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Infusion-based drug delivery, which directly administer to local tissue under a positive pressure gradient, as in convection-
enhanced delivery (CED), provides an important opportunity to overcome the blood-brain barrier and dependency on type
of drug. However, poor understanding of the pressure-driven drug transport mechanisms in the brain has hindered
ultimate success of CED-like technologies in clinical applications.
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| 1. Introduction

Tumours in the central nervous system (CNS) are some of the most prevalent, lethal and yet poorly treated diseases
within the brain. Glioblastoma multiforme (GBM), a grade IV glioma, is the fastest-growing and most aggressive malignant
primary CNS tumour in adults. It primarily occurs in older patients, with an average age of 64 years at diagnosis. Survival
rates are poor, with approximately 40% survival in the first year post diagnosis and 17% in the second year. GBMs lead to
about 250,000 deaths per year worldwide, and their treatment cost in Europe in 2010 was about 5.2 billion euros [12IE],
Conventional techniques such as chemotherapy and radiation are not effective in treating GBM. They either suffer from
limitations in passing drugs through the blood—brain barrier (BBB) or unwanted drug distribution throughout the tissue due
to passive diffusion and poor delivery to the target, or they are not viable because of severe side effects, e.g., localised
tissue damage [4IEI8 The drug effects within the CNS are driven by the concentration—time profile at the target site, and
therefore, drugs need to reach the target for as long as needed and in an appropriate concentration, neither of which is
easily achievable with conventional diffusion-based delivery methods. To overcome these challenges, an emerging
approach is infusion-based targeted drug delivery, such as convection-enhanced delivery (CED), performed with robotic
steerable needles (8],

Advancements in medical robotics through technical innovations has led to significant improvements in CED-like
technologies &0: however, ultimate success in the clinical applications of these systems remains a goal to be
accomplished . Current embodiments suffer from a lack of precise information and reliable experimental data on the flow
behaviour in the brain, which limits the development of precise numerical models and their implementation in automated
surgical systems. In fact, to progress towards a reliable and automated system for infusion-based targeted drug delivery
to the brain, advancements on four fronts are to be made: (1) characterisation and understanding of drug flow behaviour
in complex brain tissue, (2) developing realistic models based on experimental data that can predict drug infusion at the
pre-operative stage, (3) technical innovation in drug delivery tools, and (4) their clinical deployment in Randomised
Controlled Trials (RCTSs).

| 2. Brain Tissue: A Complex System for Diffusion-Based Drug Delivery

The brain is a biological system mainly composed of neurons and neuroglia and possesses extreme complexity arising
from the interaction of about 86 billion neurons and 100 trillion connections 1. A prominent obstacle to the drug transport
inside the brain is the BBB, which separates blood from the brain. The BBB, primarily formed by brain capillary endothelial
cells connected by tight junctions that constitute the walls of the brain capillaries, is a selective barrier that tightly regulates
the movement of ions, molecules and cells between the blood and the CNS. Properties of drug such as molecular weight
and affinity for a lipid environment affect their ability to pass BBB. The BBB allows small molecules to pass through but not
macromolecules 123l |n addition, transport of even small drug molecules across the BBB is affected by helper
molecules that move drugs from the blood to the brain. The drug may bind to targeted binding sites and to other tissue
components that should be non-binding sites, affecting the final concentration—time profile of the drug at target site, which
determines the pharmacodynamic effect over time 14, Inside the brain, several factors can influence drug distribution,
e.g., bulk flow of extracellular fluid (ECF), cerebrospinal fluid (CSF) and extra-cellular exchange. Furthermore, once



having crossed the BBB, drug distribution within the ECF is also affected by the tortuosity of the tissue, leading to a
relatively smaller effective diffusion 211261,

Specially, the CNS tissue as an anisotropic composite material is a complex system for drug flow and distribution.
Biomechanically, it can be broadly characterised by the stiff directional axons wrapped in insulating lipid-rich layers
(myelin) that are supported by a soft matrix composed of glial cells and a network of biopolymers, the extracellular matrix
(ECM). The directional axons can be a mechanical obstacle to drug diffusion and spatial distribution in the CNS tissue 17!
(18] The presence of elongated axons can compel the drug particles to diffuse around fibre-like obstructions, hence the
increased tortuosity and reduced effective diffusion. Furthermore, inside the tissue, it is the ECM that regulates the local
transport of molecules. It provides selective filtering for nanoparticles (NPs) through its interactions. The filtering
properties of the ECM can be deleterious for diffusion-based drug delivery and could perturb their flow behaviour and
spatial distribution 2220121 For example, it has been shown that presence of surface charge on particles can significantly
suppress their diffusion in the ECM 22,

In brief, drug transport by diffusion often suffers from the loss of macromolecules across the BBB, binding to the receptors
and uptake into cells. This issue complicates brain disease treatment by diffusion-based drug delivery therapies;
therefore, no promising results have been achieved.

| 3. Infusion-Based Drug Delivery in CNS Tissue

Infusion-based transport provides an opportunity to overcome most of the challenges faced by drug delivery via diffusion
in the CNS tissue. In contrast to the diffusion-based approach, which relies on concentration gradients, a positive
pressure gradient drives the flow to the targeted area, also known as convective transport. There is a growing interest in
understanding the pressure-driven drug delivery and underlying mechanisms for applications in CED-like technologies;
however, challenges still exist. The main challenges include the unexpected relationship between drug distribution
patterns and infusion parameters (such as the infusion rate, infusion volume and catheter angle), as well as backflow
development, tissue edema and disruption of active tissue/BBB . These, together with additional complexities due to
brain tissue characteristics such as anisotropy and heterogeneity, lead to unexpected drug distribution patterns 23!,
Progress mostly suffers from the lack of precise information and experimental data on how drug flow in CNS tissue is
affected by its components (Figure 1), which could provide a fundamental mechanism to develop predictive models for
drug flow and distribution. This problem is two-fold: (1) biomechanical aspects of infusion-based transport, i.e.,
understanding of flow field in CNS tissue and its corresponding mechanical response and (2) the molecular process
involved between the drug and tissue components that influence drug flow and distribution. In this section, researchers
will look into experimental studies focused on these aspects of infusion and discuss how a detailed knowledge of these
processes, once developed, would eventually lead to predicting the drug flow and distribution in CNS tissue.
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Figure 1. The CNS components that offer major resistance to drug flow and distribution.
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