical profes-
sionals can work towards developing improved strategies for brain protection and injury
prevention in various scenarios, including automotive accidents and other high-impact
situations. Hence, the CSF serves as a natural cushion for the brain, primarily protecting
against single blows. The evolving nature of our environment and the introduction of
more complex injuries necessitate further research and advancements in brain protection to
address the limitations of the CSF in scenarios involving multiple traumatic events.
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Our study has shed light on the complex physiological changes that occur in the brain
during seizures, providing vital understanding of the mechanical interactions within the
brain’s structural network. The simulations undertaken in this study demonstrated the
crucial role of the CSF in mitigating potential brain damage during seizures. However, they
also highlighted its limitations in protecting against multiple traumatic events occurring
in quick succession. Interestingly, we noticed that during simulated seizures, the brain
experienced significant contact pressure, effective stress, and shear stress, predominantly
in the brainstem and posterior regions of the gyri. Furthermore, there was a significant
backward relative movement of the brain to the skull, emphasizing the abrupt brain
movement magnitude during a seizure. The leftward shift skewness of the brain is a key
finding and needs further investigation to understand better its long-term neurological
implications. Nonetheless, the generalizability of these findings may be constrained due to
the simulation nature of this study.

The intricate changes underscore the need for robust protective mechanisms during
high-impact scenarios like seizures. These findings indicate areas for improvement in
existing seizure management strategies and give impetus to explore enhanced protective
mechanisms during seizure episodes. This calls for further improvement of our understand-
ing of brain biomechanics and developing better seizure management strategies. Further
research could explore strategies for enhancing CSF protection; understanding metabolic
changes due to increased energy consumption during seizures, the role of neurotransmitter
imbalance, and its effects; and broadening the scope to include other types of seizures and
demographics. Ultimately, with these insights and advancements, we foresee a beneficial
impact on personalized neurology and neurosurgery. Our study accentuates the need for
interdisciplinary research, combining inputs from neurology, biomechanics, and compu-
tational biology. This will afford a fundamentally sound landscape to devise therapeutic
procedures and ensure healthy lives for individuals experiencing seizure episodes.

Considering recent studies that have underlined the importance of intracranial com-
pliance as a valuable clinical and engineering measure for evaluating a wide range of
brain disorders [58], it is suggested that the field would benefit from research that builds
upon our current methodology. For future studies, we recommend replicating the pro-
cedures presented in our paper with a focused aim to investigate the sensitivity and
impact of intracranial compliance on the assessment of parameters associated with seizures.
By integrating intracranial compliance as a variable in computational simulations and
experimental designs similar to those used in our study [59], researchers can gain more
nuanced insights into how this compliance affects brain dynamics during seizure episodes.
This approach will not only refine our understanding of the mechanical interactions within
the brain’s structural network but can also inform the development of new diagnostics and
treatment strategies that accurately account for intracranial compliance, further enhancing
patient care for those with seizure disorders.

It is widely acknowledged among medical professionals that no two seizures are alike.
Each seizure presents with unique characteristics, such as varying durations, the presence
or absence of premonitory auras, and distinct post-seizure recovery times. Furthermore,
patients may experience different types of seizures, sometimes even within the same day,
further complicating the understanding of this complex phenomenon. Admittedly, it raises
concerns regarding this model’s ability to accurately replicate the multifaceted nature of
seizures. We do not claim to have captured the essence of all seizures; it is clear that this
model does not adequately encompass the diverse range of seizure types described in the
neurology literature. For example, the observed brain movements, which appear to push
the brain backward, are not consistent across various seizure types, such as tonic—clonic,
motor partial, sensory partial, and gelastic seizures. The findings and conclusions drawn
from this study are specific to the particular case examined and are not generalizable to a
larger population. The exact mechanisms underlying seizures in general remain unknown.

The simulations presented here have provided some initial insights into the biome-
chanical relationship between the brain and CSF during seizures. Notably, the transient
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increase in intracranial pressure and associated hemispheric swelling, phenomena charac-
teristic of severe seizure episodes such as status epilepticus [60], represent critical factors
that need to be integrated into the model. This would allow us to explore the buffering
capabilities of CSF under such conditions. Although this model presents a step towards
understanding the FSI during seizure events, we recognize that the complexity of these
interactions requires further refinement of our simulations. By advancing our model to
better align with the physiological realities observed in clinical settings, we aim to provide
a more detailed representation of the CSF’s role as both a shock absorber during acute
increases in intracranial pressure and a potential mitigator of brain tissue deformation.
The insights gained from these improved simulations could be instrumental in enhancing
patient-specific management strategies for those affected by seizure disorders.

Similarities in how the brain responds to different types of trauma—one caused
by internal electrical disturbances and the other by external mechanical forces—can be
identified by comparing this study on the effects of seizures on brain dynamics with one
analyzing brain dynamics in, e.g., shaken baby syndrome [61]. Both the study of the impact
of seizures on brain dynamics and a study analyzing brain dynamics in cases of abusive
head trauma are concerned with the biomechanical responses and injuries that result
from traumatic forces exerted on the brain. In the context of a seizure, stress and strain
can result from the convulsions caused by abnormal electrical activity, whereas abusive
head trauma involves direct physical forces causing rapid acceleration and deceleration
of the head and brain. Both situations lead to complex physiological responses within
the brain structure, including changes in CSF behavior, potential disruption of neural
networks, and exertion of shear stress and contact pressure on brain tissues. Understanding
the biomechanical effects in both scenarios is crucial for developing protective strategies,
improving diagnostic techniques, and creating more effective treatment plans to mitigate
long-term damage to the brain. While the causes of the brain dynamics in each case
differ—one being internal and electrical, the other external and mechanical—the study
of their impacts can yield insights into the brain’s response to different types of trauma
and the role of CSF in protecting the brain under such stress. Research into these varied
traumatic events is instrumental to understanding the resilience and vulnerability of the
brain’s structure and functions. It allows for the creation of enhanced protective equipment,
like helmets for military personnel when their brains are exposed to the intense pressures
from military blasts [62,63], the refinement of child safety protocols to prevent abusive head
trauma, and the advancement of medical interventions to better manage seizure disorders.
The aim remains consistent across studies: to minimize injury and optimize outcomes for
those who have suffered or are at risk of brain trauma.

5. Conclusions

This study presents valuable insights into the role of CSF in cushioning the brain
during seizure-induced shaking episodes and highlights the bedrock of physiological
changes occurring in different parts of the brain. Our investigation, using SPH-FEM
simulations, offered a comprehensive view of how force is distributed within the CSF, thus
affecting different brain areas. We found significant stress levels, contact pressure, and shear
stress exerted on the brain during simulated seizures, with maximum prominence in the
brainstem and posterior regions of the gyri. Moreover, our results indicate a noticeable
movement of the brain relative to the skull during seizures, primarily towards the posterior
side, highlighting the significance of abrupt brain movements during such events.

Furthermore, our analysis brought attention to the limitations of the CSF, which mostly
protects the brain against single blows. In our evolving, complex environment, the increase
in incidents involving multiple successive traumas, such as car accidents, necessitates
rethinking ways to enhance brain protection. These findings underline the importance of
improving our understanding of brain biomechanics, developing better seizure manage-
ment strategies, and enhancing protective mechanisms during high-impact scenarios. More
so, it emphasizes the potential of computational simulations in predicting the biophysiolog-
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ical responses of the brain, ultimately guiding the advancement of personalized neurology
and neurosurgery interventions.
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