NATIONAL TECHNICAL UNIVERSITY OF ATHENS
SCHOOL OF ELECTRICAL AND COMPUTER ENGINEERING
SCHOOL OF MECHANICAL ENGINEERING

INTERDISCIPLINARY POSTGRADUATE PROGRAMME
“Translational Engineering in Health and Medicine”

3D Simulation of Drug Concentration Profiles in the Brain
Using a Multi-Injection Site Microcatheter

Postgraduate Diploma Thesis

NIKOLETTA PAPAZISIMOU

Supervisor: Dr Nikos Chronis,
Professor in School of Chemical Engineering,
National Technical University of Athens

Athens, October 2025



TRNE;,

£9

/),
¥2.0,
)
L‘.n%
g
5 gl
Bl
3

& \‘ S 28
“w °
51l
e YA
V. =liwm

S5 s 3 [

|

NATIONAL TECHNICAL UNIVERSITY OF ATHENS
SCHOOL OF ELECTRICAL AND COMPUTER ENGINEERING
SCHOOL OF MECHANICAL ENGINEERING

INTERDISCIPLINARY POSTGRADUATE PROGRAMME
“Translational Engineering in Health and Medicine”

3D Simulation of Drug Concentration Profiles in the Brain
Using a Multi-Injection Site Microcatheter

Postgraduate Diploma Thesis

NIKOLETTA PAPAZISIMOU

Supervisor: Dr Nikos Chronis,
Professor in School of Chemical Engineering,
National Technical University of Athens

The postgraduate diploma thesis has been approved by the examination committee
on 29 October 2025

1st member 2nd member 3rd member
Nikos Chronis Angelos Markopoulos George Kokkoris,
Professor, Professor, Associate Professor,
School of Chemical School of Mechanical School of Chemical
Engineering, NTUA Engineering, NTUA Engineering, NTUA

Athens, October 2025



Nikoletta Papazisimou

Graduate of the Interdisciplinary Postgraduate Programme,
“Translational Engineering in Health and Medicine”,
Master of Science,

School of Electrical and Computer Engineering,

National Technical University of Athens

Copyright © - (Nikoletta Papazisimou, 2025)
All rights reserved.

You may not copy, reproduce, distribute, publish, display, modify, create derivative
works, transmit, or in any way exploit this thesis or part of it for commercial
purposes. You may reproduce, store or distribute this thesis for non-profit
educational or research purposes, provided that the source is cited, and the present
copyright notice is retained. Inquiries for commercial use should be addressed to the
original author.

The ideas and conclusions presented in this paper are the author’s and do not
necessarily reflect the official views of the National Technical University of Athens.



Abstract

Malignant brain tumors represent a global health challenge due to persistent high
mortality rates following current treatment methods and despite significant progress in
biomedical technologies. Ineffective tumor treatment is primarily attributed to the
highly infiltrative nature of malignant cells, the selective permeability of the blood—brain
barrier (BBB), and the limitations of conventional treatment methods, which are often
unable to target residual malignant cells, leading to high recurrence rates. This challenge
is further amplified by the fact that advanced drug delivery therapies remain at early
stages of development and have not yet achieved substantial clinical efficacy.

Convection-Enhanced Delivery (“CED”) is an alternative treatment method
utilizing pressure-driven transport to directly infuse therapeutic agents to tumor
regions. CED achieves this by bypassing the blood—brain barrier, thus yielding higher
drug concentrations. Clinical implementation of CED remains limited due to the scarce
availability of empirical evidence, which is hard to obtain due to ethical and practical
considerations hindering brain experiments. Development of computational model
helps to overcome this challenge by providing a testing platform for simulating brain
processes.

The present thesis investigates whether pressure-driven convection dynamics are
more effective at achieving broader and more homogeneous drug distribution within
the brain tissue compared to fluid diffusion mechanisms. A comparative analysis of the
two mechanisms is conducted by simulating transport processes into a 3D brain
structure model. The brain geometry is generated based on real-life patient MRI input
using Python and simulation models are performed using the COMSOL Multiphysics
program. The thesis also presents parametric analyses of the computational models and
assesses the influence of key variables, including infusion pressure, diffusion
coefficients, injected drug concentration, injection depth, number of injection sites, and
tissue properties.

Based on the simulation results, the thesis investigation demonstrate that
convection-enhanced delivery substantially increases the volume of targeted tissue,
exposed to therapeutically significant drug concentrations when compared against
passive diffusion dynamics. Moreover, multi-site infusion methods achieve broader and
more homogeneous critical area coverage, highlighting their potential to improve
targeting of infiltrative tumor regions.

While the thesis provides strong in-silico evidence on the effectiveness of multi-
site CED, it does not intent to replace experimental or clinical validation. The thesis
conclusions are subject to several constrains, most importantly, the simplified
assumptions used as the framework for the simulations, which may not be
representative of real-life cases. This is due to the fact that idiosyncratic attributes of
each patient add an additional layer of complexity to the optimization of treatments,
something that generalized models do not effectively capture. To this extent, the



conclusions of this thesis investigation establish a framework for future research on
optimizing CED models for patient-specific computational simulations.

Keywords: Brain Tumors, Blood-Brain Barrier (BBB), Convection-Enhanced Delivery
(CED), Multi-Injection Site Microcatheter, COMSOL Multiphysics
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CHAPTER 1: INTRODUCTION
1.1 Background

Brain tumors represent one of the most complex challenges for the medical community,
due to the high lethality rate and the treatment obstacles that emerge from the brain structure
itself. Brain and Central Nervous System (“CNS”) tumors account for over 320,000 deaths
annually, with a mortality-to-incidence ratio of approximately 78%. [1], [2] Glioblastomas
(“GBM”) is a type of brain tumor which is notorious for its lethality, with the median survival
term estimated at approximately thirteen months. [3], [4] High mortality rates are the result of
several factors, including the difficulty of delivering therapeutic agents to the tumor cells.
Surgical solutions involve the resection of the tumor mass, however, despite the invasive nature
of such procedures, their efficacy remains low, as residual tumor cells can infiltrate deeply in the
surrounding tissue, leading to tumor recurrence. [5] Post-surgical treatments include
chemotherapy and radiotherapy, yet both treatments are limited in eradicating residual cells
effectively. Chemotherapy is limited due to spillover toxicity of chemical agents to healthy cells,
which restricts the extent to which it can be applied on patients before toxicity reaches
prohibitive levels. [6] Concurrently, the Blood-Brain Barrier (“BBB”), which shields the brain
from toxins and pathogens, prevents chemical agents from effectively penetrating brain
structures to reach the target tumor cells. [7]

To overcome the constrains emerging from the BBB, research has focused on several
non-invasive and invasive treatment methods. Non-invasive methods exhibit inconsistencies in
their efficacy, primarily due to the fact that they achieve limited drug dispersion. In contrast,
invasive methods, which focus on infusing drugs directly in the tumor region, achieve higher
effectiveness as they aim to bypass the BBB. The rationale of these methods lies in foundational
studies that have shown that utilizing convection forces can achieve much greater penetration
of drug -inhibited interstitial fluids within the brain tissue compared to passive diffusion
dynamics. [8],[9]

Convection-Enhanced Delivery (“CED”) is an invasive treatment method based on
delivering therapeutic drugs using intracerebral pressure-driven dynamics. To achieve this, CED
uses a catheter and a pump, at the post-surgical resection phase, to administer drug-infused
fluids directly into the target brain tissues, avoiding exposure of other healthy tissues. Empirical
evidence from experimental treatments has shown that CED has been effective against GBMs by
achieving increased homogeneity of the drug dispersion within the brain tissue. However,
studies also highlight that there are challenges that CED should overcome to become effective
and be recognized as an established treatment. One such challenge is determining the optimal
number of catheters/infusion points, which is crucial for coverage of the target area. A
suboptimal catheter number can lead to insufficient coverage which renders the whole process
void since tumor recurrence can originate even from the most isolated residual cell. Moreover,
there are challenges in the process of assessing the effectiveness of CED itself, as
experimentation on patients is subject to ethical and logistical constraints. [10], [11]
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Computational modelling helps researchers overcome this challenge by providing a
testbed for in silico investigations of brain drug delivery methods. The effectiveness of each
delivery method can be determined by modelling drug distribution behavior using anatomically
realistic brain models and incorporating the physical processes governing transport within the
brain structure (i.e., diffusion, convection, and tissue permeability). Recent studies have used
reconstructed brain models based on patient-specific MRIs. [9] This adds multiplicative value to
the use of computational modelling as drug delivery models can be tailored to individual
patients, allowing for the testing of scenarios that facilitate model parameter optimization and
minimize risks. In the CED context, patient-specific computational models can be used to
optimize drug infusion parameters by predicting the spatial dispersion of drugs under different
scenarios. This process helps assess the degree of CED’s effectiveness over other drug-diffusion
methods without requiring experimentation on patients. Ultimately, this thesis uses principles
and tools from the fields of biomedical engineering, computational modeling, and neuro-
oncology to show how CED can become more effective than other treatment methods, by
overcoming the BBB and achieving increased drug dispersion among tumor cells.

1.2 Research Objectives

The objective of this thesis is to examine whether CED can significantly improve drug
distribution in the brain compared to passive diffusion mechanisms. More specifically, this thesis
aims to test the hypothesis that CED via a multi-injection-site microcatheter is more effective at
achieving broader and more homogeneous drug dispersion than what the baseline models,
based solely on diffusion dynamics, predict. To test the hypothesis, this study will conduct
simulations utilizing the COMSOL computational modelling package. The simulations will use a
realistic human brain model (derived from MRI data) as the testbed input, in conjunction with
transport equations that include both diffusion and bulk flow mechanisms. Subsequently, the
study will compare the results of the CED infusion simulation against those of the purely
diffusive release to draw conclusions; the comparison will include the spatial extent of drug
penetration and concentration achieved. By achieving these objectives, this thesis ultimately
aims to draw conclusions on whether CED substantially overcomes the limitations of diffusion,
and to assess whether multi-site infusion points significantly enhance therapeutic coverage in
the brain. These conclusions are important to GBM treatment as they can provide a basis for
further research on CED as a viable treatment option.

1.3 Thesis Outline

This thesis is organized into six chapters, as outlined below:

Chapter 1: Introduction: Presents the background context of the research, the challenges of
drug delivery to brain tumors, the rationale for the CED method and computational simulations,
and the specific research objectives and scope of the thesis.

Chapter 2: Literature Review and Theoretical Background: References relevant literature on
brain tumor biology and treatment, including an overview of brain anatomy and tumor
pathology, current clinical approaches to brain tumor therapy, and drug delivery methods
including limitations arising from BBB.

12



Chapter 3: Materials and Methods: Describes the development of the computational models
utilizing COMSOL, use of inputs and parametrization, the simulation design and methodology,
and the parametric studies performed to examine the research objective.

Chapter 4: Results: Presents the results of the 3D simulations and a comparative analysis of
numerical and visual drug concentration metrics obtained under diffusion-only conditions
versus those obtained under pressure-driven convection (using both single-site and multi-site
injection configurations).

Chapter 5: Discussion: Interprets the significance of the findings in light of the research
objective and the prior literature. Discusses whether and how CED improves drug distribution
relative to diffusion and evaluates the advantages of the multi-injection strategy. Draws
conclusions on the implications of the results on clinical practice and future research while
taking into consideration the limitations of the simulations and their impact on the drawn
conclusions.

13



CHAPTER 2: LITERATURE REVIEW
2.1 Anatomy of the Human Brain

The human brain is one of the most complex biological systems, with a fully developed
brain comprising more than 100 billion neurons, the brain’s information-processing cells.
Alongside its complexity, the brain stands as an intricate organ where structure, function,
development, and diversity converge. It is composed of distinct anatomical regions, each
contributing uniquely to its overall function. Collectively, the regions regulate processes such as
movement, emotion, sensation, language, communication, cognition, and memory.
Anatomically, the human brain is made up of three primary components: the cerebrum, the
cerebellum, and the brainstem. [12], [13]

Cerebrum

Sulcus /

<« Cerebellum

Brainstem /

Figure 1. Primary Components of the Human Brain. [14]

<«— Spinal cord

The cerebrum is the largest region of the brain and is divided into right and left
hemispheres. The surface of the cerebral hemispheres contains folds and convolutions, with
ridges (or valleys), called gyri, and grooves between the gyri called sulci. Particularly the large
and deep sulci are often referred to as fissures. [14] Both hemispheres are covered by an outer
layer called the cerebral cortex. In the living brain this layer appears gray, due to the neuronal
cell bodies it contains, which is the reason it is referred to as gray matter. [15], [16] Gray matter
is also present in the inner regions of the brain as well as in the spinal cord, where it facilitates
the functions of processing and relaying information. Since it comprises a high concentration of
neurons, it is considered essential for the proper functioning of the CNS and therefore for
everyday physiological and cognitive processes. [16] White matter lies beneath the cortex and is
composed of myelinated nerve fibers, organized into ascending (sensory) and descending
(motor) tracts. Ascending tracts transmit sensory impulses from the sensory receptors to higher
levels of the CNS, whereas descending tracts carry motor impulses from the CNS to the
periphery. [17] Similar to gray matter, the white colour of white matter results from the lipid-
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rich myelin around the axons. [15] Although gray and white matter have distinct responsibilities,
they are interdependent and together they maintain the functional integrity of the CNS.

White matter

(axons) TT————>
Mﬁ\ Gray matter
k O& Q&QQ@ (cell bodies)

-Q Z

/

Figure 2. Gray and white matter of the human brain. [14]

The right and left hemispheres of the brain are divided into four lobes (frontal, parietal,
temporal, occipital), each associated with different functions of the brain.

The frontal lobe, the largest lobe of the brain, is responsible for numerous higher-order
functions including voluntary motor control and executive functions. Within it lies the primary
motor cortex, which controls the execution of voluntary movement, while the premotor and
supplementary motor areas, in the cortex’s front, coordinate movement planning. In most
people, a region in the left frontal lobe known as Broca’s speech area, controls motor
mechanisms of speech formulation. The remainder of the prefrontal cortex supports mental
activity, personality, insight, and foresight, with its orbital portion playing an important role in
regulating emotion and behaviour. [14], [15], [18]

The parietal lobe is divided into three areas: the postcentral gyrus, the superior parietal
lobule, and the inferior parietal lobule, each with distinct functions. It is responsible for
processing and integrating sensory inputs, such as touch, temperature, pressure, and pain. It
also enables spatial awareness, assisting in the perception of the body’s position in space and
the orientation of objects around it. Through proprioception, it allows awareness of the location
of body parts without visual input. In addition, the parietal lobe supports learning complex
motor skills and is responsible for numerical representations associated with tasks like
arithmetic calculations. Overall, it is considered as a central hub that integrates sensory
information to guide perception, movement, and comprehension of the environment. [15], [19]

The temporal lobe, which is located on the sides of the brain, is separated from the
frontal and parietal lobes by the lateral (sylvian) fissure. It consists of the superior temporal
gyrus, the middle temporal gyrus, and the inferior temporal gyrus. Its sensory functions include
auditory processing in the superior temporal gyrus, where the primary auditory cortex Al
analyses sounds and high-level visual processing in the inferior temporal cortex, where object
and face recognition occurs. Wernicke’s area is located in the superior temporal gyrus and
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serves the critical function of auditory input comprehension. Meanwhile the medial temporal
lobe, where the parahippocampal gyri and hippocampus are located, are responsible for
learning and memory. [15], [20]

The occipital lobe in the rearmost of the brain and is considered the smallest of the four
lobes of the cerebral hemispheres. It rests upon the tentorium cerebelli and consists of several
irregular gyri on its lateral surface. Visual processing begins in the primary visual cortex (V1 or
Brodmann area 17) which receives the visual information from the retina via the Lateral
Geniculate Nucleus (“LGN”) of the thalamus. From V1, the information is transmitted to the
secondary visual cortex also known as V2, or Brodmann Area 18 and then to higher order visual
areas (extrastriate cortex) such as V3, V4, and V5, located partly within the Brodmann Area 19.
The information leaving the secondary visual cortex splits into two pathways: the dorsal and
ventral streams, which process different aspects of visual information. Through these pathways,
the occipital lobe is primarily responsible for visual processing in the brain. It is further
associated with object and face recognition, distance and depth perception, visuospatial
processing, and colour determination. [15], [21], [22]

Precentral gyrus FRoual sateus Postcentral gyrus
Primary motor Primary somatosensory

Parietal
lobe

Frontal
lobe

Occipital
lobe

Lateral fissure

Temporal

/ lobe

Figure 3. The four lobes of Cerebral Hemispheres [14]

The hindbrain includes the cerebellum and the brainstem, each responsible for different
functions. The cerebellum, located in the posterior cranial fossa, is composed of two
hemispheres and is separated from the cerebrum by the tentorium cerebelli. Although the
cerebellum is relatively small, comprising just 10% of the brain’s volume, it contains more than
half of its neurons. [23] Its role is associated with the regulation and coordination of movements
of the trunk, including the neck, shoulders, thorax, abdomen, and hips. It is also involved in the
control of distal extremity muscles and the conscious assessment of movement errors, as well as
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in cognitive functions that lead to emotions. [14], [24] The brainstem connects the cerebrum to
the cerebellum and the spinal cord. It is composed of three parts; the midbrain, pons, and
medulla oblongata, and contains essential structures of gray and white matter. Beyond
providing structural connections, the brainstem regulates many vital functions, such as heart
rate, blood pressure, breathing, consciousness, and sleep, and it is also the origin of most of the
cranial nerves. [8]

Another anatomical structure of the brain that is considered critical for its health and
proper functionality is the Blood Brain Barrier (BBB). The BBB is thought to be a natural
protective barrier that restricts the entrance of toxins and pathogens from the bloodstream into
the central nervous system. Under normal conditions, adjacent endothelial cells in brain
capillaries have no gaps between them, as they form extensive tight junctions with each other.
This tight arrangement allows the BBB to take control of the entry and removal of molecules in
the vascular compartment of the brain, working together with receptors, transporters, efflux
pumps, and other cellular components. It excludes nearly all macromolecular therapeutics and
about 98% of small molecule drugs, permitting only the passive diffusion of lipid-soluble
compounds at a molecular weight lower than 400-600 Da. [25]

2.2 Brain Tumors

Brain and other CNS tumors rank as the second most common cancer in adolescents and
young adults, while in older adults they represent the eighth most frequent type. In the younger
population (0-19 years), brain tumors also account for the highest proportion of cancer-related
deaths. [26] According to the World Health Organization’s Global Cancer Observatory (WHO-
GCO, 2022), 321,731 new cases and 248,500 deaths were estimated worldwide across all age
groups in 2022, highlighting a significant global burden associated with brain and other CNS
tumors.

Brain tumors arise from abnormal, uncontrolled cell growth and are categorized into
two main types: benign and malignant. Benign tumors are usually easier to treat as they lack
cancerous cells. Malignant tumors are more difficult to manage as they comprise cancerous cells
which spread at a rapid rate. Tumors that grow directly from the brain tissue are classified as
primary tumors, whereas those that spread to the brain from other parts of the body are
referred to as metastases (secondary). The largest proportion of all brain and CNS tumors are
benign lesions that develop in the meninges (a three-layered protective membrane surrounding
the cerebral cortex). Malignant primary tumors occurring in the brain and CNS, affect people
across all age groups and represent the vast majority, over 90% of malignant primary cases; the
remainder comprise metastases tumors originating in the spinal cord, the meninges, and cranial
nerves. [27] Brain tumors can develop in different regions of the brain, and at varying depths;
however, it is estimated that about 26% of malignant primary tumors appear in the frontal lobe,
the largest lobe of the brain. The temporal and parietal lobes account for approximately 19%
and 12% of cases, respectively. Smaller proportions are observed in other regions;
approximately 5% in the cerebellum, 4% in the brainstem, 3% in the occipital lobe and 2% in the
ventricles.
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Figure 4. Location of Primary Brain Tumors on the Brain
2.3 Brain Tumor Metastasis

The exact incidence of tumor metastasis from the brain is uncertain; however, it is
estimated that 10-40% of patients with solid tumors eventually develop metastatic brain
tumors. Brain metastases occur when cancer cells spread from tumors already present in other
organs - most commonly from lungs, breasts, skin (melanoma), renal or colorectal. [28] Several
studies have shown that 16-22% of lung cancer patients eventually develop brain metastases.
[29] Similarly, other studies suggest that brain metastasis occurs in 20—40% of breast cancer
patients as well as in about 10-16% of cases where breast cancer has already spread to other
parts of the body. [30], [31] Brain metastases appear when cancer cells intravasate into the
main circulation system, through the lymphatic system or directly. [27] Recent studies indicate
that the number of diagnosed brain metastases is increasing as a result of improved cancer
survival rates, advances in brain metastasis detection, and increased life expectancy. [32]
Metastases are considered a growing global public health concern even though the survival
rates for patients with metastatic tumors show improvement. [33] At the same time, the
amount of scientific research on brain metastasis has been gradually expanding, from less than
1% of cancer-themed publications in the 1960s to over 3% in 2020, reflecting its growing
significance within oncology research. [34]

The World Health Organization (WHO) classifies different types of primary brain tumors
in adults and children. However, it is difficult to determine the exact number of primary brain
tumor types as the WHO classification system organises tumors hierarchically into chapters,
families, and molecular subtypes instead of providing a single total count. Despite that several
research reviews based on the WHO classification estimate that there are approximately 120
distinct types of primary brain tumors. [35], [36], [37] More recently, brain tumors were named
and classified purely according to the type of cells present at the cancer’s location and their
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appearance under the microscope. For example, gliomas were named after glial cells,
astrocytomas after astrocytes, and oligodendrogliomas after oligodendrocytes. [27] As research
advanced, it became clear that tumors can look identical under the microscope yet behave
differently depending on their genetics, which led to a change in the classification system. This
shift resulted in the latest WHO classification, which integrates histological features with
molecular data. The 2021 edition places greater emphasis on genetic and molecular markers,
leading to more accurate diagnoses and improved treatment planning. [38] The following table
summarises the primary central nervous system (CNS) tumor types included in the 2021 WHO

classification, organised by category and family:

g Choroid Meserzmhymalt‘ T
g Gliomas, glioneuronal tumours and neuronal tumours plexus Embryonal tumours Pineal tumours o umours oflha
# Meningothelial sellar region
o tumours T
umours
% A‘:g:::e Pa;::;nr:dtvepe ID'::Z‘:;::?MP; c'f;:)ﬁ:ed Glioneuronal and neuronal Ependymal Medullo- g_t:;;::lj Uncertain
i i ditfuse gli i i tumours tumours blastoma 4 differentiation
iomas iffuse gliomas gliomas gliomas umours
Astrocytoma,  [Diffuse midline  |Diffuse High-grade Diffuse gl 1al tumor with St Choroid MB, WNT- |CNS Desmoplastic Intracranial Pituitary blastoma
IDH-mutant glioma, H3 K27- |astrocytoma, MYB-astrocytoma with [cligodendroglioma-like features |ependymoma, plexus activated  |neurcblastoma,  [myxoid tumor of  |mesenchymal
altered lor MYBL1-altered |piloid features  |and nuclear clusters (DGONC) |ZFTA papilloma FOXR2 —activated |the pineal region, (tumor, FET-CREB
fusion—positive SMARCB 1-mutant |fusion positive
provisional type)
Oligodendro-  |Diffuse Polymorphous low-|Pilocytic Myxoid glioneuronal tumor Supratentorial Atypical MB, SHH- |CNS tumour with |Pineocytoma CIC-rearranged  |Adaman-
glioma, IDH- hemispheric grade astrocytoma ependymoma, choroid activated, |BCOR intenal sarcoma tinomatous cranio-|
mutant and glioma, H3 G34- [neuroepithelial YAP1 plexus TP53- tandem duplication pharyngioma
1pf19g- mutant tumour of the fusion—positive papilloma |wildtype  |and the provisional
codeleted young (PLNTY) type (CNS tumour
BCOR I1TD)
Glioblastoma, |Diffuse paediatric{Diffuse low-grade |Pleomorphic Multinodular and vacuolating Posterior fossa Choroid MB, SHH- |Cribriform Pineal parenchymal| Primary Papillary cranio-
IDH-wildtype  |type high-grade |glioma, MAPK xanthoastro- neuronal tumor (MVNT) group A (PFA) plexus activated, |neurcepithelial tumour of intracranial pharyngioma
glioma, pathway-altered [cytoma ependymoma carcinoma |TP53- tumour (CRINET) |intermediate sarcoma, DICERT -
H3-wildtype/ IDH-| mutant differentiation mutant
wildtype
Infant-type Angiocentric Subependymal  |Diffuse leptomeningeal Posterior fossa MB, non- |Atypical teratoid/ |Pineoblastoma Solitary fibrous  |Pituicytoma,
” hemispheric glioma giant cell glioneurcnal tumor group B (PFB) WNT/non- |rhabdoid tumour tumour granular cell
14 glioma astrocytoma ependymoma SHH (ATRT) tumour of the
= sellar region, and
spindle cell
oncocytoma
Cherdoid glioma | Ganglioglioma [Spinal MB, histo- |Embrycnal tumour |Papillary tumor of |Ewing sarcoma  |Pituitary
ependymoma, logically with multi-layered |the pineal region adenomas
MYCN—amplified defined rosettes (ETMR)
Astroblastoma, |Desmoplastic infantile Myxopapillary CNS embryonal Pituitary neuro-
MNT -altered ganglioglioma/desmoplastic ependymoma tumor endocrine tumour
infantile astrocytoma PitNET
Dysembryoplastic Subependymoma
neuroepithelial tumor
Papillary glioneuronal tumor
Rosette-forming glioneuronal
turmor
Gangliocytoma
Dysplastic cerebellar
gangliocytoma
Central neurocytoma
Extraventricular neurocytoma
Cerebellar liponeurocytoma Note: for Mesenchymal/Non-meningothelial tumours, only the group of "Uncertain differentiation” is shown.

Figure 5. Primary CNS Tumor Types [38]

Approximately 80% to 85% of malignant primary brain tumors in adults are gliomas,

which are spread widely throughout brain tissue. Meanwhile the most frequent CNS tumor in
children is low-grade paediatric glioma. [39] Gliomas are divided into three main types:
astrocytomas, oligodendrogliomas, and ependymomas. They are also classified by how
aggressive they are, ranging from grade 1 to grade 4, with higher grades being more severe. This
classification is based on cell morphology, mitotic activity, and their molecular characteristics,
helping distinguish between low-grade, atypical, or anaplastic, and high-grade forms. For
example, when an astrocytoma reaches grade 4, it is considered a glioblastoma, the most
aggressive type of glioma. [40] Research suggests that about 49% of malignant brain tumors are
glioblastomas, while around 30% are lower-grade, diffusely infiltrating gliomas. [41] Other
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malignant brain tumors comprise primary CNS lymphoma (7%), malignant forms of
ependymomas (3%), and meningiomas (2%)

Even though in some patients the possibility of developing a malignant brain tumor is
correlated with having tumor-predisposition syndromes, most of the time tumors appear
without any relevant medical history. [40] In general, the occurrence of malignant brain tumors
strongly correlates with age. Previous research suggests that gliomas affect individuals of all
ages (adult and paediatric diffuse gliomas), with approximately three times higher frequency in
adults compared to children. [41], [42] These findings a affirm that the occurrence of cancer is
positively correlated with age. Specifically, glioblastomas have a median age at diagnosis of 68-
70 years. The incidence rate per 100,000 individuals is 1.25 among those between the ages of
35-44 years and it gradually increases to 8.05, 12.99, and 15.13 among adults aged 55-64, 65-74,
and 75-84 years, respectively. The causes of the increased incidence of GBM among elderly
people remain poorly understood and underexplored even today. [43] Even though brain
tumors are generally more common in older adults, they are still a serious health concern for
younger people. Approximately 20-25% of cancers in individuals aged 0-19 years involve the
central nervous system (CNS), making them the leading cause of cancer-related deaths in this
age group. [44] According to the Central Brain Tumor Registry of the United States (“CBTRUS”)
statistical report conducted in the United States of America (USA), the incidence rate of all
primary brain and other CNS tumors in individuals aged 0-19 years is 6.13 per 100,000
population. Between 2016 and 2020, 86,030 deaths of individuals aged 0-19 years were
attributed to malignant brain and other CNS tumors, which represents an average annual
mortality rate of 4.42 per 100,000 population and an average of 17,206 deaths per year. [45]
Other correlations in incidence rates are observed in matters of sex, region, and socio-
demographic index (SDI). On a global scale and in the majority of regions, the Age-Standardized
Incidence Rate (ASIR), Age-Standardized Death Rate (ASDR), and Age-Standardized Disability-
Adjusted Life Year (DALY) rate of brain and other CNS cancers are higher in males than in
females. [46] An observational study reported that, in 2019, the global ASIR of brain cancer was
4.8 per 100,000 in males and 3.6 per 100,000 in females, while the ASDR was 3.9 per 100,000
and 2.6 per 100,000, respectively. [47] Another study found that, in 2021, men had 190,130 new
cases with an ASIR of 4.72 per 100,000, compared to females, who exhibited 167,353 new cases
with an ASIR of 3.88 per 100,000. [48] Globally, an estimated 322,000 new cases of brain and
other CNS tumors occurred in 2022. The highest incidence rates were observed in Northern
America, (5.46 per 100,000), Western Europe (5.56), and Eastern Asia (3.95), while Africa
demonstrated lower rates. Based on country and age specific data, Austria and the U.S. showed
the highest rates in boys (3.5), whereas in adolescents and young adults (AYA), Norway showed
the highest rates in both males (4.7) and females (3.8). Meanwhile, among adults older than 40
years, the highest rates in males were reported in Norway (18.6), Lithuania (18.4), and Latvia
(16.7). [49]

There are both established and uncertain evidence supporting the causes of malignant
brain tumor development. It is well established that exposure to ionizing radiation increases the
risk of developing a CNS tumor, especially meningiomas. Also, a first-degree family member
diagnosed with a brain tumor doubles the risk of occurrence. [50] Familial glioma, a subtype of
glioma with a strong genetic predisposition, accounts for approximately 5% of gliomas. [51]
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Other studies have shown that allergies and atopic diseases are associated with a reduced risk
of glioma, while conflicting results have been reported regarding the connection between
moderate Traumatic Brain Injury (TBI) and a higher risk of brain tumor. [51], [52]

Prognostic factors of gliomas vary depending on patient’s characteristics, although
studies have provided a broader understanding of these associations. A study in Sweden
suggested that 64% of cases (in a 1458 patient group) had focal neurological deficits, 46% had
cognitive dysfunction, 36% had headaches, 29% had epilepsy, 29% presented with signs of
intracranial pressure, and 9% had cranial nerve symptoms. [53] In terms of symptoms, patients
experience frequent nausea and vomiting, changes in personality and behavior, problems with
vision, hearing and speech, as well as weakness and loss of balance. [54]

2.4 Therapeutic Methods for Malignant Tumors

Therapeutic methods for malignant brain tumors are gradually improving as technology
and biological research advance. However, brain tumors exhibit considerable heterogeneity at
the molecular, cellular, and clinical levels, underscoring the need for individualized, patient- and
tumor-specific approaches. Treatment options vary and largely depend on the location of the
tumor in the brain and each patient’s clinical condition. Conventional approaches encompass a
wide spectrum of modalities which may be employed alone or in combination. Core treatments
include surgical removal, radiotherapy or heavy particle therapy, chemotherapy, and targeted
molecular interventions.

The therapeutic approach for each patient is strategically determined by the physician in
accordance with multiple factors, including tumor histopathology and grade, molecular and
genetic characteristics, anatomical location, involvement of eloquent brain regions and
surrounding tissue, patient age, overall health, and performance status, as well as the patient’s
anticipated tolerance and response to therapy. In cases where treatment is deemed unfeasible,
overly intensive, or associated with excessive risk, the focus shifts from curative therapy to
symptom management and the preservation of quality of life.

2.4.1 Surgical Resection

Surgical resection is one of the primary curative options for most brain tumors, as it
reduces mass effect and tumor burden, while also providing histopathological diagnosis. [55]
The goal of surgical treatment for high-grade glioma is the maximal safe resection, which plays a
crucial part in the management of brain metastases. The extent of resection is a key prognostic
factor in patients with glioblastoma, as more extensive tumor removal is consistently associated
with improved overall survival. [55], [57], [58] However, depending on the type and location of
the tumor, surgical resection may not be effective or feasible. In cases where gliomas are
located within eloquent brain regions, the need to preserve neurological function makes their
complete removal difficult or is outright impossible as it carries excessive risk of damaging
critical brain tissue. Tumors can recur even after initial surgical removal if malignant cells
penetrate the surrounding healthy tissue. In fact, due to the highly diffuse and infiltrative nature
of gliomas, residual malignant cells may remain, even with no visible tumor on postoperative
Magnetic Resonance Imaging (“MRI”) scans. [55], [59] This observation supports the rationale
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for supramaximal surgical resection, when safely feasible, to reduce the risk of recurrence, as
glioma cells can infiltrate brain parenchyma up to centimeters beyond the visible tumor
margins. [55], [59]

Numerous technologies based on advances in neuroimaging, neuronavigation, and
robotic surgery have been developed to maximise the extent and safety of surgical removal of
glioblastoma. Pre- and intraoperative MRI and ultrasound may be employed to delineate tumor
boundaries and determine the maximal safe resection limits. [60] Real-time neuronavigation
technologies, offer computer-assisted 3-D guidance based on virtual three-dimensional patient-
specific anatomical models of the brain extracted from preoperative MRI data. Infrared cameras
and electromagnetic sensors provide real-time information on the position of surgical
instruments relative to the tumour and healthy tissue while intraoperative ultrasound and MRI
scans update the anatomical model in real time to account for brain shifts during surgery. This
helps protect critical brain structures and enable safe operations in eloquent brain areas
thereby expanding the range of achievable tumor resection. However, these models can not
depict the full extent and boundaries of glioma cell infiltration. [59] This is a critical limitation
because the infiltrating cells are randomly scattered through diffusion-like migratory
mechanisms and are often so small that they remain undetectable on MRI scans. These residual
malignant cells are one of the greatest challenges of glioblastoma as they almost invariably
survive, frequently develop increased resistance, and proliferate leading to tumour recurrence.

To address these critical limitations of MRI technology, Fluorescence-Guided Surgery
(“FGS”) is employed as a complementary technique to neuronavigation or even used
independently to enhance intraoperative malignant cell visualization. The current clinical gold
standard of fluorescence guided surgery is 5-aminolevulinic acid (“5-ALA”), which is ingested
orally with a usual dose of 20 mg/kg about 3 hours before surgery. [61]The substance is a
naturally occurring compound that serves as a precursor in the heme biosynthesis pathway and
is generally considered safe and well tolerated. Malignant cells have impaired heme synthesis
and altered metabolism leading to the selective buildup of Protoporphyrin IX (“PpIX”), which is
derived from 5-ALA and fluoresces with pink-red emission (~*635 nm) when subjected to blue-
violet surgical light (~405 nm). As PpIX accumulates preferentially in malignant cells, it allows for
the visual identification of even infiltrating malignant cells, beyond the MRI-defined tumour
boundaries, due to their distinctive pink-red fluorescence. [61] However, visual identification of
infiltrating malignant cells requires their intraoperative exposure, which equates to a more
extensive surgical intervention and dissection of deeper brain regions. In many cases, these
fluorescent cells are located within eloquent or functionally critical regions and cannot be
removed even after identification, since this would significantly increase the risk of neurological
damage. Consequently, although 5-ALA enhances tumour detection, complete resection of all
fluorescent tissue is not always possible.

Another challenge of surgical resection is that glioblastoma often appears in eloquent or
functionally critical regions of the brain. Awake craniotomy is often preferred in these cases as it
allows for real-time mapping and monitoring of neurological function during tumour removal.
Through the patient’s cooperation, the surgeon can directly test speech, motor, and sensory
responses, while electrically stimulating brain structures. This allows for precise identification of
critical tissue, so that maximal tumour resection can be achieved without causing permanent
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neurological deficits. Compared to procedures under general anaesthesia, awake craniotomy is
associated with a greater extent of resection, lower rates of postoperative neurological deficits,
and improved functional and survival outcomes. [62], [63] However, the procedure requires
meticulous anaesthetic management and not all patients are suitable for it as the benefits of the
procedure rely on the patient's cooperation, which can be hindered by anxiety or other factors.
In such cases and when the tumour is not located within eloquent regions general anaesthesia is
preferred.

Due to high degree of precision these procedures require, robotic surgery is an emerging
surgical solution. Robotic systems with integrated high-definition imaging and navigation
platforms offer precise mechanical control, augmenting human capabilities for delicate surgical
maneuvers. State-of-the-art systems can bypass the limitations imposed by the size of surgical
instruments, and the surgeon’s motor control and finger size.

Post operative MRI typically performed in the first 72h after surgery scans provide
valuable information that helps assess the degree of success of surgical resection.
Complementary evaluation is performed using other biomarkers to estimate the risk of
recurrence and metastasis. However, even on clear postoperative MRIs recurrence is almost
inevitable and typically occurs within 6-9 months, as even small, scattered, and undetectable
glioma cells that infiltrate nearby tissues remerge and often develop greater resistance to
treatment. [55], [58]

2.4.2 Radiation therapy

Radiotherapy is an integral component of the standard care protocol for glioma patients.
It utilizes ionizing radiation beams consisting of either high-energy photons, such as x -rays and
y-rays, or heavy charged particles such as carbon, helium, or hydrogen ions to achieve the most
selective targeting of tumour cells possible.

The interaction between ionizing radiation and biological matter induces the radiolysis of water
molecules, through ionization and excitation events, resulting in the formation of highly reactive
free radicals. [64], [65] These free radicals are short-lived reactive oxygen species, especially
hydroxyl radicals (®OH), generated along ionization tracks, which are highly reactive and
produce localized and clustered DNA damage.

The reaction involves the oxidation of DNA bases within malignant cells, causing
irreversible double-strand breaks and loss of genomic integrity. [64] Ultimately, this process
leads to inhibition of cellular proliferation and disruption of mitotic activity causing long-term
loss of clonogenic capacity which culminates in cell death through apoptosis. One of the major
challenges is the stochastic nature of these processes as radiation dosage distribution and
cellular responses are inherently probabilistic. [64] Consequently, non-malignant cells may
sustain lethal or sublethal damage, while not all malignant cells receive sufficient dose. This
effect is particularly important in regions where healthy tissue lies between the skull and the
tumour, as a portion of the radiation dosage is unavoidably absorbed by the intervening
structures along the beams path to the target cells; such quantity defined as “Entrance Dosage”.
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2.4.3 Chemotherapy

Chemotherapy is another treatment method malignant tumors, which is primarily used to
target residual malignant cells following surgical resection and radiation therapy. Chemotherapy
has limitations as it is a non-selective form of treatment that targets all rapidly multiplying cells
and cannot easily cross the blood-brain barrier (BBB). [67] This results in healthy cells all over
the body (e.g., bone marrow, intestinal mucosa, hair follicles) being exposed to toxic levels,
while not all malignant cells receive sufficient doses due to the resistance of the blood-brain
barrier. The maximum tolerated dose is therefore limited by systemic toxicity, as healthy cells
usually reach toxic concentrations before all malignant cells are destroyed [67]. Consequently,
residual tumour cells frequently survive and multiply, leading to almost inevitable recurrence.

Chemotherapeutic agents must satisfy the physiological and pharmacological parameters
that ensure an adequate dose crosses the BBB to reach malignant cells and induce lethal
cytotoxicity, while overall systemic toxicity remains within tolerable levels. Such parameters
include BBB permeability, which depends on several factors such as being non-ionized and
sufficiently lipophilic (fat-soluble) to cross from blood plasma through the endothelial cell
membranes (luminal and abluminal) into the brain interstitium. Also, having small enough
molecular size (<~400 Da) allows for passive transcellular diffusion [67]. Additionally, the drug
should be resistant to the mechanisms (efflux pumps) that expel substances from the brain into
the bloodstream and also have low plasma protein binding to ensure efficiency, which is critical
for reducing systemic toxicity and ensuring adequate free fraction of the drug available for
uptake by malignant cells. Other important properties are cytotoxic specificity, chemical
stability, clinical tolerability, and mechanism of activation. A chemotherapeutic agent should
spare normal brain tissue, while targeting malignancies by exploiting the specific characteristics
of their cells, such as the proliferation rate, altered metabolic pathways, and defective DNA
repair mechanisms. Ideally, the drug would not degrade, remain in circulation, and display low
systemic toxicity. Furthermore, it should be easily administered, exhibit predictable
pharmacokinetics, activate only when interacting with malignant cells and induce lethal
damage, and avoid long-term toxicity to neurons and glial cells, which are largely non-dividing.

The standard chemotherapeutic drug used in glioma management is an oral alkylating
agent known as Temozolomide (“TMZ”). [56], [66] It can efficiently cross the BBB due to its small
size (~194 Da), lipophilicity and non-ionized nature, while offering some specificity as rapidly
multiplying cells, such as cancer cells, show increased vulnerability to its cytotoxic effects.
However, a major drawback is that healthy cells like bone marrow, hair follicles, reproductive
tissues, and stomach-lining mucosa also share high proliferation rates and are affected by the
drug. Side effects include nausea, vomiting, anorexia, impaired fertility, alopecia,
myelosuppression, and subsequent immune system suppression. Temozolomide is administered
orally and forms the active metabolite 5-(3-methyltriazen-1-yl)-imidazole-4-carboxamide (MTIC)
through spontaneous hydrolysis at physiological pH. This compound methylates DNA at the O°®
and N7 positions of guanine bases, producing mispairings during replication, disrupting the cell
cycle, and inducing apoptosis. The DNA repair enzyme 0f-methylguanine-DNA
methyltransferase (“MGMT”) can counteract the drug’s cytotoxic effect by removing these
methyl groups. [66] The reason it preferentially targets rapidly growing cells is that they
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undergo replication more frequently by introducing more mispairings, thus making them more
susceptible to this form of DNA damage.

TMZ undergoes rapid systemic clearance, with a relatively short plasma half-life (~1.8
hours), which limits systemic exposure time and restricts the duration of therapeutic
concentrations in circulation. Furthermore, its cytotoxic activity is strongly influenced by DNA
repair mechanisms such as the MGMT enzymes. Consequently, tumors with high repair capacity
typically do not respond well or develop resistance over time. Therefore, prolonged, or repeated
therapy often leads to diminishing returns and elevates the risk of cumulative toxicity. The
progressively higher severity of myelosuppression and gastrointestinal side effects impose
limitations to dose escalation as overall systemic toxicity increases. Furthermore, TMZ
distribution within brain tissue is solely governed by passive diffusion. These drawbacks act
synergistically with the heterogeneous tumour microstructure and local clearance processes
resulting in non-uniform drug penetration and concentrations in problematic regions.
Consequently, achieving lethal doses within the tumour is often unfeasible, while healthy cells
throughout the body continue to suffer cytotoxic damage. Therefore, targeted, and controlled
drug delivery approaches are required to increase local concentrations at the tumour site while
reducing systemic toxicity.

2.4.4 Stupp Protocol - Current Standard of Care

The Stupp protocol is a combination of maximal safe surgical resection followed by
radiation therapy and cyclic chemotherapy using temozolomide. It was introduced by Roger
Stupp in 2005 and remains the current standard of care for patients with glioblastoma. The
protocol was established after a large phase lll clinical trial demonstrated an improvement in
median survival from approximately 12 months with radiotherapy alone to 14—16 months with
the combined treatment, along with an increase in the two-year survival rate from around 10%
to nearly 27%. [56]

Following surgery, radiotherapy and chemotherapy treatment is applied concurrently,
aiming for the synergistic effect in damaging malignant cells. Radiotherapy induces DNA breaks
through ionising radiation, while temozolomide enhances this effect by methylating DNA bases
and impairing repair mechanisms. During this phase, a total radiation dose of 60 Gy is delivered
in 30 fractions over 6 weeks, complemented by a daily oral dose of 75 mg/m? temozolomide.
Typically, before proceeding to the adjuvant chemotherapy cycles a resting period of
approximately 4 weeks is implemented, to allow for haematological recovery and reduce overall
systemic toxicity. The final stage of the standard regimen consists of 6 subsequent cycles each
lasting four weeks, comprising 5 consecutive days of oral administration of 150-200 mg/m?
temozolomide followed by 23 days of rest. [56] The aim of this adjuvant phase is to eliminate as
many residual malignant cells as possible while maintaining acceptable levels of systemic
toxicity, and it may be extended in patients who respond well to treatment. However, even with
the improved outcomes achieved through this protocol, additional supportive medication, such
as antiemetics, corticosteroids, prophylactic antibiotics, and antiepileptic drugs, is often
required to manage side effects, and the probability of tumour recurrence remains high despite
treatment high.
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2.4.5 Gliadel® Wafers

Gliadel® wafers are biodegradable intracranial implants that deliver controlled and timed doses
of chemotherapy to targeted malignant cells. The wafers contain carmustine (BCNU) embedded
within a disk-shaped matrix which is composed of a polyanhydride polymer (poly(1,3-bis(p-
carboxyphenoxy) propane-co-sebacic acid), often abbreviated p(CPP:SA) 20:80).[69] When
implanted, the polymer wafer undergoes hydrolysis in the moist environment of the brain and
slowly releases the drug particles as the matrix erodes. [70]

Carmustine (BCNU) is a bifunctional chloroethylating agent of the nitrosourea class which is
highly lipophilic, non-ionizing at physiological pH, and hydrophobic. These properties make it
suitable for both intravenous and intracranial administration via a polyanhydride wafer. [71]
Hydrophobicity allows the drug to remain embedded within the polymer matrix and enables its
slow and controlled erosion-based release as the structure hydrolyzes from the surface inwards.
[70] Carmustine (BCNU)’s action mechanism relies on the formation of cross-links between
opposing DNA strands, disrupting cell proliferation. This process is facilitated by the reactive,
alkylating species produced by the spontaneous decomposition of the drug upon entry to the
target cell. The alkylation occurs at multiple DNA sites, however the key target is the
O<sup>6</sup> position of guanine bases, where BCNU adds a 2-chloroethyl group and
subsequently reacts with the respective cytosine in the opposing DNA strand to form the cross-
link. The effect is further amplified by the isocyanate byproducts that are generated due to the
nitrosourea nature of the drug, with carbamoylate proteins inactivating cell repair mechanisms.
[71],[72]

However, the high potency of carmustine is associated with severe systemic toxicities,
including myelosuppression and pulmonary toxicity, necessitating a more targeted delivery
approach. For this reason, it is most commonly administered via intracranial implantation, which
is typically integrated during the neurosurgical resection procedure. [69], [73]

Following maximal tumor resection, an appropriate number of wafers is placed along the
cavity walls seeking to maximize surface area coverage prior to surgical closure, thereby
circumventing the limitations imposed by the blood—brain barrier. [73] Each wafer contains 7.7
mg of carmustine, accounting for 3.85% of the total weight with the remainder being the
polymer matrix. [73],[75] The total administered dose is patient-specific and can reach up to
61.7 mg, which corresponds to 8 wafers. [75] Dose adjustments are made via the number of
implants, which is determined by the shape and volume of the resection cavity as well as the
malignant cell and tumor geometry. [69], [75] Drug release begins upon implantation at the
highest rate during the first week and then is sustained for a total of 2-3 weeks. The main
benefit of this process lies in achieving high localized drug concentration at the margin of
resection, the site most prone to recurrence, where infiltrative malignant cells persist, while
minimizing overall systemic toxicity. [69]

The physical principle that governs drug distribution via this method is passive diffusion.
The short half-life in physiological conditions (~15 minutes), stemming from the highly reactive
nature of the drug, in combination with the dense, heterogeneous physiology of the brain,
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severely restricts diffusion and limits the penetration distance to a few millimeters from the
wafer surface. [69] These characteristics underline the principal advantages of Gliadel® wafers,
resulting in drug concentrations in critical regions that are higher than those achievable with
systemic administration, while minimizing toxicity.[69],[73] However, the same diffusion
dynamics impose hard limitations on the method’s utility. Namely, malignant cells frequently
infiltrate several centimeters beyond the main tumor mass, whereas drug accumulation via this
method falls to sub-cytotoxic levels. This renders Gliadel® wafers a supplementary rather than a
standalone treatment.

Thus, this method is typically used to bridge the interval following surgical resection until
sufficient healing has occurred (approximately 3—6 weeks), at which point the Stupp protocol is
initiated. [73] This therapeutic sequence aims to improve the overall treatment by providing
spatially and temporally complementary cytotoxic coverage. [69] In addition, the combined use
of agents with distinct action mechanisms, such as DNA cross-linking and methylation, acts
synergistically, improving treatment efficacy. Furthermore, the multimodal nature of this
approach may also limit early therapeutic resistance, as multiple DNA damage and repair
pathways must be engaged to support tumor cell survival. [69], [73]

The U.S. Food and Drug Administration (FDA) approved Gliadel® (carmustine) wafers
based on randomized trials conducted prior to the adoption of the Stupp protocol, initially in
1996 for use in recurrent malignant glioma cases and subsequently in 2003 for newly diagnosed
high-grade glioma cases. [69],[70]

No Phase Il clinical trials have evaluated the combination of Gliadel® wafers with the
Stupp protocol since the adoption of the latter. [73] However, this approach has been explored
in numerous smaller studies, with a 2022 meta-analysis, reporting a 2.64-month improvement
to overall survival and no significant benefit in progression free survival. [74] Although the
wafers are FDA approved, the absence of randomized clinical trials, in combination with
concerns regarding complication such as impaired wound healing and increased risk of infection,
limits their use to select patients. [69],[74] In addition, financial considerations remain relevant.
Nevertheless, the strong biological rationale and the observed survival benefit, albeit modest,
based on the current universe of existing studies, underscore the need for future definitive
clinical evaluation. [74]

In addition to carmustine wafers, research of several alternative post-resection delivery
implants, employing different drug agents and drug-release materials, is ongoing. These systems
are implanted in a manner analogous to carmustine wafers and display promising results,
although still in preclinical trials. Among the most prevalent are Paclitaxel-based biodegradable
polymer implants, which exhibit high potency against glioma cells. Paclitaxel is effectively
excluded by the blood-brain barrier, rendering it suitable primarily for local administration.
Moreover, polymer-based delivery repeatedly demonstrates survival benefits, tumor
suppression, minimal systemic toxicity, and acceptable local toxicity, making such systems
potential candidates for use against gliomas. Another therapeutic agent is doxorubicin, which
stands out due to its robust antiglioma activity after neurotoxicity is mitigated through
prolonged-release delivery platforms such as hydrogel-nanoparticle composites. Camptothecin
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is another promising agent, however, its clinical use is constrained by poor systemic tolerance.
Local delivery via biodegradable polymer implants addresses this limitation while maintaining
significant antitumor efficacy. Ongoing research is also conducted on, temozolomide-loaded
hydrogels as they can also deliver currently used agents locally, increasing local drug
concentration in critical areas. Although these novel systems remain in preclinical trials, they
represent promising candidates for future clinical translation and the development of next-
generation treatments for against glioblastomas. [69]

2.4.6 Nanoparticle and Carrier-based delivery methods

Nanoparticle- and carrier-based delivery utilize chemotherapeutic agents within
nanoparticles or other suitable carriers, with the aim of guiding them to malignant cells and
triggering the release of the active substance (payload) at the target site. [78]

The rationale underlying this approach is to overcome the limitations imposed by the BBB
by selecting carrier profiles optimized for barrier penetration, while simultaneously preventing
the interaction of the active substance with healthy tissue. This results in enhanced drug
stability and more precise targeting of malignant tissue. In principle, these methods are
expected to achieve high intratumoral drug concentrations while maintaining low systemic and
surrounding tissue toxicity. [78]

The most clinically advanced carriers are lipid-bilayer nanoparticles (liposomes) coated
with polyethylene glycol (“PEG”) chains, commonly referred to as PEGylated liposomes.
PEGylated liposomes shield therapeutic agents and increase biocompatibility, thereby
prolonging the circulation duration by evading immune clearance. [76] However, this effect can
ultimately reduce the absorption of the active substance by malignant cells. Phase Il trials of
PEGylated liposomal doxorubicin (PLD; Doxil®/Caelyx®) for the treatment of recurrent
glioblastoma have demonstrated disease stabilization, but without significant benefit in
progression-free or overall survival rates, with similar findings reported for other liposomal
formulations. [76],[77]

Other classes of advanced carriers are polymeric nanoparticles and micelles, which are
self-assembled structures that encapsulate the active substance ensuring a targeted periodic
release. While polymeric nanoparticles typically release drugs through matrix degradation and
erosion, polymeric micelles rely primarily on carrier dissociation from hydrophobic cores and
subsequent diffusion. Clinical trials of micelles have demonstrated more targeted drug delivery
with acceptable toxicity profiles, thereby establishing proof of concept. [78] However, these
advances have not translated into significant improvements in clinical outcomes. [79]

A different approach is facilitated by magnetic and ferro-based nanoparticles, typically
comprised of iron oxide, which act via two distinct mechanisms; they can act as drug carriers
guided through an external magnetic field or induce hyperthermia when exposed to an
alternating magnetic field. [80] Generally, this type of nanoparticle cannot cross the BBB and
therefore it is administered intracranially. [80] When used solely as a carrier, the nanoparticles
have been unsuccessful in clinical trials, due to their limited targeting depth, distribution
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challenges, and biocompatibility issues. However, intratumoral magnetic nanoparticle—
mediated hyperthermia has received regulatory approval in Europe, having demonstrated
prolonged survival and enhanced target selectivity through external magnetic guidance, while
maintaining minimal systemic toxicity, as it does not rely on chemotherapeutic agents. [80],[81]
The biological effects of this method stem from localized temperature rise to 42-45 °C, which
triggers protein denaturation, cellular death, and increased tumor sensitivity to radiotherapy
and chemotherapy. [81] In addition, the localized nature of the approach helps spare healthy
brain tissue.

Some experimental systems pursue a hybrid strategy that combines the use of magnetic
and ferro-based nanoparticles as drug carriers, aiming to induce hyperthermia. Although
promising in preclinical models, these systems remain at an early stage of development and
have not yet been clinically validated. [81]

Another emerging and innovative approach involves gene-based (nucleic acid)
nanomedicines, in which nanoparticles are specifically engineered to deliver genetic material
and alter gene expression in malignant target cells. Systemically administered Spherical- Nucleic-
Acid (“SNA”) nanoparticles have been shown to cross the BBB and achieve significant
suppression of the oncogene BCL2L12 in glioblastoma tissue, serving as proof of conceptin a
first-in-human Phase 0 clinical trial. [82] This strategy relies on RNA interference rather than
chemotherapeutic agents, thereby avoiding the severe systemic toxicities typically associated
with conventional chemotherapy.

Several additional approaches are under development, including biological nanocarriers
such as exosomes, which possess inherent BBB—crossing capability. Although pre-clinical studies
have demonstrated effective delivery of therapeutic agents, no completed clinical trials have yet
been reported. [83] Other systems such as silica nanoparticles, ferritin nanocages, graphene-
based carriers, and cell-mediated delivery systems have likewise shown success in preclinical
studies but have not yet undergone clinical trials.[78] [84]

2.4.7 Catheter Enhanced Delivery

Catheter-enhanced drug delivery systems aim to address the challenges that stem from
the limited permeability of the BBB. One such core challenge is that overall systemic toxicity
reaches unacceptable levels before sufficient drug concentration accumulates in the targeted
malignant tissue.[85] Catheter Enhanced Delivery functions based on the Convection —
Enhanced Delivery (“CED”) method which helps bypass this challenge. [85]

CED utilizes pumps to create positive pressure gradients and drive bulk flow (convection)
of the drug via one or more implanted intracerebral catheter. The drug is distributed directly
through the interstitial space over targeted clinically meaningful volumes of malignant tissue. By
bypassing the BBB, CED allows delivery of agents that would otherwise be unable to penetrate
the brain, resulting in high local drug concentrations while minimizing systemic exposure as BBB
restricts the outflow of the drug to other areas of the brain. [87],[89] Another benefit of CED is
that convective drug flow follows an approximately spherical distribution centered around each
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catheter tip thus making it relatively easier to model compared to diffusive flow. Furthermore,
CED allows modulation of the penetration depth and volume of distribution by adjusting
infusion parameters (i.e., pressure, flow rate, and volume) as well as catheter residence time.
[87] In addition, contrary to diffusion-based delivery, convective transport is largely
independent of the therapeutic agent’s molecular size and physicochemical properties and does
not rely on tumor vascularity, which simplifies parametrization. [85]

However, effective control of active substance distribution in CED systems is hindered by
several challenges such as the limited options for reliable real-time monitoring that can be
coupled with existing drug delivery systems.[87],[89] MRI with surrogate tracers is most
commonly employed, but it requires compatible CED setups and the tracers do not always
match the pharmacokinetics of the active substance. Another option is nuclear imaging, but it
suffers from poor temporal resolution, high cost, limited availability due to requiring specialized
infrastructure, and exposure of the patient to ionizing radiation. [87] These difficulties
compound the already significant risks associated with the invasive nature of the procedure. For
example, millimeter-scale placement errors of catheters during the procedure can drastically
alter drug distribution, leading to underdosing of critical target regions or damage to vital
healthy tissue, which can result in neurological deficits.[88],[89] To minimize risk and address
safety concerns, preoperative imaging and neuronavigation are used to guide catheter insertion
with millimeter-scale accuracy, a technique referred to as stereotactic catheter placement.
However, the procedure relies heavily in the operator competency and the quality of the
equipment, raising concerns regarding safety, reproducibility, and scalability, which have
hindered regulatory approval and standardization. [89]

Another critical limiting factor is drug backflow (reflux). During catheter insertion,
mechanical disruption of brain tissue leads to the formation of a microscopic spherical gap
around the catheter shaft. This gap exhibits substantially lower hydraulic resistance than the
surrounding parenchyma, creating a preferential pathway through which the infused agent can
reflux along the catheter track instead of flowing towards the target tissue. [88] Backflow can
significantly reduce therapeutic efficacy by hindering the achievement of cytotoxic-level
concentrations of the therapeutic agent in malignant regions. Simultaneously, it introduces the
risk of drug outflowing to healthy brain tissue and elevating systemic toxicity. In cases where the
backflow path communicates with ventricular or subarachnoid spaces, the infused agent rapidly
escapes into cerebrospinal fluid instead of remaining within the brain parenchyma leading to
near failure of effective delivery, unpredictable whole-brain exposure, and increased risk of
neurotoxicity.[89] Although complete elimination of back flow remains challenging, it is
mitigated by catheter design and optimized placement in combination with controlled infusion
rates and pressure. Further mitigant include the catheter insertion technique, which aims in
atraumatic placement, without causing peripheral trauma, and catheter dwell time, which
allows the surrounding viscoelastic tissue to partially reseal and minimize the spherical gap. [88]

Several distinct catheter designs have been engineered to minimize tissue disruption and
reduce backflow, while allowing for modulation of drug infusion into the brain parenchyma.
These include tapered or fine-tip catheters to facilitate atraumatic insertion, stepped-shaft or
reflux-resistant designs, which increase local hydraulic resistance at the insertion site, and
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balloon-occlusion catheters, which mechanically block retrograde flow. Multi-port or porous-tip
catheters are also employed to distribute infusion pressure more evenly and optimize the
volume of distribution within the target tissue. [88]

The proof-of-concept of CED-systems has been demonstrated through preclinical and
clinical trials.[85],[86],[90] However, while CED shows promise in enabling localized high-
concentration drug delivery to the brain, it remains primarily an experimental approach with
limited clinical adoption. Continued research is necessary to improve reliability, expand
empirical evidence, and facilitate standardization as CED represents a potentially powerful
strategy for overcoming delivery barriers in the treatment of central nervous system diseases.
[90]

2.4.8 Importance of COMSOL Simulations

The brain is a heterogeneous structure governed by the interaction of multiple physical
laws. The challenges of studying the brain arise not only from its inherent complexity, but also
from the need to maintain structural integrity as it is critical for both bodily functions and
quality of life. Safety and ethical considerations significantly limit the feasibility of in vivo
experimentation; consequently, computational modelling provides a valuable framework for
experimenting and acquiring insight safely while meeting the ethical concerns.

COMSOL Multiphysics is a simulation platform, which allows for the modeling of complex
physical processes occurring within the human brain. Virtual experiments in COMSOL can act as
in-silico proof-of-concept studies examining the feasibility and applicability of systems and
methods, while also generating quantitative baselines and visual representations of results.

In the case of complex processes, such as the intracranial drug transport, including both
passive diffusion—based delivery (wafers) and convection-enhanced delivery (catheter-based
systems), COMSOL Multiphysics offers a simulation framework for proof-of-concept validation
as well as fine-tuning of system parameters. Simulations can offer insight into complex brain
regions comprising vascular and interstitial structures, where heterogeneity, porosity, and
anisotropy can strongly influence drug transport dynamics as well as spatial and temporal
concentration profiles. COMSOL allows the integration of statistically derived tissue properties
and structures from MRI data which enhances overall simulation realism. Furthermore, the
simultaneous examination of key phenomena such as fluid flow, tissue deformation, drug-tissue
interactions (such as binding, clearance, and blood—brain barrier effects) and different modes of
diffusion allow for both quantitative and qualitative analysis.

Multiphysics simulations can also reduce reliance on trial-and-error experimentation,
thereby fine-tuning parameters to improve treatment efficiency, while minimizing risk. Using
COMSOL provides a testbed which can be used to predict challenges that may arise during
experimentation or to estimate and subsequently mitigate known experimentation drawbacks.
In passive diffusion-based delivery systems, the rapid exploration of related parameters (e.g.,
diffusion coefficient, drug concentration) across different drugs and brain geometries aids in
balancing therapeutic efficacy with off-target diffusion and toxicity. In catheter-based systems,
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examination of catheter geometry and placement in combination with variations in infusion
rates, drug properties, and dosing schedules can help maximize tumor coverage, while
minimizing backflow, leakage into cerebrospinal fluid spaces, and exposure of healthy tissue. In
the future, optimization of drug delivery parameters can enable tailored, patient- and tumor-
specific treatment by simulating each case, before actual execution, using COMSOL Multiphysics
models. Such an approach would provide personalized predictions of drug distribution across
the patient-specific tumor structure thereby improving treatment efficiency.

Simulations can also improve safety and reduce the risk by identifying parameters that
lead to failure in advance of actual experimentation. Additionally, simulations can accelerate
clinical trials by identifying the parameters that facilitate improvement in treatment methods
during the pre-clinical trial phase. In addition, the resulting reduction in required experiments
offers significant financial benefits, releasing resources that may be used to have a greater
impact elsewhere in the treatment development cycle.

COMSOL Multiphysics directly complies with the ethical principles of no harm to animals
and humans by serving as a platform of in silico evaluation and reducing the need for in vivo
experimentation during early stages of drug and delivery system development. This is
particularly important following the establishment of the Stupp protocol as the standard of care.
Beyond this point, the testing of novel drugs, methods, and delivery systems requires
justification by robust scientific and clinical rationales which clearly identify the expected
benefits.

Regardless of model efficiency, computational outputs/models cannot replace direct
experimental or clinical data. However, they can complement research by identifying the most
optimal drug and transport parameter combinations for subsequent validation. Ultimately, the
validity of simulations must be established through empirical evidence, and their compatibility
with actual experimental and clinical knowledge should not be interpreted as proof that they
are universally applicable.

2.5 Challenges of Glioma Management

Despite technological advancements in therapeutic methods and approaches, malignant
gliomas remain treatment-resistant and almost inevitably fatal. [68] Difficulties arise from the
extremely delicate physiology of the brain, where even minimal intervention or injury can
potentially cause significant neurological deficits making surgery extremely challenging and
limited by the need to preserve essential neurological functions. However, the principal
challenge stems from the diffusely infiltrative nature of malignant cells, which scatter
microscopically beyond visible tumour boundaries, persist after treatment, remain
undetectable, and eventually proliferate, leading to recurrence. The recurring tumors frequently
develop increased resistance to therapy and, due to their rapid growth, often reappear before
the overall systemic toxicity of radiation or chemotherapy has returned to tolerable levels,
making further treatment impossible. Additional complications stem from the wide molecular
and cellular heterogeneity that can exist even within a single tumour. A single targeted therapy
may not address all molecular subtypes, while different cell populations elicit different
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responses to therapy [68]. A distinct subpopulation of malignant cells, accounting for
approximately 5-10% of the tumour, exhibit stem cell-like properties that further complicate
treatment. Glioma stem-like cells (“GSCs”) are highly resistant to therapy and possess the
capacity for self-renewal and differentiation into multiple glioma cell types, thereby enhancing
tumour heterogeneity, sustaining tumour growth, regenerating the tumour mass, and driving
recurrence following treatment [68]. Malignant cells can adaptively evolve under pressure from
treatment, leading to therapy-resistant and more aggressive subclones. This increases both
prognostic and diagnostic difficulty as single biopsy samples may not represent the entire
molecular profile of tumors. Another set of challenges arises from the brain’s protective BBB.
Many chemotherapeutic and targeted agents are unable to cross this barrier unless they meet a
narrow range of physicochemical requirements, further reducing the already limited selection of
available drugs. Even those that can cross the BBB often do so inefficiently, restricting the
effective dose to levels that are sublethal for malignant cells. Furthermore, some tumour
regions develop a modified form of the BBB that protects malignant cells from immune
responses and therapeutic agents, while efflux transporters clear the area of drug and lower
medicine concentration. This altered barrier is spatially and temporally heterogeneous leading
to irregular permeability and unpredictable drug leakage. In addition, gliomas exhibit highly
abnormal and inefficient vascularization resulting in uneven perfusion, elevated interstitial
pressure, and regions of chronic hypoxia [68]. These hypoxic zones are resistant to the oxidative
stress of radiotherapy and activate adaptive pathways which facilitate angiogenesis, metabolic
reprogramming, and tumour aggressiveness. The surrounding tumour microenvironment
further compounds these challenges by fostering immunosuppression and supporting malignant
cell survival through interactions with microglia, astrocytes, and cytokines.

Most of these challenges ultimately result in achieving therapeutically ineffective drug
concentrations within malignant cells. Radiation therapy and surgical intervention remain
incomplete treatments limited by the major clinical priority of preserving neurological function
and minimizing collateral damage. Consequently, novel drug delivery systems offer promising
solutions to these challenges by maximizing treatment efficacy through increased precision in
tumour targeting.
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CHAPTER 3: COMSOL SIMULATIONS
3.1 Overview of Modelling Approach

The present research study, COMSOL Multiphysics (version 6.1) to simulate drug
transport mechanisms within the brain following the surgical resection of malignant brain
tumors. A representative human brain geometry is extracted from the T1-weighted anatomical
MRI of a subject and reconstructed into a 3D model using open-source Python tools to provide
an anatomically accurate model for the simulations. [91] The physical processes controlling drug
movement within the brain parenchyma and its components are investigated using
computational models of various complexities and based on various brain geometries. Each
model is tailored to different physical principles and conditions governing diffusion, convection,
and pressure-driven interstitial flow dynamics within the brain environment.

The uncoupled models are focused on diffusive transport drugs within the brain using
Transport of Diluted Species in Porous Media (TDSPM) physics interface. This approach is used
to evaluate the distribution of passive diffusion in the absence of fluid flow and investigate the
drug’s behaviour from different of drug release points. Coupled models built upon the
uncoupled by incorporating Darcy’s Law to simulate the porous structure of the human brain
and the effects of pressure-driven interstitial flow. Such models, investigate the relationship
between the distances between the drug release points, pressure, and drug concentration.
Indicative uncoupled and coupled model are used to compare drug concentration distribution
dynamics. A drug delivery medical device is utilized as a clinically-relevant Convection Enhanced
Delivery (CED) testbed environment. A microcatheter designed and developed in our lab is used
as a guide to investigate the drug diffusion through the device’s openings. In the analysis a
coupled physics model was employed, combining TDSPM and Darcy’s Law.

Depending on the examination objective, certain simulations were conducted as
stationary, whereas most were performed as time-dependent studies to evaluate the
spatiotemporal evolution of drug concentration within the brain. Interstitial fluid is assumed
incompressible and Newtonian. Brain tissue is modelled as a heterogeneous porous medium
with linear Darcy flow, comprising a low-permeability isotropic matrix and an embedded high-
permeability fracture representing preferential transport pathways. Brain and drug properties,
along with fluid parameters, were obtained from experimental and computational studies
reported in the scientific literature.

In the following section presents the physical principles underlying the models, as well as

the geometry, boundary conditions, materials, mesh, and solver settings used in each category
of simulation.
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3.2 Geometry

For the creation of the brain geometry, T1-weighted anatomical MRI data of a subject
was processed and reconstructed into a 3D model utilizing open-source python tools.
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Figure 6. Reconstructed geometry of the human brain from MRI data

After the 3D model was imported both the “measure” and “move” features are used to
ensure that the geometry has the required dimensions (mm), and that it is positioned at the
origin of the axes (0,0,0). The intersection of the brain and the spinal column is represented by a
9.5mm radius cylinder with a height of 5mm at (x, y, z) = (28, 1.5, —=76) mm, so that boundary
conditions for loss (drug efflux) could be set afterwards. For this purpose, the “difference”
feature was used to subtract the cylinder from the brain and create a hole.
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Figure 7. Subtracted cylinder from the geometry of the brain

In the next step of the geometry modification process, a work plane was created within
the 3D brain model, defined by a normal vector of (1,0,0), and positioned at the coordinates
(0,0,70) mm. It was placed within the geometry as a YZ oriented plane perpendicular (90° angle)
to the x-axis. Within this work plane, six circles with a radius of 0.1mm were created, each
arranged evenly to define reference regions where the needles of a drug delivery device would
be positioned. The “partition objects” feature was further applied to create subregions
corresponding to the six circles, allowing boundary conditions to be assigned in a following step.
As a final consideration, the “form union” option was selected instead of “form assembly” to
ensure that all geometric entities were merged correctly.
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L i 0
Figure 8. Visualization of the six circular regions defining the needle insertion on the brain
surface, after applying the Partition Objects feature

In additional simulations aimed at evaluating the diffusion performance of the drug-
delivery MEMS device, developed in our laboratory, three work planes were defined. Each work
plane was constructed using a normal vector of (0, 1, 0), ensuring perpendicular alignment to
the y-axis, and was positioned at different y-coordinates to create surface cuts at distinct
locations in the brain. Specifically, the planes were placed at y = 17.44mm, y = =5.9mm, and y =
—14mm, while sharing the same x-coordinate (—21.5mm) and height (z = 70mm). These
coordinates corresponded to the exact locations of the needle contact points of the drug-
delivery device. This was established at the beginning of the process when the device was
imported into the model specifically to identify the precise needle contact points. Once the
corresponding holes were created in the brain geometry, the device was removed to reduce the
computational cost.
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Figure 9. Visualization of the three work planes positioned at different y coordinates that were
used to create the needle-tip holes

In these advanced simulations a total of 13 points were created to the three work planes,
eight on the first, four on the second, one on the third. The “Convert to Surface” function was
first used to transform the circle sketches into 2D surface geometries, and afterwards the
”Partition Object” function was applied to divide these geometries into subdomains for the
definition of boundary conditions. In the final geometry setup, consistent with the approach
used in the above simulations, “form union” was applied to merge the brain model with the
constructed surfaces and ensure that all boundaries are connected.
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3.3 Materials

The brain Extracellular Space (ECS), is a morphologically complex vast reticulum
consisting of narrow gaps, enabling communication between neural cells. [93] Surrounding the
brain cells of tissues, the ECS contains not only the interstitial fluid within its gaps but also
components of the extracellular matrix — a loosely organized structure comprising a variety of
proteoglycans, link proteins and hyaluronic acid. [94] Given the structural complexity of the ECS,
the interstitial space (ISS) is often characterized as an unconsolidated porous medium. [95]
Consequently, the scientific community widely accepts modelling the brain as a porous medium,
a perspective that directly guides how material properties are chosen in simulations. [96], [97]

In the COMSOL material definition interface, the domain of the brain geometry was
selected and modelled using experimentally-reported properties of brain tissue in the majority
of the simulations, with 2% agarose assigned in the remaining cases to study the differences.
When the “brain tissue” material was chosen, the material properties assigned to the brain
domain represented an intersection of gray and white matter in a normal tissue environment.
The material properties required for the simulations were retrieved from various reliable peer-
reviewed scientific papers and are summarized in the table below.

Tissue of the Brain (Normal Tissue - Includes Gray and White matter)

Parameter Symbol Value
Density p 1000 kg/m?3[102],[103],[104]
Porosity £ 0.3 [102]
Permeability K 1 x 10~ m?3 [105]
Dynamic Viscosity L 7 x 10™* Pa - s [103]
Fluid Diffusion Coefficient De. 1 x 1077 m?/s [106]

Table I: Material properties of brain tissue assigned to the geometry domain

For research purposes, 2% agarose was employed to evaluate whether any differences
could be identified in comparison to the material properties of pure brain tissue. Agarose
hydrogels are widely used, due to their well-established properties which effectively represent
the environment of the brain tissue, and closely resemble the characteristics of brain
parenchyma in in vitro studies. [107] In Addition, agarose hydrogel concentration between 0.6-
2% can mimic brain diffusion properties. In simulations where 2% agarose was selected, its
material properties were taken from a reliable scientific source and adjusted to correspond to
the temperature of the brain environment (37 °C) as shown in the table below.

2% Agarose
Parameter Symbol Value
Density p 1009.86 kg/m?
Porosity £ 0.813
Permeability K 3.818 x 1071 m?3
Dynamic Viscosity 1 1x10"*Pa-s
Fluid Diffusion Coefficient Dg . 2 x 107°m?/s

Table Il: Material properties of 2% agarose used in comparative simulations, adjusted to match
the physiological temperature of the brain environment (37 °C).
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3.4 Boundary Conditions and Result Analysis Justification
3.4.1 Physics Interface Features

The “flux boundary” feature was selected for both the uncoupled and the coupled models
under the TDSPM interface. In both cases, the boundary regions created for drug clearance
were selected manually, and the external convection option was applied. A mass transfer
coefficient of 1 X 10™® m/s was consequently assigned in the simulations given that the
injected drug would slowly diffuse toward the clearance boundary and a zero value of bulk
concentration ¢, . was set to the boundary flux, simplifying the modelling of drug elimination.

-n-f; = Kc.i(cb.i - Ci) E —n-J;=-K.C

The chosen mass transfer coefficient is justified based on the following considerations:
The interstitial flow remains slow so as not to disrupt the delicate environment of mammalian
cells. Reported values for interstitial velocities in peripheral tissues typically range from
1.67 x 107" m/s to 1.67 X 107°m/s (10 to 100 m/min) setting a reasonable upper bound for
how fast the drug could be carried out of the brain by flow. [98] Chemokine (CXCL12), a protein
responsible for the guidance of the cell movement on the brain, has been used in studies to
simulate molecular transport, with a mass transfer coefficient of 2.8 X 107> m/s reported for
interstitial clearance. [99] Given that the injected molecule (drug or nanoparticle) may differ to
each patient [100], to further assess the sensitivity of drug clearance, two additional mass
transfer values (1x10?m/s,1x 10 m/s, 1 X 107" m/s) were assigned to the
simulations, allowing for a comparable analysis of how the drug clearance affects the drug
distribution within the brain.

Building upon the justification for the mass transfer coefficient a fluid diffusion coefficient

of 1077 m? /s was applied to describe molecular diffusion on the porous brain tissue. Within the
brain, the transport of the drug is determined by the combined effects of advection, driven by
interstitial fluid flow, and diffusion, governing fluid transport in the extracellular space. While
the flow field can be sufficiently approximated using Darcy’s Law tissue permeability and
pressure gradients derived from Darcy’s law, the effective diffusion coefficient of drug
substances in brain tissue varies between research studies. Different drugs are subject to
different diffusion coefficients depending on their molecular size, shape, and interactions with
the extracellular matrix, with reported values in the literature exhibiting variations over several
orders of magnitude. To evaluate the sensitivity of diffusion-driven drug transport, an additional
analysis was conducted using three alternative fluid diffusion coefficient values
(1xX107%m?/s,1x 107 m?/s, 1 X 10712 m?/s)

In the TDSPM interface, a concentration feature was further assigned to the six circular
boundaries created at the upper section of the brain geometry. A baseline fixed concentration
was applied in the simulations, (1mol/m3) while additional values (0.03mol/m?, 0.06mol/m?,
0.09mol/m?) were assigned to investigate how variations in the initial drug load influence
diffusion dynamics, transport patterns, and overall distribution within the brain tissue. These
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additional concentrations were selected based on reported values used for the delivery of small
molecules in CED, specifically for MTX110 administered in combination with gadoteridol. [101]

Two additional features were assigned in the Darcy’s Law interface: Outlet and Fracture.
At the outlet, a pressure boundary condition with zero-gauge pressure p, = 0Pa was applied,
allowing fluid outflow and drug clearance. The fracture feature was included (with the six
injection boundaries selected) to represent a high-permeability region where the drug was
injected. It was modeled using a highly conductive fracture formulation with Darcy flow, an
aperture of 20 um, and a permeability of 3.3 X 107**m? which is several orders of magnitude
higher than that of the surrounding brain porous matrix (1 X 107*m?). A pressure boundary
feature with a value of 1000 Pa was also applied to the fracture, defining a constant pressure
that drives fluid flow through the fracture. A pressure boundary with a value of 1000 Pa was
also applied, to define a constant pressure point that drives fluid flow through the fracture. In
addition to uncertainties associated with molecular diffusion, the applied pressure gradient is
considered a dominant factor in pressure-driven drug transport dynamics and therefore
requires further investigation. The interstitial flow field highly depends on the magnitude of the
pressure applied, which in turn controls the velocity of the drug’s movement and the strength of
advective transport. [108] Variations applied pressure can alter the drug penetration depth and
spatial distribution even when the other variables remain constant. [109] To demonstrate this,
the effect of the applied pressure was analysed through simulations using pressure values of
(500 Pa, 750 Pa, 1000 Pa, 1250 Pa).

3.5 Mesh and Solver Settings

Several approaches to mesh settings were tested to assess their influence on the
numerical solution. The default physics—controlled mesh was selected for the simulations, as it
provided stable convergence and sufficient spatial resolution without unnecessary
computational cost. The physics—controlled mesh uses information from the physics interfaces
and applies different element size settings across the domain, based on the resolution required
by the governing equations. This approach is advantageous over others, as the simulations of
the present research study combine a highly permeable fracture with brain tissue of much lower
permeability. Within mesh settings, the “extremely fine”, element size option was selected
which automates the refinement level rather than setting a fixed element size for the whole
domain of the geometry. Extremely fine element size settings were chosen over coarsen to
avoid reduced resolution near the fracture.

The governing equations of both uncoupled (TDSPM) and coupled (TDSPM and Darcy’s
Law) models were solved as time-dependent studies in order to capture the temporal evolution
of drug diffusion and pressure driven flow. The time-dependent studies were chosen to
estimate the timeframes required for the drug to spread within the brain and to facilitate
comparison of transport behaviour under different conditions. The Final simulations were
performed using the default Backward Differentiation Formula (BDF) time stepping scheme,
which despite introducing damping effects is widely used and considered stable compared with
other time-integration schemes that exhibit less damping. A segregated solution approach was
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adopted in which the various fields were solved in separate solver steps, improving numerical
robustness and computational efficiency. Anderson acceleration was also applied, a non-linear
convergence acceleration method that accelerates convergence utilizing information from
previous iterations. For the solution of the linearized systems occurring, algebraic multigrid
(AMG) solvers were used and advanced solver settings, including automatic matrix symmetry
and null-space function were chosen to ensure numerical stability. All simulations converged
with a relative tolerance of 0.005, which applied to balance numerical accuracy and
computational efficiency. As the numerical solutions were inspected for physical accuracy, a
small proportion of non-physical negative concentration values were detected at early times
that afterwards decreased to near-zero values. These values were several orders of magnitude
smaller than the characteristic concentration scale and they were attributed to discretization
effects rather than numerical instability. These conclusions were made from the comparisons
between the volume minimum and volume maximum concentration plots and the analysis of
the convergence plots.

3.6 Physical Principles
3.6.1 Physical Principles of Uncoupled Models

The uncoupled models based on the transport of diluted species in porous media physics
interface, relied solely on molecular diffusion, with no mechanical dispersion, reactions, or
binding. Drug delivery modelled using a Dirichlet boundary condition prescribing a constant
solute concentration ¢ = ¢, . at the injection boundary. The remaining boundaries were treated
as impermeable with no flux conditions, except of a clearance boundary, where drug outflow
was allowed. The TDSPM models are described by the mass conservation equation and diffusive
flux as follows:

Cpi=o, R=0, S=0

0(gp6;) +5(Pcp.i) N

dC
V-. =R, + S — = V(gD VC
ot o TV NimRS, o VIO
And
uc=0, Dp;i=0
Ji = =(Dp; + Dgy) Ve + ic =——= J; = —D;V; (2)

Since the objective was to focus on the molecular diffusion within the brain geometry,
other transport processes than mass transfer in porous media, were excluded and their
corresponding terms in the equation were set to zero.

e The tissue of the brain was treated as static, and molecular transport was assumed to
occur solely from concentration gradients rather than fluid motion inside the brain. The
option of convection in the physics interface was disabled as the cerebrospinal fluid flow
wasn’t taken into account and velocity field wasn’t defined; therefore, advection didn’t
occur in the specific area.

(uc = 0)
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e Mechanical dispersion is closely connected with velocity gradients, streamline tortuosity
and it is proportional to the local speed |ul. Since the velocity was set to zero in this
model the tensor of dispersion was set to zero as well and excluded from the equations.

(u=0, Dp;=0)

e |t was also assumed that the drug didn’t interact with the brain tissue; no retardation or
binding was considered. Consequently, no sorption isotherm or kinetic binding node was
added, and the solid-phase storage term was excluded by setting Cp, to zero, since no

sorption or solid-phase accumulation mechanism was defined.

6( pcp-i)
a

e The drug is considered stable without the presence of production or consumption
reactions (R = 0). No volumetric sources were included, mass was though to enter only
through boundary conditions (s = 0) at the domain and any removal occurred only from
the outlet boundaries through boundary flux conditions.

Under the above-mentioned settings the equation 1 and 2, were derived as follows:

oc V (D . VC

]1' = _De.ivci

The porous tissue of the brain material is thought to be isotropic, thus Dg; = Dy . and the

effective diffusivity is given from the following equation:

€p
Dei = Dpj X —
Tri

At the walls of the brain geometry, flux didn’t occurand —n-]J =0
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Figure 10. The no-flux boundary condition at the walls of the brain geometry

To represent the drug outflow from the tissue of the brain a flux boundary condition
was applied. The outward diffusive flux was proportional to the concentration difference
between the brain tissue and the surrounding environment, following the equation 3.

—n-J; =K ;(Cpi— C;) 3)

The external concentration was set equal to zero allowing the boundaries to
continuously extract the solute. This setup allows drug molecules that reach the boundaries
at the base of the brain geometry to diffuse out of the brain while the remaining walls are
treated as sealed boundaries with no flux.

-n-f; = Kc.i(cb.i - Ci) E —n-J;=-K.C

&

Figure 11. Flux boundary condition applied at specific boundaries of the brain geometry

3.6.2 Physical Principles of Coupled Models

The coupled models combined the transport of diluted species in porous media with
Darcy’s law interfaces, to represent both molecular diffusion and bulk convective flow of the
drug within the brain. The coupling between two interfaces achieved by linking the Darcy
velocity field to the convective term of the TDSPM interface, allowing solute transport to be
influenced by both diffusion and pressure-driven flow. A fracture was created to represent the
injection site and a pressure boundary condition was applied at this location to generate
pressure-driven flow.
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Transport mechanisms included mass transfer in porous media and convection. The
activity of the species was set to the ideal option, since it only affected the diffusive term of the
governing equation, and no electrolytes, osmotic effects or high-pressure gas phenomena were
present. Streamline diffusion and crosswind diffusion options selected to minimize the spurious
oscillations, and the overshoot occurring in numerical unstable simulation when advection
added. This approach improved both the accuracy and convergence of the coupled solution.

The analysis of the coupled models focused on examining the transport mechanisms
when a controlled pressure gradient was applied across the brain domain. No reactions or
volumetric sources were included, since the transportation of the drug relied solely on
advection and diffusion, without any generation or consumption within the tissue.

Considering Darcian flow, it was assumed that the porous matrix is rigid and non-reactive,
where the fluid flows through the pores, without getting absorbed or stored in the solid part of
the porous medium. Since no sorption or solid phase accumulation mechanism was defined, the
adsorption was set to zero Cp, =0 and solid phase storage term was excluded.

a(pCps) 0
at

For the bulk fluid the flux considered purely convective, and the flux of mass appeared
from bulk motion (advection).

] =pu

Under the above-described settings, the continuity equation for mass conservation of
the fluid phase in a rigid, non-reactive, single phase porous medium is expressed as follows:

ﬁ(epcj) N 6( pcplj) SV =R S, ci=p, B;=0, §;=0, pCp;=0 ﬁ(spp)
ot ot at

+V(pu) =0 @)

The flow of the fluid within the brain porous tissue is described by Darcy’s law following a
simplified equation as gravity settings were excluded and the velocity field depended solely on
the pressure gradient.

43



K(U )pg=0 K‘v
u=—-——(Vp—pg)=—u=—--Vp
H B (5)

At the walls of the geometry, flux didn’t occur, and the normal component of the total
flux was set to zero.

-n-J=0

The outward total flux was proportional to the concentration difference between the
tissue and the external environment. Since external concentration was set to zero, allowing the
boundaries to extract solute from the tissue, the relation modified as follows:

chyj=0
—n(J; + ug;) = ke;(cb; — ¢;) == —n(]; + ugy) = —kgg;
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CHAPTER 4: RESULTS

This chapter presents the results of numerical solutions to the simulations of drug
transport mechanisms in porous brain tissue. The chapter presents an analysis and result
comparison between an uncoupled model and a coupled model. The uncoupled model utilized
only the Transport of Diluted Species in Porous Media interface, and the coupled model,
incorporated both Transport of Diluted Species in Porous Media and Darcy’s Law interfaces to
evaluate the effects of pressure-driven convection. Subsequently, a reference coupled model
was used to examine the sensitivity of transport behaviour to changes in pressure,
concentration, mass transfer coefficient, and fluid diffusion coefficient. To further investigate
the influence of brain geometry and material properties, the reference model was also
compared with a coupled model using a catheter geometry.

4.1 Comparison of Coupled and Uncoupled Transport

To evaluate the dynamics of drug diffusion and pressure-driven flow within the brain
tissue, a comparison was made between results from an uncoupled and a coupled model. The
uncoupled model represents the transport controlled by diffusion in the absence of interstitial
fluid flow, whereas the coupled model captures the combined effects of diffusion and pressure-
driven convection. The comparison of these two models allows the assessment of fluid flow
effects on the spatial distribution of the drug following administration to the brain through a
catheter.

Figure 12 illustrates the spatial distribution of the drug concentration at 24h for the
uncoupled model (left) and the coupled model (right) using a y>0 filter. Both models show that
the highest concentrations are localized near the injection area of the catheter at the upper
region of the brain geometry, with concentration decreasing gradually into deeper regions. The
uncoupled model presents a primarily symmetric concentration field characterized by radially
decreasing gradients consistent with the diffusion-driven transport profile. In contrast the
coupled model reveals a broader spatial distribution of intermediate concentration levels, with
the concentration distribution extending further into the surrounding tissue.

mm a mm

Time=24 h Volume: (mol/m?®) Time=24 h Volume: (mol/m?)
mm mm
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Figure 12. Drug concentration profiles at 24h obtained from the uncoupled (left) and the coupled
(right) models, for y>0
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Despite the fact that peak concentration values of the two models remain comparable,
the coupled model shows a larger affected volume indicating that the drug penetrates deeper
into the tissue when pressure-driven flow is present.

To further investigate the spatial extend of drug distribution, volume-above-threshold
concentration analysis was conducted for both the uncoupled and coupled models. Four
volume-above-threshold plots were created, where the first pair represents the uncoupled and
coupled models evaluated at a concentration threshold of Cwr = 0.1mol/m3, while the second
pair represents the same models evaluated at a lower threshold of Cir = 0.01mol/m3. The
selection of two different concentration thresholds corresponding to 10% and 1% of the total
injected concentration, enables the comparison of high concentration regions and lower
concentration areas in the surrounding tissue.

Figure 13, Figure 14 show that the two models exhibit clear differences in the penetration
of drug concentrations, after 24h. The volume-above-threshold in the uncoupled model is
approximately 197.7mm?3 representing about 0.04% of the total volume of the brain. In contrast,
when convection dynamics are taken into consideration using the coupled model, the volume-
above-threshold increases to approximately 262.2mm?3, representing about 0.05% of the total
brain volume. Even though the absolute penetration volumes remain small relatively to the
entire volume of the brain, the coupled model demonstrates a larger region exceeding the
concentration threshold (Ciur = 0.1mol/m3). Also, the spatial drug distribution of the coupled
model appears slightly more dispersed, suggesting that the pressure-driven flow facilitates the
spread of the drug further away from the catheter tip.

At the lower concentration threshold Cir = 0.01mol/m?3, the volume of tissue exceeding
the threshold increases significantly in both models, (see Figure 15, Figure 16) suggesting a
wider spatial distribution of the drug at lower concentration values. In the uncoupled model the
volume-above-threshold reaches approximately 4083.1mm? representing about 0.84% of the
total brain volume. When convection dynamics are included, the volume-above-threshold
reaches approximately 4517.2mm3, corresponding to about 0.93% of the total brain volume. At
this lower threshold the drug is no longer concentrated to the catheter tip and has spread to the
surrounding tissue. Compared to the uncoupled model, the coupled model presents a higher
spatial dispersion of the concentration field, and the drug extends further away from the
catheter tip. Considering the above, the pressure-driven flow significantly enhances the
dispersion of the low concentration drug levels throughout the brain, leading to a broader
volume of coverage, even peak concentration is localized.

The spatial distribution of the concentration differences between the uncoupled and
coupled model were also examined through the mid-plane slice comparison shown in Figure 17.

Ac=CcoupIed - Cuncoupled (6)

The axial, coronal, and sagittal slices represent the concentration change which is locally
driven by flow coupling A_.. Across all three planes, a region of negative concentration difference
is observed near the catheter tip, suggesting that the concentration of the uncoupled model in
that region is locally higher than the concentration of coupled model.
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Figure 13. Three-dimensional illustration of the volume above the concentration threshold Cinr =
0.1mol/m3for the uncoupled model
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Figure 14. Three-dimensional illustration of the volume above the concentration threshold Cin =
0.1mol/m?3 for the coupled model.
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Figure 15. Three-dimensional illustration of the volume above the concentration threshold Cinr =
0.01mol/m?3 for the uncoupled model.
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Figure 16. Three-dimensional illustration of the volume above the concentration threshold Cinr =
0.01mol/m3for the coupled model.
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As the distance from the injection site increases, the concentration differences approach
zero indicating that the effect of pressure-driven flow remains spatially localized. The magnitude
of the flow coupling is relatively small (10°mol/m3) suggesting that convection doesn’t
significally alter the peak concentrations, although it affects the spatial distribution of the drug.
These observations are consistent with the volume-above-threshold plots, where the coupled
modelyields a moreextensive drugdispersion within the tissue region.

Spatial Distribution of Concentration Changes Induced by Flow Coupling (Coupled - Uncoupled)
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Figure 17. Difference in drug concentration Ac between coupled and uncoupled models
illustrating in three orthogonal planes (axial, coronal, sagittal).

In addition to the three-dimensional volume-above-threshold plots and the spatial
concentration maps, the total drug mass within the brain tissue was examined, to obtain a more
holistic view of drug transport dynamics.

The total drug mass is defined as follows:
M(t) = fns cdV (7)

where ¢ represents the solute concentration, £ the porosity of the tissue, and Q the
domain of the brain.

Figure 18 shows that for both the uncoupled and the coupled models the total drug mass
within the brain increases monotonically with time, indicating continuous flow of the drug into
the tissue. However the coupled model simulations predict a higher total drug mass compared
to the uncoupled model. This higher overall accumulation of the coupled model results from the
inclusion of pressure-driven flow that enchances the transport function. The linear increase
observed in both models, suggests that the primary differencein their results arise from the
performance of the transport function rather than variations in the delivery rate.
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1e-22 Total Drug Mass as a Function of Time
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Figure 18. Comparative plot of total drug mass as a function of time for coupled and uncoupled
models.

4.2 Mass Transfer Coefficient

To determine an appropriate value of the mass transfer coefficient K, applied at the
clearance boundary, four different variables were investigated by comparing the results of the
coupled model using time-dependent plots. The variables include total drug mass in the tissue
M(t) and instantaneous clearance outflow rate Q(t). Both M(t) and Q(t) were chosen as they
provide complementary information on the properties of solute transport and removal. While
M(t) quantifies drug retention within the brain tissue, Q(t) describes the efficiency and function
of the clearance boundary by indicating how fast the drug exits the domain through this
boundary.

The evaluated quantity of Qout(t) is defined as follows:

Qout () = J- (—mn-]) dA ®
T'e

Where [l represents the clearance boundary, J the total solute flux, and n the outward unit
normal vector.

The normal flux at the point of the boundary is proportional to the mass transfer
coefficient and the local solute concentration: —n -] = K_c . Even though the normal flux is
mathematically linear to Kc,c the total outflow rate does not depend entirely on Kc,c since the
concentration at the clearance boundary changes in accordance with various other parameters
affecting the efficiency of drug removal. As observed in the instantaneous clearance outflow
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rate plot (Figure 19), at the initial times, the flux remains effectively zero for all values of Kc,c.
This indicates that drug transport is initially dominated by diffusion and convection dynamics
and that no sufficient quantity of drug has reached the clearance boundary. Once a significant
qguantity of drug reaches the boundary, the magnitude of the outflow rate increases, as well as
it’s sensitivity to the mass transfer coefficient. Larger values of Kc,c result in higher rates of drug
clearance, as the removal becomes more efficient and the concentrations in the brain reduce.
Further increases of the mass transfer coefficient, (beyond the order of 10°) do not lead to a
proportional increase in the clearance rate. Accordingly, smaller values of Kc,c, lead to less
efficient removal. Meanwhile, the negative values of the flux rate in the plot, correspond to the
transport of the drug from the brain tissue to the surrounding space and they are positively
related to the sign for the normal component of the drug flux. Under these conditions, it was
concluded that clearance is more dependent on the transport mechanisms within the brain
rather than on the clearance boundary properties.

Instantaneous Clearance Outflow Rate as a Function of Time
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Figure 19. Instantaneous clearance outflow rate as a function of time for different mass transfer
coefficients K over 24h.

Figure 20, shows the evolution of the total drug mass within the tissue over time for all
investigated values of the mass transfer coefficient Kc,c. The drug mass values form a single
overlapping curve throughout the simulation period which indicates that changes in the
clearance boundary condition do not significantly affect the drug retention of drug
concentration over the specific time window (24h). Instead, the total drug mass primarily
depends on delivery conditions and internal transport mechanisms, such as diffusion and
convection dynamics. The linear increase of M(t) against time, suggests that drug input into
the domain is the dominant factor over clearance, while the rate of drug accumulation is
independent of the mass transfer coefficient. Consequently, the results suggest that
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changes in Kc,c affect mostly the local clearance dynamics at the boundary, without having a
significant effect on the drug concentration within the examined time window.

Considering the minor differences observed in the effect of Kc,c to the transport
phenomena throughout the simulations, and taking into account relevant studies from
literature, a value of K. . = 107 m/s, was selected to conduct the simulations presented in this

paper.
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Figure 20. Total drug mass retained in the tissue as a function of time for different clearance
coefficients Kc,c over 24h. All Kc,c coefficients converge into a single linear relationship.

4.3 Fluid Diffusion Coefficient

To access the influence of diffusion on the predicted behaviour of drug transport, four
coupled simulations conducted with different values of fluid diffusion coefficient each, (1077,
1072 107*%, 107*2). Prior literature documents an effective diffusion coefficient range
between 107° — 107** m? /s ; nevertheless, the lower value of 107*? was also included for
comparative purposes, in order to examine the sensitivity of transport processes and to observe
any emerging patterns.

The exposed tissue volume for an exposed threshold concentration (cy,, = 0.1mol/m?) is

defined as:

v

=Cthr

® = f H(c(x, ©) — ¢y )dO
n
9)
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where H(c(x, t)) is the Heaviside step function (1, if ¢ = ¢, 0 otherwise) and 2 is the
porous brain domain.

Figure 21 illustrates the progression of the brain tissue volume above a concentration
threshold (c = 0.1 mol - m~?2) for different fluid diffusion coefficients. The results indicate that
the volume of tissue above the concentration threshold does not vary monotonically with
changes in the fluid diffusion coefficient. Among the cases examined, an intermediate fluid
diffusion coefficient (1071% m?/s)) creates the largest volume above the threshold over the 24h,
while both higher and lower fluid diffusion coefficients, result in reduced above-threshold
volumes. For the largest value of the fluid diffusion coefficient (107° m?/s), a higher drug
dispersion is observed, however, at the same time dilution more is higher and a large proportion
of the tissue drops below the concentration threshold. In contrast for very small diffusion
coefficients, (107*%,10712 m?/s), transport remains localized along flow pathways driven by
pressure gradients which limit spread and therefore the overall volume exceeds the threshold.
These results indicate that the drug transport mechanisms within the brain tissue are strongly
affected by the fluid diffusion coefficient. An intermediate value of diffusion represents a
balance between spatial spread and concentration dilution under pressure-driven transport
conditions.

Volume of Tissue Above Concentration Threshold as a Function of Time
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Figure 21. Evolution of volume exceeding the concentration of a threshold ¢ > 0.1 mol/m?3 for
varying fluid diffusion coefficients

Concentration profiles extracted along the same three-dimensional cut line (Figure 22),
for all simulations att = 24h, to further understand the effect of the fluid diffusion coefficient
on the predicted drug distribution. The cut line was defined as a vertical line, oriented along z-
axis, extending from z = —73mm to z = 75mm at a fixed x = 0mm and y = 6mm. It passes
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near the injection circles, allowing concentration variations to be captured along the pathway of
drug transport.
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Figure 22. Three-dimensional view of the cut line used to extract concentration profiles for the
four values of diffusion coefficients

The created profiles in Figure 23 show that lower fluid diffusion coefficients lead to
sharper concentration fronts, with higher peaks observed near the injection origin, while
concentration decreases rapidly with distance of flow. For larger fluid diffusion coefficients, the
profiles exhibit a smoother behaviour and broader spatial spread with lower peak
concentrations, as increased dilution (due to the diffusion mechanisms) is present. In contrast,
smaller values of fluid diffusion coefficient exhibit local oscillations, in regions with sharp
concentration changes, arising from the numerical effects of mesh settings rather than physician
concentration variations. The comparative analysis indicates that the intermediate fluid
diffusion coefficient Dg . = 1072%m?/s , yields a high concentration maintained for the longest
time, providing an explanation for the non-monotonic behaviour observed in the volume-above-
threshold plot.

Although the intermediate value of fluid diffusion coefficient Dy . = 1071%m?/s presents
better above-threshold results, for the majority of the simulations, a fluid diffusion coefficient of
Dg. = 107m?/s was selected, as it exhibited smoother concentration distributions and fewer
numerical oscillations compared to the lower values of the three remaining diffusion
coefficients.
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Figure 23. Concentration profiles along the same three-dimensional cut line at t=24 h for the four
values (10° m/s - upper left, 102° m/s - upper right, 10** m/s - bottom left, 10? m/s- bottom
right) of the fluid diffusion coefficient

4.4 Injection Pressure

To quantify the effect of pressure-driven flow, on the transport mechanisms, a set of
coupled simulations were conducted, using different applied pressure values (500 Pa, 750 Pa,
1000 Pa, 1250 Pa).

The evolution of tissue volume above the concentration threshold (c > 0.1 mol/m3) was
examined for different applied pressure points on the coupled model (Figure 24). For all
pressure values applied, the curve of the volume above threshold, increases monotonically with
time, indicating the gradual spread of the drug. Higher-pressure values are associated with
larger affected volumes during the course of the simulation. During the initial transport phase,
diffusion is the primary transport mechanism which is shown by the minimal differences
between the curves. As time increases, the difference between the curves increases; the largest
volume above threshold is observed at the curve with the highest pressure (1250 Pa) At the final
stages of the simulation the volume above threshold of the 1250 Pa curve is significantly larger
than the one of 500 Pa suggesting that higher pressure values enhance convective transport
mechanisms. Consequently, the magnitude of the applied pressure, has a significant effect on
the control of the drug distribution throughout the brain tissue.
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Volume of Tissue above Concentration Threshold as a Function of Time
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Figure 24. Volume of tissue exceeding the concentration threshold ¢ > 0.1 mol/m? as a function
of time for different values of pressure.

The magnitude of the velocity resulting from Darcy’s Law was further examined for
different pressure values 500 Pa, 750 Pa, 1000 Pa, 1250 Pa (Figure 25) shows that for each
pressure value, the magnitude becomes linear as time progresses, indicating that the flow of the
interstitial fluid remains in a steady state for most of the simulation. As expected from previous
results, (Figure 24) the increase of the pressure applied leads to a higher constant velocity, with
the highest pressure 1250 Pa corresponding to the highest velocities and the lowest 500 Pa the
lowest velocities, respectively. Figure 26 shows a visualization of Darcy’s velocity field and the
flow patterns within the brain tissue geometry.

Drug concentration profiles as a function of distance were also analysed to investigate
the effect of pressure-driven transport on drug distribution. Concentration graphs were created
utilizing a cut line that intersects the injection sites (at the tip of the catheter). This line is
defined as a vertical line, oriented along the z-axis, extending from z=-73mm to z=-75mm at a
fixed x=0mm and y=0mm. Figure 27 shows that the concentration profiles peak at the catheter
injection points, followed by a rapid decay as distance increases. All concentration profiles
remain identical to variations in pressure values, indicating that governing diffusion mechanisms
lead to a rapid decay of concentration as the distance from the injection site increases.
Nevertheless, higher applied pressure is positively related to concentration, while the profile
extends slightly upward along the transport direction. Figure 28 shows this effect which results
from enhanced advective transport dynamics.
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le-11 Darcy's Velocity Magnitude as a Function of Time
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Figure 25. Darcy's velocity magnitude as a function of time for different values of pressure.
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Figure 26. Streamlines of Darcy’s velocity field at 24h
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Figure 27. Drug concentration as a function of distance along the transport direction
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4.5 Injected Drug Concentration

To further assess the relation between the injected drug concentration to the transport
mechanisms, diffused quantities were examined over time using a coupled model as reference.
More specifically, the model examines the total drug mass within the brain tissue geometry and
the volume of tissue exceeding two concentration thresholds ¢, = 0.1mol/m?,
Cepr = 0.01mol/m?. The results provide important information on the drug accumulation within
the brain, as well as it’s the spatial spread.

Figure 29 shows the total drug mass in the brain tissue which increases monotonically
over time in all concentration profiles. Higher injected concentration values, lead to
proportionally larger total drug mass, with peak mass observed at ¢ = 0.12 mol/m?. The linear
behaviour observed for all profiles, indicate that the rate of drug accumulation remains constant
over time and increases proportionally to the initial injected concentration.
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Figure 29. Total drug mass retained in the tissue as a function of time for different concentrations
over 24h

The volume of tissue exceeding the concentration threshold cy,. = 0.1mol/m?
demonstrates a significant dependence on the injected drug concentration (Figure 30). The
highest concentration value (c = 0.12 mol/m?) is the only one exhibiting non-zero values of the
volume above the threshold, which increases rapidly during the initial phase of the simulation
before stabilizing. Thus, high drug concentrations (c = 0.12 mol/m?) remainrestricted, near the
catheter injection site, in contrast to lower concentration values which are unable to reach the
threshold, and therefore do not affect aa measurable volume.

For the lower concentration threshold ¢y, = 0.01mol/m?, all concentration profiles
form a measurable affected volume above the threshold (Figure 31). Higher injected
concentration values, lead to larger affected volumes, which increase steadily over time for all
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concentration profiles. Compared to the plot of the highest threshold concentration, (Figure 30),
the spatial distribution of the drug is much larger, demonstrating a broader dispersion of the
drug levels with lower concentration profiles. This behaviour supports that, while higher
concentrations remain restricted close to the catheter injection site, lower concentrations
spread gradually into the remaining regions of the brain, making the lower threshold more
sensitive to differences in injected concentrations.
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Figure 30. Visualization of the volume of tissue above the concentration threshold (c > 0.1
mol/m?3) as a function of time, for different injected concentration values.
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Figure 31. Visualization of the volume of tissue above the concentration threshold (c > 0.01
mol/m?3) as a function of time, for different injected concentration values.
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4.6 Injection Site Distance

To investigate the impact of injection site distance on drug transport mechanisms, into
the brain tissue, a comparative analysis was conducted using four coupled models with different
geometries. Each model included six injection sites, with the centre-to-centre distance between
them set to 2mm, 4mm, 6mm and 8mm respectively. This parametric variation enables the
evaluation of how the geometric arrangement of the injection sites affect drug distribution over
time.

Figure 23 use a three-dimensional concentration heatmaps, to show that the distance
between the injection sites directly correlates with the drug distribution. For smaller distances
between the injection sites (2mm, 4mm) the higher concentrations (warmer colours) remain
confined near the injection area. Conversely, for wider distances (6mm, 8mm) the drug spreads
further into the surrounding tissue, with smoother gradients and broader regions of
intermediate concentrations. This suggests that smaller spacing between the injection sites
leads to a higher localized distribution, while increasing the distance between them results in a
broader dispersion.

1078

Figure 32. Spatial distribution of drug concentration for different distances between the injection
site and the tissue surface. The heatmap plots correspond to injection distances of 2 mm (upper
left), 4 mm (lower left), 6 mm (upper right), and 8 mm (lower right).

For the lower concentration threshold ¢, = 0.01mol/m? , (Figure 33) the distance
between the injection sites (2mm) results lower volume above the concentration threshold,
over time. In contrast, larger distances (4mm, 6mm, 8mm) progressively result to larger
volumes. The findings indicate that in closer distances, there is overlap in the concentration
fields, creating a localized distribution close to the injected sites, whereas the larger distances
promote a broader distribution of the drug.
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Volume above Concentration Threshold as a Function of Time
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Figure 33. Visualization of the volume of tissue above the concentration threshold (c = 0.01
mol/m?3) as a function of time, for different injected site distances.

For the higher concentration threshold ¢ = 0.1 mol/m?3, (Figure 34) the reverse behaviour
is observed, with the highest volume above threshold corresponding to the smallest distance
value (2mm) between the injection sites. This suggests that smaller distances promote localized
overlap and high concentration regions close to the catheter tip, whereas wider distances lead
to more dispersed contributions.
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Figure 34. Visualization of the volume of tissue above the concentration threshold (c > 0.1
mol/m3) as a function of time, for different injected site distances.
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Overall, these findings demonstrate that different concentration thresholds are
associated with an inverse relationship in the behaviour of drug transport mechanisms. For the
higher threshold ¢ = 0.1 mol/m3 the smaller distance between injection sites lead to higher
volume above the threshold. On the other hand, for the lower threshold ¢ = 0.01 mol/m?3, the
wider the distance between injection points lead to larger volume exceeding the threshold.

4.6 Injection Site Number

To investigate the relationship between the number of injection sites and the resulting
drug distribution, a catheter geometry was used (Figure 35) to mark the release locations of the
drug. After the locations were marked and the corresponding circular openings were formed,
the catheter geometry was removed from the model to reduce computational cost and
complexity. Subsequently, three work planes were created and the majority of the catheter
injection site openings (thirteen in total) were formed to make a comparison with a plain
reference model consisting of six injection sites. Observations after 24h, (Figure 36) show that
the drug exhibits higher total concentration within the brain tissue and a more extensive spatial
spread, relative to the results of the reference model consisting of fewer injection sites. These
results are expected, indicating that a larger number of injection sites leads to a significantly
higher concentration and a greater penetration of the drug in the brain tissue.
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Figure 35. Three-dimensional visualization of the multi-injection-site microcatheter within the
brain geometry, used as a reference for the definition of injection sites.
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Figure 36. Three-dimensional concentration heatmaps for a reference coupled model with six
injection sites and a catheter-based coupled model with thirteen injection sites over 24h.
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4.7 Material Properties

The effect of material properties on the drug transport process, was evaluated using a
comparative analysis of the results of two catheter-based simulations under two different
porous media: brain tissue and agarose. These porous materials are governed by different drug
transport parameters, therefore simulating catheter-infused drug transport in both
environments allows to assess whether differences in material properties significantly affect the
dynamics of drug distribution over a 24h time window.

For the concentration threshold of ¢ = 0.1 mol/m3, the evolution of the curves for both
brain tissue and agarose exhibit very similar behaviour. In both cases, at the initial stages of the
transport process the volume-above-threshold increases rapidly and thereafter continues to
increase gradually over the 24 h time window. The curves align closely, with brain tissue
presenting a slightly higher volume-above- threshold. Overall, the results indicate that high
concentration regions are affected more by transport mechanisms and injection conditions
rather than variations in material properties.

A similar pattern is observed for the concentration threshold of ¢ > 0.01 mol/m3, where
the volume increases rapidly, at the early stages and then approaches a more stead state. Again,
the differences between the curves remain minimal with the brain tissue exhibiting a slightly
higher volume-above-threshold. While moderate variations of material properties affect the
drug transport, their effect on the overall distribution behaviour is not significant compared to
injection arrangements and transport mechanisms.
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Figure 37. Volume of tissue exceeding a concentration threshold of ¢ > 0.1 mol/m? as a function
of time, over the course of 24 h.
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Volume above Concentration Threshold as a Function of Time
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Figure 38. Volume of tissue exceeding a concentration threshold of ¢ > 0.01 mol/m? as a function
of time, over the course of 24 h.
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CHAPTER 5: DISCUSSION

The primary objective of this study was to investigate the effectiveness of multi-injection
microcatheters in facilitating drug transport within the brain tissue, with specific focus on
diffusion and pressure-driven convection. Computational simulation were presented using a
brain geometry structure from MRI data, allowing the observation of the transport behaviour
under varying conditions and parameters. The results indicate that convection-enhanced
delivery (CED) when combined with a multi-injection microcatheter, leads to a wider spread of
drug concentration within the brain compared to standard drug diffusion dynamics. This
successfully confirms the initial hypothesis that convention forces are essential to enabling drug
transport beyond the injection site region.

Comparative analysis between an uncoupled and a coupled model, showed that,
diffusion-only transport leads to highly localized concentrations of the drug, close to the
catheter injection site. High concentration gradients were observed along with localized
penetration depth, consistent with classical diffusion transport dynamics in porous media. In
contrast, the coupled models, inclusive of pressure-driven flow yielded a broader spatial
distribution of the drug, further away from the catheter injection site. Even though both models
predict that peak concentrations is achieved close to the injection sites, the coupled model
exhibited a significantly higher volume of overall therapeutically concentration exposure. This
observation clearly shows that convection arising from Darcy’s Law facilitated a wider drug
distribution beyond the increased drug concentration locally.

The achieved spread of the total drug mass throughout the surrounding tissue, is
considered a significant factor when treating malignant gliomas, which infiltrate brain tissue
beyond the visible tumour margin. The analysis conducted through volume-above-threshold
plots, also confirmed that coupled models affected a larger area of tissue above the therapeutic
concentration levels. This indicates that CED can be more effective at delivering the drug to
residual infiltrative tumour cells compared to methods relying on drug delivery solely using
diffusion dynamics. The aforementioned conclusion is reinforced when CED uses multi-injection
microcatheters, as simulations of multiple injection sites, which result in overlapping drug
concentration areas, show increase homogeneity in drug dispersion; this minimizes the risk that
residual tumour cells are not exposed to therapeutic-drug doses. Overall, a sufficient number of
injection sites, along with the optimized parametrization of catheters can enhance tissue
coverage without increasing the injected concentration. This reduces the risk of toxicity while
maintaining therapeutic effectiveness.

The results of the study are consistent with previous experimental studies conducted on
CED, which conclude that a significant improvement of drug distribution within the brain is
achieved when utilizing methods of pressure-driven flow. [110] Prior studies report that, when
diffusion is the only transport mechanism present, the probability of tumour recurrence is
higher as the therapeutic agent doesn’t reach the tumour margin efficiently. [111]
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In line with previous computational studies, the comparison conducted between different
diffusion coefficient values yielded a non-monotonic behaviour. This leads to the conclusion that
excessive diffusion can lead to dilution, while insufficient diffusion limits drug movement to
narrower flow paths. [112] Furthermore, in line with previous studies, results show that the
mass transfer coefficient has an insignificant effect on the overall amount of drug remaining in
the tissue, suggesting that short-term (0 — 24 h) drug accumulation is mainly controlled by the
progress of drug delivery and transport mechanisms, rather than the process of clearance.

5.1 Study Limitations and Future Work

Despite the promising conclusions regarding the effectiveness of CED and pressure-driven
flow, this study is subject to several limitations. First, the brain tissue was modelled as a
homogeneous porous medium to reduce the computational complexity of the simulations.
However, in reality, the brain exhibits spatial heterogeneity between grey matter, white matter,
and regions affected by pathology. Various biological processes such as drug binding,
metabolism, cellular uptake, and degradation were also excluded. Additionally, properties of
malignant tumors, as well as potential clinical complications during the CED procedures,
including catheter backflow from the pressure-driven flow, were not included. These limitations
do not undermine the findings of the present study; instead, they define the scope within which
the results should be interpreted and considered.

The simulations conducted and the extracted drug distribution profiles follow a
generalized path; however, the human brain of every person exhibits interindividual variability.
As a result, the simulations did not account for different brain structural conditions that are
encountered in clinical practice. Pathological conditions also vary, requiring personalized
treatments for each patient, as well as consideration of how such conditions alter the function
of the brain itself by changing basic assumptions. Future research can extend the present
framework by incorporating tumour-specific material properties and anisotropic white matter
behaviour. An investigation of patient-specific pressure conditions and the sensitivity of various
biological processes to drug distribution within the brain tissue would also extent empirical
testing of the CED models and further assess their robustness. Finally, research on CED
optimization algorithms can facilitate simulations of patient-specific tumour cases, thus
providing valuable insight into optimal treatment approaches with the potential to improve
survival rates.
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ABBREVIATIONS

5-ALA

ASDR

ASIR

AYA

BBB

BCNU

CBTRUS

CED

CNS

COMSOL

CSF

DALY

DNA

FDA

FGS

GBM

LGN

MGMT

MRI

MTIC

NTUA

PEG

PLD

5-aminolevulinic acid

Age-Standardized Death Rate
Age-Standardized Incidence Rate
Adolescent and Young Adult

Blood-Brain Barrier

Carmustine

Central Brain Tumor Registry of the United States
Convection-Enhanced Delivery

Central Nervous System

COMSOL Multiphysics

Cerebrospinal Fluid

Disability-Adjusted Life Year
Deoxyribonucleic Acid

Food and Drug Administration
Fluorescence-Guided Surgery
Glioblastoma

Lateral Geniculate Nucleus
0°%-methylguanine-DNA methyltransferase
Magnetic Resonance Imaging
5-(3-methyltriazen-1-yl)-imidazole-4-carboxamide
National Technical University of Athens
Polyethylene Glycol

Pegylated Liposomal Doxorubicin
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PpIX

SDI

SNA

TBI

TDSPM

T™MZ

us

WHO

WHO-GCO

Protoporphyrin IX

Socio-Demographic Index

Spherical Nucleic Acid

Traumatic Brain Injury

Transport of Diluted Species in Porous Media
Temozolomide

United States

World Health Organization

World Health Organization Global Cancer Observatory
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